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ANEXO1: SIMULACION EN PROTEUS DE CIRCUITO DE RECTIFICACION SIN RESISTENCIA
MINIMIZADORA DE CORRIENTE INICIAL
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ANEXO 2: SIMULACION EN PROTEUS DE CIRCUITO DE RECTIFICACION CON LA RESISTENCIA
MINIMIZADORA DE CORRIENTE INICIAL
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ANEXO 3: DIAGRAMA ESQUEMATICO DEL CIRCUITO DE PROTECCION CONTRA LA CORRIENTE DE
IRRUPCION
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ANEXO 5: ESQUEMATICO DEL CIRCUITO DE MANDO DE COMPUERTA CON EL RESPECTIVO BOARD.
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ANEXO 6: ESQUEMATICO DE LA FUENTE PARA EL CIRCUITO DE CAMPO DEL MOTOR CON EL
RESPECTIVO BOARD.
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ANEXO 7: ESQUEMATICO DEL CIRCUITO DE CONTROL CON EL RESPECTIVO BOARD.

BN 1 Schematic - FAESQUEMATICOS Y BOARDS EAGLE\TARJETA ATMEGA sch - EAGLE 7.2.0 Light

Bee fdn Drow Yew Jools Library Qpticns Wmdew Hep

NEERRAaq @i 8 -0t~

# Left-click to select object to mave (Ctrberight-chick to move geoup)

3 R O O K

R — |

055 pum.
LT T

2o ATV SO BT A KB “EAe 720 - -

fde Edn Drow View lools Library Opticns Windew Help

zAS@ ! HEECQaas ©: 0 “u. m:

FAESQUEMATICOS ¥ BOARDS CAGLD\TARMTA ATMEGA sch” saved.  Left-click to select object to move




N A
visHay, KBU4A, KBU4B, KBU4D, KBU4G, KBU4J, KBU4K, KBU4M

www.vishay.com

NI

Vishay General Semiconductor

Single-Phase Bridge Rectifier

)
]

Case Style KBU

| o

FEATURES

* UL recognition, file number E54214
* |deal for printed circuit boards

¢ High surge current capability
¢ High case dielectric strength of 1500 Vgus

* Solder dip 275 °C max. 10 s, per JESD 22-B106 COMOPEE

* Material categorization: for definitions of compliance
please see www.vishay.com/doc?99912

&

TYPICAL APPLICATIONS

i Ay o CTRRISTICS General purpose use in AC/DC bridge full wave rectification
Package KBU for monitor, TV, printer, SMPS, adapter, audio equipment,
IFay) 4A and home appliances applications.
Veam 50V, 100, V, 200V, 400V, 600 V,
800V, 1000V MECHANICAL DATA
lesm 2004 Case: KBU
| 5 pA " s %
i - Molding compound meets UL 94 V-0 flammability rating
Veatle=4A 1.0V Base P/N-E4 - RoHS-compliant, commercial grade
T 3 150 °C % ¢
— malx - - Terminals: Silver plated leads, solderable per
Diode variations In-Line J-STD-002 and JESD22-B102
Polarity: As marked on body
Mounting Torque: 10 cm-kg (8.8 inches-Ibs) max.
Recommended Torque: 5.7 cm-kg (5 inches-Ibs)
MAXIMUM RATINGS (T, = 25 °C unless otherwise noted)
PARAMETER SYMBOL | KBU4A | KBU4B | KBU4D | KBU4G | KBU4J | KBU4K | KBU4M | UNIT
Maximum repetitive peak reverse voltage VRRM 50 100 200 400 600 800 1000 \'
Maximum RMS voltage Vams 35 70 140 280 420 560 700 \
Maximum DC blocking voltage Voc 50 100 200 400 600 800 1000 \
Maximum average forward Tc=100°C ™ | 4.0 A
rectified output current at Ta=30°C®@ e 4.0
Peak forward surge current single sine-wave
superimposed on rated load lrsm 200 A
Operating junction and storage temperaturerange | Ty, TsTa -50to + 150 20
Notes
(" Units mounted on a 2.0" x 1.6" x 0.3" thick (5 cm x 4 cm x 0.8 cm) aluminum plate
@ Units mounted on PCB with 0.5" x 0.5" (12 mm x 12 mm) copper pads and 0.375" (9.5 mm) lead length
ELECTRICAL CHARACTERISTICS (T, = 25 °C unless otherwise noted
A
PARAMETER TEST CONDITIONS | SYMBOL | KBU4A | KBU4B | KBU4D | KBU4G | KBU4J | KBU4K | KBU4M | UNIT
Maximum instantaneous
forward drop per diode lr=4.0A Ve 10 b4
Maximum DC reverse Ta=25°C 5.0 HA
current at rated DC blocking Ig
voltage per diode Ta=125°C 1.0 mA

Revision: 14-May-14

1

Document Number: 88656

THIS DOCUMENT IS SUBJECT TO CHANGE WITHOUT NOTICE. THE PRODUCTS DESCRIBED HEREIN AND THIS DOCUMENT
ARE SUBJECT TO SPECIFIC DISCLAIMERS, SET FORTH AT www.vishay.com/doc?91000
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THERMAL CHARACTERISTICS (T, = 25 °C unless otherwise noted)

PARAMETER SYMBOL | KBU4A | KBU4B | KBU4D | KBU4G | KBU4J | KBU4K | KBU4M | UNIT
R 9@
Typical thermal resistance R:jt 200 °C/W

Notes

(1) Units mounted ona2.0" x 1.6" x 0.3" thick (5 cm x 4 cm x 0.8 cm) aluminum plate
@) Units mounted on PCB with 0.5" x 0.5" (12 mm x 12 mm) copper pads and 0.375" (9.5 mm) lead length

ORDERING INFORMATION (Example)

PREFERRED P/N

UNIT WEIGHT (g) | PREFERRED PACKAGE CODE

BASE QUANTITY DELIVERY MODE

KBU4J-E4/51 8.0

51

250 Anti-static PVC tray

RATINGS AND CHARACTERISTICS CURVES (T, = 25 °C unless otherwise noted)

4 ™TTT
A 60 Hz
N Resistive or
N \ Inductive Load
’ \
N \

Heatsink Mounting, N
Tc, 20x1.6x3.0"
(5.0x4.0x 0.8 cm)

Average Forward Current (A)
n

| | AlLPlate N,
L N
1 | o o e e \
T, PCB Mounting \
— 0.47" x 0.47" (12 x 12 mm) \\\
Copper Pads
0 I e L 1
o 50 100 150

Temperature (°C)

Fig. 1 - Derating Curve Output Rectified Current
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Fig. 2 - Maximum Non-Repetitive Peak Forward Surge
Current Per Diode
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Fig. 4 - Typical Reverse Leakage Characteristics Per Diode
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Fig. 5 - Typical Junction Capacitance Per Diode

PACKAGE OUTLINE DIMENSIONS in inches (millimeters)

Case Style KBU

0.935 (23.7)
0.160(4.1) 0.895 (22.7) 0.185 (4.7)
s > 0165 (a.2)
>\<—4S°
0 0.085 (2.2)
0760 (17.8) m ¥ 0.065 (1.7)
(19.3)  0.660 o
MAX.  (16.8 5
0.075 (1.9) R TYP. (2 Places) | 0.455 (11.3)
- ~ _~ + |0405(103)
(I \
1.0 ‘ |
(25.4 | |
M | i 0.052 (1.3
‘ | 0.048 (1.2)
. DIA.
0.220 (5.6) ,! g I
0.180 (4.6) v
0.240 (6.09)
0.200 (5.08)
02052 f | [PTTOTTTOTT® 0280 (7.1)
0.185 (4.7) 0.260 (6.6)
Revision: 14-May-14 3

Document Number: 88656
For technical questions within your region: DiodesAmericas@vishay.com, DiodesAsia@vishay.com, DiodesEurope@vishay.com
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VISHAY. Legal Disclaimer Notice
www.vishay.com Vishay

Disclaimer

ALL PRODUCT, PRODUCT SPECIFICATIONS AND DATA ARE SUBJECT TO CHANGE WITHOUT NOTICE TO IMPROVE
RELIABILITY, FUNCTION OR DESIGN OR OTHERWISE.

Vishay Intertechnology, Inc., its affiliates, agents, and employees, and all persons acting on its or their behalf (collectively,
“Vishay”), disclaim any and all liability for any errors, inaccuracies or incompleteness contained in any datasheet or in any other
disclosure relating to any product.

Vishay makes no warranty, representation or guarantee regarding the suitability of the products for any particular purpose or
the continuing production of any product. To the maximum extent permitted by applicable law, Vishay disclaims (i) any and all
liability arising out of the application or use of any product, (i) any and all liability, including without limitation special,
consequential or incidental damages, and (i) any and all implied warranties, including warranties of fitness for particular
purpose, non-infringement and merchantability.

Statements regarding the suitability of products for certain types of applications are based on Vishay’s knowledge of typical
requirements that are often placed on Vishay products in generic applications. Such statements are not binding statements
about the suitability of products for a particular application. It is the customer’s responsibility to validate that a particular
product with the properties described in the product specification is suitable for use in a particular application. Parameters
provided in datasheets and/or specifications may vary in different applications and performance may vary over time. All
operating parameters, including typical parameters, must be validated for each customer application by the customer’s
technical experts. Product specifications do not expand or otherwise modify Vishay’s terms and conditions of purchase,
including but not limited to the warranty expressed therein.

Except as expressly indicated in writing, Vishay products are not designed for use in medical, life-saving, or life-sustaining
applications or for any other application in which the failure of the Vishay product could result in personal injury or death.
Customers using or selling Vishay products not expressly indicated for use in such applications do so at their own risk. Please
contact authorized Vishay personnel to obtain written terms and conditions regarding products designed for such applications.

No license, express or implied, by estoppel or otherwise, to any intellectual property rights is granted by this document or by
any conduct of Vishay. Product names and markings noted herein may be trademarks of their respective owners.

Material Category Policy

Vishay Intertechnology, Inc. hereby certifies that all its products that are identified as RoHS-Compliant fulfill the
definitions and restrictions defined under Directive 2011/65/EU of The European Parliament and of the Council
of June 8, 2011 on the restriction of the use of certain hazardous substances in electrical and electronic equipment
(EEE) - recast, unless otherwise specified as non-compliant.

Please note that some Vishay documentation may still make reference to RoHS Directive 2002/95/EC. We confirm that
all the products identified as being compliant to Directive 2002/95/EC conform to Directive 2011/65/EU.

Vishay Intertechnology, Inc. hereby certifies that all its products that are identified as Halogen-Free follow Halogen-Free
requirements as per JEDEC JS709A standards. Please note that some Vishay documentation may still make reference
to the IEC 61249-2-21 definition. We confirm that all the products identified as being compliant to IEC 61249-2-21
conform to JEDEC JS709A standards.

Revision: 02-Oct-12 1 Document Number: 91000
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FQP10N20C / FQPF10N20C

N-Channel QFET® MOSFET
200V, 9.5 A, 360 mQ

Features Description
+ 9.5 A, 200V, Rpgon = 360 mQ (Max.) @ Vs =10V, This N-Channel enhancement mode power MOSFET is
Ip=475A produced using Fairchild Semiconductor's proprietary
+ Low Gate Charge (Typ. 20 nC) planar stripe and DMOS technology. This advanced
« Low Crss (Typ. 40.5 pF) MOSFET technology has been especially tailored to reduce
100% Avalanche Tested on-state resistance, and to provide superior swilching
performance and high avalanche energy strength. These
ices are sui for switched mode power supplies,
aclive power factor correction (PFC), and electronic lamp
ballasts.

D
e ’ G
Cog G,
TO-220 s TO-220F
s
MOSFET Maximum Ratings 7= 25°C unless otherwise noted.
| Symbol Parameter . Faptonzoc FQPF10N20C Unit
_\."033 _I:)rain to Source \.fonag_e_ | 20_0 v
-Continuous (T = 25°C) 85 25° A
Ic Drain Current i = 1 e
I [ -Continuous (T¢ = 100°C) [ 60 | so A
lom Drain Current - Pulsed (Note 1) 38 38" A
Vass  Gate to Source Vollage | +30 v
Eas Single Pulsed Avalanche Energy (Note 2 210 mJ
lag Avalanche Current (Mote 1) 85 A
Ear Repetitive Avalanche Energy {Mote 1) 7.2 mJ
dvidt Peak Dicde Recovery dv/dt (Note 3) 5.5 Vins
1 i e | 2 ddiai
P Power Dissipation {Tg=25:5) e r 72 - 28 W
- Derate above 25°C 057 03 Wi
|Ts Tere Operating and Storage Temperature Range -55 to +150 ‘c
T Maximum Lead Temperature for Scldering Purpose, 300 e
L 1/8" from Case for 5 Seconds
*Drain current imited by maximum junclion temperature
Thermal Characteristics
I Paramet FQP10N20C [ FQPF10N20C Unit
Rauc | Thermal Resistance, Junction to Case, Max 1.74 333 ‘W
Roua !Thermal Resistance, Junction to Ambient, Max 625 625 T
©2003 Fairchild Semiconductor Gorporation 1 Viviw fairchildsemi.com

FQP10N2OC | FQPF10NZ0C Rev. C1
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Package Marking and Ordering Information
Device Marking Device Package Reel Size | TapeWidth | Quantity |
FQP10N20C FQP10N20C TO-220 Tube NiA 50 units |
FQPF10N20C FQPF10N20C | TO-220F Tube MIA 50 units |
Electrical Characteristics T = 25°C unless otherwise noted.
Symbol | Parameter | Test Conditions [ Min [ Typ Max | Unit
Off Characteristics
BVpss | Drain-Source Breakdown Voltage Vg =0V, Ip =250 pA | =200 - - v
QBVQGS Breakd Voltage Temperature Coeffi- = », : #
t aTy | cient Ip = 250 pA, Referenced to 25°C | - 028 - wrec
) Vos =200V, Vgs =0V [ = = 10 A
|/ - i
pss Zero Gate Voltage Drain Current Voo = 160V, To = 125°C | = - o A
lgssF Gate-Body Leakage Current, Forward Vs =30V, Vos=0V |- = 100 nA
lgssr Gate-Body Leakage Current, Reverse Vgs=-30V Vps=0V i = = -100 nA
On Characteristics
Vggtny | Gate Threshold Voltage Vs = Vgs. Ip = 250 pA [ 20 s 40 ]
R Static Drain-Source
BS{en) Vag = In=4.75A -

O Rislstanss ae=10V Ip 0.28 036 o
9Fs Forward Transconductance Vos=40V.Ip=475A | - 55 - ]
Dynamic Characteristics
Ciss Input Capacitance Vg =25V, Vgs =0V, - 395 510 pF
Coss Qutput Capacitance f=1.0 MHz - a7 128 pF
Cras R Transfer Cap - 40.5 53 pF
Switching Characteristics

tdfon) Turn-On Delay Time Vop =100V, Ip=95 A, - 11 30 ns
t Turn-On Rise Time R~=250 - 92 190 ns
lyom | Turn-Off Delay Time = - 70 | 150 | ns
P Turn-Off Fall Time ol I 72 160 ns
Qg Total Gate Charge Vog =160V, In=95A, - 20 26 nC
Qus Gate-Source Charge Veg =10V - 31 nc
qu Gate-Drain Charge Mote 4) - 105 nC
Drain-Source Diode Characteristics and Maximum Ratings
Ig i Conlii Drain-Sot Diode Forward Current - - 95 A
Igp Pulsed Drain-5 Diode Forward Current - - 38 A
Vsp Drain-Source Dicde Forward Voltage Vs =0V.Ig=95A - - 1.5 v
by Reverse Recovery Time Vog=0V.Ig=95A, - 158 ns
Qp Reverse Recovery Charge dlp / dt = 100 Ajus - 0987 ue

Notes:

1 Repetitive Rating : Pulse wicth imited by maximum junction temperature.

2L=35mH lag=85A Vpp =50V Rg=2501 stating T,=25°C

3 igp = 85 A didt = 300 Afps Vipg = Bipgg stating Ty = 25°C

4 E P of operabng

©2003 Fairchild Semiconductor Corporation 2 wovew fairchiddsemi.com

FQP10N20C | FQPF10N20C Rev. C1



Typical Characteristics
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Figure 1. On-Region Characteristics
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Figure 6. Gate Charge Characteristics

©2003 Fairchild Semiconductor Corporation
FQP10N20C | FQPF10N20C Rev. C1
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Typical Characteristics (continueq)
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Typical Characteristics (continueq)
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Figure 12. Gate Charge Test Circuit & Waveform
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Figure 15. Peak Diode Recovery dv/dt Test Circuit & Waveforms
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Mechanical Dimensions
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NOTES:
(A) CONFORMS TO JEDEC TO-220

R VARIATION AB EXCEPT WHERE NOTED
B) ALL DIMENSIONS ARE IN MILLIMETERS.
C) DIMENSIONS ARE EXCLUSIVE OF BURRS,

MOLD FLASH, AND TIE BAR EXTRUSIONS.
‘._ ;08-%0 _..‘ D) DRAWING FILE/REVISION: MKT-TO220Y03REVA

Figure 16. TO220, Molded, 3-Lead, Jedec Variation AB

Package drawings are provided as a service fo idering Fairchild p ts. Drawings may change in any

without notice. Please note the revision and/or date on the drawing and contact a Fairchild icond reps ive to verify or
obtain the most recent revision. Package speci i do not expand the terms of Fairchild’s worldwide terms and conditions, specif-
ically the warranty therein, which covers Fairchild products.

Always visit Fai

s online packaging area for the most recent package drawings:
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Mechanical Dimensions
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TRADEMAR.KS

The lollowing i and i | ks and service marks, evwned by Fairchild Semiconductor and/or ils global subsidmaries, and is not

intended to be an exhaustive list of all such trademarks,

AccuPoveer ™ F-PFS™ Sync-Lock™
AX-CAP® FRFET® h SYSTEM ®"
Bitsic™ Global Power Resource™ PowerTrench® GENERAL
Build it Now™ GreenBridge™ PowerXs™ TinyBoosi®
CorePLUS™ Green FPS™ Programmable Active Droop™ Ti vE W
CorePOWER ™ Graen FPS™ a-Series™ QFET® T
CROSSVOLT™ Gmax™ asm™ L ] i
cTL™ GTO™ Quiet Series™ ::'_:"N"";ngw
Current Transfer Logic™ Intellingax ™ RapidCaonfigure™ TinyPower ™
DEUXPEED® ISOPLANAR™ ™ T 'P'mw
Dual Cool™ Marking Small Speakers Sound Louder _I_'"Tw =
EcoSPARK® and Befter™ Saving our world, TmWAWKW at a time™ T:gsgm
Efficenthax™ MegaBuck™ SignalWise ™ TriFault Detect™
ESBC™ MICROCOUPLER™ Smarthax ™ Tai.?E“CURRENT‘“'

MicroFET™ SMART START™ SerDes™

-FK MicroPak™ Solutions for Your Success™ K

Fairchild® MicroPak2™ &

Fairchild Semiconductor® MillerDrive ™ STEALTH™ c®

FACT Quiet Series™ Mationhax ™ SuperFET® UH

mWSaver SuperSOT™.3 Uttra FRFET™
FAST® OptoHiT™ SuperSOT™-6 UniFET™
FastyCore™ OPTOLOGIC® SuperSQT™-8 vex™
FETBench™ OPTOPLANAR® SupreM VisualMax ™
FPg™ SyncFET™ VoltagePlus™
xsm
*Ti of System General Corp , used under license by Fairchild Semiconductor.
DISCLAIMER

FAIRCHILD SEMICONDUCTOR RESERVES THE RIGHT TO MAKE CHANGES WITHOUT FURTHER NOTICE TO ANY PRODUCTS HEREIN TO IMPROVE
RELIABILITY, FUNCTION, OR DESIGN. FAIRCHILD DOES NOT ASSUME ANY LIABILITY ARISING OUT OF THE APPLICATION OR USE OF ANY
PRODUCT OR CIRCUIT DESCRIBED HEREIN; NEITHER DOES IT CONVEY ANY LICENSE UNDER ITS PATENT RIGHTS, NOR THE RIGHTS OF OTHERS.
THESE SPECIFICATIONS DO NOT EXPAND THE TERMS OF FAIRCHILD'S WORLDWIDE TERMS AND CONDITIONS, SPECIFICALLY THE WARRANTY
THEREIN, WHICH COVERS THESE PRODUCTS.

LIFE SUPPORT POLICY
FAIHC#ILD'SRPRODLK:TS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPFORT DEVICES OR SYSTEMS WITHOUT THE
EXPRESS WRITTEN APPROVAL OF FAIRCHILD SEMICONDUCTOR CORPORATION.

As used here in;

1. Life support devices or systems are devices or systems which, {(a) are 2.
intended for surgical implant into the body or {b) support or suslain life,
and () whose failure lo perform when properly used in accordance with
instructions for use provided in the labeling, can be
axpected o result in a significant injury of the user.

A critical component in any component of a life support, device, or
syslem whose failure lo perform can be reasonably expecied lo cause
the failure of the ife supporl device or syslem, or o affect ils safely or

ANTI-COUNTERFEITING POLICY
Fairchild Semiconductor Corporation's Anti-Counterfeiting Policy. Fairchild's Anti-Counterfeiting Policy s also staled on our external website,
e, Fairchildsemi.com, under Sales Support

Counterfeiting of semlcondu clor p@nsns a growing pmhlem inthe |ndus1r\l AII i: af icond: di are experiencing iting of their
parts f‘ who i parls bl such as loss of brand k lard perf: failed
i d casl F duction and f: delays. Falmhlld is taking slrang to prolect and oul from the

and
prohfcrmmn of counterfeill parts. Falrchlld strongly Fairchild pars either directly from Fairchild or from Authorized Fairchild
Distribulors who are lizled by counlry on our web page mled above. F'luducls cuslomers buy eilher from Fairchild directly or from Authorized Fairchild
Dhstribulors are gentine parls, have full lrm:aabllly mesl Fairchild's qualily standards for handing and slorage and provide access Lo Fairchild's full range of
up-te-date tech | and product i . Fairchild and our Authorized Distributors will stand behind all les and will ly address and
warranty issues thal may arise. Fairchild will not provide any ge or other for parts bought from Unauthorized Sources. Fairchild is
committed 1o combal this global problem and encourage aur cuslomers to do their par in slopping this practice by buying direct or from authorized distribulors,

PRODUCT STATUS DEFINITIONS
Definition of Terms
Datasheet ation Product Status Definition
Ak, o E . " Dalasheel the design s§ for product P 1. Specifi
! /1n Design may change in any manner withoul nolice.
o tai ala; data will be i at a later
Preliminary First Praduction date. Fairchild Semiconductar reserves the right to make changes at any fime wnhout

notice to improve design.

pr : Dalasheet fains final Fairchild Semiconductor reserves the right fo
Noildaniificalie: Nasdad Full Produotion make changes at any time without natice to i improve the design,
Praduet D fai i i on a product 1hal is discontinued by Fairchild
Obsolete Not In o e Aot oot 1o far rate only.
Tev 166
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MR850 THRU MR856

SOFT RECOVERU, FAST SWITCHING PLASTIC RECTIFIER
VOLTAGE - 50 to 600 Volts CURRENT - 3.0 Amperes

DO-201AD

FEATURES

® High surge current capability

® Plastic package has Underwriters Laboratory
Flammability Classification 94V-O

Void-free molded plastic package

Fast switching for high efficiency

MECHANICAL DATA
Case: JEDEC DO-201AD molded plastic

3.0 ampere operation at T,=50 ¢J with no thermal runaway
Exceeds environmental standards of MIL-S-19500/228

Terminals: Plated Axial leads, solderable per MIL-STD-750,

Method 2026
Polarity: Color Band denotes end
Mounting Position: Any
Weight: 0.04 ounce, 1.1 gram

.

1.00
(25.4)
MIN

1l

052 (1.3)
048 (1.2)

375 (95)
285 (7.2)
_,| |‘_ 210 (5.3)
1.00 190 (4.8)
(25.4)

MIN

o

MAXIMUM RATINGS AND ELECTRICAL CHARACTERISTICS

Ratings at 25 ¢J ambient temperature unless otherwise specified.

Resistive or inductive load.

DIA

Dimensions in inches and (millimeters)

SYMBOLS| MR850 | MR851 | MR852 | MR854 | MR856 |UNITS
Maximum Recurrent Peak Reverse Voltage VRRM 50 100 200 400 600 Volts
Maximum RMS Voltage Vrus 35 70 140 280 480 \olts
Maximum DC Blocking Voltage Voc 50 100 200 400 600 Volts
Maximum Average Forward Rectified Current liawny 3.0 Amps
.375"(9.5mm) Lead Length at T,=50 ¢J
Peak Forward Surge Current 10ms single half sine- lesm 100.0 Amps
wave superimposed on rated load at T,=25 ¢J
Maximum Repetitive Peak Forward Surge(Notel) lerMm 10.0 Amps
Maximum Instantaneous Forward Voltage at 3.0A Ve 1.25 Volts
Maximum DC Reverse Current Ta=25 ¢J Ir 10.0 £g A
at Rated DC Blocking Voltage T,=100 ¢J 500.0 £g A
Maximum Reverse Recovery Time(Note 3) T,=25 ¢J Trr 150 ns
Typical Junction capacitance (Note 2) C; 60 pF
Typical Thermal Resistance (Note 4) R £KJA 15.0 ¢J/W
Operating Junction Temperature Range T; -50 to +125 ¢J
Storage Temperature Range Tste -50 to +150 ¢J

NOTES:

1. Repetitive Peak Forward Surge Current at f<15KHz
Measured at 1 MHz and applied reverse voltage of 4.0 Volts

2.
3. Reverse Recovery Test Conditions: I-=0.5A, Ir=1.0A, I,=0.25A
4

Thermal Resistance From Junction to Ambient at 0.375"(9.5mm) lead length with both leads to heat sink

P/ANKIEE



RATING AND CHARACTERISTIC CURVES
MR850 THRU MR856
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This datasheet has been download from:

www.datasheetcatalog.com

Datasheets for electronics components.


http://www.datasheetcatalog.com
http://www.datasheetcatalog.com
http://www.datasheetcatalog.com
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High Speed Optocoupler, 1 MBd,
Photodiode with Transistor Output

ne [1] —{elcwed
AE}/ 7] 8 ve)
c[3] 6] ¢ (V)
ne [4] —5] E (GND)

£-\§ -\ N
cac

DESCRIPTION

The BN135 and BN136 are optocouplers with a GaAlAs
infrared emitting diode, optically coupled with an integrated
photo detector which consists of a photo diode and a
high-speed transistor in a DIP-8 plastic package.

Signals can be transmitted between two electrically
separated circuits up to frequencies of 2 MHz. The potential
difference between the circuits to be coupled should not
exceed the maximum permissible reference voltages.

FEATURES
= |solation test voltages: 5300 Vs
¢ TTL compatible

S

Phdos

« High bit rates: 1 Mbit/s
* High common-mode interference immunity

* Bandwidth 2 MHz RoHS

COMPLIANT

* Open-collector output HALOGEN

o . FREE

* External base wiring possible RN

* Material categorization: (820081

for definitions of compliance please see
www.vishay.com/doc?99912

AGENCY APPROVALS
* UL1577 file no. E52744, double protection
* DIN EN 60747-5-5 (VDEOB84-5) available with option 1

* cUL components acceptance service no. 5A
* CQC GB8898-2011, GB4943.1-2011

ORDERING INFORMATION
DiP-8 Option &
[« [] =] [ [ [x] [o] [« [e] I
I PART NUMBER I PACKAGE OPTION 'I|TPE‘ 762 mm 10.16 men
s S T
/-
» 0.7 mm >t mm
AGENCY CERTIFIED / PACKAGE CTR (%)
UL, CSA 27 =18
DIP-8 BN135 6MN136
DIP-8, 400 mil, option 6 s 6M136-X006
SMD-8, option 7 BN135-X007T (1 BN136-X007T (1
SMD-8, option 9 E 6N136-X009T (1)
VDE, UL, CSA =i =19
DIP-8 = 6M136-X001
SMD-8, option 7 BN135-X017T {1 GN136-X017T
SMD-8, option @ = BN136-X019T

Note
' Also available in tubes; do not add T to end

Rev. 1.9, 02-Nov-15

1

For technical questions, contact: optocoupleranswers@vishay.com

THIS DOCUMENT IS SUBJECT TO CHANGE WITHOUT NOTICE. THE PRODUCTS DESCRIBED HEREIN AND THIS DOCUMENT
ARE SUBJECT TO SPECIFIC DISCLAIMERS, SET FORTH AT www.vishay,com/doc?21000
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ABSOLUTE MAXIMUM RATINGS (T, = 25 °C, unless otherwise specified)

PARAMETER CONDITION | symBoL | VALUE | unIT
INPUT
Reverse voltage Vg 5 v
Forward current 25 maA
Peak forward current t = 1 ms, duty cycle 50 % lesaa 50 mA
Maximum surge forward current t< 1 ps, 300 pulses/s 1 A
Thermal resistance R 700 Kw
Power dissipaticn Tamp =70"C Piss 45 mwW
OUTPUT
Supply voltage Vg -0.5t015 \
Output voltage Va -0.5t0 15 v
Emitter base voltage Vego 5 v
Qutput current B mA
Maximum output current 16 mA
Base current 5 mA
Thermal resistance 300 Kw
Power dissipation Tambn =70 °C Piss 100 mW
COUPLER
Storage temperature range Tatg -55 to +150 “C
Ambient temperature range Tamb -55 to +100 C
T i | W | = ©
Note

* Stresses in excess of the absolute maximum ratings can cause permanent damage to the device. Functional operation of the device is not

implied at these or any other conditions in excess of those

?iven in the operational sections of this document. Exposure to absolute
maximum ratings for extended periods of the time can adversely

affect reliability.
ELECTRICAL CHARACTERISTICS (T..v = 25 °C, unless otherwise specified)
PARAMETER [ TEST CONDITION [ PART [symBoL [ mIN. [ Typ. | MAX. [ UNIT
INPUT
Forward voltage Ig =16 mA Ve - 1.33 1.9 v
Breakdown voltage Ig =10 pA ViR ] - - v
Reverse current V=5V ™ - 0.5 10 WA
Capaci Vr=0V,f=1MHz Co - 30 » pF
Temperature coefficient, forward voltage lg =16 mA AVE/AT - -1.7 - mV/cC
OUTPUT
Logic low supply current Ir =16 mA, Vo = open, Vee =15V leey - 150 - HA
Logic high supply current Ip = 0 mA, Vg = open, Vge=15V lech - 0.01 1 HA
Output voltage, output low lg=16mA, Ig=1.1mA, Voo =45V | BN135 VoL - 0.1 0.4 W
le=16mA, Ig=3.0mA, Voo =4.5V [ 6N136| VoL - 0.1 0.4 v

. le=0mA, Vg=Vec =55V loH - 3 500 nA
Qutput current, output high I = 0mA Vo — Voo = 15V o - 0,01 3 A
COUPLER
Capacitance (input to output) f=1MHz | Cio | - | 0.6 | - i pF

Note

* Minimum and maximum values are testing requirements. Typical values are characteristics of the device and are the result of engineering
evaluation. Typical values are for information only and are not part of the testing requirements.

Rev. 1.9, 02-Nov-15
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Document Number: 83604

For technical questions, contact: optocoupleranswers@vishay.com

THIS DOCUMENT IS SUBJECT TO CHANGE WITHOUT NOTICE. THE PRODUCTS DESCRIBED HEREIN AND THIS DOCUMENT
ARE SUBJECT TO SPECIFIC DISCLAIMERS, SET FORTH AT www.vishay,com/doc?31000




N A
VISHAY. 6N135, 6N136

W vishay.comm Vishay Semiconductors
CURRENT TRANSFER RATIO (T,.,, = 25 °C, unless otherwise specified)
PARAMETER TEST CONDITION PART |SYMBOL| MIN. TYP. MAX. UNIT
=16 mA,Vo=04V, Vec =45V Sas om ? 15 - %
Current transfer 6N136 CTR 19 35 - %
et F=16mA,Vo=05V, Vec =45V 2::2: g; 155 :
SWITCHING CHARACTERISTICS (T, = 25 °C, unless otherwise specified)
PARAMETER TEST CONDITION PART |SYMBOL | MiIN. TYP. MAX. UNIT
i lp=16mA Vge=5V, R = 4.1 kQ 6N135 tpHL . 0.3 15 s
High to low
lp=16mA, Veec=5V,RL =19 k2 BN136 trw = 0.2 0.8 Hs
y Ir=16mA, Voo =5V, R = 4.1 ko | en135 | tem - | es 15 ps
Low to high
lF=16mA Vee=5V, R =19 k2 6N136 teLm - 0.2 0.8 Hs
COMMON MODE TRANSIENT IMMUNITY (T, = 25 °C, unless otherwise specified)
PARAMETER TEST CONDITION PART |SYMBOL | MIN. TYP. MAX. UNIT
High le=0mA, Ve =10 Vpp, Vee =5V, R =41 kil | 6N135 |CMul - 1000 - Vius
Ip =0 mA Ve =10 Vpp, Vo =5V, RL=1.9ki2 | 6MN136 [CMl - 1000 - Vips
T Te=16mA, Vou = 10 Vpp, Vog =5 V, R = 4.1 k2 | 6N135 | [CM| - 1000 . Vis
=16 mA Ve =10Vp.p, Voc =5V, R = 1.9k | 6N136 |CM,| - 1000 - Vips
SAFETY AND INSULATION RATINGS
PARAMETER TEST CONDITION SYMBOL VALUE UNIT
Climatic classification According to IEC 68 part 1 55/100/21
Pollution degree According to DIN VDE 0109 2
Comparative tracking index Insulation group llia CcTi 175
Maximum rated withstanding isolation voltage According to UL1577, t = 1 min Viso 5300 Vams
Maximum transient isol 1 voltage According to DIN EN 60747-5-5 Viam 8000 Vpsak
Maximum repetitive peak isolation voltage According to DIN EN 60747-5-5 Vieam 890 Vpeak
) . Tamb =25 °C, Vig =500 V Rio 210" Q
Isolation resistance
Tamb = 100 °C, Vig = 500V Rio =101 o
QOutput safety power Pso 500 mW
Input safety current lsy 300 ma
Input safety temperature Ts 175 “C
Creepage distance DIP-8 =7 mm
Clearance distance DIP-8 =7 mm
Creepage distance DIP-8, 400 mil, option 6 =8 mm
Clearance distance DIP-8, 400 mil, cption & z8 mm
Creepage distance SMD-8, option 7 =8 mm
Clearance distance SMD-8, option 7 =8 mm
Creepage distance SMD-8, option 9 =8 mm
Clearance distance SMD-8, option 9 =8 mm
Insulation thickness oTl =04 mm

Note

* Asper IEC 60747-5-5, § 7.4.3.8.2, this optocoupler is suitable for “safe electrical insulation” only within the safety ratings. Compliance with
the safety ratings shall be ensured by means of protective circuits.

Rev. 1.9, 02-Nov-15 3 Decument Number: 83604
For technical questions, contact: optocoupleranswers@vishay.com
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TYPICAL CHARACTERISTICS (T, = 25 °C, unless otherwise specified)
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HANDLING AND STORAGE CONDITIONS
ESD level: HBM class 2

Floor life: unlimited

Conditions: Tymy, < 30 °C, RH < 85 %

Moisture sensitivity level 1, according to J-STD-020
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Features

* High-performance, Low-power Atmel®AVR® 8-bit Microcontroller
* Advanced RISC Architecture
— 130 Powerful Instructions — Most Single-clock Cycle Execution
— 32 x 8 General Purpose Working Registers
— Fully Static Operation
— Up to 16MIPS Throughput at 16MHz
— On-chip 2-cycle Multiplier
* High Endurance Non-volatile Memory segments
— 8Kbytes of In-System Self-programmable Flash program memory
— 512Bytes EEPROM
— 1Kbyte Internal SRAM
— Write/Erase Cycles: 10,000 Flash/100,000 EEPROM
— Data retention: 20 years at 85°C/100 years at 25°C™Y)
— Optional Boot Code Section with Independent Lock Bits
In-System Programming by On-chip Boot Program
True Read-While-Write Operation
— Programming Lock for Software Security
* Peripheral Features
— Two 8-bit Timer/Counters with Separate Prescaler, one Compare Mode
— One 16-bit Timer/Counter with Separate Prescaler, Compare Mode, and Capture
Mode
— Real Time Counter with Separate Oscillator
— Three PWM Channels
— 8-channel ADC in TQFP and QFN/MLF package
Eight Channels 10-bit Accuracy
6-channel ADC in PDIP package
Six Channels 10-bit Accuracy
Byte-oriented Two-wire Serial Interface
Programmable Serial USART
Master/Slave SPI Serial Interface
Programmable Watchdog Timer with Separate On-chip Oscillator
— On-chip Analog Comparator
* Special Microcontroller Features
— Power-on Reset and Programmable Brown-out Detection
— Internal Calibrated RC Oscillator
— External and Internal Interrupt Sources
— Five Sleep Modes: Idle, ADC Noise Reduction, Power-save, Power-down, and
Standby
1/0 and Packages
— 23 Programmable I/O Lines
— 28-lead PDIP, 32-lead TQFP, and 32-pad QFN/MLF
* Operating Voltages
— 2.7V - 5.5V (ATmega8L)
— 4.5V - 5.5V (ATmega8)
* Speed Grades
— 0 - 8MHz (ATmega8L)
— 0-16MHz (ATmega8)
* Power Consumption at 4Mhz, 3V, 25°C
— Active: 3.6mA
— Idle Mode: 1.0mA
— Power-down Mode: 0.5pA
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Pin

Configurations
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Overview The Atmel®AVR® ATmega8 is a low-power CMOS 8-bit microcontroller based on the AVR RISC
architecture. By executing powerful instructions in a single clock cycle, the ATmega8 achieves
throughputs approaching 1MIPS per MHz, allowing the system designer to optimize power con-

sumption versus processing speed.

Block Diagram Figure 1. Block Diagram
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The Atmel®AVR® core combines a rich instruction set with 32 general purpose working registers.
All the 32 registers are directly connected to the Arithmetic Logic Unit (ALU), allowing two inde-
pendent registers to be accessed in one single instruction executed in one clock cycle. The
resulting architecture is more code efficient while achieving throughputs up to ten times faster
than conventional CISC microcontrollers.

The ATmega8 provides the following features: 8 Kbytes of In-System Programmable Flash with
Read-While-Write capabilities, 512 bytes of EEPROM, 1 Kbyte of SRAM, 23 general purpose
I/0 lines, 32 general purpose working registers, three flexible Timer/Counters with compare
modes, internal and external interrupts, a serial programmable USART, a byte oriented Two-
wire Serial Interface, a 6-channel ADC (eight channels in TQFP and QFN/MLF packages) with
10-bit accuracy, a programmable Watchdog Timer with Internal Oscillator, an SPI serial port,
and five software selectable power saving modes. The Idle mode stops the CPU while allowing
the SRAM, Timer/Counters, SPI port, and interrupt system to continue functioning. The Power-
down mode saves the register contents but freezes the Oscillator, disabling all other chip func-
tions until the next Interrupt or Hardware Reset. In Power-save mode, the asynchronous timer
continues to run, allowing the user to maintain a timer base while the rest of the device is sleep-
ing. The ADC Noise Reduction mode stops the CPU and all I/O modules except asynchronous
timer and ADC, to minimize switching noise during ADC conversions. In Standby mode, the
crystal/resonator Oscillator is running while the rest of the device is sleeping. This allows very
fast start-up combined with low-power consumption.

The device is manufactured using Atmel’s high density non-volatile memory technology. The
Flash Program memory can be reprogrammed In-System through an SPI serial interface, by a
conventional non-volatile memory programmer, or by an On-chip boot program running on the
AVR core. The boot program can use any interface to download the application program in the
Application Flash memory. Software in the Boot Flash Section will continue to run while the
Application Flash Section is updated, providing true Read-While-Write operation. By combining
an 8-bit RISC CPU with In-System Self-Programmable Flash on a monolithic chip, the Atmel
ATmega8 is a powerful microcontroller that provides a highly-flexible and cost-effective solution
to many embedded control applications.

The ATmega8 is supported with a full suite of program and system development tools, including
C compilers, macro assemblers, program simulators, and evaluation kits.

Disclaimer Typical values contained in this datasheet are based on simulations and characterization of
other AVR microcontrollers manufactured on the same process technology. Minimum and Maxi-
mum values will be available after the device is characterized.

|
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Pin Descriptions
VCC

GND

Port B (PB7..PBO)

XTAL1/XTAL2/TOSC1/
TOSC2

Port C (PC5..PCO0)

PC6/RESET

Port D (PD7..PDO)

Digital supply voltage.
Ground.

Port B is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The
Port B output buffers have symmetrical drive characteristics with both high sink and source
capability. As inputs, Port B pins that are externally pulled low will source current if the pull-up
resistors are activated. The Port B pins are tri-stated when a reset condition becomes active,
even if the clock is not running.

Depending on the clock selection fuse settings, PB6 can be used as input to the inverting Oscil-
lator amplifier and input to the internal clock operating circuit.

Depending on the clock selection fuse settings, PB7 can be used as output from the inverting
Oscillator amplifier.

If the Internal Calibrated RC Oscillator is used as chip clock source, PB7..6 is used as TOSC2..1
input for the Asynchronous Timer/Counter2 if the AS2 bit in ASSR is set.

The various special features of Port B are elaborated in “Alternate Functions of Port B” on page
58 and “System Clock and Clock Options” on page 25.

Port C is an 7-bit bi-directional 1/0O port with internal pull-up resistors (selected for each bit). The
Port C output buffers have symmetrical drive characteristics with both high sink and source
capability. As inputs, Port C pins that are externally pulled low will source current if the pull-up
resistors are activated. The Port C pins are tri-stated when a reset condition becomes active,
even if the clock is not running.

If the RSTDISBL Fuse is programmed, PC6 is used as an I/O pin. Note that the electrical char-
acteristics of PC6 differ from those of the other pins of Port C.

If the RSTDISBL Fuse is unprogrammed, PC6 is used as a Reset input. A low level on this pin
for longer than the minimum pulse length will generate a Reset, even if the clock is not running.
The minimum pulse length is given in Table 15 on page 38. Shorter pulses are not guaranteed to
generate a Reset.

The various special features of Port C are elaborated on page 61.

Port D is an 8-bit bi-directional 1/0 port with internal pull-up resistors (selected for each bit). The
Port D output buffers have symmetrical drive characteristics with both high sink and source
capability. As inputs, Port D pins that are externally pulled low will source current if the pull-up
resistors are activated. The Port D pins are tri-stated when a reset condition becomes active,
even if the clock is not running.

Port D also serves the functions of various special features of the ATmega8 as listed on page
63.

RESET Reset input. A low level on this pin for longer than the minimum pulse length will generate a
reset, even if the clock is not running. The minimum pulse length is given in Table 15 on page
38. Shorter pulses are not guaranteed to generate a reset.
|
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AVce AV is the supply voltage pin for the A/D Converter, Port C (3..0), and ADC (7..6). It should be
externally connected to V., even if the ADC is not used. If the ADC is used, it should be con-
nected to V. through a low-pass filter. Note that Port C (5..4) use digital supply voltage, V.

AREF AREF is the analog reference pin for the A/D Converter.

ADCY7..6 (TQFP and In the TQFP and QFN/MLF package, ADC7..6 serve as analog inputs to the A/D converter.
QFN/MLF Package These pins are powered from the analog supply and serve as 10-bit ADC channels.

Only)
| Atme[ 6
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Resources A comprehensive set of development tools, application notes and datasheets are available for
download on http://www.atmel.com/avr.

Data Retention Reliability Qualification results show that the projected data retention failure rate is much less
than 1 PPM over 20 years at 85°C or 100 years at 25°C.

| AtmeL
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About Code This datasheet contains simple code examples that briefly show how to use various parts of the

Exam pIes device. These code examples assume that the part specific header file is included before compi-
lation. Be aware that not all C compiler vendors include bit definitions in the header files and
interrupt handling in C is compiler dependent. Please confirm with the C compiler documentation
for more details.

| AtmeL 8
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Atmel AVR CPU

Core

Introduction

Architectural

This section discusses the Atmel®AVR® core architecture in general. The main function of the
CPU core is to ensure correct program execution. The CPU must therefore be able to access
memories, perform calculations, control peripherals, and handle interrupts.

Figure 2. Block Diagram of the AVR MCU Architecture

Overview
( Data Bus 8-bit
Y
Program Status
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Memory <
Interrupt
A > 32x8 < Unit
Instruction General
Register Purpose h SPI
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<—»| /O Module n
EEPROM |«
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In order to maximize performance and parallelism, the AVR uses a Harvard architecture — with
separate memories and buses for program and data. Instructions in the Program memory are
executed with a single level pipelining. While one instruction is being executed, the next instruc-
tion is pre-fetched from the Program memory. This concept enables instructions to be executed
in every clock cycle. The Program memory is In-System Reprogrammable Flash memory.
The fast-access Register File contains 32 x 8-bit general purpose working registers with a single
clock cycle access time. This allows single-cycle Arithmetic Logic Unit (ALU) operation. In a typ-
ical ALU operation, two operands are output from the Register File, the operation is executed,
and the result is stored back in the Register File —in one clock cycle.
Six of the 32 registers can be used as three 16-bit indirect address register pointers for Data
Space addressing — enabling efficient address calculations. One of the these address pointers
|
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can also be used as an address pointer for look up tables in Flash Program memory. These
added function registers are the 16-bit X-register, Y-register, and Z-register, described later in
this section.

The ALU supports arithmetic and logic operations between registers or between a constant and
a register. Single register operations can also be executed in the ALU. After an arithmetic opera-
tion, the Status Register is updated to reflect information about the result of the operation.

The Program flow is provided by conditional and unconditional jump and call instructions, able to
directly address the whole address space. Most AVR instructions have a single 16-bit word for-
mat. Every Program memory address contains a 16-bit or 32-bit instruction.

Program Flash memory space is divided in two sections, the Boot program section and the
Application program section. Both sections have dedicated Lock Bits for write and read/write
protection. The SPM instruction that writes into the Application Flash memory section must
reside in the Boot program section.

During interrupts and subroutine calls, the return address Program Counter (PC) is stored on the
Stack. The Stack is effectively allocated in the general data SRAM, and consequently the Stack
size is only limited by the total SRAM size and the usage of the SRAM. All user programs must
initialize the SP in the reset routine (before subroutines or interrupts are executed). The Stack
Pointer SP is read/write accessible in the I/O space. The data SRAM can easily be accessed
through the five different addressing modes supported in the AVR architecture.

The memory spaces in the AVR architecture are all linear and regular memory maps.

A flexible interrupt module has its control registers in the /O space with an additional global
interrupt enable bit in the Status Register. All interrupts have a separate Interrupt Vector in the
Interrupt Vector table. The interrupts have priority in accordance with their Interrupt Vector posi-
tion. The lower the Interrupt Vector address, the higher the priority.

The 1/O memory space contains 64 addresses for CPU peripheral functions as Control Regis-
ters, SPI, and other 1/O functions. The I/O Memory can be accessed directly, or as the Data
Space locations following those of the Register File, 0x20 - Ox5F.
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Arithmetic Logic The high-performance Atmel®AVR® ALU operates in direct connection with all the 32 general

Unit — ALU purpose working registers. Within a single clock cycle, arithmetic operations between general
purpose registers or between a register and an immediate are executed. The ALU operations
are divided into three main categories — arithmetic, logical, and bit-functions. Some implementa-
tions of the architecture also provide a powerful multiplier supporting both signed/unsigned
multiplication and fractional format. For a detailed description, see “Instruction Set Summary” on
page 311.

Status Register The Status Register contains information about the result of the most recently executed arithme-
tic instruction. This information can be used for altering program flow in order to perform
conditional operations. Note that the Status Register is updated after all ALU operations, as
specified in the Instruction Set Reference. This will in many cases remove the need for using the
dedicated compare instructions, resulting in faster and more compact code.

The Status Register is not automatically stored when entering an interrupt routine and restored
when returning from an interrupt. This must be handled by software.

The AVR Status Register — SREG - is defined as:

Bit 7 6 5 4 3 2 1 0

| I ¥ Ll ... N z C | sReG
Read/Write R/W R/W R/W R/W R/W RIW R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 —I: Global Interrupt Enable

The Global Interrupt Enable bit must be set for the interrupts to be enabled. The individual inter-
rupt enable control is then performed in separate control registers. If the Global Interrupt Enable
Register is cleared, none of the interrupts are enabled independent of the individual interrupt
enable settings. The I-bit is cleared by hardware after an interrupt has occurred, and is set by
the RETI instruction to enable subsequent interrupts. The I-bit can also be set and cleared by
the application with the SEI and CLI instructions, as described in the Instruction Set Reference.
« Bit 6 — T: Bit Copy Storage

The Bit Copy instructions BLD (Bit LoaD) and BST (Bit STore) use the T-bit as source or desti-
nation for the operated bit. A bit from a register in the Register File can be copied into T by the
BST instruction, and a bit in T can be copied into a bit in a register in the Register File by the
BLD instruction.

e Bit 5 - H: Half Carry Flag

The Half Carry Flag H indicates a Half Carry in some arithmetic operations. Half Carry is useful
in BCD arithmetic. See the “Instruction Set Description” for detailed information.

» Bit4-S:SignBit, S=N®V

The S-bit is always an exclusive or between the Negative Flag N and the Two’'s Complement
Overflow Flag V. See the “Instruction Set Description” for detailed information.

e Bit 3-V: Two’'s Complement Overflow Flag

The Two’s Complement Overflow Flag V supports two's complement arithmetics. See the
“Instruction Set Description” for detailed information.

e Bit 2 — N: Negative Flag

The Negative Flag N indicates a negative result in an arithmetic or logic operation. See the
“Instruction Set Description” for detailed information.

| AtmeL 11
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General Purpose

e Bit1l-2Z: Zero Flag

The Zero Flag Z indicates a zero result in an arithmetic or logic operation. See the “Instruction
Set Description” for detailed information.

e Bit0-C: Carry Flag

The Carry Flag C indicates a Carry in an arithmetic or logic operation. See the “Instruction Set
Description” for detailed information.

The Register File is optimized for the AVR Enhanced RISC instruction set. In order to achieve

Register File the required performance and flexibility, the following input/output schemes are supported by the
Register File:
e One 8-hit output operand and one 8-bit result input
e Two 8-bit output operands and one 8-bit result input
« Two 8-bit output operands and one 16-bit result input
e One 16-bit output operand and one 16-bit result input
Figure 3 shows the structure of the 32 general purpose working registers in the CPU.
Figure 3. AVR CPU General Purpose Working Registers
7 0 Addr.
RO 0x00
R1 0x01
R2 0x02
R13 0x0D
General R14 O0X0E
Purpose R15 O0xOF
Working R16 0x10
Registers R17 0x11
R26 Ox1A X-register Low Byte
R27 0x1B X-register High Byte
R28 0x1C Y-register Low Byte
R29 0x1D Y-register High Byte
R30 Ox1E Z-register Low Byte
R31 Ox1F Z-register High Byte
Most of the instructions operating on the Register File have direct access to all registers, and
most of them are single cycle instructions.
As shown in Figure 3, each register is also assigned a Data memory address, mapping them
directly into the first 32 locations of the user Data Space. Although not being physically imple-
mented as SRAM locations, this memory organization provides great flexibility in access of the
registers, as the X-pointer, Y-pointer, and Z-pointer Registers can be set to index any register in
the file.
|
Atmel 12
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The X-register, Y- The registers R26..R31 have some added functions to their general purpose usage. These reg-
register and Z-register isters are 16-bit address pointers for indirect addressing of the Data Space. The three indirect
address registers X, Y and Z are defined as described in Figure 4.

Figure 4. The X-register, Y-register and Z-Register

15 XH XL
X-register I o7 o]
R27 (OX1B) R26 (OX1A)
15 YH YL
Y-register I 7 0 I 7 0 I
R29 (Ox1D) R28 (OX1C)
15 ZH ZL 0
Z-register I 0 |7 0 |
R31 (OXLF) R30 (OXLE)

In the different addressing modes these address registers have functions as fixed displacement,
automatic increment, and automatic decrement (see the Instruction Set Reference for details).

Stack Pointer The Stack is mainly used for storing temporary data, for storing local variables and for storing
return addresses after interrupts and subroutine calls. The Stack Pointer Register always points
to the top of the Stack. Note that the Stack is implemented as growing from higher memory loca-
tions to lower memory locations. This implies that a Stack PUSH command decreases the Stack
Pointer.

The Stack Pointer points to the data SRAM Stack area where the Subroutine and Interrupt
Stacks are located. This Stack space in the data SRAM must be defined by the program before
any subroutine calls are executed or interrupts are enabled. The Stack Pointer must be set to
point above 0x60. The Stack Pointer is decremented by one when data is pushed onto the Stack
with the PUSH instruction, and it is decremented by two when the return address is pushed onto
the Stack with subroutine call or interrupt. The Stack Pointer is incremented by one when data is
popped from the Stack with the POP instruction, and it is incremented by two when address is
popped from the Stack with return from subroutine RET or return from interrupt RETI.

The AVR Stack Pointer is implemented as two 8-bit registers in the 1/0 space. The number of
bits actually used is implementation dependent. Note that the data space in some implementa-
tions of the AVR architecture is so small that only SPL is needed. In this case, the SPH Register
will not be present.

Bit 15 14 13 12 11 10 9 8
SP15 SP14 SP13 SP12 SP11 SP10 SP9 SP8 SPH
SP7 SP6 SP5 SP4 SP3 SP2 SP1 SPO SPL
7 6 5 4 3 2 1 0
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
Instruction This section describes the general access timing concepts for instruction execution. The

Execution Timing Atmel®AVR® CPU is driven by the CPU clock clkepy, directly generated from the selected clock
source for the chip. No internal clock division is used.
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Reset and
Interrupt Handling

Figure 5 shows the parallel instruction fetches and instruction executions enabled by the Har-
vard architecture and the fast-access Register File concept. This is the basic pipelining concept
to obtain up to IMIPS per MHz with the corresponding unique results for functions per cost,
functions per clocks, and functions per power-unit.

Figure 5. The Parallel Instruction Fetches and Instruction Executions

T1 T2 T3 T4

Sy S W A W L N A W

CPU
1st Instruction Fetch

1st Instruction Execute
2nd Instruction Fetch
2nd Instruction Execute
3rd Instruction Fetch
3rd Instruction Execute
4th Instruction Fetch | | | |

Figure 6 shows the internal timing concept for the Register File. In a single clock cycle an ALU
operation using two register operands is executed, and the result is stored back to the destina-
tion register.

Figure 6. Single Cycle ALU Operation

T1 T2 T3 T4

R S N S W L W A W

CPU
Total Execution Time

ALU Operation Execute

| |
! !
| |
! !
| |
| |
[ [
| |
| |
T T
! !
| |

|
|
|
1
Register Operands Fetch i
|
|
|
|

Result Write Back

The Atmel®AVR® provides several different interrupt sources. These interrupts and the separate
Reset Vector each have a separate Program Vector in the Program memory space. All inter-
rupts are assigned individual enable bits which must be written logic one together with the
Global Interrupt Enable bit in the Status Register in order to enable the interrupt. Depending on
the Program Counter value, interrupts may be automatically disabled when Boot Lock Bits
BLB02 or BLB12 are programmed. This feature improves software security. See the section
“Memory Programming” on page 215 for details.

The lowest addresses in the Program memory space are by default defined as the Reset and
Interrupt Vectors. The complete list of Vectors is shown in “Interrupts” on page 46. The list also
determines the priority levels of the different interrupts. The lower the address the higher is the
priority level. RESET has the highest priority, and next is INTO — the External Interrupt Request
0. The Interrupt Vectors can be moved to the start of the boot Flash section by setting the Inter-
rupt Vector Select (IVSEL) bit in the General Interrupt Control Register (GICR). Refer to
“Interrupts” on page 46 for more information. The Reset Vector can also be moved to the start of
the boot Flash section by programming the BOOTRST Fuse, see “Boot Loader Support — Read-
While-Write Self-Programming” on page 202.
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When an interrupt occurs, the Global Interrupt Enable I-bit is cleared and all interrupts are dis-
abled. The user software can write logic one to the I-bit to enable nested interrupts. All enabled
interrupts can then interrupt the current interrupt routine. The I-bit is automatically set when a
Return from Interrupt instruction — RETI — is executed.

There are basically two types of interrupts. The first type is triggered by an event that sets the
Interrupt Flag. For these interrupts, the Program Counter is vectored to the actual Interrupt Vec-
tor in order to execute the interrupt handling routine, and hardware clears the corresponding
Interrupt Flag. Interrupt Flags can also be cleared by writing a logic one to the flag bit position(s)
to be cleared. If an interrupt condition occurs while the corresponding interrupt enable bit is
cleared, the Interrupt Flag will be set and remembered until the interrupt is enabled, or the flag is
cleared by software. Similarly, if one or more interrupt conditions occur while the global interrupt
enable bit is cleared, the corresponding Interrupt Flag(s) will be set and remembered until the
global interrupt enable bit is set, and will then be executed by order of priority.

The second type of interrupts will trigger as long as the interrupt condition is present. These
interrupts do not necessarily have Interrupt Flags. If the interrupt condition disappears before the
interrupt is enabled, the interrupt will not be triggered.

When the AVR exits from an interrupt, it will always return to the main program and execute one
more instruction before any pending interrupt is served.

Note that the Status Register is not automatically stored when entering an interrupt routine, nor
restored when returning from an interrupt routine. This must be handled by software.

When using the CLI instruction to disable interrupts, the interrupts will be immediately disabled.
No interrupt will be executed after the CLI instruction, even if it occurs simultaneously with the
CLlI instruction. The following example shows how this can be used to avoid interrupts during the
timed EEPROM write sequence.

Assembly Code Example

in rl6, SREG ; store SREG val ue

cli ; disable interrupts during tinmed sequence
sbi EECR, EEMAE ; start EEPROM write

sbi EECR, EEVE

out SREG, r16 ; restore SREG val ue (I-bit)

C Code Example

char cSREG

CSREG = SREG /* store SREG val ue */

/* disable interrupts during tined sequence */
_CQLEQ);

EECR | = (1<<EEMXE); /* start EEPROM write */
EECR | = (1<<EEVE);

SREG = cSREG /* restore SREG value (l-bit) */

| AtmeL 15
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Interrupt Response
Time

When using the SEI instruction to enable interrupts, the instruction following SEI will be exe-

cuted before any pending interrupts, as shown in the following example.

Assembly Code Example

sei ; set global interrupt enable

sl eep; enter sleep, waiting for interrupt

; note: will enter sleep before any pending
; interrupt(s)

C Code Example

_SEI(); /* set global interrupt enable */
_SLEEP(); /* enter sleep, waiting for interrupt */
/* note: will enter sleep before any pending interrupt(s) */

The interrupt execution response for all the enabled Atmel®AVR® interrupts is four clock cycles
minimum. After four clock cycles, the Program Vector address for the actual interrupt handling
routine is executed. During this 4-clock cycle period, the Program Counter is pushed onto the
Stack. The Vector is normally a jump to the interrupt routine, and this jump takes three clock
cycles. If an interrupt occurs during execution of a multi-cycle instruction, this instruction is com-
pleted before the interrupt is served. If an interrupt occurs when the MCU is in sleep mode, the
interrupt execution response time is increased by four clock cycles. This increase comes in addi-

tion to the start-up time from the selected sleep mode.

A return from an interrupt handling routine takes four clock cycles. During these four clock
cycles, the Program Counter (2 bytes) is popped back from the Stack, the Stack Pointer is incre-

mented by 2, and the I-bit in SREG is set.

| /ltmeL
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AVR ATmega8
Memories

In-System
Reprogrammable
Flash Program
Memory

This section describes the different memories in the Atmel®AVR® ATmega8. The AVR architec-
ture has two main memory spaces, the Data memory and the Program Memory space. In
addition, the ATmega8 features an EEPROM Memory for data storage. All three memory spaces
are linear and regular.

The ATmega8 contains 8Kbytes On-chip In-System Reprogrammable Flash memory for pro-
gram storage. Since all AVR instructions are 16-bits or 32-bits wide, the Flash is organized as
4K x 16 bits. For software security, the Flash Program memory space is divided into two sec-
tions, Boot Program section and Application Program section.

The Flash memory has an endurance of at least 10,000 write/erase cycles. The ATmega8 Pro-
gram Counter (PC) is 12 bits wide, thus addressing the 4K Program memory locations. The
operation of Boot Program section and associated Boot Lock Bits for software protection are
described in detail in “Boot Loader Support — Read-While-Write Self-Programming” on page
202. “Memory Programming” on page 215 contains a detailed description on Flash Program-
ming in SPI- or Parallel Programming mode.

Constant tables can be allocated within the entire Program memory address space (see the
LPM — Load Program memory instruction description).

Timing diagrams for instruction fetch and execution are presented in “Instruction Execution Tim-
ing” on page 13.

Figure 7. Program Memory Map

$000

Application Flash Section

e

Boot Flash Section

$FFF
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SRAM Data Figure 8 shows how the Atmel®’AVR® SRAM Memory is organized.

Memory The lower 1120 Data memory locations address the Register File, the I/O Memory, and the inter-
nal data SRAM. The first 96 locations address the Register File and I/O Memory, and the next
1024 locations address the internal data SRAM.

The five different addressing modes for the Data memory cover: Direct, Indirect with Displace-
ment, Indirect, Indirect with Pre-decrement, and Indirect with Post-increment. In the Register
File, registers R26 to R31 feature the indirect addressing pointer registers.
The direct addressing reaches the entire data space.
The Indirect with Displacement mode reaches 63 address locations from the base address given
by the Y-register or Z-register.
When using register indirect addressing modes with automatic pre-decrement and post-incre-
ment, the address registers X, Y and Z are decremented or incremented.
The 32 general purpose working registers, 64 1/0 Registers, and the 1024 bytes of internal data
SRAM in the ATmega8 are all accessible through all these addressing modes. The Register File
is described in “General Purpose Register File” on page 12.
Figure 8. Data Memory Map
Register File Data Address Space
RO [ $0000
R1 $0001
R2 $0002
R29 $001D
R30 $001E
) R $001F
I’O Registers
$00 $0020
$01 $0021
$02 $0022
$3D $005D
$3E $005E
$F 1 $005F
Internal SRAM
$0060
$0061
$045E
$045F
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Data Memory
Access Times

EEPROM Data
Memory

EEPROM Read/Write
Access

This section describes the general access timing concepts for internal memory access. The
internal data SRAM access is performed in two clkep, cycles as described in Figure 9.

Figure 9. On-chip Data SRAM Access Cycles
T1 T2 T3

Y A Y N A

CPU

1 !
! ! !
Address | Compute Address | X__Address Valid |
| | |

Data — l { .

! ! | E
| | 1

WR _ | 1 e N
! ! !
| | 4

Data \ ; ! =

I I T ©

I I I &’

RD _ I e
T T |
! ! !
Memory Vccess Instruction Next Instruction

The ATmega8 contains 512bytes of data EEPROM memory. It is organized as a separate data
space, in which single bytes can be read and written. The EEPROM has an endurance of at
least 100,000 write/erase cycles. The access between the EEPROM and the CPU is described
below, specifying the EEPROM Address Registers, the EEPROM Data Register, and the
EEPROM Control Register.

“Memory Programming” on page 215 contains a detailed description on EEPROM Programming
in SPI- or Parallel Programming mode.

The EEPROM Access Registers are accessible in the /O space.

The write access time for the EEPROM is given in Table 1 on page 21. A self-timing function,
however, lets the user software detect when the next byte can be written. If the user code con-
tains instructions that write the EEPROM, some precautions must be taken. In heavily filtered
power supplies, V. is likely to rise or fall slowly on Power-up/down. This causes the device for
some period of time to run at a voltage lower than specified as minimum for the clock frequency
used. See “Preventing EEPROM Corruption” on page 23. for details on how to avoid problems in
these situations.

In order to prevent unintentional EEPROM writes, a specific write procedure must be followed.
Refer to “The EEPROM Control Register — EECR” on page 20 for details on this.

When the EEPROM is read, the CPU is halted for four clock cycles before the next instruction is
executed. When the EEPROM is written, the CPU is halted for two clock cycles before the next
instruction is executed.
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The EEPROM Address
Register - EEARH and
EEARL

The EEPROM Data
Register — EEDR

The EEPROM Control
Register — EECR

Bi

t

15

14

13

12

11

10

9

8

- - - - - - - EEAR8 EEARH
EEAR7 | EEAR6 | EEAR5 | EEAR4 | EEAR3 | EEAR2 | EEAR1 | EEARO EEARL
7 6 5 4 3 2 1 0
Read/Write R R R R R R R RIW
R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 X
X X X X X X X X

¢ Bits 15..9 — Res: Reserved Bits

These bits are reserved bits in the ATmega8 and will always read as zero.
e Bits 8..0 - EEARS8..0: EEPROM Address

The EEPROM Address Registers — EEARH and EEARL — specify the EEPROM address in the
512bytes EEPROM space. The EEPROM data bytes are addressed linearly between 0 and 511.
The initial value of EEAR is undefined. A proper value must be written before the EEPROM may
be accessed.

Bit

Read/Write
Initial Value

il

| MSB

LSB

R/W
0

R/W
0

R/W
0

R/W
0

R/W

R/W

R/W

R/W

EEDR

* Bits 7..0 — EEDRY7..0: EEPROM Data

For the EEPROM write operation, the EEDR Register contains the data to be written to the
EEPROM in the address given by the EEAR Register. For the EEPROM read operation, the
EEDR contains the data read out from the EEPROM at the address given by EEAR.

Bit

3

2

1

0

- EERIE EEMWE EEWE EERE I EECR
Read/Write R R R R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 X 0

* Bits 7..4 — Res: Reserved Bits

These bits are reserved bits in the Atmel°’AVR® ATmega8 and will always read as zero.
e Bit 3 - EERIE: EEPROM Ready Interrupt Enable

Writing EERIE to one enables the EEPROM Ready Interrupt if the | bit in SREG is set. Writing
EERIE to zero disables the interrupt. The EEPROM Ready interrupt generates a constant inter-
rupt when EEWE is cleared.

* Bit 2 - EEMWE: EEPROM Master Write Enable

The EEMWE bit determines whether setting EEWE to one causes the EEPROM to be written.
When EEMWE is set, setting EEWE within four clock cycles will write data to the EEPROM at
the selected address If EEMWE is zero, setting EEWE will have no effect. When EEMWE has
been written to one by software, hardware clears the bit to zero after four clock cycles. See the
description of the “Bit 1 — EEWE: EEPROM Write Enable” for an EEPROM write procedure.

« Bit 1 — EEWE: EEPROM Write Enable
The EEPROM Write Enable Signal EEWE is the write strobe to the EEPROM. When address

and data are correctly set up, the EEWE bit must be written to one to write the value into the
EEPROM. The EEMWE bit must be written to one before a logical one is written to EEWE, oth-
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erwise no EEPROM write takes place. The following procedure should be followed when writing
the EEPROM (the order of steps 3 and 4 is not essential):

Wait until EEWE becomes zero

Wait until SPMEN in SPMCR becomes zero

Write new EEPROM address to EEAR (optional)

Write new EEPROM data to EEDR (optional)

Write a logical one to the EEMWE bit while writing a zero to EEWE in EECR
Within four clock cycles after setting EEMWE, write a logical one to EEWE

o gk~ wDdhPRE

The EEPROM can not be programmed during a CPU write to the Flash memory. The software
must check that the Flash programming is completed before initiating a new EEPROM write.
Step 2 is only relevant if the software contains a boot loader allowing the CPU to program the
Flash. If the Flash is never being updated by the CPU, step 2 can be omitted. See “Boot Loader
Support — Read-While-Write Self-Programming” on page 202 for details about boot
programming.

Caution: An interrupt between step 5 and step 6 will make the write cycle fail, since the
EEPROM Master Write Enable will time-out. If an interrupt routine accessing the EEPROM is
interrupting another EEPROM access, the EEAR or EEDR Register will be modified, causing the
interrupted EEPROM access to fail. It is recommended to have the Global Interrupt Flag cleared
during all the steps to avoid these problems.

When the write access time has elapsed, the EEWE bit is cleared by hardware. The user soft-
ware can poll this bit and wait for a zero before writing the next byte. When EEWE has been set,
the CPU is halted for two cycles before the next instruction is executed.

* Bit 0 — EERE: EEPROM Read Enable

The EEPROM Read Enable Signal EERE is the read strobe to the EEPROM. When the correct
address is set up in the EEAR Register, the EERE bit must be written to a logic one to trigger the
EEPROM read. The EEPROM read access takes one instruction, and the requested data is
available immediately. When the EEPROM is read, the CPU is halted for four cycles before the
next instruction is executed.

The user should poll the EEWE bit before starting the read operation. If a write operation is in
progress, it is neither possible to read the EEPROM, nor to change the EEAR Register.

The calibrated Oscillator is used to time the EEPROM accesses. Table 1 lists the typical pro-
gramming time for EEPROM access from the CPU.

Table 1. EEPROM Programming Time

Number of Calibrated RC
Symbol Oscillator Cycles® Typ Programming Time

EEPROM Write (from CPU) 8448 8.5ms

Note: 1. Uses 1MHz clock, independent of CKSEL Fuse settings
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The following code examples show one assembly and one C function for writing to the
EEPROM. The examples assume that interrupts are controlled (for example by disabling inter-
rupts globally) so that no interrupts will occur during execution of these functions. The examples
also assume that no Flash boot loader is present in the software. If such code is present, the
EEPROM write function must also wait for any ongoing SPM command to finish.

Assembly Code Example

EEPROM wri t e:
; Wait for conpletion of previous wite
sbhi ¢ EECR, EEVE
rinp EEPROM wite
; Set up address (r18:r17) in address register
out EEARH, r18
out EEARL, r17
; Wite data (rl1l6) to data register
out EEDR r16
; Wite | ogical one to EEMAE
sbi EECR, EEM\E
; Start eepromwite by setting EEVEE
sbi EECR, EEVE
ret

C Code Example

voi d EEPROM wr it e(unsi gned int ui Address, unsigned char ucDat a)
{

/* Wait for conpletion of previous wite */

whi | e( EECR & ( 1<<EEVE))

/* Set up address and data registers */
EEAR = ui Addr ess;

EEDR = ucDat a;

/* Wite |ogical one to EEME */

EECR | = (1<<EEMVE);

/* Start eepromwite by setting EEVE */
EECR | = (1<<EEVE);
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The next code examples show assembly and C functions for reading the EEPROM. The exam-
ples assume that interrupts are controlled so that no interrupts will occur during execution of
these functions.

Assembly Code Example

EEPROM r ead:
; Wait for conpletion of previous wite
shi ¢ EECR, EEVE
rj np EEPROM read
; Set up address (r18:r17) in address register
out EEARH, r18
out EEARL, r17
; Start eepromread by witing EERE
sbi EECR, EERE
; Read data from data register
in r16, EEDR
ret

C Code Example

unsi gned char EEPROM read(unsi gned int ui Address)
{

/* Wait for conpletion of previous wite */

whi | e(EECR & (1<<EEVE))

/* Set up address register */

EEAR = ui Addr ess;

/* Start eepromread by witing EERE */

EECR | = (1<<EERE);

/* Return data fromdata register */

return EEDR;
}
EEPROM Write during When entering Power-down sleep mode while an EEPROM write operation is active, the
Power-down Sleep EEPROM write operation will continue, and will complete before the Write Access time has
Mode passed. However, when the write operation is completed, the Oscillator continues running, and

as a consequence, the device does not enter Power-down entirely. It is therefore recommended
to verify that the EEPROM write operation is completed before entering Power-down.

Preventing EEPROM During periods of low V. the EEPROM data can be corrupted because the supply voltage is
Corruption too low for the CPU and the EEPROM to operate properly. These issues are the same as for
board level systems using EEPROM, and the same design solutions should be applied.

An EEPROM data corruption can be caused by two situations when the voltage is too low. First,
a regular write sequence to the EEPROM requires a minimum voltage to operate correctly. Sec-
ond, the CPU itself can execute instructions incorrectly, if the supply voltage is too low.

EEPROM data corruption can easily be avoided by following this design recommendation:

Keep the AVR RESET active (low) during periods of insufficient power supply voltage. This
can be done by enabling the internal Brown-out Detector (BOD). If the detection level of the
internal BOD does not match the needed detection level, an external low V.- Reset Protec-
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I/O Memory

tion circuit can be used. If a reset occurs while a write operation is in progress, the write
operation will be completed provided that the power supply voltage is sufficient.

The 1/0O space definition of the ATmega8 is shown in “Register Summary” on page 309.

All Atmel®AVR® ATmega8 1/Os and peripherals are placed in the 1/0 space. The I/O locations
are accessed by the IN and OUT instructions, transferring data between the 32 general purpose
working registers and the I/O space. I/O Registers within the address range 0x00 - Ox1F are
directly bit-accessible using the SBI and CBI instructions. In these registers, the value of single
bits can be checked by using the SBIS and SBIC instructions. Refer to the “Instruction Set Sum-
mary” on page 311 for more details. When using the 1/O specific commands IN and OUT, the I/O
addresses 0x00 - 0x3F must be used. When addressing 1/0 Registers as data space using LD
and ST instructions, 0x20 must be added to these addresses.

For compatibility with future devices, reserved bits should be written to zero if accessed.
Reserved I/O memory addresses should never be written.

Some of the Status Flags are cleared by writing a logical one to them. Note that the CBI and SBI
instructions will operate on all bits in the I/O Register, writing a one back into any flag read as
set, thus clearing the flag. The CBI and SBI instructions work with registers 0x00 to 0x1F only.

The I/O and Peripherals Control Registers are explained in later sections.
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System Clock

and Clock
Options
Clock Systems Figure 10 presents the principal clock systems in the Atmel®AVR® and their distribution. All of
and their the clocks need not be active at a given time. In order to reduce power consumption, the clocks
Distribution to modules not being used can be halted by using different sleep modes, as described in “Power
Management and Sleep Modes” on page 33. The clock systems are detailed Figure 10.
Figure 10. Clock Distribution
Asynchronous General I/O Flash and
Timer/Counter Modules ADC CPU Core RAM EEPROM
i Y [} A i [} LA
CIkADC
clk,o AVR Clock clKepy
Control Unit
C|kASY CIkFLASH
Y 4
Reset Logic Watchdog Timer
1 *
Source Clock Watchdog Clock
Clock Watchdog
Multiplexer Oscillator
W NN}
Timer/Counter External RC Crystal Low-Frequency Calibrated RC
Oscillator Oscillator External Clock Oscillator Crystal Oscillator Oscillator
CPU Clock — clkcpy The CPU clock is routed to parts of the system concerned with operation of the AVR core.
Examples of such modules are the General Purpose Register File, the Status Register and the
Data memory holding the Stack Pointer. Halting the CPU clock inhibits the core from performing
general operations and calculations.
I/0 Clock —clk o The I/O clock is used by the majority of the I/O modules, like Timer/Counters, SPI, and USART.

The 1/O clock is also used by the External Interrupt module, but note that some external inter-
rupts are detected by asynchronous logic, allowing such interrupts to be detected even if the I/O
clock is halted. Also note that address recognition in the TWI module is carried out asynchro-
nously when clkq is halted, enabling TWI address reception in all sleep modes.

Flash Clock — clkg gy The Flash clock controls operation of the Flash interface. The Flash clock is usually active simul-
taneously with the CPU clock.
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Asynchronous Timer
Clock —clkpgy

ADC Clock — clkapc

Clock Sources

The Asynchronous Timer clock allows the Asynchronous Timer/Counter to be clocked directly
from an external 32kHz clock crystal. The dedicated clock domain allows using this Timer/Coun-
ter as a real-time counter even when the device is in sleep mode. The Asynchronous
Timer/Counter uses the same XTAL pins as the CPU main clock but requires a CPU main clock
frequency of more than four times the Oscillator frequency. Thus, asynchronous operation is
only available while the chip is clocked on the Internal Oscillator.

The ADC is provided with a dedicated clock domain. This allows halting the CPU and I/O clocks
in order to reduce noise generated by digital circuitry. This gives more accurate ADC conversion
results.

The device has the following clock source options, selectable by Flash Fuse Bits as shown
below. The clock from the selected source is input to the AVR clock generator, and routed to the
appropriate modules.

Table 2. Device Clocking Options Select™®

Device Clocking Option CKSEL3..0
External Crystal/Ceramic Resonator 1111 - 1010
External Low-frequency Crystal 1001
External RC Oscillator 1000 - 0101
Calibrated Internal RC Oscillator 0100 - 0001
External Clock 0000

Note: 1. For all fuses “1” means unprogrammed while “0” means programmed

The various choices for each clocking option is given in the following sections. When the CPU
wakes up from Power-down or Power-save, the selected clock source is used to time the start-
up, ensuring stable Oscillator operation before instruction execution starts. When the CPU starts
from reset, there is as an additional delay allowing the power to reach a stable level before com-
mencing normal operation. The Watchdog Oscillator is used for timing this real-time part of the
start-up time. The number of WDT Oscillator cycles used for each time-out is shown in Table 3.
The frequency of the Watchdog Oscillator is voltage dependent as shown in “ATmega8 Typical
Characteristics — TA = -40°C to 85°C”". The device is shipped with CKSEL = “0001” and SUT =
“10” (IMHz Internal RC Oscillator, slowly rising power).

Table 3. Number of Watchdog Oscillator Cycles

Typical Time-out (Vec =5.0V) | Typical Time-out (V¢ = 3.0V) Number of Cycles
4.1ms 4.3ms 4K (4,096)
65ms 69ms 64K (65,536)
|
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Crystal Oscillator

XTAL1 and XTAL2 are input and output, respectively, of an inverting amplifier which can be con-
figured for use as an On-chip Oscillator, as shown in Figure 11. Either a quartz crystal or a
ceramic resonator may be used. The CKOPT Fuse selects between two different Oscillator
amplifier modes. When CKOPT is programmed, the Oscillator output will oscillate a full rail-to-
rail swing on the output. This mode is suitable when operating in a very noisy environment or
when the output from XTAL2 drives a second clock buffer. This mode has a wide frequency
range. When CKOPT is unprogrammed, the Oscillator has a smaller output swing. This reduces
power consumption considerably. This mode has a limited frequency range and it cannot be
used to drive other clock buffers.

For resonators, the maximum frequency is 8MHz with CKOPT unprogrammed and 16MHz with
CKOPT programmed. C1 and C2 should always be equal for both crystals and resonators. The
optimal value of the capacitors depends on the crystal or resonator in use, the amount of stray
capacitance, and the electromagnetic noise of the environment. Some initial guidelines for
choosing capacitors for use with crystals are given in Table 4. For ceramic resonators, the
capacitor values given by the manufacturer should be used.

Figure 11. Crystal Oscillator Connections

Cc2
— }—hXTALZ
L]

»—C)l XTAL1

GND

i

The Oscillator can operate in three different modes, each optimized for a specific frequency
range. The operating mode is selected by the fuses CKSEL3..1 as shown in Table 4.

Table 4. Crystal Oscillator Operating Modes

Frequency Range Recommended Range for Capacitors
CKOPT CKSEL3..1 (MHz) C1 and C2 for Use with Crystals (pF)
1 101® 0.4-0.9 -
1 110 0.9-3.0 12 -22
1 111 3.0-8.0 12 -22
0 101, 110, 111 10< 12 -22

Note: 1. This option should not be used with crystals, only with ceramic resonators

The CKSELO Fuse together with the SUT1..0 Fuses select the start-up times as shown in Table
5 on page 28.
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Table 5. Start-up Times for the Crystal Oscillator Clock Selection

Start-up Time Additional Delay
from Power-down from Reset
CKSELO | SUT1..0 and Power-save (Vee =5.0V) Recommended Usage

0 00 258 CK® 41ms (?gramlc resonator, fast
rising power

0 o1 258 CK® 65ms C_:e_ramlc resonator, slowly
rising power

0 10 1K CK® _ Ceramic resonator, BOD
enabled

0 11 1K CK® 41ms (_:e_ramlc resonator, fast
rising power

1 00 1K CK® 65ms C_:e_ramlc resonator, slowly
rising power

1 01 16K CK - Crystal Oscillator, BOD
enabled

1 10 16K CK 4.1ms (_:r_ystal Oscillator, fast
rising power

1 11 16K CK 65ms C_:r_ystal Oscillator, slowly
rising power

Notes: 1. These options should only be used when not operating close to the maximum frequency of the
device, and only if frequency stability at start-up is not important for the application. These
options are not suitable for crystals

2. These options are intended for use with ceramic resonators and will ensure frequency stability
at start-up. They can also be used with crystals when not operating close to the maximum fre-
guency of the device, and if frequency stability at start-up is not important for the application

Low-frequency To use a 32.768kHz watch crystal as the clock source for the device, the Low-frequency Crystal

Crystal Oscillator Oscillator must be selected by setting the CKSEL Fuses to “1001”. The crystal should be con-
nected as shown in Figure 11 on page 27. By programming the CKOPT Fuse, the user can
enable internal capacitors on XTAL1 and XTALZ2, thereby removing the need for external capac-
itors. The internal capacitors have a nominal value of 36pF.

When this Oscillator is selected, start-up times are determined by the SUT Fuses as shown in
Table 6.

Table 6. Start-up Times for the Low-frequency Crystal Oscillator Clock Selection

Start-up Time from Additional Delay
Power-down and from Reset
SUT1..0 Power-save (Vec =5.0V) Recommended Usage
00 1K CKW 4.1ms Fast rising power or BOD enabled
01 1K CKW 65ms Slowly rising power
10 32K CK 65ms Stable frequency at start-up
11 Reserved

Note: 1. These options should only be used if frequency stability at start-up is not important for the

application
External RC For timing insensitive applications, the external RC configuration shown in Figure 12 on page 29
Oscillator can be used. The frequency is roughly estimated by the equation f = 1/(3RC). C should be at
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least 22pF. By programming the CKOPT Fuse, the user can enable an internal 36pF capacitor
between XTAL1 and GND, thereby removing the need for an external capacitor.

Figure 12. External RC Configuration

VCC
R NC ———IXTAL2
I XTALL
°T
l GND

The Oscillator can operate in four different modes, each optimized for a specific frequency
range. The operating mode is selected by the fuses CKSEL3..0 as shown in Table 7.

Table 7. External RC Oscillator Operating Modes

CKSEL3..0 Frequency Range (MHz)
0101 0.1-0.9
0110 0.9-3.0
0111 3.0-8.0
1000 8.0-12.0
When this Oscillator is selected, start-up times are determined by the SUT Fuses as shown in
Table 8.
Table 8. Start-up Times for the External RC Oscillator Clock Selection
Start-up Time from Additional Delay
Power-down and from Reset
SUT1..0 Power-save (Vec =5.0V) Recommended Usage
00 18 CK - BOD enabled
01 18 CK 4.1ms Fast rising power
10 18 CK 65ms Slowly rising power
11 6 CKW 4.1ms Fast rising power or BOD enabled

Note: 1. This option should not be used when operating close to the maximum frequency of the device
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Calibrated Internal

The calibrated internal RC Oscillator provides a fixed 1.0MHz, 2.0MHz, 4.0MHz, or 8.0MHz

RC Oscillator clock. All frequencies are nominal values at 5V and 25°C. This clock may be selected as the
system clock by programming the CKSEL Fuses as shown in Table 9. If selected, it will operate
with no external components. The CKOPT Fuse should always be unprogrammed when using
this clock option. During reset, hardware loads the 1MHz calibration byte into the OSCCAL Reg-
ister and thereby automatically calibrates the RC Oscillator. At 5V, 25°C and 1.0MHz Oscillator
frequency selected, this calibration gives a frequency within £3% of the nominal frequency.
Using run-time calibration methods as described in application notes available at
www.atmel.com/avr it is possible to achieve +1% accuracy at any given V.. and Temperature.
When this Oscillator is used as the chip clock, the Watchdog Oscillator will still be used for the
Watchdog Timer and for the Reset Time-out. For more information on the pre-programmed cali-
bration value, see the section “Calibration Byte” on page 218.

Table 9. Internal Calibrated RC Oscillator Operating Modes
CKSEL3..0 Nominal Frequency (MHz)
0001® 1.0
0010 2.0
0011 4.0
0100 8.0
Note: 1. The device is shipped with this option selected
When this Oscillator is selected, start-up times are determined by the SUT Fuses as shown in
Table 10. PB6 (XTAL1/TOSC1) and PB7(XTAL2/TOSC2) can be used as either general 1/0O pins
or Timer Oscillator pins..
Table 10. Start-up Times for the Internal Calibrated RC Oscillator Clock Selection
Start-up Time from Additional Delay
Power-down and from Reset
SUT1..0 Power-save (Vec =5.0V) Recommended Usage
00 6 CK - BOD enabled
01 6 CK 4.1ms Fast rising power
10 6 CK 65ms Slowly rising power
11 Reserved
Note: 1. The device is shipped with this option selected
|
Atmel 30

2486AA-AVR-02/2013



I A\ T ega8(L)

Oscillator Calibration
Register — OSCCAL

Bit 7 6 5 4 3 2 1 0

| CAL7 CAL6 CAL5 CAL4 CAL3 CAL2 CAL1 CALO | OSCCAL
Read/Write R/W R/W R/W R/W R/IW R/IW R/W R/W
Initial Value Device Specific Calibration Value

* Bits 7..0 — CAL7..0: Oscillator Calibration Value

Writing the calibration byte to this address will trim the Internal Oscillator to remove process vari-
ations from the Oscillator frequency. During Reset, the 1MHz calibration value which is located
in the signature row High byte (address 0x00) is automatically loaded into the OSCCAL Regis-
ter. If the internal RC is used at other frequencies, the calibration values must be loaded
manually. This can be done by first reading the signature row by a programmer, and then store
the calibration values in the Flash or EEPROM. Then the value can be read by software and
loaded into the OSCCAL Register. When OSCCAL is zero, the lowest available frequency is
chosen. Writing non-zero values to this register will increase the frequency of the Internal Oscil-
lator. Writing OXFF to the register gives the highest available frequency. The calibrated Oscillator
is used to time EEPROM and Flash access. If EEPROM or Flash is written, do not calibrate to
more than 10% above the nominal frequency. Otherwise, the EEPROM or Flash write may fail.
Note that the Oscillator is intended for calibration to 1.0MHz, 2.0MHz, 4.0MHz, or 8.0MHz. Tun-
ing to other values is not guaranteed, as indicated in Table 11.

Table 11. Internal RC Oscillator Frequency Range

Min Frequency in Percentage of Max Frequency in Percentage of
OSCCAL Value Nominal Frequency (%) Nominal Frequency (%)
0x00 50 100
Ox7F 75 150
OxFF 100 200
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External Clock To drive the device from an external clock source, XTAL1 should be driven as shown in Figure
13. To run the device on an external clock, the CKSEL Fuses must be programmed to “0000”.
By programming the CKOPT Fuse, the user can enable an internal 36pF capacitor between
XTAL1 and GND, and XTAL2 and GND.

Figure 13. External Clock Drive Configuration

NC —— XTAL2

EXTERNAL
CLOCK
SIGNAL

XTALA1

GND

-

When this clock source is selected, start-up times are determined by the SUT Fuses as shown in

Table 12.
Table 12. Start-up Times for the External Clock Selection
Start-up Time from Additional Delay
Power-down and from Reset
SUT1..0 Power-save (Vee =5.0V) Recommended Usage
00 6 CK - BOD enabled
01 6 CK 4.1ms Fast rising power
10 6 CK 65ms Slowly rising power
11 Reserved

When applying an external clock, it is required to avoid sudden changes in the applied clock fre-
quency to ensure stable operation of the MCU. A variation in frequency of more than 2% from
one clock cycle to the next can lead to unpredictable behavior. It is required to ensure that the
MCU is kept in Reset during such changes in the clock frequency.

Timer/Counter For AVR microcontrollers with Timer/Counter Oscillator pins (TOSC1 and TOSC?2), the crystal is

Oscillator connected directly between the pins. By programming the CKOPT Fuse, the user can enable
internal capacitors on XTAL1 and XTALZ2, thereby removing the need for external capacitors.
The Oscillator is optimized for use with a 32.768kHz watch crystal. Applying an external clock
source to TOSCL1 is not recommended.

Note:  The Timer/Counter Oscillator uses the same type of crystal oscillator as Low-Frequency Oscillator
and the internal capacitors have the same nominal value of 36pF
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Power Sleep modes enable the application to shut down unused modules in the MCU, thereby saving
Man agement power. The AVR provides various sleep modes allowing the user to tailor the power consump-
tion to the application’s requirements.

and Sleep _ N _ _
To enter any of the five sleep modes, the SE bit in MCUCR must be written to logic one and a

Modes SLEEP instruction must be executed. The SM2, SM1, and SMO bits in the MCUCR Register
select which sleep mode (Idle, ADC Noise Reduction, Power-down, Power-save, or Standby)
will be activated by the SLEEP instruction. See Table 13 for a summary. If an enabled interrupt
occurs while the MCU is in a sleep mode, the MCU wakes up. The MCU is then halted for four
cycles in addition to the start-up time, it executes the interrupt routine, and resumes execution
from the instruction following SLEEP. The contents of the Register File and SRAM are unaltered
when the device wakes up from sleep. If a reset occurs during sleep mode, the MCU wakes up
and executes from the Reset Vector.

Note that the Extended Standby mode present in many other AVR MCUs has been removed in
the ATmega8, as the TOSC and XTAL inputs share the same physical pins.

Figure 10 on page 25 presents the different clock systems in the ATmega8, and their distribu-
tion. The figure is helpful in selecting an appropriate sleep mode.

MCU Control Register The MCU Control Register contains control bits for power management.
— MCUCR

Bit 7 6 5 4 3 2 1 0
I s | sv2 | smi | smo | Iscil | IsCi0 | IsCoi | I1SC00 | MCUCR

Read/Write RIW RIW R/W R/W RIW RIW R/W R/W

Initial Value 0 0 0 0 0 0 0 0

e Bit 7 - SE: Sleep Enable

The SE bit must be written to logic one to make the MCU enter the sleep mode when the SLEEP
instruction is executed. To avoid the MCU entering the sleep mode unless it is the programmer’s
purpose, it is recommended to set the Sleep Enable (SE) bit just before the execution of the
SLEEP instruction.

e Bits 6..4 — SM2..0: Sleep Mode Select Bits 2, 1, and 0

These bits select between the five available sleep modes as shown in Table 13.

Table 13. Sleep Mode Select

SM2 SM1 SMO Sleep Mode
0 0 0 Idle
0 0 1 ADC Noise Reduction
0 1 0 Power-down
0 1 1 Power-save
1 0 0 Reserved
1 0 1 Reserved
1 1 0 Standby®

Note: 1. Standby mode is only available with external crystals or resonators
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Idle Mode When the SM2..0 bits are written to 000, the SLEEP instruction makes the MCU enter Idle
mode, stopping the CPU but allowing SPI, USART, Analog Comparator, ADC, Two-wire Serial
Interface, Timer/Counters, Watchdog, and the interrupt system to continue operating. This sleep
mode basically halts clkep, and clkg asy, While allowing the other clocks to run.

Idle mode enables the MCU to wake up from external triggered interrupts as well as internal
ones like the Timer Overflow and USART Transmit Complete interrupts. If wake-up from the
Analog Comparator interrupt is not required, the Analog Comparator can be powered down by
setting the ACD bit in the Analog Comparator Control and Status Register — ACSR. This will
reduce power consumption in Idle mode. If the ADC is enabled, a conversion starts automati-
cally when this mode is entered.

ADC Noise When the SM2..0 bits are written to 001, the SLEEP instruction makes the MCU enter ADC

Reduction Mode Noise Reduction mode, stopping the CPU but allowing the ADC, the external interrupts, the
Two-wire Serial Interface address watch, Timer/Counter2 and the Watchdog to continue
operating (if enabled). This sleep mode basically halts clk;q, clkepy, and clkg sy, While allowing
the other clocks to run.

This improves the noise environment for the ADC, enabling higher resolution measurements. If
the ADC is enabled, a conversion starts automatically when this mode is entered. Apart form the
ADC Conversion Complete interrupt, only an External Reset, a Watchdog Reset, a Brown-out
Reset, a Two-wire Serial Interface address match interrupt, a Timer/Counter2 interrupt, an
SPM/EEPROM ready interrupt, or an external level interrupt on INTO or INT1, can wake up the
MCU from ADC Noise Reduction mode.

Power-down Mode When the SM2..0 bits are written to 010, the SLEEP instruction makes the MCU enter Power-
down mode. In this mode, the External Oscillator is stopped, while the external interrupts, the
Two-wire Serial Interface address watch, and the Watchdog continue operating (if enabled).
Only an External Reset, a Watchdog Reset, a Brown-out Reset, a Two-wire Serial Interface
address match interrupt, or an external level interrupt on INTO or INT1, can wake up the MCU.
This sleep mode basically halts all generated clocks, allowing operation of asynchronous mod-
ules only.

Note that if a level triggered interrupt is used for wake-up from Power-down mode, the changed
level must be held for some time to wake up the MCU. Refer to “External Interrupts” on page 66
for details.

When waking up from Power-down mode, there is a delay from the wake-up condition occurs
until the wake-up becomes effective. This allows the clock to restart and become stable after
having been stopped. The wake-up period is defined by the same CKSEL Fuses that define the
Reset Time-out period, as described in “Clock Sources” on page 26.

Power-save Mode  When the SM2..0 bits are written to 011, the SLEEP instruction makes the MCU enter Power-
save mode. This mode is identical to Power-down, with one exception:

If Timer/Counter2 is clocked asynchronously, that is, the AS2 bit in ASSR is set,
Timer/Counter2 will run during sleep. The device can wake up from either Timer Overflow or
Output Compare event from Timer/Counter2 if the corresponding Timer/Counter2 interrupt
enable bits are set in TIMSK, and the global interrupt enable bit in SREG is set.

If the asynchronous timer is NOT clocked asynchronously, Power-down mode is recommended
instead of Power-save mode because the contents of the registers in the asynchronous timer
should be considered undefined after wake-up in Power-save mode if AS2 is 0.

This sleep mode basically halts all clocks except clk,gy, allowing operation only of asynchronous
modules, including Timer/Counter 2 if clocked asynchronously.
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Standby Mode

When the SM2..0 bits are 110 and an external crystal/resonator clock option is selected, the
SLEEP instruction makes the MCU enter Standby mode. This mode is identical to Power-down
with the exception that the Oscillator is kept running. From Standby mode, the device wakes up
in 6 clock cycles.

Table 14. Active Clock Domains and Wake-up Sources in the Different Sleep Modes

Active Clock Domains Oscillators Wake-up Sources
TWI SPM/

Sleep Main Clock Timer Osc. | INT1| Address| Timer| EEPROM Other
Mode Clkepy| ClKp asn| ClKio| €lkapc| Clkasy | Source Enabled| Enabled | INTO| Match 2 Ready | ADC| I/O
Idle X X X X X@ X X X X X X
ADC Noise X X X X® X® | x X X X
Reduction
Power NE) X
Down
Power %@ X@ NE) X X@
Save
Standby® X x® X

Notes: 1. External Crystal or resonator selected as clock source

2.

If AS2 bit in ASSR is set

3. Only level interrupt INT1 and INTO

Minimizing Power

Consumption

Analog-to-Digital
Converter (ADC)

Analog Comparator

There are several issues to consider when trying to minimize the power consumption in an AVR
controlled system. In general, sleep modes should be used as much as possible, and the sleep
mode should be selected so that as few as possible of the device’s functions are operating. All
functions not needed should be disabled. In particular, the following modules may need special
consideration when trying to achieve the lowest possible power consumption.

If enabled, the ADC will be enabled in all sleep modes. To save power, the ADC should be dis-
abled before entering any sleep mode. When the ADC is turned off and on again, the next
conversion will be an extended conversion. Refer to “Analog-to-Digital Converter” on page 189
for details on ADC operation.

When entering Idle mode, the Analog Comparator should be disabled if not used. When entering
ADC Noise Reduction mode, the Analog Comparator should be disabled. In the other sleep
modes, the Analog Comparator is automatically disabled. However, if the Analog Comparator is
set up to use the Internal Voltage Reference as input, the Analog Comparator should be dis-
abled in all sleep modes. Otherwise, the Internal Voltage Reference will be enabled,
independent of sleep mode. Refer to “Analog Comparator” on page 186 for details on how to
configure the Analog Comparator.

| AtmeL 35
2486AA-AVR-02/2013




I A\ T ega8(L)

Brown-out Detector

Internal Voltage
Reference

Watchdog Timer

Port Pins

If the Brown-out Detector is not needed in the application, this module should be turned off. If the
Brown-out Detector is enabled by the BODEN Fuse, it will be enabled in all sleep modes, and
hence, always consume power. In the deeper sleep modes, this will contribute significantly to
the total current consumption. Refer to “Brown-out Detection” on page 40 for details on how to
configure the Brown-out Detector.

The Internal Voltage Reference will be enabled when needed by the Brown-out Detector, the
Analog Comparator or the ADC. If these modules are disabled as described in the sections
above, the internal voltage reference will be disabled and it will not be consuming power. When
turned on again, the user must allow the reference to start up before the output is used. If the
reference is kept on in sleep mode, the output can be used immediately. Refer to “Internal Volt-
age Reference” on page 42 for details on the start-up time.

If the Watchdog Timer is not needed in the application, this module should be turned off. If the
Watchdog Timer is enabled, it will be enabled in all sleep modes, and hence, always consume
power. In the deeper sleep modes, this will contribute significantly to the total current consump-
tion. Refer to “Watchdog Timer” on page 43 for details on how to configure the Watchdog Timer.

When entering a sleep mode, all port pins should be configured to use minimum power. The
most important thing is then to ensure that no pins drive resistive loads. In sleep modes where
the both the I/O clock (clk;g) and the ADC clock (clkapc) are stopped, the input buffers of the
device will be disabled. This ensures that no power is consumed by the input logic when not
needed. In some cases, the input logic is needed for detecting wake-up conditions, and it will
then be enabled. Refer to the section “Digital Input Enable and Sleep Modes” on page 55 for
details on which pins are enabled. If the input buffer is enabled and the input signal is left floating
or have an analog signal level close to V/2, the input buffer will use excessive power.
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System Control
and Reset

Resetting the AVR

Reset Sources

During Reset, all I/0 Registers are set to their initial values, and the program starts execution
from the Reset Vector. If the program never enables an interrupt source, the Interrupt Vectors
are not used, and regular program code can be placed at these locations. This is also the case if
the Reset Vector is in the Application section while the Interrupt Vectors are in the boot section
or vice versa. The circuit diagram in Figure 14 on page 38 shows the Reset Logic. Table 15 on
page 38 defines the electrical parameters of the reset circuitry.

The I/O ports of the AVR are immediately reset to their initial state when a reset source goes
active. This does not require any clock source to be running.

After all reset sources have gone inactive, a delay counter is invoked, stretching the internal
reset. This allows the power to reach a stable level before normal operation starts. The time-out
period of the delay counter is defined by the user through the CKSEL Fuses. The different selec-
tions for the delay period are presented in “Clock Sources” on page 26.

The ATmega8 has four sources of Reset:

* Power-on Reset. The MCU is reset when the supply voltage is below the Power-on Reset
threshold (Vpor)

e External Reset. The MCU is reset when a low level is present on the RESET pin for longer
than the minimum pulse length

e Watchdog Reset. The MCU is reset when the Watchdog Timer period expires and the
Watchdog is enabled

» Brown-out Reset. The MCU is reset when the supply voltage V¢ is below the Brown-out
Reset threshold (Vgo7) and the Brown-out Detector is enabled
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Figure 14. Reset Logic
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Table 15. Reset Characteristics
Symbol | Parameter Condition Min | Typ Max | Units
Power-on Reset Threshold
Voltage (rising)® Ll
Veor v
Power-on Reset Threshold 13 23
Voltage (falling) ' '
VRsT RESET Pin Threshold Voltage 0.2 0.9 Vee
Minimum pulse width on
'RST | RESET Pin 15| bs
Brown-out Reset Threshold BODLEVEL=1 | 24 2.6 2.9
V (@) \%
Bor | Voltage BODLEVEL=0 | 3.7 | 40 | 45
Minimum low voltage period for | BODLEVEL =1 2
t ) - us
BOD Brown-out Detection BODLEVEL = 0 5
Viyst Brown-out Detector hysteresis 130 mV
Notes: 1. The Power-on Reset will not work unless the supply voltage has been below Vpqr (falling)
2. Vgor may be below nominal minimum operating voltage for some devices. For devices where

this is the case, the device is tested down to V¢ = Vgor during the production test. This guar-
antees that a Brown-out Reset will occur before V.. drops to a voltage where correct
operation of the microcontroller is no longer guaranteed. The test is performed using BOD-
LEVEL = 1 for ATmega8L and BODLEVEL = 0 for ATmega8. BODLEVEL = 1 is not applicable

for ATmega8
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Power-on Reset

A Power-on Reset (POR) pulse is generated by an On-chip detection circuit. The detection level
is defined in Table 15 on page 38. The POR is activated whenever V. is below the detection
level. The POR circuit can be used to trigger the Start-up Reset, as well as to detect a failure in
supply voltage.

A Power-on Reset (POR) circuit ensures that the device is reset from Power-on. Reaching the
Power-on Reset threshold voltage invokes the delay counter, which determines how long the
device is kept in RESET after V. rise. The RESET signal is activated again, without any delay,
when V. decreases below the detection level.

Figure 15. MCU Start-up, RESET Tied to V¢
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Figure 16. MCU Start-up, RESET Extended Externally
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External Reset

Brown-out Detection

An External Reset is generated by a low level on the RESET pin. Reset pulses longer than the
minimum pulse width (see Table 15 on page 38) will generate a reset, even if the clock is not
running. Shorter pulses are not guaranteed to generate a reset. When the applied signal
reaches the Reset Threshold Voltage — Vzgr On its positive edge, the delay counter starts the
MCU after the time-out period t;o; has expired.

Figure 17. External Reset During Operation
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ATmega8 has an On-chip Brown-out Detection (BOD) circuit for monitoring the V. level during
operation by comparing it to a fixed trigger level. The trigger level for the BOD can be selected
by the fuse BODLEVEL to be 2.7V (BODLEVEL unprogrammed), or 4.0V (BODLEVEL pro-
grammed). The trigger level has a hysteresis to ensure spike free Brown-out Detection. The
hysteresis on the detection level should be interpreted as

Veor+ = Veor * Vuyst/2 and Vgor. = Veor - Viyst/2.

The BOD circuit can be enabled/disabled by the fuse BODEN. When the BOD is enabled
(BODEN programmed), and V. decreases to a value below the trigger level (Vgqr. in Figure
18), the Brown-out Reset is immediately activated. When V. increases above the trigger level
(Vgots In Figure 18), the delay counter starts the MCU after the time-out period t;o, has
expired.

The BOD circuit will only detect a drop in V. if the voltage stays below the trigger level for lon-
ger than tzop given in Table 15 on page 38.

Figure 18. Brown-out Reset During Operation
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Watchdog Reset When the Watchdog times out, it will generate a short reset pulse of 1 CK cycle duration. On the
falling edge of this pulse, the delay timer starts counting the time-out period t; ;. Refer to page
43 for details on operation of the Watchdog Timer.

Figure 19. Watchdog Reset During Operation
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MCU Control and The MCU Control and Status Register provides information on which reset source caused an
Status Register — MCU Reset.
MCUCSR _
Bit 7 6 5 4 3 2 1 0
| - = = = WDRF | BORF | EXTRF | PORF | mcucsr
Read/Write R R R R R/W R/W R/W R/W
Initial Value 0 0 0 0 See Bit Description
e Bit 7..4 — Res: Reserved Bits
These bits are reserved bits in the ATmega8 and always read as zero.
« Bit 3—- WDRF: Watchdog Reset Flag
This bit is set if a Watchdog Reset occurs. The bit is reset by a Power-on Reset, or by writing a
logic zero to the flag.
« Bit 2 - BORF: Brown-out Reset Flag
This bit is set if a Brown-out Reset occurs. The bit is reset by a Power-on Reset, or by writing a
logic zero to the flag.
e Bit 1 — EXTRF: External Reset Flag
This bit is set if an External Reset occurs. The bit is reset by a Power-on Reset, or by writing a
logic zero to the flag.
e Bit 0 — PORF: Power-on Reset Flag
This bit is set if a Power-on Reset occurs. The bit is reset only by writing a logic zero to the flag.
To make use of the Reset Flags to identify a reset condition, the user should read and then reset
the MCUCSR as early as possible in the program. If the register is cleared before another reset
occurs, the source of the reset can be found by examining the Reset Flags.
|
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Internal Voltage ATmega8 features an internal bandgap reference. This reference is used for Brown-out Detec-
Reference tion, and it can be used as an input to the Analog Comparator or the ADC. The 2.56V reference
to the ADC is generated from the internal bandgap reference.

Voltage Reference The voltage reference has a start-up time that may influence the way it should be used. The
Enable Signals and start-up time is given in Table 16. To save power, the reference is not always turned on. The ref-
Start-up Time erence is on during the following situations:

1. When the BOD is enabled (by programming the BODEN Fuse)

2. When the bandgap reference is connected to the Analog Comparator (by setting the
ACBG bit in ACSR)

3. When the ADC is enabled
Thus, when the BOD is not enabled, after setting the ACBG bit or enabling the ADC, the user
must always allow the reference to start up before the output from the Analog Comparator or

ADC is used. To reduce power consumption in Power-down mode, the user can avoid the three
conditions above to ensure that the reference is turned off before entering Power-down mode.

Table 16. Internal Voltage Reference Characteristics

Symbol Parameter Min Typ Max Units
Vie Bandgap reference voltage 1.15 1.30 1.40 \%
tgg Bandgap reference start-up time 40 70 us
Isg Bandgap reference current consumption 10 HA
|
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Watchdog Timer

Watchdog Timer
Control Register —
WDTCR

The Watchdog Timer is clocked from a separate On-chip Oscillator which runs at 1MHz. This is
the typical value at V- = 5V. See characterization data for typical values at other V. levels. By
controlling the Watchdog Timer prescaler, the Watchdog Reset interval can be adjusted as
shown in Table 17 on page 44. The WDR — Watchdog Reset — instruction resets the Watchdog
Timer. The Watchdog Timer is also reset when it is disabled and when a Chip Reset occurs.
Eight different clock cycle periods can be selected to determine the reset period. If the reset
period expires without another Watchdog Reset, the ATmega8 resets and executes from the
Reset Vector. For timing details on the Watchdog Reset, refer to page 41.

To prevent unintentional disabling of the Watchdog, a special turn-off sequence must be fol-
lowed when the Watchdog is disabled. Refer to “Watchdog Timer Control Register — WDTCR”
for details.

Figure 20. Watchdog Timer

WATCHDOG ‘ WATCHDOG
OSCILLATOR > PRESCALER
NI X X X X| X
o a2 glSl sl
HEEEEEEE
WATCHDOG 813|3|2|2|2|2|3
RESET °1°|°|3|8
YVYVYVYVYYVYYVYY
WDPO 9&
WDP1 r\
WDP2 P\
WDE
MCU RESET
Bit 7 6 5 4 3 2 1 0
| — = = WDCE WDE WDP2 WDP1 WDPO | WDTCR
Read/Write R R R RIW RIW RIW RIW RIW
Initial Value 0 0 0 0 0 0 0 0

* Bits 7..5 — Res: Reserved Bits

These bits are reserved bits in the ATmega8 and will always read as zero.
* Bit 4 - WDCE: Watchdog Change Enable

This bit must be set when the WDE bit is written to logic zero. Otherwise, the Watchdog will not
be disabled. Once written to one, hardware will clear this bit after four clock cycles. Refer to “Bit
3 — WDE: Watchdog Enable” on page 44for a Watchdog disable procedure. In Safety Level 1
and 2, this bit must also be set when changing the prescaler bits. See the Code Examples on
page 45.
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* Bit 3— WDE: Watchdog Enable

When the WDE is written to logic one, the Watchdog Timer is enabled, and if the WDE is written
to logic zero, the Watchdog Timer function is disabled. WDE can only be cleared if the WDCE bit
has logic level one. To disable an enabled Watchdog Timer, the following procedure must be
followed:

1. In the same operation, write a logic one to WDCE and WDE. A logic one must be written
to WDE even though it is set to one before the disable operation starts

2. Within the next four clock cycles, write a logic 0 to WDE. This disables the Watchdog
* Bits 2..0—- WDP2, WDP1, WDPO: Watchdog Timer Prescaler 2, 1, and 0
The WDP2, WDP1, and WDPO bits determine the Watchdog Timer prescaling when the Watch-

dog Timer is enabled. The different prescaling values and their corresponding Timeout Periods
are shown in Table 17.

Table 17. Watchdog Timer Prescale Select

Number of WDT Typical Time-out Typical Time-out
WDP2 | WDP1 | WDPO | Oscillator Cycles at Ve = 3.0V at Ve = 5.0V
0 0 0 16K (16,384) 17.1ms 16.3ms
0 0 1 32K (32,768) 34.3ms 32.5ms
0 1 0 64K (65,536) 68.5ms 65ms
0 1 1 128K (131,072) 0.14s 0.13s
1 0 0 256K (262,144) 0.27s 0.26s
1 0 1 512K (524,288) 0.55s 0.52s
1 1 0 1,024K (1,048,576) 1.1s 1.0s
i 1 1 2,048K (2,097,152) 2.2s 2.1s

The following code example shows one assembly and one C function for turning off the WDT.
The example assumes that interrupts are controlled (for example, by disabling interrupts glob-
ally) so that no interrupts will occur during execution of these functions.
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Timed Sequences
for Changing the
Configuration of
the Watchdog
Timer

Safety Level 1
(WDTON Fuse
Unprogrammed)

Safety Level 2
(WDTON Fuse
Programmed)

The sequence for changing the Watchdog Timer configuration differs slightly between the safety
levels. Separate procedures are described for each level.

Assembly Code Example

VDT _of f:
. reset WDT

WDR

; Wite | ogical
in rl16, WTCR
ori r16, (1<<WDCE)| (1<<WDE)
out WDTCR, r16

; Turn of f WDT

I di r16, (0<<WDE)

out WDTCR, r16

ret

one to WDCE and WDE

C Code Example
voi d WDT_of f (voi d)

{
/* reset WDT */

_VWOR() ;

/* Wite |l ogical one to WODCE and WDE */
WDTCR | = (1<<WDCE) | (1<<WDE);

[* Turn off WDT */

WDTCR = 0x00;

In this mode, the Watchdog Timer is initially disabled, but can be enabled by writing the WDE bit
to 1 without any restriction. A timed sequence is needed when changing the Watchdog Time-out
period or disabling an enabled Watchdog Timer. To disable an enabled Watchdog Timer and/or
changing the Watchdog Time-out, the following procedure must be followed:

1. Inthe same operation, write a logic one to WDCE and WDE. A logic one must be written
to WDE regardless of the previous value of the WDE bit

2. Within the next four clock cycles, in the same operation, write the WDE and WDP bits as
desired, but with the WDCE bit cleared

In this mode, the Watchdog Timer is always enabled, and the WDE bit will always read as one. A
timed sequence is needed when changing the Watchdog Time-out period. To change the
Watchdog Time-out, the following procedure must be followed:

1. In the same operation, write a logical one to WDCE and WDE. Even though the WDE
always is set, the WDE must be written to one to start the timed sequence

Within the next four clock cycles, in the same operation, write the WDP bits as desired, but with
the WDCE bit cleared. The value written to the WDE bit is irrelevant.
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Interrupts

Interrupt Vectors

This section describes the specifics of the interrupt handling performed by the ATmega8. For a
general explanation of the AVR interrupt handling, refer to “Reset and Interrupt Handling” on
page 14.

in ATmegas Table 18. Reset and Interrupt Vectors
Program
Vector No. | Address® | Source Interrupt Definition
1 0x000® | RESET External Pin, Power-on Reset, Brown-out
Reset, and Watchdog Reset
2 0x001 INTO External Interrupt Request O
3 0x002 INT1 External Interrupt Request 1
4 0x003 TIMER2 COMP Timer/Counter2 Compare Match
5 0x004 TIMER2 OVF Timer/Counter2 Overflow
6 0x005 TIMER1 CAPT Timer/Counterl Capture Event
7 0x006 TIMER1 COMPA | Timer/Counterl Compare Match A
8 0x007 TIMER1 COMPB | Timer/Counterl Compare Match B
9 0x008 TIMER1 OVF Timer/Counterl Overflow
10 0x009 TIMERO OVF Timer/Counter0 Overflow
11 0x00A SPI, STC Serial Transfer Complete
12 0x00B USART, RXC USART, Rx Complete
13 0x00C USART, UDRE USART Data Register Empty
14 0x00D USART, TXC USART, Tx Complete
15 0x00E ADC ADC Conversion Complete
16 0x00F EE_RDY EEPROM Ready
17 0x010 ANA_COMP Analog Comparator
18 0x011 TWI Two-wire Serial Interface
19 0x012 SPM_RDY Store Program Memory Ready
Notes: 1. When the BOOTRST Fuse is programmed, the device will jump to the Boot Loader address at
reset, see “Boot Loader Support — Read-While-Write Self-Programming” on page 202
2. When the IVSEL bit in GICR is set, Interrupt Vectors will be moved to the start of the boot
Flash section. The address of each Interrupt Vector will then be the address in this table added
to the start address of the boot Flash section
Table 19 on page 47 shows reset and Interrupt Vectors placement for the various combinations
of BOOTRST and IVSEL settings. If the program never enables an interrupt source, the Interrupt
Vectors are not used, and regular program code can be placed at these locations. This is also
the case if the Reset Vector is in the Application section while the Interrupt Vectors are in the
boot section or vice versa.
|
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Table 19. Reset and Interrupt Vectors Placement

BOOTRST® | IVSEL | Reset Address Interrupt Vectors Start Address
1 0 0x000 0x001
1 1 0x000 Boot Reset Address + 0x001
0 0 Boot Reset Address 0x001
0 1 Boot Reset Address Boot Reset Address + 0x001
Note: 1. The Boot Reset Address is shown in Table 82 on page 213. For the BOOTRST Fuse “1”

means unprogrammed while “0” means programmed

The most typical and general program setup for the Reset and Interrupt Vector Addresses in

ATmega8 is:

addr essLabel s Code
$000 rjnp
$001 rjnp
$002 rjnp
$003 rjnp
$004 rjnmp
$005 rjnp
$006 rjnp
$007 rjnp
$008 rjnp
$009 rjnp
$00a rjnp
$00b rjnp
$00c rjnp
$00d rjnp
$00e rjnp
$00f rjnp
$010 rjnp
$011 rjnp
$012 rjnp
$013 RESET: | di
$014 out
$015 | di
$016 out
$017 sei
$018

RESET
EXT_I NTO
EXT_I NT1
TI M2_COWP
TI M2_OVF
TI ML_CAPT

TI ML_COVPA
TI ML_COVPB

TI ML_OVF
TI M0_OVF
SPlI_STC
USART_RXC

USART _UDRE

USART_TXC
ADC
EE_RDY
ANA_COVP
TV

SPM _RDY

r 16, hi gh( RAMEND) ;

SPH, r 16

r 16, | ow( RAVEND)

SPL, r16

<instr> Xxx

| A/4thWEEL
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Conmmrent s

Reset Handl er

| RQD Handl er

| RQL Handl er

Ti mer 2 Conpar e Handl er

Ti mer2 Overfl ow Handl er

Ti mer 1 Capture Handl er

Ti mer 1 Conpar eA Handl er

Ti mer 1 Conpar eB Handl er

Ti mer 1 Overfl ow Handl er

Ti mer 0 Over fl ow Handl er

SPI Transfer Conpl ete Handl er
USART RX Conpl et e Handl er

UDR Enpty Handl er

USART TX Conpl et e Handl er

ADC Conver si on Conpl et e Handl er
EEPROM Ready Handl er

Handl er
Interface Handl er

Anal og Conpar at or
Two-wi re Seri al
Store Program Menory Ready Handl er
Mai n program start

Set Stack Pointer to top of RAM

Enabl e interrupts
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When the BOOTRST Fuse is unprogrammed, the boot section size set to 2Kbytes and the
IVSEL bit in the GICR Register is set before any interrupts are enabled, the most typical and
general program setup for the Reset and Interrupt Vector Addresses is:

Addr essLabel s Code Comment s

$000 rinp RESET ; Reset handl er

$001 RESET: | di r16, hi gh( RAMEND) ; Mai n program start

$002 out SPH, r 16 ; Set Stack Pointer to top of RAM
$003 I di r 16, | ow( RAVEND)

$004 out SPL, r16

$005 sei ; Enable interrupts

$006 <instr> Xxxx

.org $c01

$c01 rjinmp EXT_I NTO ; | RQO Handl er

$c02 rinp EXT_INT1 ; | RQL Handl er

$c12 rinp SPM _RDY ; Store Program Menory Ready Handl er

When the BOOTRST Fuse is programmed and the boot section size set to 2Kbytes, the most
typical and general program setup for the Reset and Interrupt Vector Addresses is:

Addr essLabel s Code Comment s
.org $001
$001 rimp EXT_I NTO ; | RQD Handl er
$002 rimp EXT_INT1 ; | RQL Handl er
$012 rinmp SPM RDY ; Store Program Menory Ready Handl er
.org $c00
$c00 rjinmp RESET ; Reset handl er
$c01 RESET: I di r16, hi gh( RAMEND) ; Mai n program start
$c02 out SPH, r 16 ; Set Stack Pointer to top of RAM
$c03 I di r 16, | ow( RAVEND)
$c04 out SPL, r16
$c05 sei ; Enable interrupts
$c06 <instr> Xxxx
e
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Moving Interrupts
Between Application
and Boot Space

General Interrupt
Control Register —
GICR

When the BOOTRST Fuse is programmed, the boot section size set to 2Kbytes, and the IVSEL
bit in the GICR Register is set before any interrupts are enabled, the most typical and general
program setup for the Reset and Interrupt Vector Addresses is:

Addr essLabel s Code Conment s

.org $c00

$c00 rinp RESET ;. Reset handl er

$c01 rinmp  EXT_INTO ; | RQO Handl er

$c02 rimp EXT_INT1 ; | RQL Handl er

$c12 rinp SPM _RDY ; Store Program Menory Ready Handl er
$c13 RESET: |di r 16, hi gh( RAMEND) ; Mai n program start

$cl14 out SPH, r 16 ; Set Stack Pointer to top of RAM
$c15 I di r16, | owm( RAMEND)

$c16 out SPL, r 16

$c17 sei ; Enable interrupts

$c18 <instr> Xxxx

The General Interrupt Control Register controls the placement of the Interrupt Vector table.

Bit 7 6 5 4 3 2 1 0

| wmo INTO = = = = IVSEL IVCE | GICR
Read/Write R/W RIW R R R R R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 1 - IVSEL: Interrupt Vector Select

When the IVSEL bit is cleared (zero), the Interrupt Vectors are placed at the start of the Flash
memory. When this bit is set (one), the Interrupt Vectors are moved to the beginning of the Boot
Loader section of the Flash. The actual address of the start of the boot Flash section is deter-
mined by the BOOTSZ Fuses. Refer to the section “Boot Loader Support — Read-While-Write
Self-Programming” on page 202 for details. To avoid unintentional changes of Interrupt Vector
tables, a special write procedure must be followed to change the IVSEL bit:

1. Write the Interrupt Vector Change Enable (IVCE) bit to one
2. Within four cycles, write the desired value to IVSEL while writing a zero to IVCE

Interrupts will automatically be disabled while this sequence is executed. Interrupts are disabled
in the cycle IVCE is set, and they remain disabled until after the instruction following the write to
IVSEL. If IVSEL is not written, interrupts remain disabled for four cycles. The I-bit in the Status
Register is unaffected by the automatic disabling.

Note: If Interrupt Vectors are placed in the Boot Loader section and Boot Lock bit BLBO2 is pro-
grammed, interrupts are disabled while executing from the Application section. If Interrupt
Vectors are placed in the Application section and Boot Lock bit BLB12 is programed, interrupts
are disabled while executing from the Boot Loader section. Refer to the section “Boot Loader
Support — Read-While-Write Self-Programming” on page 202 for details on Boot Lock Bits.
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e Bit 0 - IVCE: Interrupt Vector Change Enable

The IVCE bit must be written to logic one to enable change of the IVSEL bit. IVCE is cleared by
hardware four cycles after it is written or when IVSEL is written. Setting the IVCE bit will disable

interrupts, as explained in the IVSEL description above. See Code Example below.

Assembly Code Example

Move_interrupts:

; Enabl e change of Interrupt Vectors
Idi ri16, (1<<IVCE)

out G CR rl6

Idi r16, (1<<IVSEL)
out G CR rl6
ret

; Move interrupts to boot Flash section

C Code Example

voi d Move_interrupts(void)

{

G CR = (1<<I VCE);

G CR = (1<<IVSEL);

/* Enabl e change of Interrupt Vectors */

/* Move interrupts to boot Flash section */

| /ltmeL
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I/O Ports

Introduction All AVR ports have true Read-Modify-Write functionality when used as general digital I/O ports.
This means that the direction of one port pin can be changed without unintentionally changing
the direction of any other pin with the SBI and CBI instructions. The same applies when chang-
ing drive value (if configured as output) or enabling/disabling of pull-up resistors (if configured as
input). Each output buffer has symmetrical drive characteristics with both high sink and source
capability. The pin driver is strong enough to drive LED displays directly. All port pins have indi-
vidually selectable pull-up resistors with a supply-voltage invariant resistance. All I/0O pins have
protection diodes to both V. and Ground as indicated in Figure 21. Refer to “Electrical Charac-
teristics — TA = -40°C to 85°C” on page 235 for a complete list of parameters.

Figure 21. 1/0 Pin Equivalent Schematic

Logic

See Figure
"General Digital 1/0" for
| Details

All registers and bit references in this section are written in general form. A lower case “X” repre-
sents the numbering letter for the port, and a lower case “n” represents the bit number. However,
when using the register or bit defines in a program, the precise form must be used (that is,
PORTB3 for bit 3 in Port B, here documented generally as PORTxn). The physical /0 Registers
and bit locations are listed in “Register Description for I/O Ports” on page 65.

Three 1/O memory address locations are allocated for each port, one each for the Data Register
— PORTYX, Data Direction Register — DDRX, and the Port Input Pins — PINx. The Port Input Pins
I/O location is read only, while the Data Register and the Data Direction Register are read/write.
In addition, the Pull-up Disable — PUD bit in SFIOR disables the pull-up function for all pins in all
ports when set.

Using the I/O port as General Digital I/0 is described in “Ports as General Digital 1/0” . Most port
pins are multiplexed with alternate functions for the peripheral features on the device. How each
alternate function interferes with the port pin is described in “Alternate Port Functions” on page
56. Refer to the individual module sections for a full description of the alternate functions.

Note that enabling the alternate function of some of the port pins does not affect the use of the
other pins in the port as general digital I/O.
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Ports as General The ports are bi-directional 1/0 ports with optional internal pull-ups. Figure 22 on page 52 shows
Digital I/O a functional description of one I/O port pin, here generically called Pxn.

Figure 22. General Digital /0%
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SYNCHRONIZER

o—]> | b ol—J0D ¢ |
= | PINXn |
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|_ _____ i clkyo
- WDx: WRITE DDRXx
PUD: PULLUP DISABLE RDx: READ DDRXx
SLEEP: SLEEP CONTROL WPX: WRITE PORTX
Clkvoi 1/0 CLOCK RRX: READ PORTx REGISTER
RPX: READ PORTX PIN

Note: 1. WPx, WDx, RRx, RPx, and RDx are common to all pins within the same port. clk;o, SLEEP,
and PUD are common to all ports

Configuring the Pin Each port pin consists of 3 Register bits: DDxn, PORTxn, and PINxn. As shown in “Register
Description for I/O Ports” on page 65, the DDxn bits are accessed at the DDRx 1/O address, the
PORTxn bits at the PORTx I/O address, and the PINxn bits at the PINx I/O address.

The DDxn bit in the DDRx Register selects the direction of this pin. If DDxn is written logic one,
Pxn is configured as an output pin. If DDxn is written logic zero, Pxn is configured as an input

pin.

If PORTxn is written logic one when the pin is configured as an input pin, the pull-up resistor is
activated. To switch the pull-up resistor off, PORTxn has to be written logic zero or the pin has to
be configured as an output pin. The port pins are tri-stated when a reset condition becomes
active, even if no clocks are running.

If PORTxn is written logic one when the pin is configured as an output pin, the port pin is driven
high (one). If PORTxn is written logic zero when the pin is configured as an output pin, the port
pin is driven low (zero).
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Reading the Pin Value

When switching between tri-state ({DDxn, PORTxn} = 0b00) and output high ({DDxn, PORTxn}
= 0b11), an intermediate state with either pull-up enabled ({DDxn, PORTxn} = 0b01) or output
low ({DDxn, PORTxn} = 0b10) must occur. Normally, the pull-up enabled state is fully accept-
able, as a high-impedant environment will not notice the difference between a strong high driver
and a pull-up. If this is not the case, the PUD bit in the SFIOR Register can be set to disable all
pull-ups in all ports.

Switching between input with pull-up and output low generates the same problem. The user
must use either the tri-state ({DDxn, PORTxn} = 0b00) or the output high state ({DDxn, PORTxn}
=0bl1l) as an intermediate step.

Table 20 summarizes the control signals for the pin value.
Table 20. Port Pin Configurations

DDxn | PORTxn | (in FS)LIi::())R) I/0 Pull-up | Comment
0 0 X Input No Tri-state (Hi-Z)
0 1 0 Input Ned Sjﬁlegi:lojvc,)urce current if external
0 1 1 Input No Tri-state (Hi-Z)
1 0 X Output No Output Low (Sink)
1 1 X Output No Output High (Source)

Independent of the setting of Data Direction bit DDxn, the port pin can be read through the
PINxn Register Bit. As shown in Figure 22 on page 52, the PINxn Register bit and the preceding
latch constitute a synchronizer. This is needed to avoid metastability if the physical pin changes
value near the edge of the internal clock, but it also introduces a delay. Figure 23 shows a timing
diagram of the synchronization when reading an externally applied pin value. The maximum and
minimum propagation delays are denoted tog nax and tog min, respectively.

Figure 23. Synchronization when Reading an Externally Applied Pin Value

SYSTEM CLK ' ' '

INSTRUCTIONS XXX XXX ; in r17, PINX
SYNC LATCH v 7
PINXN |
ri7 OXOO% OXFF
‘ tpd, max ‘
tpd, min
e >

Consider the clock period starting shortly after the first falling edge of the system clock. The latch
is closed when the clock is low, and goes transparent when the clock is high, as indicated by the
shaded region of the “SYNC LATCH?” signal. The signal value is latched when the system clock
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goes low. It is clocked into the PINxn Register at the succeeding positive clock edge. As indi-
cated by the two arrows tyg max and tog min, @ single signal transition on the pin will be delayed
between %2 and 1-¥2 system clock period depending upon the time of assertion.

When reading back a software assigned pin value, a nop instruction must be inserted as indi-
cated in Figure 24. The out instruction sets the “SYNC LATCH?” signal at the positive edge of the
clock. In this case, the delay t,q through the synchronizer is 1 system clock period.

Figure 24. Synchronization when Reading a Software Assigned Pin Value

SYSTEM CLK

r16 : OXFF

INSTRUCTIONS out PORTX, r16 >< nop >< in r17, PINX

SYNC LATCH

PINxn

ri7z 0x00 : OXFF

pd
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The following code example shows how to set port B pins 0 and 1 high, 2 and 3 low, and define
the port pins from 4 to 7 as input with pull-ups assigned to port pins 6 and 7. The resulting pin
values are read back again, but as previously discussed, a nop instruction is included to be able
to read back the value recently assigned to some of the pins.

Assembly Code Example®

; Define pull-ups and set outputs high

; Define directions for port pins

Idi r16, (1<<PB7)| (1<<PB6)| ( 1<<PB1) | ( 1<<PB0)

Idi r17,(1<<DDB3)| (1<<DDB2) | (1<<DDBL1) | ( 1<<DDB0)
out PORTB, r16

out DDRB,rl17

; Insert nop for synchronization

nop

; Read port pins

in r16, Pl NB

C Code Example®®

unsi gned char i;

/* Define pull-ups and set outputs high */

/* Define directions for port pins */

PORTB = (1<<PB7)| (1<<PB6) | (1<<PBl) | ( 1<<PBO0) ;
DDRB = (1<<DDB3)| (1<<DDB2) | ( 1<<DDB1) | ( 1<<DDBO) ;
/* Insert nop for synchronization*/

_NOP() ;

/* Read port pins */

i = PINB;

Note: 1. For the assembly program, two temporary registers are used to minimize the time from pull-
ups are set on pins 0, 1, 6, and 7, until the direction bits are correctly set, defining bit 2 and 3
as low and redefining bits 0 and 1 as strong high drivers

Digital Input Enable As shown in Figure 22 on page 52, the digital input signal can be clamped to ground at the input
and Sleep Modes of the Schmitt-trigger. The signal denoted SLEEP in the figure, is set by the MCU Sleep Control-
ler in Power-down mode, Power-save mode, and Standby mode to avoid high power
consumption if some input signals are left floating, or have an analog signal level close to Vq/2.

SLEEP is overridden for port pins enabled as External Interrupt pins. If the External Interrupt
Request is not enabled, SLEEP is active also for these pins. SLEEP is also overridden by vari-
ous other alternate functions as described in “Alternate Port Functions” on page 56.

If a logic high level (“one”) is present on an Asynchronous External Interrupt pin configured as
“Interrupt on Rising Edge, Falling Edge, or Any Logic Change on Pin” while the external interrupt
is not enabled, the corresponding External Interrupt Flag will be set when resuming from the
above mentioned sleep modes, as the clamping in these sleep modes produces the requested
logic change.
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Unconnected pins

Alternate Port

If some pins are unused, it is recommended to ensure that these pins have a defined level. Even
though most of the digital inputs are disabled in the deep sleep modes as described above, float-
ing inputs should be avoided to reduce current consumption in all other modes where the digital
inputs are enabled (Reset, Active mode and Idle mode).

The simplest method to ensure a defined level of an unused pin, is to enable the internal pull-up.
In this case, the pull-up will be disabled during reset. If low power consumption during reset is
important, it is recommended to use an external pull-up or pull-down. Connecting unused pins
directly to V¢ or GND is not recommended, since this may cause excessive currents if the pin is
accidentally configured as an output.

Most port pins have alternate functions in addition to being general digital I/Os. Figure 25 shows

Functions how the port pin control signals from the simplified Figure 22 on page 52 can be overridden by
alternate functions. The overriding signals may not be present in all port pins, but the figure
serves as a generic description applicable to all port pins in the AVR microcontroller family.
Figure 25. Alternate Port Functions®

PUOEXn A
PUOVxn
PUD
DDOEXn
L DDOVxn
§ 1
] 0]
PVOExn
PVOVxn
n
J; 3
Pxn
~ N <
|_
DIEOExn on g
1 RRx
SLEEP [:
SYNCHRONIZER
ﬂ ‘,b
= P Dixn
4 AlOXn
PUOExn: Pxn PULL-UP OVERRIDE ENABLE PUD: PULLUP DISABLE v
PUOVxn: Pxn PULL-UP OVERRIDE VALUE WDx: WRITE DDRx
DDOExn: Pxn DATA DIRECTION OVERRIDE ENABLE RDx: READ DDRx
DDOVxn: Pxn DATA DIRECTION OVERRIDE VALUE RRx: READ PORTx REGISTER
PVOExn: Pxn PORT VALUE OVERRIDE ENABLE WPx: WRITE PORTx
PVOVxn: Pxn PORT VALUE OVERRIDE VALUE RPx: READ PORTXx PIN
DIEOExn: Pxn DIGITAL INPUT-ENABLE OVERRIDE ENABLE [ 1/0 CLOCK
DIEOVxn: Pxn DIGITAL INPUT-ENABLE OVERRIDE VALUE Dixn: DIGITAL INPUT PIN n ON PORTx
SLEEP: SLEEP CONTROL AlOxn: ANALOG INPUT/OUTPUT PIN n ON PORTx
Note: 1. WPx, WDx, RRx, RPx, and RDx are common to all pins within the same port. clk;,o, SLEEP,
and PUD are common to all ports. All other signals are unique for each pin
|
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Table 21 summarizes the function of the overriding signals. The pin and port indexes from Fig-
ure 25 on page 56 are not shown in the succeeding tables. The overriding signals are generated
internally in the modules having the alternate function.

Table 21. Generic Description of Overriding Signals for Alternate Functions

Signal Name

Full Name

Description

PUOE

Pull-up Override
Enable

If this signal is set, the pull-up enable is controlled by
the PUOV signal. If this signal is cleared, the pull-up is
enabled when {DDxn, PORTxn, PUD} = 0b010.

PUOV Pull-up Override If PUOE is set, the pull-up is enabled/disabled when
Value PUOQV is set/cleared, regardless of the setting of the
DDxn, PORTxn, and PUD Register bits.
DDOE Data Direction If this signal is set, the Output Driver Enable is
Override Enable controlled by the DDOV signal. If this signal is cleared,
the Output driver is enabled by the DDxn Register bit.

DDOV Data Direction If DDOE is set, the Output Driver is enabled/disabled

Override Value when DDQV is set/cleared, regardless of the setting of
the DDxn Register bit.

PVOE Port Value If this signal is set and the Output Driver is enabled,

Override Enable the port value is controlled by the PVOV signal. If
PVOE is cleared, and the Output Driver is enabled, the
port Value is controlled by the PORTxn Register bit.

PVOV Port Value If PVOE is set, the port value is set to PVOV,

Override Value regardless of the setting of the PORTxn Register bit.

DIEOE Digital Input Enable | If this bit is set, the Digital Input Enable is controlled by

Override Enable the DIEQV signal. If this signal is cleared, the Digital
Input Enable is determined by MCU-state (Normal
mode, sleep modes).

DIEOV Digital Input Enable | If DIEOE is set, the Digital Input is enabled/disabled

Override Value when DIEOV is set/cleared, regardless of the MCU
state (Normal mode, sleep modes).

DI Digital Input This is the Digital Input to alternate functions. In the
figure, the signal is connected to the output of the
schmitt trigger but before the synchronizer. Unless the
Digital Input is used as a clock source, the module with
the alternate function will use its own synchronizer.

AlO Analog Input/output | This is the Analog Input/output to/from alternate

functions. The signal is connected directly to the pad,
and can be used bi-directionally.

The following subsections shortly describe the alternate functions for each port, and relate the
overriding signals to the alternate function. Refer to the alternate function description for further

details.
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Special Function 10

Register — SFIOR Bit ! S 3 2 3 2 = 2
| ACME PUD PSR2 | PSR10 | SFIOR
Read/Write R R R R R/W R/W RIW R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 2 - PUD: Pull-up Disable

When this bit is written to one, the pull-ups in the I/O ports are disabled even if the DDxn and
PORTxn Registers are configured to enable the pull-ups ({DDxn, PORTxn} = 0b01). See “Con-
figuring the Pin” on page 52 for more details about this feature.

Alternate Functions of The Port B pins with alternate functions are shown in Table 22.
Port B
Table 22. Port B Pins Alternate Functions

Port Pin Alternate Functions

XTAL2 (Chip Clock Oscillator pin 2)
TOSC2 (Timer Oscillator pin 2)

XTAL1 (Chip Clock Oscillator pin 1 or External clock input)
TOSC1 (Timer Oscillator pin 1)

PB5 SCK (SPI Bus Master clock Input)
PB4 MISO (SPI Bus Master Input/Slave Output)

MOSI (SPI Bus Master Output/Slave Input)
OC2 (Timer/Counter2 Output Compare Match Output)

PB7

PB6

PB3

SS (SPI Bus Master Slave select)

he2 OC1B (Timer/Counterl Output Compare Match B Output)

PB1 OC1A (Timer/Counterl Output Compare Match A Output)

PBO ICP1 (Timer/Counterl Input Capture Pin)

The alternate pin configuration is as follows:
+ XTAL2/TOSC2 - Port B, Bit 7

XTAL2: Chip clock Oscillator pin 2. Used as clock pin for crystal Oscillator or Low-frequency
crystal Oscillator. When used as a clock pin, the pin can not be used as an I/O pin.

TOSC2: Timer Oscillator pin 2. Used only if internal calibrated RC Oscillator is selected as chip
clock source, and the asynchronous timer is enabled by the correct setting in ASSR. When the
AS2 bit in ASSR is set (one) to enable asynchronous clocking of Timer/Counter2, pin PB7 is dis-
connected from the port, and becomes the inverting output of the Oscillator amplifier. In this
mode, a crystal Oscillator is connected to this pin, and the pin cannot be used as an I/O pin.

If PB7 is used as a clock pin, DDB7, PORTB7 and PINB7 will all read 0.
* XTAL1/TOSC1 - Port B, Bit 6

XTALL1: Chip clock Oscillator pin 1. Used for all chip clock sources except internal calibrated RC
Oscillator. When used as a clock pin, the pin can not be used as an I/O pin.

TOSCL1: Timer Oscillator pin 1. Used only if internal calibrated RC Oscillator is selected as chip
clock source, and the asynchronous timer is enabled by the correct setting in ASSR. When the
AS2 bit in ASSR is set (one) to enable asynchronous clocking of Timer/Counter2, pin PB6 is dis-
connected from the port, and becomes the input of the inverting Oscillator amplifier. In this
mode, a crystal Oscillator is connected to this pin, and the pin can not be used as an I/O pin.

If PB6 is used as a clock pin, DDB6, PORTB6 and PINB6 will all read 0.
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« SCK - Port B, Bit5

SCK: Master Clock output, Slave Clock input pin for SPI channel. When the SPI is enabled as a
Slave, this pin is configured as an input regardless of the setting of DDB5. When the SPI is
enabled as a Master, the data direction of this pin is controlled by DDB5. When the pin is forced
by the SPI to be an input, the pull-up can still be controlled by the PORTBS5 bit.

e MISO - Port B, Bit 4

MISO: Master Data input, Slave Data output pin for SPI channel. When the SPI is enabled as a
Master, this pin is configured as an input regardless of the setting of DDB4. When the SPI is
enabled as a Slave, the data direction of this pin is controlled by DDB4. When the pin is forced
by the SPI to be an input, the pull-up can still be controlled by the PORTB4 bit.

* MOSI/OC2 - Port B, Bit 3

MOSI: SPI Master Data output, Slave Data input for SPI channel. When the SPI is enabled as a
Slave, this pin is configured as an input regardless of the setting of DDB3. When the SPI is
enabled as a Master, the data direction of this pin is controlled by DDB3. When the pin is forced
by the SPI to be an input, the pull-up can still be controlled by the PORTB3 bit.

OC2, Output Compare Match Output: The PB3 pin can serve as an external output for the
Timer/Counter2 Compare Match. The PB3 pin has to be configured as an output (DDB3 set
(one)) to serve this function. The OC2 pin is also the output pin for the PWM mode timer
function.

- SS/OC1B - Port B, Bit 2

SS: Slave Select input. When the SPI is enabled as a Slave, this pin is configured as an input
regardless of the setting of DDB2. As a Slave, the SPI is activated when this pin is driven low.
When the SPI is enabled as a Master, the data direction of this pin is controlled by DDB2. When
the pin is forced by the SPI to be an input, the pull-up can still be controlled by the PORTB2 bit.

OC1B, Output Compare Match output: The PB2 pin can serve as an external output for the
Timer/Counterl Compare Match B. The PB2 pin has to be configured as an output (DDB2 set
(one)) to serve this function. The OC1B pin is also the output pin for the PWM mode timer
function.

* OCl1A - Port B, Bit 1

OC1A, Output Compare Match output: The PB1 pin can serve as an external output for the
Timer/Counterl Compare Match A. The PB1 pin has to be configured as an output (DDB1 set
(one)) to serve this function. The OC1A pin is also the output pin for the PWM mode timer
function.

* ICP1-PortB,Bit0
ICP1 — Input Capture Pin: The PBO pin can act as an Input Capture Pin for Timer/Counterl.

Table 23 on page 60 and Table 24 on page 60 relate the alternate functions of Port B to the
overriding signals shown in Figure 25 on page 56. SPI MSTR INPUT and SPI SLAVE OUTPUT
constitute the MISO signal, while MOSI is divided into SPI MSTR OUTPUT and SPI SLAVE
INPUT.
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Table 23. Overriding Signals for Alternate Functions in PB7..PB4
Signal | PB7/XTAL2/ PB6/XTAL1/
Name | TOSC2M® Tosc1® PB5/SCK PB4/MISO
PUOE | EXT +(INTRC + | INTRC + AS2 SPE « MSTR SPE « MSTR
AS2)
PUO |0 0 PORTB5 « PUD | PORTB4 « PUD
DDOE | EXT «(INTRC + | INTRC +AS2 SPE « MSTR SPE « MSTR
AS2)
DDOV | O 0 0 0
PVOE | 0 0 SPE « MSTR SPE « MSTR
PVOV 0 0 SCK OUTPUT SPI SLAVE OUTPUT
DIEOE | EXT « (INTRC + | INTRC +AS2 0 0
AS2)
DIEQV | O 0 0 0
DI — - SCK INPUT SPI MSTR INPUT
AIO Oscillator Output | Oscillator/Clock - -
Input
Notes: 1. INTRC means that the internal RC Oscillator is selected (by the CKSEL Fuse)
2. EXT means that the external RC Oscillator or an external clock is selected (by the CKSEL
Fuse)
Table 24. Overriding Signals for Alternate Functions in PB3..PB0O
Signal in
Name PB3/MOSI/OC2 PB2/SS/OC1B PB1/OC1A PBO/ICP1
PUOE SPE « MSTR SPE « MSTR 0 0
PUO PORTB3 « PUD PORTB2+« PUD | O 0
DDOE SPE « MSTR SPE « MSTR 0 0
DDOV 0 0 0 0
PVOE SPE ¢« MSTR + OC1B ENABLE | OC1AENABLE | O
OC2 ENABLE
PVOV SPI MSTR OUTPUT + OC2 | OC1B OC1A 0
DIEOE | O 0 0 0
DIEOV | O 0 0 0
DI SPI SLAVE INPUT SPISS - ICP1 INPUT
AlO = = = =
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Alternate Functions of The Port C pins with alternate functions are shown in Table 25.

Port C
Table 25. Port C Pins Alternate Functions
Port Pin Alternate Function
PC6 RESET (Reset pin)
PC5 ADCS5 (ADC Input Channel 5)
SCL (Two-wire Serial Bus Clock Line)
PC4 ADC4 (ADC Input Channel 4)
SDA (Two-wire Serial Bus Data Input/Output Line)
PC3 ADC3 (ADC Input Channel 3)
PC2 ADC2 (ADC Input Channel 2)
PC1 ADC1 (ADC Input Channel 1)
PCO ADCO (ADC Input Channel 0)
The alternate pin configuration is as follows:
 RESET - Port C, Bit 6
RESET, Reset pin: When the RSTDISBL Fuse is programmed, this pin functions as a normal I/O
pin, and the part will have to rely on Power-on Reset and Brown-out Reset as its reset sources.
When the RSTDISBL Fuse is unprogrammed, the reset circuitry is connected to the pin, and the
pin can not be used as an /O pin.
If PC6 is used as a reset pin, DDC6, PORTC6 and PINC6 will all read 0.
e SCL/ADCS5 - Port C, Bit 5
SCL, Two-wire Serial Interface Clock: When the TWEN bit in TWCR is set (one) to enable the
Two-wire Serial Interface, pin PC5 is disconnected from the port and becomes the Serial Clock
I/0 pin for the Two-wire Serial Interface. In this mode, there is a spike filter on the pin to sup-
press spikes shorter than 50 ns on the input signal, and the pin is driven by an open drain driver
with slew-rate limitation.
PC5 can also be used as ADC input Channel 5. Note that ADC input channel 5 uses digital
power.
« SDA/ADCA4 - Port C, Bit 4
SDA, Two-wire Serial Interface Data: When the TWEN bit in TWCR is set (one) to enable the
Two-wire Serial Interface, pin PC4 is disconnected from the port and becomes the Serial Data
I/0 pin for the Two-wire Serial Interface. In this mode, there is a spike filter on the pin to sup-
press spikes shorter than 50 ns on the input signal, and the pin is driven by an open drain driver
with slew-rate limitation.
PC4 can also be used as ADC input Channel 4. Note that ADC input channel 4 uses digital
power.
 ADC3 - Port C, Bit 3
PC3 can also be used as ADC input Channel 3. Note that ADC input channel 3 uses analog
power.
 ADC2 - Port C, Bit 2
PC2 can also be used as ADC input Channel 2. Note that ADC input channel 2 uses analog
power.
|
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« ADC1-Port C, Bit 1

PC1 can also be used as ADC input Channel 1. Note that ADC input channel 1 uses analog

power.

« ADCO - Port C, Bit 0

PCO can also be used as ADC input Channel 0. Note that ADC input channel O uses analog

power.

Table 26 and Table 27 relate the alternate functions of Port C to the overriding signals shown in
Figure 25 on page 56.

Table 26. Overriding Signals for Alternate Functions in PC6..PC4
Signal Name | PC6/RESET PC5/SCL/ADC5 PC4/SDA/ADC4
PUOE RSTDISBL TWEN TWEN
PUOV 1 PORTCS « PUD PORTC4 « PUD
DDOE RSTDISBL TWEN TWEN
DDOV 0 SCL_OuT SDA_OUT
PVOE 0 TWEN TWEN
PVOV 0 0 0
DIEOE RSTDISBL 0 0
DIEOV 0 0 0
DI = = -
AlO RESET INPUT | ADC5 INPUT / SCL INPUT | ADC4 INPUT / SDA INPUT
Table 27. Overriding Signals for Alternate Functions in PC3..PC0®W
Signal Name PC3/ADC3 PC2/ADC2 PC1/ADC1 PCO/ADCO
PUOE 0 0 0 0
PUOV 0 0 0 0
DDOE 0 0 0 0
DDOV 0 0 0 0
PVOE 0 0 0 0
PVOV 0 0 0 0
DIEOE 0 0 0 0
DIEOV 0 0 0 0
DI = = = =
AlO ADC3 INPUT ADC2 INPUT ADC1 INPUT ADCO INPUT

Note: 1. When enabled, the Two-wire Serial Interface

enables slew-rate controls on the output pins

PC4 and PC5. This is not shown in the figure. In addition, spike filters are connected between
the AlO outputs shown in the port figure and the digital logic of the TWI module
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Alternate Functions of The Port D pins with alternate functions are shown in Table 28.

Port D
Table 28. Port D Pins Alternate Functions

Port Pin Alternate Function

PD7 AIN1 (Analog Comparator Negative Input)

PD6 AINO (Analog Comparator Positive Input)

PD5 T1 (Timer/Counter 1 External Counter Input)

XCK (USART External Clock Input/Output)
TO (Timer/Counter 0 External Counter Input)

PD3 INT1 (External Interrupt 1 Input)
PD2 INTO (External Interrupt O Input)
PD1 TXD (USART Output Pin)

PDO RXD (USART Input Pin)

PD4

The alternate pin configuration is as follows:
e AIN1-Port D, Bit 7
AIN1, Analog Comparator Negative Input. Configure the port pin as input with the internal pull-up

switched off to avoid the digital port function from interfering with the function of the Analog
Comparator.

» AINO — Port D, Bit 6
AINO, Analog Comparator Positive Input. Configure the port pin as input with the internal pull-up

switched off to avoid the digital port function from interfering with the function of the Analog
Comparator.

e T1-PortD,Bit5

T1, Timer/Counterl counter source.
e XCK/TO - Port D, Bit 4

XCK, USART external clock.

TO, Timer/CounterO counter source.
e INT1 - Port D, Bit 3

INT1, External Interrupt source 1: The PD3 pin can serve as an external interrupt source.
e INTO - Port D, Bit 2

INTO, External Interrupt source 0: The PD2 pin can serve as an external interrupt source.

e« TXD - Port D, Bit 1

TXD, Transmit Data (Data output pin for the USART). When the USART Transmitter is enabled,
this pin is configured as an output regardless of the value of DDD1.

e RXD - Port D, Bit0

RXD, Receive Data (Data input pin for the USART). When the USART Receiver is enabled this

pin is configured as an input regardless of the value of DDDO. When the USART forces this pin
to be an input, the pull-up can still be controlled by the PORTDO bit.

Table 29 on page 64 and Table 30 on page 64 relate the alternate functions of Port D to the
overriding signals shown in Figure 25 on page 56.
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Table 29. Overriding Signals for Alternate Functions PD7..PD4

Signal Name PD7/AIN1 PD6/AINO PD5/T1 PD4/XCK/TO
PUOE 0 0 0 0

PUO 0 0 0 0

OOE 0 0 0 0

(0]0) 0 0 0 0

PVOE 0 0 0 UMSEL

PVO 0 0 0 XCK OUTPUT
DIEOE 0 0 0 0

DIEO 0 0 0 0

DI — - T1INPUT | XCKINPUT/TO INPUT
AlIO AIN1 INPUT AINO INPUT - -

Table 30. Overriding Signals for Alternate Functions in PD3..PDO

Signal Name | PD3/INT1 PD2/INTO PD1/TXD | PDO/RXD
PUOE 0 0 TXEN RXEN
PUO 0 0 0 PORTDO « PUD
OOE 0 0 TXEN RXEN
00 0 0 1 0

PVOE 0 0 TXEN 0

PVO 0 0 TXD 0

DIEOE INT1 ENABLE | INTO ENABLE | 0 0

DIEO 1 1 0 0

DI INT1 INPUT INTO INPUT — RXD

AIO = - 4 C
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Register Description for 1/0O Ports

The Port B Data

Register —- PORTB i 7 g 2 4 £ 2 a o
I PORTB7 PORTB6 PORTB5 PORTB4 PORTB3 PORTB2 PORTB1 PORTBO I PORTB
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0
The Port B Data
Direction Register — i 7 g 2 4 £ 2 a o
DDRB I DDB7 DDB6 DDB5 DDB4 DDB3 DDB2 DDB1 DDBO I DDRB
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0
The Port B Input Pins
Address — PINB Bit l s > 2 3 2 = 0
| PnB7 | PINB6 | PINBS | PINB4 | PINB3 | PINB2 | PINBL | PINBO | PINB
Read/Write R R R R R R R R
Initial Value N/A N/A N/A N/A N/A N/A N/A N/A
The Port C Data
Register - PORTC Bit ! 8 > 2 3 2 = 0
I — PORTC6 PORTC5 PORTC4 PORTC3 PORTC2 PORTC1 PORTCOI PORTC
Read/Write RIW RIW RIW RIW RIW RIW RIW
Initial Value 0 0 0 0 0 0 0
The Port C Data
Direction Register — Bit 7 6 5 4 3 2 L 0
DDRC | - DDC6 DDC5 DDC4 DDC3 DDC2 DDC1 pbco | DDRC
Read/Write R RIW RIW RIW RIW RIW RIW RIW
Initial Value 0 0 0 0 0 0 0
The Port C Input Pins
Address — PINC Bit - . 2 e 3 g 4 0
I - PINC6 PINC5 PINC4 PINC3 PINC2 PINC1 PINCO I PINC
Read/Write R R R R R R R R
Initial Value 0 N/A N/A N/A N/A N/A N/A N/A
The Port D Data
Register - PORTD Bit ; f 2 i : 2 = 0
I PORTD7 PORTD6 PORTD5 PORTD4 PORTD3 PORTD2 PORTD1 PORTDO I PORTD
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0
The Port D Data
Direction Register — Bit v 5 2 & 3 2 a 0
DDRD I DDD7 DDD6 DDD5 DDD4 DDD3 DDD2 DDD1 DDDO I DDRD
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0
The Port D Input Pins
Address — PIND Bit ! 8 > 2 3 z = 0
I PIND7 PIND6 PIND5 PIND4 PIND3 PIND2 PIND1 PINDO I PIND
Read/Write R R R R R R R R
Initial Value N/A N/A N/A N/A N/A N/A N/A N/A
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External
Interrupts

MCU Control Register
— MCUCR

The external interrupts are triggered by the INTO, and INT1 pins. Observe that, if enabled, the
interrupts will trigger even if the INTO..1 pins are configured as outputs. This feature provides a
way of generating a software interrupt. The external interrupts can be triggered by a falling or ris-
ing edge or a low level. This is set up as indicated in the specification for the MCU Control
Register - MCUCR. When the external interrupt is enabled and is configured as level triggered,
the interrupt will trigger as long as the pin is held low. Note that recognition of falling or rising
edge interrupts on INTO and INT1 requires the presence of an I/O clock, described in “Clock
Systems and their Distribution” on page 25. Low level interrupts on INTO/INT1 are detected
asynchronously. This implies that these interrupts can be used for waking the part also from
sleep modes other than Idle mode. The I/O clock is halted in all sleep modes except Idle mode.

Note that if a level triggered interrupt is used for wake-up from Power-down mode, the changed
level must be held for some time to wake up the MCU. This makes the MCU less sensitive to
noise. The changed level is sampled twice by the Watchdog Oscillator clock. The period of the
Watchdog Oscillator is 1 ps (nominal) at 5.0V and 25°C. The frequency of the Watchdog Oscilla-
tor is voltage dependent as shown in “Electrical Characteristics — TA = -40°C to 85°C” on page
235. The MCU will wake up if the input has the required level during this sampling or if it is held
until the end of the start-up time. The start-up time is defined by the SUT Fuses as described in
“System Clock and Clock Options” on page 25. If the level is sampled twice by the Watchdog
Oscillator clock but disappears before the end of the start-up time, the MCU will still wake up, but
no interrupt will be generated. The required level must be held long enough for the MCU to com-
plete the wake up to trigger the level interrupt.

The MCU Control Register contains control bits for interrupt sense control and general MCU
functions.

Bit 7 6 5 4 3 2 1 0
I se SM2 SM1 SMO ISC11 ISC10 ISCO1 Iscoo | mcucr

Read/Write RIW RIW RIW R/W R/W RIW RIW R/W

Initial Value 0 0 0 0 0 0 0 0

* Bit 3,2 -1SC11, ISC10: Interrupt Sense Control 1 Bit 1 and Bit O

The External Interrupt 1 is activated by the external pin INT1 if the SREG I-bit and the corre-
sponding interrupt mask in the GICR are set. The level and edges on the external INT1 pin that
activate the interrupt are defined in Table 31. The value on the INT1 pin is sampled before
detecting edges. If edge or toggle interrupt is selected, pulses that last longer than one clock
period will generate an interrupt. Shorter pulses are not guaranteed to generate an interrupt. If
low level interrupt is selected, the low level must be held until the completion of the currently
executing instruction to generate an interrupt.

Table 31. Interrupt 1 Sense Control

ISC11 ISC10 | Description
0 0 The low level of INT1 generates an interrupt request
0 1 Any logical change on INT1 generates an interrupt request
1 0 The falling edge of INT1 generates an interrupt request
1 1 The rising edge of INT1 generates an interrupt request
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e Bit 1, 0-ISCO01, ISCOO: Interrupt Sense Control 0 Bit 1 and Bit 0

The External Interrupt O is activated by the external pin INTO if the SREG I-flag and the corre-
sponding interrupt mask are set. The level and edges on the external INTO pin that activate the
interrupt are defined in Table 32. The value on the INTO pin is sampled before detecting edges.
If edge or toggle interrupt is selected, pulses that last longer than one clock period will generate
an interrupt. Shorter pulses are not guaranteed to generate an interrupt. If low level interrupt is
selected, the low level must be held until the completion of the currently executing instruction to
generate an interrupt.

Table 32. Interrupt O Sense Control

ISC01 ISCO0 | Description
0 0 The low level of INTO generates an interrupt request
0 1 Any logical change on INTO generates an interrupt request
1 0 The falling edge of INTO generates an interrupt request
1 1 The rising edge of INTO generates an interrupt request

General Interrupt

Control Register — Bit 5 5 5 4 > 2 L 0

GICR | wm1 INTO = = = = IVSEL IVCE | GICR
Read/Write R/W RIW R R R R R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 — INT1: External Interrupt Request 1 Enable

When the INT1 bit is set (one) and the I-bit in the Status Register (SREG) is set (one), the exter-
nal pin interrupt is enabled. The Interrupt Sense Controll bits 1/0 (ISC11 and ISC10) in the MCU
general Control Register (MCUCR) define whether the external interrupt is activated on rising
and/or falling edge of the INT1 pin or level sensed. Activity on the pin will cause an interrupt
request even if INT1 is configured as an output. The corresponding interrupt of External Interrupt
Request 1 is executed from the INT1 Interrupt Vector.

e Bit 6 — INTO: External Interrupt Request 0 Enable

When the INTO bit is set (one) and the I-bit in the Status Register (SREG) is set (one), the exter-
nal pin interrupt is enabled. The Interrupt Sense Control0 bits 1/0 (ISC01 and ISC00) in the MCU
general Control Register (MCUCR) define whether the external interrupt is activated on rising
and/or falling edge of the INTO pin or level sensed. Activity on the pin will cause an interrupt
request even if INTO is configured as an output. The corresponding interrupt of External Interrupt
Request 0 is executed from the INTO Interrupt Vector.

General Interrupt Flag

Register — GIFR Bit v o > & 3 2 a Y
IINTFl INTFO = = = = = = | GIFR
Read/Write R/W R/W R R R R R
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 - INTF1: External Interrupt Flag 1

When an event on the INT1 pin triggers an interrupt request, INTF1 becomes set (one). If the I-
bit in SREG and the INT1 bit in GICR are set (one), the MCU will jump to the corresponding
Interrupt Vector. The flag is cleared when the interrupt routine is executed. Alternatively, the flag
can be cleared by writing a logical one to it. This flag is always cleared when INT1 is configured
as a level interrupt.
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e Bit 6 — INTFO: External Interrupt Flag O

When an event on the INTO pin triggers an interrupt request, INTFO becomes set (one). If the I-
bit in SREG and the INTO bit in GICR are set (one), the MCU will jump to the corresponding
Interrupt Vector. The flag is cleared when the interrupt routine is executed. Alternatively, the flag
can be cleared by writing a logical one to it. This flag is always cleared when INTO is configured
as a level interrupt.
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8-bit
Timer/CounterO

Overview

Registers

Definitions

Timer/CounterO is a general purpose, single channel, 8-bit Timer/Counter module. The main
features are:

* Single Channel Counter

* Frequency Generator

* External Event Counter

10-bit Clock Prescaler

A simplified block diagram of the 8-bit Timer/Counter is shown in Figure 26. For the actual place-
ment of 1/O pins, refer to “Pin Configurations” on page 2. CPU accessible 1/0 Registers,
including 1/O bits and I/O pins, are shown in bold. The device-specific I/O Register and bit loca-
tions are listed in the “8-bit Timer/Counter Register Description” on page 71.

Figure 26. 8-bit Timer/Counter Block Diagram

A
> >| TCCRn |

TOVn
¢ I > (Int.Req.)

Control Logic clky, Clock Select

count

Edge
Detector

DATA BUS

Timer/Counter ( From Prescaler)
TCNTn

= OXFF

v }

The Timer/Counter (TCNTO) is an 8-bit register. Interrupt request (abbreviated to Int. Req. in the
figure) signals are all visible in the Timer Interrupt Flag Register (TIFR). All interrupts are individ-
ually masked with the Timer Interrupt Mask Register (TIMSK). TIFR and TIMSK are not shown in
the figure since these registers are shared by other timer units.

The Timer/Counter can be clocked internally or via the prescaler, or by an external clock source
on the TO pin. The Clock Select logic block controls which clock source and edge the
Timer/Counter uses to increment its value. The Timer/Counter is inactive when no clock source
is selected. The output from the clock select logic is referred to as the timer clock (clky).

Many register and bit references in this document are written in general form. A lower case “n”
replaces the Timer/Counter number, in this case 0. However, when using the register or bit
defines in a program, the precise form must be used, that is, TCNTO for accessing
Timer/Counter0 counter value and so on.

The definitions in Table 33 are also used extensively throughout this datasheet.

Table 33. Definitions

BOTTOM | The counter reaches the BOTTOM when it becomes 0x00

MAX The counter reaches its MAXimum when it becomes OxFF (decimal 255)
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Timer/Counter
Clock Sources

Counter Unit

Operation

Timer/Counter
Timing Diagrams

The Timer/Counter can be clocked by an internal or an external clock source. The clock source
is selected by the clock select logic which is controlled by the clock select (CS02:0) bits located
in the Timer/Counter Control Register (TCCRO0). For details on clock sources and prescaler, see
“Timer/Counter0 and Timer/Counterl Prescalers” on page 73.

The main part of the 8-bit Timer/Counter is the programmable counter unit. Figure 27 shows a
block diagram of the counter and its surroundings.

Figure 27. Counter Unit Block Diagram

TOVn
DATA BUS (Int. Req.)
; Clock Select
count . Edge
TCNTn g—— Control Logic i Detector | Tn
( From Prescaler)
max
Signal description (internal signals):

count Increment TCNTO by 1

clkt, Timer/Counter clock, referred to as clk in the following

max Signalize that TCNTO has reached maximum value

The counter is incremented at each timer clock (clk). clky, can be generated from an external
or internal clock source, selected by the clock select bits (CS02:0). When no clock source is
selected (CS02:0 = 0) the timer is stopped. However, the TCNTO value can be accessed by the
CPU, regardless of whether clk;, is present or not. A CPU write overrides (has priority over) all
counter clear or count operations.

The counting direction is always up (incrementing), and no counter clear is performed. The
counter simply overruns when it passes its maximum 8-bit value (MAX = 0xFF) and then restarts
from the bottom (0x00). In normal operation the Timer/Counter Overflow Flag (TOVO0) will be set
in the same timer clock cycle as the TCNTO becomes zero. The TOVO Flag in this case behaves
like a ninth bit, except that it is only set, not cleared. However, combined with the timer overflow
interrupt that automatically clears the TOVO Flag, the timer resolution can be increased by soft-
ware. A new counter value can be written anytime.

The Timer/Counter is a synchronous design and the timer clock (clky) is therefore shown as a
clock enable signal in the following figures. The figures include information on when Interrupt
Flags are set. Figure 28 on page 71 contains timing data for basic Timer/Counter operation. The
figure shows the count sequence close to the MAX value.
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Figure 28. Timer/Counter Timing Diagram, No Prescaling

clkI o

clk;,
(clk /1)

110

TCNTn MAX -1 MAX BOTTOM BOTTOM + 1

TOVn

Figure 29 shows the same timing data, but with the prescaler enabled.

Figure 29. Timer/Counter Timing Diagram, with Prescaler (f. ;,0/8)

o AT
(c(I:ILEFS) T T T

TCNTnN MAX - 1 MAX BOTTOM BOTTOM + 1
TOVn
8-bit
Timer/Counter
Register
Description
Timer/Counter Control
Register — TCCRO Bit 7 6 5 4 3 2 1 0
e = = = = CS02 CSso01 Cs00 | TCCRO
Read/Write R R R R R R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 2:0 - CS02:0: Clock Select

The three clock select bits select the clock source to be used by the Timer/Counter.

| AtmeL 71
2486AA-AVR-02/2013



I A\ T ega8(L)

Timer/Counter
Register — TCNTO

Timer/Counter
Interrupt Mask
Register — TIMSK

Timer/Counter
Interrupt Flag Register
—TIFR

Table 34. Clock Select Bit Description

CSs02 Cs01 CS00 Description
0 0 0 No clock source (Timer/Counter stopped)
0 0 1 clk,,o/(No prescaling)
0 1 0 clk,,o/8 (From prescaler)
0 1 1 clk,o/64 (From prescaler)
1 0 0 clk;,0/256 (From prescaler)
1 0 1 clk, /1024 (From prescaler)
1 1 0 External clock source on TO pin. Clock on falling edge
1 1 1 External clock source on TO pin. Clock on rising edge

If external pin modes are used for the Timer/Counter0, transitions on the TO pin will clock the
counter even if the pin is configured as an output. This feature allows software control of the
counting.

Bit 7 6 5 4 3 2 1 0

| TCNTO[7:0] | Tcnto
Read/Write RIW RIW RIW R/W R/W R/W RIW R/W
Initial Value 0 0 0 0 0 0 0 0

The Timer/Counter Register gives direct access, both for read and write operations, to the
Timer/Counter unit 8-bit counter.

Bit 7 6 5 4 3 2 1 0

I OCIE2 TOIE2 TICIEL OCIE1A OCIE1B TOIE1 - TOIEO I TIMSK
Read/Write R/W R/W R/W R/W R/W R/IW R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 0 — TOIEO: Timer/Counter0 Overflow Interrupt Enable

When the TOIEO bit is written to one, and the I-bit in the Status Register is set (one), the
Timer/Counter0 Overflow interrupt is enabled. The corresponding interrupt is executed if an
overflow in Timer/Counter0 occurs, that is, when the TOVO bit is set in the Timer/Counter Inter-
rupt Flag Register — TIFR.

Bit 7 6 5 4 3 2 1 0

I OCF2 TOV2 ICF1 OCF1A | OCF1B TOV1 - TOVO I TIFR
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 0 — TOVO: Timer/CounterO Overflow Flag

The bit TOVO is set (one) when an overflow occurs in Timer/Counter0. TOVO is cleared by hard-
ware when executing the corresponding interrupt Handling Vector. Alternatively, TOVO is
cleared by writing a logic one to the flag. When the SREG I-bit, TOIEO (Timer/Counter0 Overflow
Interrupt Enable), and TOVO are set (one), the Timer/CounterO Overflow interrupt is executed.
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Timer/CounterO Timer/Counterl and Timer/Counter0O share the same prescaler module, but the Timer/Counters

and can have different prescaler settings. The description below applies to both Timer/Counterl and
. Timer/Counter0.

Timer/Counterl

Prescalers

Internal Clock Source  The Timer/Counter can be clocked directly by the system clock (by setting the CSn2:0 = 1). This
provides the fastest operation, with a maximum Timer/Counter clock frequency equal to system
clock frequency (fc k 110)- Alternatively, one of four taps from the prescaler can be used as a
clock source. The prescaled clock has a frequency of either fo  10/8, feik 10/64 feik 10/256, or
folk 10/1024. - - -

Prescaler Reset The prescaler is free running (that is, operates independently of the clock select logic of the
Timer/Counter) and it is shared by Timer/Counterl and Timer/CounterQ. Since the prescaler is
not affected by the Timer/Counter’s clock select, the state of the prescaler will have implications
for situations where a prescaled clock is used. One example of prescaling artifacts occurs when
the timer is enabled and clocked by the prescaler (6 > CSn2:0 > 1). The number of system clock
cycles from when the timer is enabled to the first count occurs can be from 1 to N+1 system
clock cycles, where N equals the prescaler divisor (8, 64, 256, or 1024).

It is possible to use the prescaler reset for synchronizing the Timer/Counter to program execu-
tion. However, care must be taken if the other Timer/Counter that shares the same prescaler
also uses prescaling. A prescaler reset will affect the prescaler period for all Timer/Counters it is
connected to.

External Clock Source An external clock source applied to the T1/TO pin can be used as Timer/Counter clock
(clks4/clkyp). The T1/TO pin is sampled once every system clock cycle by the pin synchronization
logic. The synchronized (sampled) signal is then passed through the edge detector. Figure 30
shows a functional equivalent block diagram of the T1/TO synchronization and edge detector
logic. The registers are clocked at the positive edge of the internal system clock (clk,). The latch
is transparent in the high period of the internal system clock.

The edge detector generates one clky;/clk, pulse for each positive (CSn2:0 = 7) or negative
(CSn2:0 = 6) edge it detects.

Figure 30. T1/TO Pin Sampling

| 1 | Tn_sync
™ D Q D Q D Q — (To_CIyock
: Select Logic)
il |
clk

110

Synchronization Edge Detector

The synchronization and edge detector logic introduces a delay of 2.5 to 3.5 system clock cycles
from an edge has been applied to the T1/TO pin to the counter is updated.

Enabling and disabling of the clock input must be done when T1/TO has been stable for at least
one system clock cycle, otherwise it is a risk that a false Timer/Counter clock pulse is generated.

Each half period of the external clock applied must be longer than one system clock cycle to
ensure correct sampling. The external clock must be guaranteed to have less than half the sys-
tem clock frequency (fe,ici < foi 110/2) given a 50/50% duty cycle. Since the edge detector uses
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sampling, the maximum frequency of an external clock it can detect is half the sampling fre-
quency (Nyquist sampling theorem). However, due to variation of the system clock frequency
and duty cycle caused by Oscillator source (crystal, resonator, and capacitors) tolerances, it is
recommended that maximum frequency of an external clock source is less than f, ,o/2.5.

An external clock source can not be prescaled.

Figure 31. Prescaler for Timer/Counter0 and Timer/Counter1®

Clkvo L 2 » 10-BIT T/C PRESCALER
Clear

CK/8
CK/64
CK/256
CK/1024

PSR10

TO

Cs10 é CS00
Cs11 r\ CSo01
Cs12 >\ CSs02

TIMER/COUNTER1 CLOCK SOURCE TIMER/COUNTERO CLOCK SOURCE
clk

1 clkyg

Note: 1. The synchronization logic on the input pins (T1/T0) is shown in Figure 30 on page 73

Special Function 10

Register — SFIOR =1 v g 5 & g & ! ©
| = = = = ACME PUD PSR2 | PSR10 | SFIOR
Read/Write R R R R R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

* Bit 0 — PSR10: Prescaler Reset Timer/Counterl and Timer/CounterO

When this bit is written to one, the Timer/Counterl and Timer/CounterQ prescaler will be reset.
The bit will be cleared by hardware after the operation is performed. Writing a zero to this bit will
have no effect. Note that Timer/Counterl and Timer/CounterO share the same prescaler and a
reset of this prescaler will affect both timers. This bit will always be read as zero.
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16-bit
Timer/Counterl

Overview

The 16-bit Timer/Counter unit allows accurate program execution timing (event management),

wave generation, and signal timing measurement. The main features are:
e True 16-bit Design (that is, allows 16-bit PWM)

* Two Independent Output Compare Units

* Double Buffered Output Compare Registers

* One Input Capture Unit

* Input Capture Noise Canceler

e Clear Timer on Compare Match (Auto Reload)

* Glitch-free, Phase Correct Pulse Width Modulator (PWM)

e Variable PWM Period

* Frequency Generator

* External Event Counter

* Four Independent Interrupt Sources (TOV1, OCF1A, OCF1B, and ICF1)

Most register and bit references in this section are written in general form. A lower case “n”
replaces the Timer/Counter number, and a lower case “x” replaces the Output Compare unit
channel. However, when using the register or bit defines in a program, the precise form must be
used, that is, TCNT1 for accessing Timer/Counterl counter value and so on.

A simplified block diagram of the 16-bit Timer/Counter is shown in Figure 32 on page 76. For the
actual placement of I/O pins, refer to “Pin Configurations” on page 2. CPU accessible /O Regis-
ters, including 1/O bits and I/O pins, are shown in bold. The device-specific /0 Register and bit
locations are listed in the “16-bit Timer/Counter Register Description” on page 96.
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Figure 32. 16-bit Timer/Counter Block Diagram®
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Note: 1. Refer to “Pin Configurations” on page 2, Table 22 on page 58, and Table 28 on page 63 for
Timer/Counterl pin placement and description

Registers The Timer/Counter (TCNT1), Output Compare Registers (OCR1A/B), and Input Capture Regis-
ter (ICR1) are all 16-bit registers. Special procedures must be followed when accessing the 16-
bit registers. These procedures are described in the section “Accessing 16-bit Registers” on
page 77. The Timer/Counter Control Registers (TCCR1A/B) are 8-bit registers and have no CPU
access restrictions. Interrupt requests (abbreviated to Int.Req. in the figure) signals are all visible
in the Timer Interrupt Flag Register (TIFR). All interrupts are individually masked with the Timer
Interrupt Mask Register (TIMSK). TIFR and TIMSK are not shown in the figure since these regis-
ters are shared by other timer units.

The Timer/Counter can be clocked internally, via the prescaler, or by an external clock source on
the T1 pin. The Clock Select logic block controls which clock source and edge the Timer/Counter
uses to increment (or decrement) its value. The Timer/Counter is inactive when no clock source
is selected. The output from the clock select logic is referred to as the timer clock (clky,).

The double buffered Output Compare Registers (OCR1A/B) are compared with the Timer/Coun-
ter value at all time. The result of the compare can be used by the waveform generator to
generate a PWM or variable frequency output on the Output Compare Pin (OC1A/B). See “Out-
put Compare Units” on page 83. The Compare Match event will also set the Compare Match
Flag (OCF1A/B) which can be used to generate an Output Compare interrupt request.
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The Input Capture Register can capture the Timer/Counter value at a given external (edge trig-
gered) event on either the Input Capture Pin (ICP1) or on the Analog Comparator pins (see
“Analog Comparator” on page 186). The Input Capture unit includes a digital filtering unit (Noise
Canceler) for reducing the chance of capturing noise spikes.

The TOP value, or maximum Timer/Counter value, can in some modes of operation be defined
by either the OCR1A Register, the ICR1 Register, or by a set of fixed values. When using
OCR1A as TOP value in a PWM mode, the OCR1A Register can not be used for generating a
PWM output. However, the TOP value will in this case be double buffered allowing the TOP
value to be changed in run time. If a fixed TOP value is required, the ICR1 Register can be used
as an alternative, freeing the OCR1A to be used as PWM output.

Definitions The following definitions are used extensively throughout the document:

Table 35. Definitions
BOTTOM | The counter reaches the BOTTOM when it becomes 0x0000.

MAX The counter reaches its MAXimum when it becomes OxFFFF (decimal
65535).
TOP The counter reaches the TOP when it becomes equal to the highest

value in the count sequence. The TOP value can be assigned to be one
of the fixed values: OXOOFF, OX01FF, or 0xO3FF, or to the value stored in
the OCR1A or ICR1 Register. The assignment is dependent of the mode
of operation.

Compatibility The 16-bit Timer/Counter has been updated and improved from previous versions of the 16-bit
AVR Timer/Counter. This 16-bit Timer/Counter is fully compatible with the earlier version
regarding:

e All 16-bit Timer/Counter related 1/0 Register address locations, including Timer Interrupt
Registers
« Bit locations inside all 16-bit Timer/Counter Registers, including Timer Interrupt Registers

e Interrupt Vectors

The following control bits have changed name, but have same functionality and register location:
e  PWM10 is changed to WGM10

e PWMZ11 is changed to WGM11

e CTC1is changed to WGM12

The following bits are added to the 16-bit Timer/Counter Control Registers:
e FOC1A and FOC1B are added to TCCR1A
e WGM13 is added to TCCR1B

The 16-bit Timer/Counter has improvements that will affect the compatibility in some special
cases.

Accessing 16-bit The TCNT1, OCR1A/B, and ICR1 are 16-bit registers that can be accessed by the AVR CPU via
Registers the 8-bit data bus. The 16-bit register must be byte accessed using two read or write operations.
The 16-bit timer has a single 8-bit register for temporary storing of the High byte of the 16-bit
access. The same temporary register is shared between all 16-bit registers within the 16-bit
timer. Accessing the Low byte triggers the 16-bit read or write operation. When the Low byte of a
16-bit register is written by the CPU, the High byte stored in the temporary register, and the Low
byte written are both copied into the 16-bit register in the same clock cycle. When the Low byte
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of a 16-bit register is read by the CPU, the High byte of the 16-bit register is copied into the tem-
porary register in the same clock cycle as the Low byte is read.

Not all 16-bit accesses uses the temporary register for the High byte. Reading the OCR1A/B 16-
bit registers does not involve using the temporary register.

To do a 16-bit write, the High byte must be written before the Low byte. For a 16-bit read, the
Low byte must be read before the High byte.

The following code examples show how to access the 16-bit Timer Registers assuming that no
interrupts updates the temporary register. The same principle can be used directly for accessing
the OCR1A/B and ICR1 Registers. Note that when using “C”, the compiler handles the 16-bit
access.

Assembly Code Example®

; Set TCNT1 to OxOlFF

Idi r17, 0x01

| di r16, OxFF

out TCNT1H, r17

out TCNT1L, r 16

; Read TCNT1 into r17:r16
in rl6, TCNT1L

in rl7, TCNT1H

C Code Example®

unsigned int i;

/* Set TCNT1l to OxO1lFF */
TCNT1 = Ox1FF;

/* Read TCNT1l into i */

i = TCNT1;

Note: 1. See “About Code Examples” on page 8
The assembly code example returns the TCNTL1 value in the r17:r16 Register pair.

It is important to notice that accessing 16-bit registers are atomic operations. If an interrupt
occurs between the two instructions accessing the 16-bit register, and the interrupt code
updates the temporary register by accessing the same or any other of the 16-bit Timer Regis-
ters, then the result of the access outside the interrupt will be corrupted. Therefore, when both
the main code and the interrupt code update the temporary register, the main code must disable
the interrupts during the 16-bit access.

The following code examples show how to do an atomic read of the TCNT1 Register contents.
Reading any of the OCR1A/B or ICR1 Registers can be done by using the same principle.
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Assembly Code Example®

TI ML6_ReadTCNT1:
; Save dobal Interrupt Flag
in ril8, SREG
; Disable interrupts
cli
: Read TCNT1 into r17:r16
in rl6, TCNT1L
in rl7, TCNT1H
; Restore G obal Interrupt Flag
out SREG r 18
ret

C Code Example®™

unsigned int TIML6_ReadTCNT1( void )
{

unsi gned char sreg;

unsigned int i;

/* Save d obal Interrupt Flag */

sreg = SREG

/* Disable interrupts */

_CLI();

/* Read TCNT1l into i */

i = TCNTZ,;

SREG = sreg;
return i;

/* Restore dobal Interrupt Flag */

Note: 1. See “About Code Examples” on page 8

The assembly code example returns the TCNT1 value in the r17:r16 Register pair.
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The following code examples show how to do an atomic write of the TCNT1 Register contents.
Writing any of the OCR1A/B or ICR1 Registers can be done by using the same principle.

Assembly Code Example®

TI ML6_W it eTCNT1:
; Save dobal Interrupt Flag
in rl8, SREG
; Disable interrupts
cli
; Set TCNT1 to rl17:r16
out TCNT1H, r17
out TCNT1L, r 16
; Restore G obal Interrupt Flag
out SREG r 18
ret

C Code Example®

void TIM6_WiteTCNT1( unsigned int i )
{

unsi gned char sreg;

unsigned int i;

/* Save d obal Interrupt Flag */
sreg = SREG

/* Disable interrupts */

_arQ;

/* Set TCNT1l to i */

TCNT1 = i;

/* Restore dobal Interrupt Flag */
SREG = sreg;

Note: 1. See “About Code Examples” on page 8

The assembly code example requires that the r17:r16 Register pair contains the value to be writ-
ten to TCNT1.

If writing to more than one 16-bit register where the High byte is the same for all registers writ-
ten, then the High byte only needs to be written once. However, note that the same rule of
atomic operation described previously also applies in this case.

The Timer/Counter can be clocked by an internal or an external clock source. The clock source
is selected by the clock select logic which is controlled by the clock select (CS12:0) bits located
in the Timer/Counter Control Register B (TCCR1B). For details on clock sources and prescaler,
see “Timer/Counter0 and Timer/Counterl Prescalers” on page 73.

The main part of the 16-bit Timer/Counter is the programmable 16-bit bi-directional counter unit.
Figure 33 on page 81 shows a block diagram of the counter and its surroundings.
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Figure 33. Counter Unit Block Diagram
DATA BUS (s-bit)
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direct Control Logic [«
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( From Prescaler )
TTOP TBOTTOM
Signal description (internal signals):
count Increment or decrement TCNT1 by 1

direction Select between increment and decrement

clear Clear TCNT1 (set all bits to zero)
clk, Timer/Counter clock
TOP Signalize that TCNT1 has reached maximum value

BOTTOM Signalize that TCNT1 has reached minimum value (zero)

The 16-bit counter is mapped into two 8-bit I/O memory locations: counter high (TCNT1H) con-
taining the upper eight bits of the counter, and Counter Low (TCNT1L) containing the lower eight
bits. The TCNT1H Register can only be indirectly accessed by the CPU. When the CPU does an
access to the TCNT1H 1I/O location, the CPU accesses the High byte temporary register
(TEMP). The temporary register is updated with the TCNT1H value when the TCNTLL is read,
and TCNT1H is updated with the temporary register value when TCNTLL is written. This allows
the CPU to read or write the entire 16-bit counter value within one clock cycle via the 8-bit data
bus. It is important to notice that there are special cases of writing to the TCNT1 Register when
the counter is counting that will give unpredictable results. The special cases are described in
the sections where they are of importance.

Depending on the mode of operation used, the counter is cleared, incremented, or decremented
at each timer clock (clk;). The clkr,; can be generated from an external or internal clock source,
selected by the clock select bits (CS12:0). When no clock source is selected (CS12:0 = 0) the
timer is stopped. However, the TCNT1 value can be accessed by the CPU, independent of
whether clky, is present or not. A CPU write overrides (has priority over) all counter clear or
count operations.

The counting sequence is determined by the setting of the Waveform Generation mode bits
(WGM13:0) located in the Timer/Counter Control Registers A and B (TCCR1A and TCCR1B).
There are close connections between how the counter behaves (counts) and how waveforms
are generated on the Output Compare Outputs OC1x. For more details about advanced count-
ing sequences and waveform generation, see “Modes of Operation” on page 87.

The Timer/Counter Overflow (TOV1) fLag is set according to the mode of operation selected by
the WGM13:0 bits. TOV1 can be used for generating a CPU interrupt.

Input Capture Unit The Timer/Counter incorporates an Input Capture unit that can capture external events and give
them a time-stamp indicating time of occurrence. The external signal indicating an event, or mul-
tiple events, can be applied via the ICP1 pin or alternatively, via the Analog Comparator unit.
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The time-stamps can then be used to calculate frequency, duty-cycle, and other features of the
signal applied. Alternatively the time-stamps can be used for creating a log of the events.

The Input Capture unit is illustrated by the block diagram shown in Figure 34. The elements of
the block diagram that are not directly a part of the Input Capture unit are gray shaded. The
small “n” in register and bit names indicates the Timer/Counter number.

Figure 34. Input Capture Unit Block Diagram

DATA BUS (s-bit)
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Comparator o -
Noise | Edge _
Canceler Detector - ICFn (Int. Req.)
ICPn >

When a change of the logic level (an event) occurs on the Input Capture Pin (ICP1), alternatively
on the Analog Comparator Output (ACO), and this change confirms to the setting of the edge
detector, a capture will be triggered. When a capture is triggered, the 16-bit value of the counter
(TCNT1) is written to the Input Capture Register (ICR1). The Input Capture Flag (ICF1) is set at
the same system clock as the TCNT1 value is copied into ICR1 Register. If enabled (TICIEL =
1), the Input Capture Flag generates an Input Capture interrupt. The ICF1 Flag is automatically
cleared when the interrupt is executed. Alternatively the ICF1 Flag can be cleared by software
by writing a logical one to its 1/O bit location.

Reading the 16-bit value in the Input Capture Register (ICR1) is done by first reading the Low
byte (ICR1L) and then the High byte (ICR1H). When the Low byte is read the High byte is copied
into the High byte temporary register (TEMP). When the CPU reads the ICR1H I/O location it will
access the TEMP Register.

The ICR1 Register can only be written when using a Waveform Generation mode that utilizes
the ICR1 Register for defining the counter's TOP value. In these cases the Waveform Genera-
tion mode (WGM13:0) bits must be set before the TOP value can be written to the ICR1
Register. When writing the ICR1 Register the High byte must be written to the ICR1H I/O loca-
tion before the Low byte is written to ICR1L.

For more information on how to access the 16-bit registers refer to “Accessing 16-bit Registers”

on page 77.
Input Capture Pin The main trigger source for the Input Capture unit is the Input Capture Pin (ICP1). Timer/Counter
Source 1 can alternatively use the Analog Comparator Output as trigger source for the Input Capture
|
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unit. The Analog Comparator is selected as trigger source by setting the Analog Comparator
Input Capture (ACIC) bit in the Analog Comparator Control and Status Register (ACSR). Be
aware that changing trigger source can trigger a capture. The Input Capture Flag must therefore
be cleared after the change.

Both the Input Capture Pin (ICP1) and the Analog Comparator Output (ACO) inputs are sampled
using the same technique as for the T1 pin (Figure 30 on page 73). The edge detector is also
identical. However, when the noise canceler is enabled, additional logic is inserted before the
edge detector, which increases the delay by four system clock cycles. Note that the input of the
noise canceler and edge detector is always enabled unless the Timer/Counter is set in a Wave-
form Generation mode that uses ICR1 to define TOP.

An Input Capture can be triggered by software by controlling the port of the ICP1 pin.

Noise Canceler The noise canceler improves noise immunity by using a simple digital filtering scheme. The
noise canceler input is monitored over four samples, and all four must be equal for changing the
output that in turn is used by the edge detector.

The noise canceler is enabled by setting the Input Capture Noise Canceler (ICNC1) bit in
Timer/Counter Control Register B (TCCR1B). When enabled the noise canceler introduces addi-
tional four system clock cycles of delay from a change applied to the input, to the update of the
ICR1 Register. The noise canceler uses the system clock and is therefore not affected by the

prescaler.
Using the Input The main challenge when using the Input Capture unit is to assign enough processor capacity
Capture Unit for handling the incoming events. The time between two events is critical. If the processor has

not read the captured value in the ICR1 Register before the next event occurs, the ICR1 will be
overwritten with a new value. In this case the result of the capture will be incorrect.

When using the Input Capture interrupt, the ICR1 Register should be read as early in the inter-
rupt handler routine as possible. Even though the Input Capture interrupt has relatively high
priority, the maximum interrupt response time is dependent on the maximum number of clock
cycles it takes to handle any of the other interrupt requests.

Using the Input Capture unit in any mode of operation when the TOP value (resolution) is
actively changed during operation, is not recommended.

Measurement of an external signal’s duty cycle requires that the trigger edge is changed after
each capture. Changing the edge sensing must be done as early as possible after the ICR1
Register has been read. After a change of the edge, the Input Capture Flag (ICF1) must be
cleared by software (writing a logical one to the I/O bit location). For measuring frequency only,
the clearing of the ICF1 Flag is not required (if an interrupt handler is used).

Output Compare The 16-bit comparator continuously compares TCNT1 with the Output Compare Register

Units (OCR1x). If TCNT equals OCR1x the comparator signals a match. A match will set the Output
Compare Flag (OCF1x) at the next timer clock cycle. If enabled (OCIE1x = 1), the Output Com-
pare Flag generates an Output Compare interrupt. The OCF1x Flag is automatically cleared
when the interrupt is executed. Alternatively the OCF1x Flag can be cleared by software by writ-
ing a logical one to its I/0O bit location. The waveform generator uses the match signal to
generate an output according to operating mode set by the Waveform Generation mode
(WGM13:0) bits and Compare Output mode (COM1x1:0) bits. The TOP and BOTTOM signals
are used by the waveform generator for handling the special cases of the extreme values in
some modes of operation (see “Modes of Operation” on page 87).

A special feature of Output Compare unit A allows it to define the Timer/Counter TOP value (that
is counter resolution). In addition to the counter resolution, the TOP value defines the period
time for waveforms generated by the waveform generator.

| AtmeL 83

2486AA-AVR-02/2013



I A\ T ega8(L)

Figure 35 shows a block diagram of the Output Compare unit. The small “n” in the register and
bit names indicates the device number (n = 1 for Timer/Counter 1), and the “X” indicates Output
Compare unit (A/B). The elements of the block diagram that are not directly a part of the Output
Compare unit are gray shaded.

Figure 35. Output Compare Unit, Block Diagram
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The OCR1x Register is double buffered when using any of the twelve Pulse Width Modulation
(PWM) modes. For the normal and Clear Timer on Compare (CTC) modes of operation, the dou-
ble buffering is disabled. The double buffering synchronizes the update of the OCR1x Compare
Register to either TOP or BOTTOM of the counting sequence. The synchronization prevents the
occurrence of odd-length, non-symmetrical PWM pulses, thereby making the output glitch-free.

The OCR1x Register access may seem complex, but this is not case. When the double buffering
is enabled, the CPU has access to the OCR1x Buffer Register, and if double buffering is dis-
abled the CPU will access the OCR1x directly. The content of the OCR1x (Buffer or Compare)
Register is only changed by a write operation (the Timer/Counter does not update this register
automatically as the TCNT1 and ICR1 Register). Therefore OCR1x is not read via the High byte
temporary register (TEMP). However, it is a good practice to read the Low byte first as when
accessing other 16-bit registers. Writing the OCR1x Registers must be done via the TEMP Reg-
ister since the compare of all 16-bit is done continuously. The High byte (OCR1xH) has to be
written first. When the High byte I/O location is written by the CPU, the TEMP Register will be
updated by the value written. Then when the Low byte (OCR1xL) is written to the lower eight
bits, the High byte will be copied into the upper 8-bits of either the OCR1x buffer or OCR1x Com-
pare Register in the same system clock cycle.

For more information of how to access the 16-bit registers refer to “Accessing 16-bit Registers”
on page 77.
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In non-PWM Waveform Generation modes, the match output of the comparator can be forced by
writing a one to the Force Output Compare (FOC1x) bit. Forcing Compare Match will not set the
OCF1x Flag or reload/clear the timer, but the OC1x pin will be updated as if a real Compare
Match had occurred (the COM1x1:0 bits settings define whether the OC1x pin is set, cleared or
toggled).

All CPU writes to the TCNT1 Register will block any Compare Match that occurs in the next timer
clock cycle, even when the timer is stopped. This feature allows OCR1x to be initialized to the
same value as TCNT1 without triggering an interrupt when the Timer/Counter clock is enabled.

Since writing TCNT1 in any mode of operation will block all compare matches for one timer clock
cycle, there are risks involved when changing TCNT1 when using any of the Output Compare
channels, independent of whether the Timer/Counter is running or not. If the value written to
TCNT1 equals the OCR1x value, the Compare Match will be missed, resulting in incorrect wave-
form generation. Do not write the TCNT1 equal to TOP in PWM modes with variable TOP
values. The Compare Match for the TOP will be ignored and the counter will continue to
OxXFFFF. Similarly, do not write the TCNT1 value equal to BOTTOM when the counter is
downcounting.

The setup of the OC1x should be performed before setting the Data Direction Register for the
port pin to output. The easiest way of setting the OC1x value is to use the Force Output Com-
pare (FOC1x) strobe bits in Normal mode. The OC1x Register keeps its value even when
changing between Waveform Generation modes.

Be aware that the COM1x1:0 bits are not double buffered together with the compare value.
Changing the COM1x1:0 bits will take effect immediately.

The Compare Output mode (COM1x1:0) bits have two functions. The waveform generator uses
the COM1x1:0 bits for defining the Output Compare (OC1x) state at the next Compare Match.
Secondly the COM1x1:0 bits control the OC1x pin output source. Figure 36 on page 86 shows a
simplified schematic of the logic affected by the COM1x1:0 bit setting. The 1/O Registers, 1/0
bits, and 1/O pins in the figure are shown in bold. Only the parts of the general I/O Port Control
Registers (DDR and PORT) that are affected by the COM1x1:0 bits are shown. When referring
to the OC1x state, the reference is for the internal OC1x Register, not the OC1x pin. If a System
Reset occur, the OC1x Register is reset to “0”.
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Figure 36. Compare Match Output Unit, Schematic
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The general I/O port function is overridden by the Output Compare (OC1x) from the waveform
generator if either of the COM1x1:0 bits are set. However, the OC1x pin direction (input or out-
put) is still controlled by the Data Direction Register (DDR) for the port pin. The Data Direction
Register bit for the OC1x pin (DDR_OC1x) must be set as output before the OC1x value is visi-
ble on the pin. The port override function is generally independent of the Waveform Generation
mode, but there are some exceptions. Refer to Table 36 on page 96, Table 37 on page 96 and
Table 38 on page 97 for details.

The design of the Output Compare Pin logic allows initialization of the OC1x state before the
output is enabled. Note that some COM1x1:0 bit settings are reserved for certain modes of oper-
ation. See “16-bit Timer/Counter Register Description” on page 96.

The COM1x1:0 bits have no effect on the Input Capture unit.
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The waveform generator uses the COM1x1:0 bits differently in normal, CTC, and PWM modes.
For all modes, setting the COM1x1:0 = 0 tells the waveform generator that no action on the
OC1x Reqgister is to be performed on the next Compare Match. For compare output actions in
the non-PWM modes refer to Table 36 on page 96. For fast PWM mode refer to Table 37 on
page 96, and for phase correct and phase and frequency correct PWM refer to Table 38 on page
97.

A change of the COM1x1:0 bits state will have effect at the first Compare Match after the bits are
written. For non-PWM modes, the action can be forced to have immediate effect by using the
FOC1x strobe bits.

The mode of operation (that is, the behavior of the Timer/Counter and the Output Compare pins)
is defined by the combination of the Waveform Generation mode (WGM13:0) and Compare Out-
put mode (COM1x1:0) bits. The Compare Output mode bits do not affect the counting sequence,
while the Waveform Generation mode bits do. The COM1x1.:0 bits control whether the PWM out-
put generated should be inverted or not (inverted or non-inverted PWM). For non-PWM modes
the COM1x1:0 bits control whether the output should be set, cleared or toggle at a Compare
Match. See “Compare Match Output Unit” on page 85.

For detailed timing information refer to “Timer/Counter Timing Diagrams” on page 94.

The simplest mode of operation is the Normal mode (WGM13:0 = 0). In this mode the counting
direction is always up (incrementing), and no counter clear is performed. The counter simply
overruns when it passes its maximum 16-bit value (MAX = OxFFFF) and then restarts from the
BOTTOM (0x0000). In normal operation the Timer/Counter Overflow Flag (TOV1) will be set in
the same timer clock cycle as the TCNT1 becomes zero. The TOV1 Flag in this case behaves
like a 17th bit, except that it is only set, not cleared. However, combined with the timer overflow
interrupt that automatically clears the TOV1 Flag, the timer resolution can be increased by soft-
ware. There are no special cases to consider in the Normal mode, a new counter value can be
written anytime.

The Input Capture unit is easy to use in Normal mode. However, observe that the maximum
interval between the external events must not exceed the resolution of the counter. If the interval
between events are too long, the timer overflow interrupt or the prescaler must be used to
extend the resolution for the capture unit.

The Output Compare units can be used to generate interrupts at some given time. Using the
Output Compare to generate waveforms in Normal mode is not recommended, since this will
occupy too much of the CPU time.

In Clear Timer on Compare or CTC mode (WGM13:0 = 4 or 12), the OCR1A or ICR1 Register
are used to manipulate the counter resolution. In CTC mode the counter is cleared to zero when
the counter value (TCNT1) matches either the OCR1A (WGM13:0 = 4) or the ICR1 (WGM13:0 =
12). The OCR1A or ICR1 define the top value for the counter, hence also its resolution. This
mode allows greater control of the Compare Match output frequency. It also simplifies the oper-
ation of counting external events.

The timing diagram for the CTC mode is shown in Figure 37 on page 88. The counter value
(TCNT1) increases until a Compare Match occurs with either OCR1A or ICR1, and then counter
(TCNT1) is cleared.
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Figure 37. CTC Mode, Timing Diagram
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An interrupt can be generated at each time the counter value reaches the TOP value by either
using the OCF1A or ICF1 Flag according to the register used to define the TOP value. If the
interrupt is enabled, the interrupt handler routine can be used for updating the TOP value. How-
ever, changing the TOP to a value close to BOTTOM when the counter is running with none or a
low prescaler value must be done with care since the CTC mode does not have the double buff-
ering feature. If the new value written to OCR1A or ICR1 is lower than the current value of
TCNT1, the counter will miss the Compare Match. The counter will then have to count to its max-
imum value (OXFFFF) and wrap around starting at 0x0000 before the Compare Match can occur.
In many cases this feature is not desirable. An alternative will then be to use the fast PWM mode
using OCR1A for defining TOP (WGM13:0 = 15) since the OCR1A then will be double buffered.

(COMNAL:0 = 1)

For generating a waveform output in CTC mode, the OC1A output can be set to toggle its logical
level on each Compare Match by setting the Compare Output mode bits to toggle mode
(COM1A1:0 = 1). The OC1A value will not be visible on the port pin unless the data direction for
the pin is set to output (DDR_OC1A = 1). The waveform generated will have a maximum fre-
quency of focia = T 110/2 When OCRI1A is set to zero (0x0000). The waveform frequency is
defined by the following equation:

f - fei 1o
OCnA ™ 2.N.(1+OCRnA)

The N variable represents the prescaler factor (1, 8, 64, 256, or 1024).

As for the Normal mode of operation, the TOV1 Flag is set in the same timer clock cycle that the
counter counts from MAX to 0x0000.

Fast PWM Mode The fast Pulse Width Modulation or fast PWM mode (WGM13:0 = 5, 6, 7, 14, or 15) provides a
high frequency PWM waveform generation option. The fast PWM differs from the other PWM
options by its single-slope operation. The counter counts from BOTTOM to TOP then restarts
from BOTTOM. In non-inverting Compare Output mode, the Output Compare (OC1x) is cleared
on the Compare Match between TCNT1 and OCR1x, and set at BOTTOM. In inverting Compare
Output mode output is set on Compare Match and cleared at BOTTOM. Due to the single-slope
operation, the operating frequency of the fast PWM mode can be twice as high as the phase cor-
rect and phase and frequency correct PWM modes that use dual-slope operation. This high
frequency makes the fast PWM mode well suited for power regulation, rectification, and DAC
applications. High frequency allows physically small sized external components (coils, capaci-
tors), hence reduces total system cost.

The PWM resolution for fast PWM can be fixed to 8-bit, 9-bit, or 10-bit, or defined by either ICR1
or OCR1A. The minimum resolution allowed is 2-bit (ICR1 or OCR1A set to 0x0003), and the
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maximum resolution is 16-bit (ICR1 or OCR1A set to MAX). The PWM resolution in bits can be
calculated by using the following equation:

n_ log(TOP+1)
FPWM |Og(2)

In fast PWM mode the counter is incremented until the counter value matches either one of the
fixed values 0xO0FF, Ox01FF, or OXO3FF (WGM13:0 =5, 6, or 7), the value in ICR1 (WGM13:0 =
14), or the value in OCR1A (WGM13:0 = 15). The counter is then cleared at the following timer
clock cycle. The timing diagram for the fast PWM mode is shown in Figure 38. The figure shows
fast PWM mode when OCR1A or ICR1 is used to define TOP. The TCNT1 value is in the timing
diagram shown as a histogram for illustrating the single-slope operation. The diagram includes
non-inverted and inverted PWM outputs. The small horizontal line marks on the TCNT1 slopes
represent compare matches between OCR1x and TCNT1. The OC1x Interrupt Flag will be set
when a Compare Match occurs.

Figure 38. Fast PWM Mode, Timing Diagram
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The Timer/Counter Overflow Flag (TOV1) is set each time the counter reaches TOP. In addition
the OCF1A or ICF1 Flag is set at the same timer clock cycle as TOV1 is set when either OCR1A
or ICR1 is used for defining the TOP value. If one of the interrupts are enabled, the interrupt han-
dler routine can be used for updating the TOP and compare values.

OCnx

When changing the TOP value the program must ensure that the new TOP value is higher or
equal to the value of all of the Compare Registers. If the TOP value is lower than any of the
Compare Registers, a Compare Match will never occur between the TCNT1 and the OCR1x.
Note that when using fixed TOP values the unused bits are masked to zero when any of the
OCRI1x Registers are written.

The procedure for updating ICR1 differs from updating OCR1A when used for defining the TOP
value. The ICR1 Register is not double buffered. This means that if ICR1 is changed to a low
value when the counter is running with none or a low prescaler value, there is a risk that the new
ICR1 value written is lower than the current value of TCNT1. The result will then be that the
counter will miss the Compare Match at the TOP value. The counter will then have to count to
the MAX value (OXFFFF) and wrap around starting at 0x0000 before the Compare Match can
occur. The OCR1A Register, however, is double buffered. This feature allows the OCR1A I/O
location to be written anytime. When the OCR1A 1/O location is written the value written will be
put into the OCR1A Buffer Register. The OCR1A Compare Register will then be updated with
the value in the Buffer Register at the next timer clock cycle the TCNT1 matches TOP. The
update is done at the same timer clock cycle as the TCNT1 is cleared and the TOV1 Flag is set.
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Using the ICR1 Register for defining TOP works well when using fixed TOP values. By using
ICR1, the OCR1A Register is free to be used for generating a PWM output on OC1A. However,
if the base PWM frequency is actively changed (by changing the TOP value), using the OCR1A
as TOP is clearly a better choice due to its double buffer feature.

In fast PWM mode, the compare units allow generation of PWM waveforms on the OC1x pins.
Setting the COM1x1.:0 bits to 2 will produce a non-inverted PWM and an inverted PWM output
can be generated by setting the COM1x1:0 to 3. See Table 37 on page 96. The actual OC1x
value will only be visible on the port pin if the data direction for the port pin is set as output
(DDR_OC1x). The PWM waveform is generated by setting (or clearing) the OC1x Register at
the Compare Match between OCR1x and TCNTL1, and clearing (or setting) the OC1x Register at
the timer clock cycle the counter is cleared (changes from TOP to BOTTOM).

The PWM frequency for the output can be calculated by the following equation:

f — f(:Ik 1/0
OCnxPWM N-(1+TOP)

The N variable represents the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCR1x Register represents special cases when generating a PWM
waveform output in the fast PWM mode. If the OCR1x is set equal to BOTTOM (0x0000) the out-
put will be a narrow spike for each TOP+1 timer clock cycle. Setting the OCR1x equal to TOP
will result in a constant high or low output (depending on the polarity of the output set by the
COM1x1:0 bits).

A frequency (with 50% duty cycle) waveform output in fast PWM mode can be achieved by set-
ting OC1A to toggle its logical level on each Compare Match (COM1A1:0 = 1). This applies only
if OCR1A is used to define the TOP value (WGM13:0 = 15). The waveform generated will have
a maximum frequency of focia = fo 10o/2 Wwhen OCR1A is set to zero (0x0000). This feature is
similar to the OC1A toggle in CTC mode, except the double buffer feature of the Output Com-
pare unit is enabled in the fast PWM mode.

Phase Correct PWM The phase correct Pulse Width Modulation or phase correct PWM mode (WGM13:0 = 1, 2, 3,

Mode 10, or 11) provides a high resolution phase correct PWM waveform generation option. The
phase correct PWM mode is, like the phase and frequency correct PWM mode, based on a dual-
slope operation. The counter counts repeatedly from BOTTOM (0x0000) to TOP and then from
TOP to BOTTOM. In non-inverting Compare Output mode, the Output Compare (OC1x) is
cleared on the Compare Match between TCNT1 and OCR1x while upcounting, and set on the
Compare Match while downcounting. In inverting Output Compare mode, the operation is
inverted. The dual-slope operation has lower maximum operation frequency than single slope
operation. However, due to the symmetric feature of the dual-slope PWM modes, these modes
are preferred for motor control applications.

The PWM resolution for the phase correct PWM mode can be fixed to 8-bit, 9-bit, or 10-bit, or
defined by either ICR1 or OCR1A. The minimum resolution allowed is 2-bit (ICR1 or OCR1A set
to 0x0003), and the maximum resolution is 16-bit (ICR1 or OCR1A set to MAX). The PWM reso-
lution in bits can be calculated by using the following equation:

_ log(TOP +1)

RPCPWM - Iog(2)

In phase correct PWM mode the counter is incremented until the counter value matches either
one of the fixed values 0x00FF, Ox01FF, or OXx03FF (WGM13:0 = 1, 2, or 3), the value in ICR1
(WGM13:0 = 10), or the value in OCR1A (WGM13:0 = 11). The counter has then reached the
TOP and changes the count direction. The TCNT1 value will be equal to TOP for one timer clock
cycle. The timing diagram for the phase correct PWM mode is shown on Figure 39 on page 91.
The figure shows phase correct PWM mode when OCR1A or ICR1 is used to define TOP. The
TCNT1 value is in the timing diagram shown as a histogram for illustrating the dual-slope opera-
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tion. The diagram includes non-inverted and inverted PWM outputs. The small horizontal line
marks on the TCNTL1 slopes represent compare matches between OCR1x and TCNTL1. The
OC1x Interrupt Flag will be set when a Compare Match occurs.

Figure 39. Phase Correct PWM Mode, Timing Diagram

OCRnx / TOP Update and
OCnhA Interrupt Flag Set
or ICFn Interrupt Flag Set
(Interrupt on TOP)

TOVnN Interrupt Flag Set
!| (Interrupt on Bottom)

v
TCNTn

OCnx

(COMNx1:0 = 2)
ocnx [ | 1 1 1 [wcommo=3

The Timer/Counter Overflow Flag (TOV1) is set each time the counter reaches BOTTOM. When
either OCR1A or ICR1 is used for defining the TOP value, the OC1A or ICF1 Flag is set accord-
ingly at the same timer clock cycle as the OCR1x Registers are updated with the double buffer
value (at TOP). The Interrupt Flags can be used to generate an interrupt each time the counter
reaches the TOP or BOTTOM value.

When changing the TOP value the program must ensure that the new TOP value is higher or
equal to the value of all of the Compare Registers. If the TOP value is lower than any of the
Compare Registers, a Compare Match will never occur between the TCNT1 and the OCR1x.
Note that when using fixed TOP values, the unused bits are masked to zero when any of the
OCR1x Registers are written. As the third period shown in Figure 39 illustrates, changing the
TOP actively while the Timer/Counter is running in the Phase Correct mode can result in an
unsymmetrical output. The reason for this can be found in the time of update of the OCR1x Reg-
ister. Since the OCR1x update occurs at TOP, the PWM period starts and ends at TOP. This
implies that the length of the falling slope is determined by the previous TOP value, while the
length of the rising slope is determined by the new TOP value. When these two values differ the
two slopes of the period will differ in length. The difference in length gives the unsymmetrical
result on the output.

It is recommended to use the Phase and Frequency Correct mode instead of the Phase Correct
mode when changing the TOP value while the Timer/Counter is running. When using a static
TOP value there are practically no differences between the two modes of operation.

In phase correct PWM mode, the compare units allow generation of PWM waveforms on the
OC1x pins. Setting the COM1x1:0 bits to 2 will produce a non-inverted PWM and an inverted
PWM output can be generated by setting the COM1x1:0 to 3. See Table 38 on page 97. The
actual OC1x value will only be visible on the port pin if the data direction for the port pin is set as
output (DDR_OC1x). The PWM waveform is generated by setting (or clearing) the OC1x Regis-
ter at the Compare Match between OCR1x and TCNT1 when the counter increments, and
clearing (or setting) the OC1x Register at Compare Match between OCR1x and TCNT1 when
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Phase and Frequency
Correct PWM Mode

the counter decrements. The PWM frequency for the output when using phase correct PWM can
be calculated by the following equation:

f - fClk 1/10
OCnxPCPWM 2.N-TOP

The N variable represents the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCR1x Register represent special cases when generating a PWM
waveform output in the phase correct PWM mode. If the OCR1x is set equal to BOTTOM the
output will be continuously low and if set equal to TOP the output will be continuously high for
non-inverted PWM mode. For inverted PWM the output will have the opposite logic values.

If OCR1A is used to define the TOP value (WMG13:0 = 11) and COM1A1:0 = 1, the OC1A out-
put will toggle with a 50% duty cycle.

The phase and frequency correct Pulse Width Modulation, or phase and frequency correct PWM
mode (WGM13:0 = 8 or 9) provides a high resolution phase and frequency correct PWM wave-
form generation option. The phase and frequency correct PWM mode is, like the phase correct
PWM mode, based on a dual-slope operation. The counter counts repeatedly from BOTTOM
(0x0000) to TOP and then from TOP to BOTTOM. In non-inverting Compare Output mode, the
Output Compare (OC1x) is cleared on the Compare Match between TCNT1 and OCR1x while
upcounting, and set on the Compare Match while downcounting. In inverting Compare Output
mode, the operation is inverted. The dual-slope operation gives a lower maximum operation fre-
quency compared to the single-slope operation. However, due to the symmetric feature of the
dual-slope PWM modes, these modes are preferred for motor control applications.

The main difference between the phase correct, and the phase and frequency correct PWM
mode is the time the OCR1x Register is updated by the OCR1x Buffer Register, (see Figure 39
on page 91 and Figure 40 on page 93).

The PWM resolution for the phase and frequency correct PWM mode can be defined by either
ICR1 or OCR1A. The minimum resolution allowed is 2-bit (ICR1 or OCR1A set to 0x0003), and
the maximum resolution is 16-bit (ICR1 or OCR1A set to MAX). The PWM resolution in bits can
be calculated using the following equation:

_ log(TOP +1)

RPFCPWM - Iog(2)

In phase and frequency correct PWM mode the counter is incremented until the counter value
matches either the value in ICR1 (WGM13:0 = 8), or the value in OCR1A (WGM13:0 = 9). The
counter has then reached the TOP and changes the count direction. The TCNT1 value will be
equal to TOP for one timer clock cycle. The timing diagram for the phase correct and frequency
correct PWM mode is shown on Figure 40 on page 93. The figure shows phase and frequency
correct PWM mode when OCR1A or ICR1 is used to define TOP. The TCNT1 value is in the
timing diagram shown as a histogram for illustrating the dual-slope operation. The diagram
includes non-inverted and inverted PWM outputs. The small horizontal line marks on the TCNT1
slopes represent compare matches between OCR1x and TCNT1. The OC1x Interrupt Flag will
be set when a Compare Match occurs.
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Figure 40. Phase and Frequency Correct PWM Mode, Timing Diagram
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The Timer/Counter Overflow Flag (TOV1) is set at the same timer clock cycle as the OCR1x
Registers are updated with the double buffer value (at BOTTOM). When either OCR1A or ICR1
is used for defining the TOP value, the OC1A or ICF1 Flag set when TCNT1 has reached TOP.
The Interrupt Flags can then be used to generate an interrupt each time the counter reaches the
TOP or BOTTOM value.

When changing the TOP value the program must ensure that the new TOP value is higher or
equal to the value of all of the Compare Registers. If the TOP value is lower than any of the
Compare Registers, a Compare Match will never occur between the TCNT1 and the OCR1x.

As Figure 40 shows the output generated is, in contrast to the Phase Correct mode, symmetrical
in all periods. Since the OCR1x Registers are updated at BOTTOM, the length of the rising and
the falling slopes will always be equal. This gives symmetrical output pulses and is therefore fre-
guency correct.

Using the ICR1 Register for defining TOP works well when using fixed TOP values. By using
ICR1, the OCR1A Register is free to be used for generating a PWM output on OC1A. However,
if the base PWM frequency is actively changed by changing the TOP value, using the OCR1A as
TOP is clearly a better choice due to its double buffer feature.

In phase and frequency correct PWM mode, the compare units allow generation of PWM wave-
forms on the OC1x pins. Setting the COM1x1:0 bits to 2 will produce a non-inverted PWM and
an inverted PWM output can be generated by setting the COM1x1:0 to 3. See Table 38 on page
97. The actual OC1x value will only be visible on the port pin if the data direction for the port pin
is set as output (DDR_OC1x). The PWM waveform is generated by setting (or clearing) the
OC1x Register at the Compare Match between OCR1x and TCNT1 when the counter incre-
ments, and clearing (or setting) the OC1x Register at Compare Match between OCR1x and
TCNT1 when the counter decrements. The PWM frequency for the output when using phase
and frequency correct PWM can be calculated by the following equation:

¢ _ ok o
OCnxPFCPWM — 2.N-TOP

The N variable represents the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCR1x Register represents special cases when generating a PWM
waveform output in the phase correct PWM mode. If the OCR1x is set equal to BOTTOM the
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Timer/Counter

Timing Diagrams

output will be continuously low and if set equal to TOP the output will be set to high for non-
inverted PWM mode. For inverted PWM the output will have the opposite logic values.

If OCR1A is used to define the TOP value (WGM13:0 = 9) and COM1A1:0 = 1, the OC1A output
will toggle with a 50% duty cycle.

The Timer/Counter is a synchronous design and the timer clock (clky,) is therefore shown as a
clock enable signal in the following figures. The figures include information on when Interrupt
Flags are set, and when the OCR1x Register is updated with the OCR1x buffer value (only for
modes utilizing double buffering). Figure 41 shows a timing diagram for the setting of OCF1x.

Figure 41. Timer/Counter Timing Diagram, Setting of OCF1x, no Prescaling
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Figure 42 shows the same timing data, but with the prescaler enabled.

Figure 42. Timer/Counter Timing Diagram, Setting of OCF1x, with Prescaler (fey ,,0/8)
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Figure 43 on page 95 shows the count sequence close to TOP in various modes. When using
phase and frequency correct PWM mode the OCR1x Register is updated at BOTTOM. The tim-
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ing diagrams will be the same, but TOP should be replaced by BOTTOM, TOP-1 by BOTTOM+1
and so on. The same renaming applies for modes that set the TOV1 Flag at BOTTOM.

Figure 43. Timer/Counter Timing Diagram, no Prescaling
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Figure 44 shows the same timing data, but with the prescaler enabled.

Figure 44. Timer/Counter Timing Diagram, with Prescaler (fqy ,,0/8)
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16-bit
Timer/Counter
Register
Description

Timer/Counter 1
Control Register A —
TCCR1A

Bit 7 6 5 4 3 2 1 0

I COM1A1 | COM1A0 | COM1B1 COM1BO FOC1A FOC1B WGM11 WGM10 I TCCRI1A
Read/Write R/W R/W R/W R/W w W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 7:6 — COM1A1:0: Compare Output Mode for channel A
e Bit 5:4 — COM1B1:0: Compare Output Mode for channel B

The COM1A1:0 and COM1B1:0 control the Output Compare Pins (OC1A and OC1B respec-
tively) behavior. If one or both of the COM1A1:0 bits are written to one, the OC1A output
overrides the normal port functionality of the 1/O pin it is connected to. If one or both of the
COM1BL1:0 bit are written to one, the OC1B output overrides the normal port functionality of the
I/0O pin it is connected to. However, note that the Data Direction Register (DDR) bit correspond-
ing to the OC1A or OC1B pin must be set in order to enable the output driver.

When the OC1A or OC1B is connected to the pin, the function of the COM1x1:0 bits is depen-
dent of the WGM13:0 bits setting. Table 36 shows the COM1x1:0 bit functionality when the
WGM13:0 bits are set to a normal or a CTC mode (hon-PWM).

Table 36. Compare Output Mode, Non-PWM

COM1AY/ COM1A0/
COM1B1 COM1BO Description
0 0 Normal port operation, OC1A/OC1B disconnected.
0 1 Toggle OC1A/OC1B on Compare Match
1 0 Clear OC1A/OC1B on Compare Match (Set output to low level)
1 1 Set OC1A/OC1B on Compare Match (Set output to high level)

Table 37 shows the COM1x1:0 bit functionality when the WGM13:0 bits are set to the fast PWM
mode.

Table 37. Compare Output Mode, Fast PWM®

COM1A1/ COM1A0/
COM1B1 COM1BO Description

0 0 Normal port operation, OC1A/OC1B disconnected.

0 1 WGM13:0 = 15: Toggle OC1A on Compare Match, OC1B
disconnected (normal port operation). For all other WGM1
settings, normal port operation, OC1A/OC1B disconnected.

1 0 Clear OC1A/OC1B on Compare Match, set OC1A/OC1B at
BOTTOM, (non-inverting mode)

1 1 Set OC1A/OC1B on Compare Match, clear OC1A/OC1B at
BOTTOM, (inverting mode)

Note: 1. A special case occurs when OCR1A/OCR1B equals TOP and COM1A1/COM1B1 is set. In

this case the Compare Match is ignored, but the set or clear is done at BOTTOM. See “Fast
PWM Mode” on page 88 for more details
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Table 38 shows the COM1x1:0 bit functionality when the WGM13:0 bits are set to the phase cor-
rect or the phase and frequency correct, PWM mode.

Table 38. Compare Output Mode, Phase Correct and Phase and Frequency Correct PWM®

COM1Al1l/ | COM1AO0/
COM1B1 COM1BO | Description

0 0 Normal port operation, OC1A/OC1B disconnected.

0 1 WGM13:0 = 9 or 14: Toggle OC1A on Compare Match, OC1B
disconnected (normal port operation). For all other WGM1
settings, normal port operation, OC1A/OC1B disconnected.

1 0 Clear OC1A/OC1B on Compare Match when up-counting. Set
OC1A/OC1B on Compare Match when downcounting.

1 1 Set OC1A/OC1B on Compare Match when up-counting. Clear
OC1A/OC1B on Compare Match when downcounting.

Note: 1. A special case occurs when OCR1A/OCR1B equals TOP and COM1A1/COM1BL1 is set. See

“Phase Correct PWM Mode” on page 90 for more details
e Bit 3—- FOC1A: Force Output Compare for channel A
e Bit 2 - FOCI1B: Force Output Compare for channel B

The FOC1A/FOCI1B bits are only active when the WGM13:0 bits specifies a non-PWM mode.
However, for ensuring compatibility with future devices, these bits must be set to zero when
TCCR1A is written when operating in a PWM mode. When writing a logical one to the
FOC1A/FOC1B bit, an immediate Compare Match is forced on the waveform generation unit.
The OC1A/OC1B output is changed according to its COM1x1:0 bits setting. Note that the
FOC1A/FOCI1B bits are implemented as strobes. Therefore it is the value present in the
COM1x1.:0 bits that determine the effect of the forced compare.

A FOC1A/FOCI1B strobe will not generate any interrupt nor will it clear the timer in Clear Timer
on Compare Match (CTC) mode using OCR1A as TOP.

The FOC1A/FOCI1B bits are always read as zero.
¢ Bit 1:0 - WGM11:0: Waveform Generation Mode

Combined with the WGM13:2 bits found in the TCCR1B Register, these bits control the counting
sequence of the counter, the source for maximum (TOP) counter value, and what type of wave-
form generation to be used, see Table 39. Modes of operation supported by the Timer/Counter
unit are: Normal mode (counter), Clear Timer on Compare Match (CTC) mode, and three types
of Pulse Width Modulation (PWM) modes (see “Modes of Operation” on page 87).

Table 39. Waveform Generation Mode Bit Description

WGM12 | WGM11 WGM10 | Timer/Counter Mode of Update of | TOV1 Flag
Mode | WGM13 | (CTC1) | (PWM1l) | (PWM10) | Operation® TOP OCR1x Set on
0 0 0 0 0 Normal OXFFFF | Immediate | MAX
1 0 0 0 1 PWM, Phase Correct, 8-bit OxO0FF | TOP BOTTOM
2 0 0 1 0 PWM, Phase Correct, 9-bit OxO1FF | TOP BOTTOM
g 0 0 1 1 PWM, Phase Correct, 10-bit OxO3FF | TOP BOTTOM
4 0 1 0 0 CTC OCR1A | Immediate | MAX
5 0 1 0 1 Fast PWM, 8-bit Ox00FF | BOTTOM TOP
6 0 1 1 0 Fast PWM, 9-bit OxO01FF | BOTTOM TOP
| AtmeL 97

2486AA-AVR-02/2013




I A\ T ega8(L)

Table 39. Waveform Generation Mode Bit Description (Continued)

WGM12 | WGM11 WGM10 | Timer/Counter Mode of Update of | TOV1 Flag
Mode | WGM13 | (CTC1) | (PWM11) | (PWM10) | Operation® TOP OCR1x Set on

7 0 1 1 1 Fast PWM, 10-bit O0x03FF | BOTTOM TOP

8 1 0 0 0 PWM, Phase and Frequency Correct | ICR1 BOTTOM BOTTOM
9 1 0 0 1 PWM, Phase and Frequency Correct | OCR1A | BOTTOM BOTTOM
10 1 0 1 0 PWM, Phase Correct ICR1 TOP BOTTOM
11 1 0 1 1 PWM, Phase Correct OCR1A | TOP BOTTOM
12 1 1 0 0 CTC ICR1 Immediate | MAX

13 1 1 0 1 (Reserved) - - -

14 1 1 1 0 Fast PWM ICR1 BOTTOM TOP

15 1 1 1 1 Fast PWM OCR1A | BOTTOM TOP

Note: 1. The CTC1 and PWM11:0 bit definition names are obsolete. Use the WGM12:0 definitions. However, the functionality and

Timer/Counter 1

location of these bits are compatible with previous versions of the timer

Control Register B —

TCCR1B
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Bit 7 6 5 4 3 2 1 0

I ICNC1 ICES1 - WGM13 WGM12 CSs12 Cs11 CS10 I TCCR1B
Read/Write R/W R/W R R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 - ICNC1: Input Capture Noise Canceler

Setting this bit (to one) activates the Input Capture Noise Canceler. When the noise canceler is
activated, the input from the Input Capture Pin (ICP1) is filtered. The filter function requires four
successive equal valued samples of the ICP1 pin for changing its output. The Input Capture is
therefore delayed by four Oscillator cycles when the noise canceler is enabled.

e Bit 6 — ICES1: Input Capture Edge Select
This bit selects which edge on the Input Capture Pin (ICP1) that is used to trigger a capture

event. When the ICES1 bit is written to zero, a falling (negative) edge is used as trigger, and
when the ICES1 bit is written to one, a rising (positive) edge will trigger the capture.

When a capture is triggered according to the ICESL1 setting, the counter value is copied into the
Input Capture Register (ICR1). The event will also set the Input Capture Flag (ICF1), and this
can be used to cause an Input Capture Interrupt, if this interrupt is enabled.

When the ICRL1 is used as TOP value (see description of the WGM13:0 bits located in the
TCCRI1A and the TCCR1B Register), the ICP1 is disconnected and consequently the Input Cap-
ture function is disabled.

* Bit5— Reserved Bit

This bit is reserved for future use. For ensuring compatibility with future devices, this bit must be
written to zero when TCCR1B is written.

¢ Bit 4:3 -WGM13:2: Waveform Generation Mode

See TCCRI1A Register description.
e Bit 2:0 — CS12:0: Clock Select

The three clock select bits select the clock source to be used by the Timer/Counter, see Figure
41 on page 94 and Figure 42 on page 94.
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Timer/Counter 1 —
TCNT1H and TCNTI1L

Output Compare

Table 40. Clock Select Bit Description

Cs12 Csl11 CS10 | Description
0 0 0 No clock source. (Timer/Counter stopped)
0 0 1 clk,o/1 (No prescaling)
0 1 0 clk,o/8 (From prescaler)
0 1 1 clk,o/64 (From prescaler)
1 0 0 clk,o/256 (From prescaler)
1 0 1 clk,o/1024 (From prescaler)
1 1 0 External clock source on T1 pin. Clock on falling edge
1 1 1 External clock source on T1 pin. Clock on rising edge

If external pin modes are used for the Timer/Counterl, transitions on the T1 pin will clock the
counter even if the pin is configured as an output. This feature allows software control of the
counting.

Bit 7 6 5 4 8 2 1 0
TCNT1[15:8] TCNT1H
TCNT1[7:0] TCNTI1L
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

The two Timer/Counter I/O locations (TCNT1H and TCNT1L, combined TCNT1) give direct
access, both for read and for write operations, to the Timer/Counter unit 16-bit counter. To
ensure that both the high and Low bytes are read and written simultaneously when the CPU
accesses these registers, the access is performed using an 8-bit temporary High byte Register
(TEMP). This temporary register is shared by all the other 16-bit registers. See “Accessing 16-bit
Registers” on page 77.

Modifying the counter (TCNT1) while the counter is running introduces a risk of missing a Com-
pare Match between TCNT1 and one of the OCR1x Registers.

Writing to the TCNT1 Register blocks (removes) the Compare Match on the following timer clock
for all compare units.

Register 1A — Bit 7 6 5 4 3 2 1 0
OCR1AH and OCR1AL OCRIAIIS:E] OCRIAH
OCR1A[7:0] OCR1AL
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0
Output Compare
Register 1B - Bit 7 6 5 4 3 2 1 0
OCR1BH and OCR1BL OCRIB[15:8] OCRIBH
OCR1B[7:0] OCR1BL
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0
|
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The Output Compare Registers contain a 16-bit value that is continuously compared with the
counter value (TCNT1). A match can be used to generate an Output Compare Interrupt, or to
generate a waveform output on the OC1x pin.

The Output Compare Registers are 16-bit in size. To ensure that both the high and Low bytes
are written simultaneously when the CPU writes to these registers, the access is performed
using an 8-bit temporary High byte Register (TEMP). This temporary register is shared by all the
other 16-bit registers. See “Accessing 16-bit Registers” on page 77.

Input Capture Register

1 - ICR1H and ICR1L Bit 7 i S 4 3 2 1 0
ICR1[15:8] ICR1H
ICR1[7:0] ICR1L
Read/Write R/W R/W R/W R/IW R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

The Input Capture is updated with the counter (TCNT1) value each time an event occurs on the
ICP1 pin (or optionally on the Analog Comparator Output for Timer/Counterl). The Input Cap-
ture can be used for defining the counter TOP value.

The Input Capture Register is 16-bit in size. To ensure that both the high and Low bytes are read
simultaneously when the CPU accesses these registers, the access is performed using an 8-bit
temporary High byte Register (TEMP). This temporary register is shared by all the other 16-bit
registers. See “Accessing 16-bit Registers” on page 77.

Timer/Counter

Interrupt Mask Bit 7 i S 4 3 2 1 0

Register _ TIMSK(l) I OCIE2 TOIE2 TICIEL OCIE1A OCIE1B TOIE1 = TOIEO I TIMSK
Read/Write RIW RIW RIW RIW RIW RIW R RIW
Initial Value 0 0 0 0 0 0 0 0

Note: 1. This register contains interrupt control bits for several Timer/Counters, but only Timerl bits are
described in this section. The remaining bits are described in their respective timer sections

e Bit 5 TICIEL: Timer/Counterl, Input Capture Interrupt Enable

When this bit is written to one, and the I-flag in the Status Register is set (interrupts globally
enabled), the Timer/Counterl Input Capture Interrupt is enabled. The corresponding Interrupt
Vector (see “Interrupts” on page 46) is executed when the ICF1 Flag, located in TIFR, is set.

e Bit 4 - OCIE1A: Timer/Counterl, Output Compare A Match Interrupt Enable

When this bit is written to one, and the I-flag in the Status Register is set (interrupts globally
enabled), the Timer/Counterl Output Compare A match interrupt is enabled. The corresponding
Interrupt Vector (see “Interrupts” on page 46) is executed when the OCF1A Flag, located in
TIFR, is set.

e Bit 3—- OCIE1B: Timer/Counterl, Output Compare B Match Interrupt Enable
When this bit is written to one, and the I-flag in the Status Register is set (interrupts globally
enabled), the Timer/Counterl Output Compare B match interrupt is enabled. The corresponding

Interrupt Vector (see “Interrupts” on page 46) is executed when the OCF1B Flag, located in
TIFR, is set.

e Bit 2 - TOIEL: Timer/Counterl, Overflow Interrupt Enable
When this bit is written to one, and the I-flag in the Status Register is set (interrupts globally

enabled), the Timer/Counterl Overflow Interrupt is enabled. The corresponding Interrupt Vector
(see “Interrupts” on page 46) is executed when the TOV1 Flag, located in TIFR, is set.

| AtmeL 100
2486AA-AVR-02/2013



I A\ T ega8(L)

Timer/Counter
Interrupt Flag Register
— TIFR®W

Bit 7 6 5 4 3 2 1 0

| OCF2 TOV2 ICF1 OCF1A | OCF1B TOV1 - TOVO | TIFR
Read/Write R/W R/W R/W R/W R/IW R/W R R/W
Initial Value 0 0 0 0 0 0 0 0

Note: 1. This register contains flag bits for several Timer/Counters, but only Timerl bits are described
in this section. The remaining bits are described in their respective timer sections

e Bit 5—-ICF1: Timer/Counterl, Input Capture Flag
This flag is set when a capture event occurs on the ICP1 pin. When the Input Capture Register

(ICR1) is set by the WGM13:0 to be used as the TOP value, the ICF1 Flag is set when the coun-
ter reaches the TOP value.

ICF1 is automatically cleared when the Input Capture Interrupt Vector is executed. Alternatively,
ICF1 can be cleared by writing a logic one to its bit location.
e Bit 4 — OCF1A: Timer/Counterl, Output Compare A Match Flag

This flag is set in the timer clock cycle after the counter (TCNT1) value matches the Output
Compare Register A (OCR1A).

Note that a Forced Output Compare (FOC1A) strobe will not set the OCF1A Flag.

OCF1A is automatically cleared when the Output Compare Match A Interrupt Vector is exe-
cuted. Alternatively, OCF1A can be cleared by writing a logic one to its bit location.
e Bit 3—- OCF1B: Timer/Counterl, Output Compare B Match Flag

This flag is set in the timer clock cycle after the counter (TCNT1) value matches the Output
Compare Register B (OCR1B).

Note that a Forced Output Compare (FOC1B) strobe will not set the OCF1B Flag.

OCF1B is automatically cleared when the Output Compare Match B Interrupt Vector is exe-
cuted. Alternatively, OCF1B can be cleared by writing a logic one to its bit location.

e Bit 2-TOV1: Timer/Counterl, Overflow Flag
The setting of this flag is dependent of the WGM13:0 bits setting. In normal and CTC modes, the

TOV1 Flag is set when the timer overflows. Refer to Table 39 on page 97 for the TOV1 Flag
behavior when using another WGM13:0 bit setting.

TOV1 is automatically cleared when the Timer/Counterl Overflow Interrupt Vector is executed.
Alternatively, TOV1 can be cleared by writing a logic one to its bit location.
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8-bit

Timer/Counter2

Timer/Counter2 is a general purpose, single channel, 8-bit Timer/Counter module. The main
features are:
* Single Channel Counter

with PWM and  Clear Timer on Compare Match (Auto Reload)
Asynch ronous * Glitch-free, phase Correct Pulse Width Modulator (PWM)
. * Frequency Generator
Operation * 10-bit Clock Prescaler
* Overflow and Compare Match Interrupt Sources (TOV2 and OCF2)
* Allows Clocking from External 32kHz Watch Crystal Independent of the 1/O Clock
Overview A simplified block diagram of the 8-bit Timer/Counter is shown in Figure 45. For the actual place-
ment of 1/O pins, refer to “Pin Configurations” on page 2. CPU accessible 1/0 Registers,
including 1/O bits and I/O pins, are shown in bold. The device-specific I/O Register and bit loca-
tions are listed in the “8-bit Timer/Counter Register Description” on page 114.
Figure 45. 8-bit Timer/Counter Block Diagram
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Registers

Definitions

Timer/Counter
Clock Sources

The Timer/Counter (TCNT2) and Output Compare Register (OCR2) are 8-bit registers. Interrupt
request (shorten as Int.Req.) signals are all visible in the Timer Interrupt Flag Register (TIFR).
All interrupts are individually masked with the Timer Interrupt Mask Register (TIMSK). TIFR and
TIMSK are not shown in the figure since these registers are shared by other timer units.

The Timer/Counter can be clocked internally, via the prescaler, or asynchronously clocked from
the TOSC1/2 pins, as detailed later in this section. The asynchronous operation is controlled by
the Asynchronous Status Register (ASSR). The Clock Select logic block controls which clock
source the Timer/Counter uses to increment (or decrement) its value. The Timer/Counter is inac-
tive when no clock source is selected. The output from the clock select logic is referred to as the
timer clock (clky,).

The double buffered Output Compare Register (OCR2) is compared with the Timer/Counter
value at all times. The result of the compare can be used by the waveform generator to generate
a PWM or variable frequency output on the Output Compare Pin (OC2). For details, see “Output
Compare Unit” on page 105. The Compare Match event will also set the Compare Flag (OCF2)
which can be used to generate an Output Compare interrupt request.

Many register and bit references in this document are written in general form. A lower case “n”
replaces the Timer/Counter number, in this case 2. However, when using the register or bit
defines in a program, the precise form must be used (that is, TCNT2 for accessing
Timer/Counter2 counter value and so on).

The definitions in Table 41 are also used extensively throughout the document.

Table 41. Definitions

BOTTOM The counter reaches the BOTTOM when it becomes zero (0x00).

MAX The counter reaches its MAXimum when it becomes OxFF (decimal 255).

TOP The counter reaches the TOP when it becomes equal to the highest value in the
count sequence. The TOP value can be assigned to be the fixed value OXFF
(MAX) or the value stored in the OCR2 Register. The assignment is dependent
on the mode of operation.

The Timer/Counter can be clocked by an internal synchronous or an external asynchronous
clock source. The clock source clky, is by default equal to the MCU clock, clk,5. When the AS2
bit in the ASSR Register is written to logic one, the clock source is taken from the Timer/Counter
Oscillator connected to TOSC1 and TOSC2. For details on asynchronous operation, see “Asyn-
chronous Status Register — ASSR” on page 117. For details on clock sources and prescaler, see
“Timer/Counter Prescaler” on page 120.
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Counter Unit The main part of the 8-bit Timer/Counter is the programmable bi-directional counter unit. Figure
46 shows a block diagram of the counter and its surrounding environment.

Figure 46. Counter Unit Block Diagram
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Signal description (internal signals):

clko

count Increment or decrement TCNT2 by 1

direction Selects between increment and decrement

clear Clear TCNT2 (set all bits to zero)
clk, Timer/Counter clock
TOP Signalizes that TCNT2 has reached maximum value

BOTTOM Signalizes that TCNT2 has reached minimum value (zero)

Depending on the mode of operation used, the counter is cleared, incremented, or decremented
at each timer clock (clky,). clkr, can be generated from an external or internal clock source,
selected by the clock select bits (CS22:0). When no clock source is selected (CS22:0 = 0) the
timer is stopped. However, the TCNT2 value can be accessed by the CPU, regardless of
whether clky, is present or not. A CPU write overrides (has priority over) all counter clear or
count operations.

The counting sequence is determined by the setting of the WGM21 and WGM20 bits located in
the Timer/Counter Control Register (TCCR2). There are close connections between how the
counter behaves (counts) and how waveforms are generated on the Output Compare Output
OC2. For more details about advanced counting sequences and waveform generation, see
“Modes of Operation” on page 108.

The Timer/Counter Overflow (TOV2) Flag is set according to the mode of operation selected by
the WGM21.:0 bits. TOV2 can be used for generating a CPU interrupt.
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Output Compare The 8-bit comparator continuously compares TCNT2 with the Output Compare Register

Unit (OCR2). Whenever TCNT2 equals OCR2, the comparator signals a match. A match will set the
Output Compare Flag (OCF2) at the next timer clock cycle. If enabled (OCIE2 = 1), the Output
Compare Flag generates an Output Compare interrupt. The OCF2 Flag is automatically cleared
when the interrupt is executed. Alternatively, the OCF2 Flag can be cleared by software by writ-
ing a logical one to its I/O bit location. The waveform generator uses the match signal to
generate an output according to operating mode set by the WGM21.:0 bits and Compare Output
mode (COM21.:0) bits. The max and bottom signals are used by the waveform generator for han-
dling the special cases of the extreme values in some modes of operation (see “Modes of
Operation” on page 108).

Figure 47 shows a block diagram of the Output Compare unit.

Figure 47. Output Compare Unit, Block Diagram
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The OCR2 Register is double buffered when using any of the Pulse Width Modulation (PWM)
modes. For the normal and Clear Timer on Compare (CTC) modes of operation, the double buff-
ering is disabled. The double buffering synchronizes the update of the OCR2 Compare Register
to either top or bottom of the counting sequence. The synchronization prevents the occurrence
of odd-length, non-symmetrical PWM pulses, thereby making the output glitch-free.

The OCR2 Register access may seem complex, but this is not case. When the double buffering
is enabled, the CPU has access to the OCR2 Buffer Register, and if double buffering is disabled
the CPU will access the OCR2 directly.
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Force Output
Compare

Compare Match
Blocking by TCNT2
Write

Using the Output
Compare Unit

In non-PWM Waveform Generation modes, the match output of the comparator can be forced by
writing a one to the Force Output Compare (FOC2) bit. Forcing Compare Match will not set the
OCF2 Flag or reload/clear the timer, but the OC2 pin will be updated as if a real Compare Match
had occurred (the COM21.:0 bits settings define whether the OC2 pin is set, cleared or toggled).

All CPU write operations to the TCNT2 Register will block any Compare Match that occurs in the
next timer clock cycle, even when the timer is stopped. This feature allows OCR2 to be initialized
to the same value as TCNT2 without triggering an interrupt when the Timer/Counter clock is
enabled.

Since writing TCNTZ2 in any mode of operation will block all compare matches for one timer clock
cycle, there are risks involved when changing TCNT2 when using the Output Compare channel,
independently of whether the Timer/Counter is running or not. If the value written to TCNT2
equals the OCR2 value, the Compare Match will be missed, resulting in incorrect waveform gen-
eration. Similarly, do not write the TCNT2 value equal to BOTTOM when the counter is
downcounting.

The setup of the OC2 should be performed before setting the Data Direction Register for the port
pin to output. The easiest way of setting the OC2 value is to use the Force Output Compare
(FOC2) strobe bit in Normal mode. The OC2 Register keeps its value even when changing
between waveform generation modes.

Be aware that the COM21:0 bits are not double buffered together with the compare value.
Changing the COM21.:0 bits will take effect immediately.
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Compare Match
Output Unit

The Compare Output mode (COM21:0) bits have two functions. The waveform generator uses
the COM21:0 bits for defining the Output Compare (OC?2) state at the next Compare Match.
Also, the COM21.:0 bits control the OC2 pin output source. Figure 48 shows a simplified sche-
matic of the logic affected by the COM21.:0 bit setting. The 1/0 Registers, I/O bits, and I/O pins in
the figure are shown in bold. Only the parts of the general I/O Port Control Registers (DDR and
PORT) that are affected by the COM21:0 bits are shown. When referring to the OC2 state, the
reference is for the internal OC2 Register, not the OC2 pin.

Figure 48. Compare Match Output Unit, Schematic
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The general 1/O port function is overridden by the Output Compare (OC2) from the waveform
generator if either of the COM21:0 bits are set. However, the OC2 pin direction (input or output)
is still controlled by the Data Direction Register (DDR) for the port pin. The Data Direction Regis-
ter bit for the OC2 pin (DDR_OC2) must be set as output before the OC2 value is visible on the
pin. The port override function is independent of the Waveform Generation mode.

The design of the Output Compare Pin logic allows initialization of the OC2 state before the out-
put is enabled. Note that some COM21:0 bit settings are reserved for certain modes of
operation. See “8-bit Timer/Counter Register Description” on page 114.
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Compare Output Mode The Waveform Generator uses the COM21:0 bits differently in normal, CTC, and PWM modes.

and Waveform
Generation

Modes of
Operation

Normal Mode

For all modes, setting the COM21:0 = 0 tells the waveform generator that no action on the OC2
Register is to be performed on the next Compare Match. For compare output actions in the non-
PWM modes refer to Table 43 on page 115. For fast PWM mode, refer to Table 44 on page 115,
and for phase correct PWM refer to Table 45 on page 116.

A change of the COM21.:0 bits state will have effect at the first Compare Match after the bits are
written. For non-PWM modes, the action can be forced to have immediate effect by using the
FOC2 strobe bits.

The mode of operation (that is, the behavior of the Timer/Counter and the Output Compare pins)
is defined by the combination of the Waveform Generation mode (WGM21:0) and Compare Out-
put mode (COM21:0) bits. The Compare Output mode bits do not affect the counting sequence,
while the Waveform Generation mode bits do. The COM21.:0 bits control whether the PWM out-
put generated should be inverted or not (inverted or non-inverted PWM). For non-PWM modes
the COM21.:0 bits control whether the output should be set, cleared, or toggled at a Compare
Match (see “Compare Match Output Unit” on page 107).

For detailed timing information refer to “Timer/Counter Timing Diagrams” on page 112.

The simplest mode of operation is the Normal mode (WGM21:0 = 0). In this mode the counting
direction is always up (incrementing), and no counter clear is performed. The counter simply
overruns when it passes its maximum 8-bit value (TOP = 0xFF) and then restarts from the bot-
tom (0x00). In normal operation the Timer/Counter Overflow Flag (TOV2) will be set in the same
timer clock cycle as the TCNT2 becomes zero. The TOV2 Flag in this case behaves like a ninth
bit, except that it is only set, not cleared. However, combined with the timer overflow interrupt
that automatically clears the TOV2 Flag, the timer resolution can be increased by software.
There are no special cases to consider in the Normal mode, a new counter value can be written
anytime.

The Output Compare unit can be used to generate interrupts at some given time. Using the Out-
put Compare to generate waveforms in Normal mode is not recommended, since this will
occupy too much of the CPU time.
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Clear Timer on
Compare Match (CTC)
Mode

In Clear Timer on Compare or CTC mode (WGM21:0 = 2), the OCR2 Register is used to manip-
ulate the counter resolution. In CTC mode the counter is cleared to zero when the counter value
(TCNT2) matches the OCR2. The OCR2 defines the top value for the counter, hence also its
resolution. This mode allows greater control of the Compare Match output frequency. It also sim-
plifies the operation of counting external events.

The timing diagram for the CTC mode is shown in Figure 49. The counter value (TCNT2)
increases until a Compare Match occurs between TCNT2 and OCR2, and then counter (TCNT2)
is cleared.

Figure 49. CTC Mode, Timing Diagram

OCn Interrupt Flag Set

TCNTn

OCn !
(Toggle)

Period e fea

An interrupt can be generated each time the counter value reaches the TOP value by using the
OCF2 Flag. If the interrupt is enabled, the interrupt handler routine can be used for updating the
TOP value. However, changing the TOP to a value close to BOTTOM when the counter is run-
ning with none or a low prescaler value must be done with care since the CTC mode does not
have the double buffering feature. If the new value written to OCR2 is lower than the current
value of TCNT2, the counter will miss the Compare Match. The counter will then have to count to
its maximum value (OXFF) and wrap around starting at 0x00 before the Compare Match can
occur.

(COMN1:0 = 1)

For generating a waveform output in CTC mode, the OC2 output can be set to toggle its logical
level on each Compare Match by setting the Compare Output mode bits to toggle mode
(COM21:0 = 1). The OC2 value will not be visible on the port pin unless the data direction for the
pin is set to output. The waveform generated will have a maximum frequency of foco = oy 110/2
when OCR?2 is set to zero (0x00). The waveform frequency is defined by the following equation:

£ _ fei 1o
OCn = 2.N.(1+OCRn)

The N variable represents the prescale factor (1, 8, 32, 64, 128, 256, or 1024).

As for the Normal mode of operation, the TOV2 Flag is set in the same timer clock cycle that the
counter counts from MAX to 0x00.
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Fast PWM Mode The fast Pulse Width Modulation or fast PWM mode (WGM21:0 = 3) provides a high frequency
PWM waveform generation option. The fast PWM differs from the other PWM option by its sin-
gle-slope operation. The counter counts from BOTTOM to MAX then restarts from BOTTOM. In
non-inverting Compare Output mode, the Output Compare (OC2) is cleared on the Compare
Match between TCNT2 and OCR2, and set at BOTTOM. In inverting Compare Output mode, the
output is set on Compare Match and cleared at BOTTOM. Due to the single-slope operation, the
operating frequency of the fast PWM mode can be twice as high as the phase correct PWM
mode that uses dual-slope operation. This high frequency makes the fast PWM mode well suited
for power regulation, rectification, and DAC applications. High frequency allows physically small
sized external components (coils, capacitors), and therefore reduces total system cost.

In fast PWM mode, the counter is incremented until the counter value matches the MAX value.
The counter is then cleared at the following timer clock cycle. The timing diagram for the fast
PWM mode is shown in Figure 50. The TCNT2 value is in the timing diagram shown as a histo-
gram for illustrating the single-slope operation. The diagram includes non-inverted and inverted
PWM outputs. The small horizontal line marks on the TCNT2 slopes represent compare
matches between OCR2 and TCNT2.

Figure 50. Fast PWM Mode, Timing Diagram
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The Timer/Counter Overflow Flag (TOV2) is set each time the counter reaches MAX. If the inter-
rupt is enabled, the interrupt handler routine can be used for updating the compare value.

In fast PWM mode, the compare unit allows generation of PWM waveforms on the OC2 pin. Set-
ting the COM21.:0 bits to 2 will produce a non-inverted PWM and an inverted PWM output can
be generated by setting the COM21:0 to 3 (see Table 44 on page 115). The actual OC2 value
will only be visible on the port pin if the data direction for the port pin is set as output. The PWM
waveform is generated by setting (or clearing) the OC2 Register at the Compare Match between
OCR2 and TCNTZ2, and clearing (or setting) the OC2 Register at the timer clock cycle the coun-
ter is cleared (changes from MAX to BOTTOM).

The PWM frequency for the output can be calculated by the following equation:
f
_ _ck /O

fOCnPWM - N - 256

The N variable represents the prescale factor (1, 8, 32, 64, 128, 256, or 1024).
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Phase Correct PWM
Mode

The extreme values for the OCR2 Register represent special cases when generating a PWM
waveform output in the fast PWM mode. If the OCR2 is set equal to BOTTOM, the output will be
a narrow spike for each MAX+1 timer clock cycle. Setting the OCR2 equal to MAX will result in a
constantly high or low output (depending on the polarity of the output set by the COM21.:0 bits.)

A frequency (with 50% duty cycle) waveform output in fast PWM mode can be achieved by set-
ting OC2 to toggle its logical level on each Compare Match (COM21:0 = 1). The waveform
generated will have a maximum frequency of f,., = fy, ,0/2 when OCR2 is set to zero. This fea-
ture is similar to the OC2 toggle in CTC mode, except the double buffer feature of the Output
Compare unit is enabled in the fast PWM mode.

The phase correct PWM mode (WGM21:0 = 1) provides a high resolution phase correct PWM
waveform generation option. The phase correct PWM mode is based on a dual-slope operation.
The counter counts repeatedly from BOTTOM to MAX and then from MAX to BOTTOM. In non-
inverting Compare Output mode, the Output Compare (OC2) is cleared on the Compare Match
between TCNT2 and OCR2 while upcounting, and set on the Compare Match while downcount-
ing. In inverting Output Compare mode, the operation is inverted. The dual-slope operation has
lower maximum operation frequency than single slope operation. However, due to the symmet-
ric feature of the dual-slope PWM modes, these modes are preferred for motor control
applications.

The PWM resolution for the phase correct PWM mode is fixed to eight bits. In phase correct
PWM mode the counter is incremented until the counter value matches MAX. When the counter
reaches MAX, it changes the count direction. The TCNT2 value will be equal to MAX for one
timer clock cycle. The timing diagram for the phase correct PWM mode is shown on Figure 51.
The TCNT2 value is in the timing diagram shown as a histogram for illustrating the dual-slope
operation. The diagram includes non-inverted and inverted PWM outputs. The small horizontal
line marks on the TCNT2 slopes represent compare matches between OCR2 and TCNT2.

Figure 51. Phase Correct PWM Mode, Timing Diagram
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Timer/Counter
Timing Diagrams

The Timer/Counter Overflow Flag (TOV2) is set each time the counter reaches BOTTOM. The
Interrupt Flag can be used to generate an interrupt each time the counter reaches the BOTTOM
value.

In phase correct PWM mode, the compare unit allows generation of PWM waveforms on the
OC2 pin. Setting the COM21.:0 bits to 2 will produce a non-inverted PWM. An inverted PWM out-
put can be generated by setting the COM21:0 to 3 (see Table 45 on page 116). The actual OC2
value will only be visible on the port pin if the data direction for the port pin is set as output. The
PWM waveform is generated by clearing (or setting) the OC2 Register at the Compare Match
between OCR2 and TCNT2 when the counter increments, and setting (or clearing) the OC2
Register at Compare Match between OCR2 and TCNT2 when the counter decrements. The
PWM frequency for the output when using phase correct PWM can be calculated by the follow-
ing equation:

— fCIk 1/0

fOCﬂPCPWM - N -510

The N variable represents the prescale factor (1, 8, 32, 64, 128, 256, or 1024).

The extreme values for the OCR2 Register represent special cases when generating a PWM
waveform output in the phase correct PWM mode. If the OCR2 is set equal to BOTTOM, the out-
put will be continuously low and if set equal to MAX the output will be continuously high for non-
inverted PWM mode. For inverted PWM the output will have the opposite logic values.

At the very start of period 2 in Figure 51 on page 111 OCn has a transition from high to low even
though there is no Compare Match. The point of this transition is to guarantee symmetry around
BOTTOM. There are two cases that give a transition without Compare Match:

e« OCRZ2A changes its value from MAX, like in Figure 51 on page 111. When the OCR2A value
is MAX the OCn pin value is the same as the result of a down-counting Compare Match. To
ensure symmetry around BOTTOM the OCn value at MAX must correspond to the result of
an up-counting Compare Match

e The timer starts counting from a value higher than the one in OCR2A, and for that reason
misses the Compare Match and hence the OCn change that would have happened on the
way up

The following figures show the Timer/Counter in Synchronous mode, and the timer clock (clk,)
is therefore shown as a clock enable signal. In Asynchronous mode, clk;,; should be replaced by
the Timer/Counter Oscillator clock. The figures include information on when Interrupt Flags are
set. Figure 52 contains timing data for basic Timer/Counter operation. The figure shows the
count sequence close to the MAX value in all modes other than phase correct PWM mode.

Figure 52. Timer/Counter Timing Diagram, no Prescaling
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Figure 53 shows the same timing data, but with the prescaler enabled.

Figure 53. Timer/Counter Timing Diagram, with Prescaler (f ,,0/8)
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Figure 54 shows the setting of OCF2 in all modes except CTC mode.

Figure 54. Timer/Counter Timing Diagram, Setting of OCF2, with Prescaler (f ,0/8)
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Figure 55 shows the setting of OCF2 and the clearing of TCNT2 in CTC mode.

Figure 55. Timer/Counter Timing Diagram, Clear Timer on Compare Match Mode, with Pres-
caler (fox_yo/8)
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s T g T

TCNTn |
TOP -1 TOP BOTTOM BOTTOM + 1

(CTC) |

OCRnN TOP

OCFn
Bit 7 6 5 4 3 2 1 0

| FOC2 WGM20 | com21 | coM20 | wGM21 CSs22 cs21 CS20 | TCCR2

Read/Write W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 - FOC2: Force Output Compare

The FOC2 bit is only active when the WGM bits specify a non-PWM mode. However, for ensur-
ing compatibility with future devices, this bit must be set to zero when TCCR2 is written when
operating in PWM mode. When writing a logical one to the FOC2 bit, an immediate Compare
Match is forced on the waveform generation unit. The OC2 output is changed according to its
COM21:0 bits setting. Note that the FOC2 bit is implemented as a strobe. Therefore it is the
value present in the COM21.:0 bits that determines the effect of the forced compare.

A FOC2 strobe will not generate any interrupt, nor will it clear the timer in CTC mode using
OCR2 as TOP.

The FOC2 bit is always read as zero.
e Bit 6:3 - WGM21:0: Waveform Generation Mode

These bits control the counting sequence of the counter, the source for the maximum (TOP)
counter value, and what type of waveform generation to be used. Modes of operation supported
by the Timer/Counter unit are: Normal mode, Clear Timer on Compare Match (CTC) mode, and
two types of Pulse Width Modulation (PWM) modes. See Table 42 on page 115 and “Modes of
Operation” on page 108.
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Table 42. Waveform Generation Mode Bit Description
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WGM21 | WGM20 | Timer/Counter Mode Update of | TOV2 Flag
Mode | (CTC2) | (PWM2) | of Operation¥ TOP OCR2 Set
0 0 0 Normal OXFF Immediate | MAX
1 0 1 PWM, Phase Correct OxFF TOP BOTTOM
2 1 0 CTC OCR2 | Immediate | MAX
g 1 1 Fast PWM OxFF BOTTOM MAX
Note: 1. The CTC2 and PWM2 bit definition names are now obsolete. Use the WGM21:0 definitions.

However, the functionality and location of these bits are compatible with previous versions of
the timer

e Bit 5:4 — COM21:0: Compare Match Output Mode

These bits control the Output Compare Pin (OC2) behavior. If one or both of the COM21.:0 bits
are set, the OC2 output overrides the normal port functionality of the I/O pin it is connected to.
However, note that the Data Direction Register (DDR) bit corresponding to OC2 pin must be set
in order to enable the output driver.

When OC2 is connected to the pin, the function of the COM21.:0 bits depends on the WGM21:0
bit setting.

Table 43 shows the COM21.:0 bit functionality when the WGM21:0 bits are set to a normal or
CTC mode (hon-PWM).

Table 43. Compare Output Mode, Non-PWM Mode

COomM21 COM20 Description
0 0 Normal port operation, OC2 disconnected
0 1 Toggle OC2 on Compare Match
1 0 Clear OC2 on Compare Match
1 1 Set OC2 on Compare Match

Table 44 shows the COM21:0 bit functionality when the WGM21:0 bits are set to fast PWM

mode.
Table 44. Compare Output Mode, Fast PWM Mode®
COM21 COM20 Description
0 0 Normal port operation, OC2 disconnected
0 1 Reserved
1 0 Clear OC2 on Compare Match, set OC2 at BOTTOM,
(non-inverting mode)
1 1 Set OC2 on Compare Match, clear OC2 at BOTTOM,
(inverting mode)
Note: 1. A special case occurs when OCR2 equals TOP and COM21 is set. In this case, the Compare

Match is ignored, but the set or clear is done at BOTTOM. See “Fast PWM Mode” on page 110
for more details
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Table 45 shows the COM21.:0 bit functionality when the WGM21.:0 bits are set to phase correct
PWM mode.

Table 45. Compare Output Mode, Phase Correct PWM Mode®™
COM21 | COM20 | Description

0 0 Normal port operation, OC2 disconnected

0 1 Reserved

Clear OC2 on Compare Match when up-counting. Set OC2 on Compare

! L Match when downcounting

Set OC2 on Compare Match when up-counting. Clear OC2 on Compare

! ! Match when downcounting

Note: 1. A special case occurs when OCR2 equals TOP and COM21 is set. In this case, the Compare
Match is ignored, but the set or clear is done at TOP. See “Phase Correct PWM Mode” on page
111 for more details

e Bit 2:0 - CS22:0: Clock Select

The three clock select bits select the clock source to be used by the Timer/Counter, see Table

46.
Table 46. Clock Select Bit Description
CS22 Cs21 CS20 Description
0 0 0 No clock source (Timer/Counter stopped)
0 0 1 clkr,5/(No prescaling)
0 1 0 clky,5/8 (From prescaler)
0 1 1 clky,5/32 (From prescaler)
1 0 0 clky,5/64 (From prescaler)
1 0 1 clk,5/128 (From prescaler)
1 1 0 clky,5/256 (From prescaler)
il 1 1 clky,5/1024 (From prescaler)
Timer/Counter ‘
Register — TCNT2 A v 2 2 & < 2 a g
| TCNT2[7:0] | Tent2
Read/Write RIW RIW RIW R/W R/W R/W RIW R/W
Initial Value 0 0 0 0 0 0 0 0

The Timer/Counter Register gives direct access, both for read and write operations, to the
Timer/Counter unit 8-bit counter. Writing to the TCNT2 Register blocks (removes) the Compare
Match on the following timer clock. Modifying the counter (TCNT2) while the counter is running,
introduces a risk of missing a Compare Match between TCNT2 and the OCR2 Register.

Output Compare

Register — OCR2 Bit 7 6 5 4 3 2 1 0
| OCR2[7:0] | ocr2
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

The Output Compare Register contains an 8-bit value that is continuously compared with the
counter value (TCNT2). A match can be used to generate an Output Compare interrupt, or to
generate a waveform output on the OC2 pin.
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Asynchronous
Operation of the
Timer/Counter

Asynchronous Status
Register — ASSR

Asynchronous
Operation of
Timer/Counter2

Bit 7 6 5 4 3 2 1 0

| = = = = AS2 TCN2UB | OCR2UB | TCR2UB | ASSR
Read/Write R R R R R/W R R R
Initial Value 0 0 0 0 0 0 0 0

e Bit 3—AS2: Asynchronous Timer/Counter2

When AS2 is written to zero, Timer/Counter 2 is clocked from the 1/O clock, clk,o. When AS2 is
written to one, Timer/Counter 2 is clocked from a crystal Oscillator connected to the Timer Oscil-
lator 1 (TOSC1) pin. When the value of AS2 is changed, the contents of TCNT2, OCR2, and
TCCR2 might be corrupted.

e Bit 2-TCN2UB: Timer/Counter2 Update Busy
When Timer/Counter2 operates asynchronously and TCNT2 is written, this bit becomes set.

When TCNT2 has been updated from the temporary storage register, this bit is cleared by hard-
ware. A logical zero in this bit indicates that TCNT2 is ready to be updated with a new value.

e Bit 1 — OCR2UB: Output Compare Register2 Update Busy
When Timer/Counter2 operates asynchronously and OCR2 is written, this bit becomes set.

When OCR2 has been updated from the temporary storage register, this bit is cleared by hard-
ware. A logical zero in this bit indicates that OCR2 is ready to be updated with a new value.

e Bit 0 — TCR2UB: Timer/Counter Control Register2 Update Busy
When Timer/Counter2 operates asynchronously and TCCR2 is written, this bit becomes set.

When TCCR2 has been updated from the temporary storage register, this bit is cleared by hard-
ware. A logical zero in this bit indicates that TCCR?2 is ready to be updated with a new value.

If a write is performed to any of the three Timer/Counter2 Registers while its update busy flag is
set, the updated value might get corrupted and cause an unintentional interrupt to occur.

The mechanisms for reading TCNT2, OCR2, and TCCR2 are different. When reading TCNT2,
the actual timer value is read. When reading OCR2 or TCCRZ2, the value in the temporary stor-
age register is read.

When Timer/Counter2 operates asynchronously, some considerations must be taken.

e Warning: When switching between asynchronous and synchronous clocking of
Timer/Counter2, the Timer Registers TCNT2, OCR2, and TCCR2 might be corrupted. A
safe procedure for switching clock source is:

Disable the Timer/Counter2 interrupts by clearing OCIE2 and TOIE2

Select clock source by setting AS2 as appropriate

Write new values to TCNT2, OCR2, and TCCR2

To switch to asynchronous operation: Wait for TCN2UB, OCR2UB, and TCR2UB
Clear the Timer/Counter2 Interrupt Flags

Enable interrupts, if needed

e The Oscillator is optimized for use with a 32.768kHz watch crystal. Applying an external
clock to the TOSC1 pin may result in incorrect Timer/Counter2 operation. The CPU main
clock frequency must be more than four times the Oscillator frequency

¢ When writing to one of the registers TCNT2, OCR2, or TCCR2, the value is transferred to a
temporary register, and latched after two positive edges on TOSC1. The user should not

o2 O o5 09 [=
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write a new value before the contents of the temporary register have been transferred to its
destination. Each of the three mentioned registers have their individual temporary register,
which means that, for example, writing to TCNT2 does not disturb an OCR2 write in
progress. To detect that a transfer to the destination register has taken place, the
Asynchronous Status Register — ASSR has been implemented

*  When entering Power-save mode after having written to TCNT2, OCR2, or TCCR2, the user
must wait until the written register has been updated if Timer/Counter2 is used to wake up
the device. Otherwise, the MCU will enter sleep mode before the changes are effective. This
is particularly important if the Output Compare2 interrupt is used to wake up the device,
since the Output Compare function is disabled during writing to OCR2 or TCNT2. If the write
cycle is not finished, and the MCU enters sleep mode before the OCR2UB bit returns to
zero, the device will never receive a Compare Match interrupt, and the MCU will not wake up

e If Timer/Counter2 is used to wake the device up from Power-save mode, precautions must
be taken if the user wants to re-enter one of these modes: The interrupt logic needs one
TOSC1 cycle to be reset. If the time between wake-up and re-entering sleep mode is less
than one TOSC1 cycle, the interrupt will not occur, and the device will fail to wake up. If the
user is in doubt whether the time before re-entering Power-save or Extended Standby mode
is sufficient, the following algorithm can be used to ensure that one TOSC1 cycle has
elapsed:

1. Write a value to TCCR2, TCNT2, or OCR2
2. Wait until the corresponding Update Busy Flag in ASSR returns to zero
3. Enter Power-save or Extended Standby mode

e When the asynchronous operation is selected, the 32.768kHZ Oscillator for Timer/Counter2
is always running, except in Power-down and Standby modes. After a Power-up Reset or
Wake-up from Power-down or Standby mode, the user should be aware of the fact that this
Oscillator might take as long as one second to stabilize. The user is advised to wait for at
least one second before using Timer/Counter2 after Power-up or Wake-up from Power-down
or Standby mode. The contents of all Timer/Counter2 Registers must be considered lost
after a wake-up from Power-down or Standby mode due to unstable clock signal upon start-
up, no matter whether the Oscillator is in use or a clock signal is applied to the TOSC1 pin

e Description of wake up from Power-save or Extended Standby mode when the timer is
clocked asynchronously: When the interrupt condition is met, the wake up process is started
on the following cycle of the timer clock, that is, the timer is always advanced by at least one
before the processor can read the counter value. After wake-up, the MCU is halted for four
cycles, it executes the interrupt routine, and resumes execution from the instruction
following SLEEP

* Reading of the TCNT2 Register shortly after wake-up from Power-save may give an
incorrect result. Since TCNT2 is clocked on the asynchronous TOSC clock, reading TCNT2
must be done through a register synchronized to the internal 1/O clock domain.
Synchronization takes place for every rising TOSC1 edge. When waking up from Power-
save mode, and the 1/O clock (clk;) again becomes active, TCNT2 will read as the previous
value (before entering sleep) until the next rising TOSC1 edge. The phase of the TOSC
clock after waking up from Power-save mode is essentially unpredictable, as it depends on
the wake-up time. The recommended procedure for reading TCNT2 is thus as follows:

1. Write any value to either of the registers OCR2 or TCCR2
2. Wait for the corresponding Update Busy Flag to be cleared
3. Read TCNT2
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e During asynchronous operation, the synchronization of the Interrupt Flags for the
asynchronous timer takes three processor cycles plus one timer cycle. The timer is therefore
advanced by at least one before the processor can read the timer value causing the setting
of the Interrupt Flag. The Output Compare Pin is changed on the timer clock and is not
synchronized to the processor clock

Timer/Counter

Interrupt Mask Bit 7 i 5 4 3 2 1 0

Register _ TIMSK I OCIE2 TOIE2 TICIEL OCIE1A OCIE1B TOIE1 — TOIEO I TIMSK
Read/Write RIW RIW RIW RIW RIW RIW R RIW
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 - OCIE2: Timer/Counter2 Output Compare Match Interrupt Enable

When the OCIE2 bit is written to one and the I-bit in the Status Register is set (one), the
Timer/Counter2 Compare Match interrupt is enabled. The corresponding interrupt is executed if
a Compare Match in Timer/Counter2 occurs (that is, when the OCF2 bit is set in the
Timer/Counter Interrupt Flag Register — TIFR).

* Bit 6 — TOIE2: Timer/Counter2 Overflow Interrupt Enable
When the TOIE2 bit is written to one and the I-bit in the Status Register is set (one), the
Timer/Counter2 Overflow interrupt is enabled. The corresponding interrupt is executed if an

overflow in Timer/Counter2 occurs (that is, when the TOV2 bit is set in the Timer/Counter Inter-
rupt Flag Register — TIFR).

Timer/Counter

Interrupt Flag Register g 7 6 5 4 3 2 1 0

- TIFR I OCF2 TOV2 ICF1 OCF1A OCF1B TOV1 - TOVO I TIFR
Read/Write R/W R/W R/W R/W R/W R/W R R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 — OCF2: Output Compare Flag 2

The OCF2 bit is set (one) when a Compare Match occurs between the Timer/Counter2 and the
data in OCR2 — Output Compare Register2. OCF2 is cleared by hardware when executing the
corresponding interrupt Handling Vector. Alternatively, OCF2 is cleared by writing a logic one to
the flag. When the I-bit in SREG, OCIE2 (Timer/Counter2 Compare Match Interrupt Enable), and
OCF2 are set (one), the Timer/Counter2 Compare Match Interrupt is executed.

e Bit 6 — TOV2: Timer/Counter2 Overflow Flag

The TOV2 bit is set (one) when an overflow occurs in Timer/Counter2. TOV2 is cleared by hard-
ware when executing the corresponding interrupt Handling Vector. Alternatively, TOV2 is
cleared by writing a logic one to the flag. When the SREG I-bit, TOIE2 (Timer/Counter2 Overflow
Interrupt Enable), and TOV2 are set (one), the Timer/Counter2 Overflow interrupt is executed. In
PWM mode, this bit is set when Timer/Counter2 changes counting direction at 0x00.
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Timer/Counter Figure 56. Prescaler for Timer/Counter2
Prescaler
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The clock source for Timer/Counter2 is named clkr,s. Clkr,g iS by default connected to the main
system |/O clock clk,,o. By setting the AS2 bit in ASSR, Timer/Counter2 is asynchronously
clocked from the TOSC1 pin. This enables use of Timer/Counter2 as a Real Time Counter
(RTC). When AS2 is set, pins TOSC1 and TOSC2 are disconnected from Port B. A crystal can
then be connected between the TOSC1 and TOSC2 pins to serve as an independent clock
source for Timer/Counter2. The Oscillator is optimized for use with a 32.768kHz crystal. Apply-
ing an external clock source to TOSCL1 is hot recommended.

For Timer/Counter2, the possible prescaled selections are: clky,5/8, clky,5/32, clky,5/64,
clk1,5/128, clk,5/256, and clk;,5/1024. Additionally, clk,g as well as 0 (stop) may be selected.
Setting the PSR2 bit in SFIOR resets the prescaler. This allows the user to operate with a pre-
dictable prescaler.

Special Function 10

Register — SFIOR Bl q g D 4 3 2 1 ©
| = = = = ACME PUD PSR2 | PSR10 | SFIOR
Read/Write R R R R R/W R/W RIW R/W
Initial Value 0 0 0 0 0 0 0 0

* Bit 1 - PSR2: Prescaler Reset Timer/Counter2

When this bit is written to one, the Timer/Counter2 prescaler will be reset. The bit will be cleared
by hardware after the operation is performed. Writing a zero to this bit will have no effect. This bit
will always be read as zero if Timer/Counter2 is clocked by the internal CPU clock. If this bit is
written when Timer/Counter2 is operating in Asynchronous mode, the bit will remain one until
the prescaler has been reset.

| AtmeL 120

2486AA-AVR-02/2013



I A\ T ega8(L)

Serial The Serial Peripheral Interface (SPI) allows high-speed synchronous data transfer between the
Peri pheral ATmega8 and peripheral devices or between several AVR devices. The ATmega8 SPI includes
the following features:
Interface — SPI e Full-duplex, Three-wire Synchronous Data Transfer
* Master or Slave Operation
* LSB First or MSB First Data Transfer
* Seven Programmable Bit Rates
* End of Transmission Interrupt Flag
* Write Collision Flag Protection
* Wake-up from Idle Mode
* Double Speed (CK/2) Master SPI Mode

Figure 57. SPI Block Diagram®
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Note: 1. Refer to “Pin Configurations” on page 2, and Table 22 on page 58 for SPI pin placement

The interconnection between Master and Slave CPUs with SPI is shown in Figure 58 on page
122. The system consists of two Shift Registers, and a Master clock generator. The SPI Master
initiates the communication cycle when pulling low the Slave Select SS pin of the desired Slave.
Master and Slave prepare the data to be sent in their respective Shift Registers, and the Master
generates the required clock pulses on the SCK line to interchange data. Data is always shifted
from Master to Slave on the Master Out — Slave In, MOSI, line, and from Slave to Master on the
Master In — Slave Out, MISO, line. After each data packet, the Master will synchronize the Slave
by pulling high the Slave Select, SS, line.

When configured as a Master, the SPI interface has no automatic control of the SS line. This
must be handled by user software before communication can start. When this is done, writing a
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byte to the SPI Data Register starts the SPI clock generator, and the hardware shifts the eight
bits into the Slave. After shifting one byte, the SPI clock generator stops, setting the end of
Transmission Flag (SPIF). If the SPI interrupt enable bit (SPIE) in the SPCR Register is set, an
interrupt is requested. The Master may continue to shift the next byte by writing it into SPDR, or
signal the end of packet by pulling high the Slave Select, SS line. The last incoming byte will be
kept in the Buffer Register for later use.

When configured as a Slave, the SPI interface will remain sleeping with MISO tri-stated as long
as the SS pin is driven high. In this state, software may update the contents of the SPI Data
Register, SPDR, but the data will not be shifted out by incoming clock pulses on the SCK pin
until the SS pin is driven low. As one byte has been completely shifted, the end of Transmission
Flag, SPIF is set. If the SPI interrupt enable bit, SPIE, in the SPCR Register is set, an interrupt is
requested. The Slave may continue to place new data to be sent into SPDR before reading the
incoming data. The last incoming byte will be kept in the Buffer Register for later use.

Figure 58. SPI Master-Slave Interconnection
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I MISO  MISO;
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A | 1 A
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SHIFT
| | ENABLE
SPI | SCK SCK!

The system is single buffered in the transmit direction and double buffered in the receive direc-
tion. This means that bytes to be transmitted cannot be written to the SPI Data Register before
the entire shift cycle is completed. When receiving data, however, a received character must be
read from the SPI Data Register before the next character has been completely shifted in. Oth-
erwise, the first byte is lost.

In SPI Slave mode, the control logic will sample the incoming signal of the SCK pin. To ensure
correct sampling of the clock signal, the minimum low and high periods should be:

Low period: longer than 2 CPU clock cycles
High period: longer than 2 CPU clock cycles

When the SPI is enabled, the data direction of the MOSI, MISO, SCK, and SS pins is overridden
according to Table 47. For more details on automatic port overrides, refer to “Alternate Port
Functions” on page 56.

Table 47. SPI Pin Overrides®

Pin Direction, Master SPI Direction, Slave SPI
MOSI User Defined Input
MISO Input User Defined

SCK User Defined Input

Ss User Defined Input

Note: 1. See “Port B Pins Alternate Functions” on page 58 for a detailed description of how to define
the direction of the user defined SPI pins
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The following code examples show how to initialize the SPI as a Master and how to perform a
simple transmission. DDR_SPI in the examples must be replaced by the actual Data Direction
Register controlling the SPI pins. DD_MOSI, DD_MISO and DD_SCK must be replaced by the
actual data direction bits for these pins. For example if MOSI is placed on pin PB5, replace
DD_MOSI with DDB5 and DDR_SPI with DDRB.

Assembly Code Example®

SPI _Masterlnit:
; Set MOSI and SCK output, all others input
Idi rl17, (1<<DD_MOSI) | (1<<DD_SCK)
out DDR SPI,rl17
; Enable SPI, Master, set clock rate fck/16
Idi rl17, (1<<SPE)| (1<<M5TR) | ( 1<<SPRO)
out SPCR r17
ret

SPI _MasterTransmt:
; Start transmi ssion of data (r16)
out SPDR r16

VWait Transmt:
; Wait for transmi ssion conplete
shi s SPSR, SPI F
rinp Wait_Transmt
ret

C Code Example®™

void SPI _Masterlnit(void)

{
/* Set MOSI and SCK output, all others input */
DDR _SPI = (1<<DD_MOSI) | (1<<DD_SCK);
/* Enable SPI, Master, set clock rate fck/16 */
SPCR = (1<<SPE) | (1<<MSTR) | ( 1<<SPRO);

void SPI _Master Transmit (char cData)
{

[* Start transm ssion */

SPDR = cDat a;

/* Wait for transm ssion conplete */
whil e(! (SPSR & (1<<SPI F)))

)

Note: 1. See “About Code Examples” on page 8
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The following code examples show how to initialize the SPI as a Slave and how to perform a

simple reception.

Assembly Code Example®

SPI _Sl avelnit:
; Set M SO output, all others input
Idi r17,(1<<DD_M SO
out DDR SPI,rl17
; Enabl e SPI
Idi rl7, (1<<SPE)
out SPCR r17
ret

SPI _Sl aveRecei ve:
; Wait for reception conplete
sbi s SPSR, SPI F
rjinp SPI_Sl aveRecei ve
; Read received data and return
in r 16, SPDR
ret

C Code Example®™

void SPI_Sl avel ni t (voi d)
{
/* Set M SO output, all others input */
DDR_SPI = (1<<DD M SO);
/* Enable SPI */
SPCR = (1<<SPE);

char SPI _S| aveRecei ve(voi d)

{
/* Wait for reception conplete */
whi | e(! (SPSR & (1<<SPIF)))
/* Return data register */
return SPDR;

Note: 1. See “About Code Examples” on page 8
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SS Pin
Functionality

Slave Mode When the SPI is configured as a Slave, the Slave Select (SS) pin is always input. When SS is
held low, the SPI is activated, and MISO becomes an output if configured so by the user. All
other pins are inputs. When SS is driven high, all pins are inputs except MISO which can be user
configured as an output, and the SPI is passive, which means that it will not receive incoming
data. Note that the SPI logic will be reset once the SS pin is driven high.

The SS pin is useful for packet/byte synchronization to keep the Slave bit counter synchronous
with the master clock generator. When the SS pin is driven high, the SPI Slave will immediately
reset the send and receive logic, and drop any partially received data in the Shift Register.

Master Mode When the SPI is configured as a Master (MSTR in SPCR is set), the user can determine the
direction of the SS pin.

If SS is configured as an output, the pin is a general output pin which does not affect the SPI
system. Typically, the pin will be driving the SS pin of the SPI Slave.

If SS is configured as an input, it must be held high to ensure Master SPI operation. If the SS pin
is driven low by peripheral circuitry when the SPI is configured as a Master with the SS pin
defined as an input, the SPI system interprets this as another Master selecting the SPI as a
Slave and starting to send data to it. To avoid bus contention, the SPI system takes the following
actions:

1. The MSTR bit in SPCR is cleared and the SPI system becomes a Slave. As a result of
the SPI becoming a Slave, the MOSI and SCK pins become inputs

2. The SPIF Flag in SPSR is set, and if the SPI interrupt is enabled, and the I-bit in SREG is
set, the interrupt routine will be executed

Thus, when interrupt-driven SPI transmission is used in Master mode, and there exists a possi-
bility that SS is driven low, the interrupt should always check that the MSTR bit is still set. If the
MSTR bit has been cleared by a Slave Select, it must be set by the user to re-enable SPI Master

mode.
SPI Control Register —
SPCR Bit ¥ 6 5 4 3 2 1 0
I SPIE SPE DORD MSTR CPOL CPHA SPR1 SPRO I SPCR
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 - SPIE: SPI Interrupt Enable

This bit causes the SPI interrupt to be executed if SPIF bit in the SPSR Register is set and the if
the global interrupt enable bit in SREG is set.

* Bit 6 — SPE: SPI Enable

When the SPE bit is written to one, the SPI is enabled. This bit must be set to enable any SPI
operations.

* Bit5—-DORD: Data Order
When the DORD bit is written to one, the LSB of the data word is transmitted first.
When the DORD bit is written to zero, the MSB of the data word is transmitted first.
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e Bit 4 — MSTR: Master/Slave Select

This bit selects Master SPI mode when written to one, and Slave SPI mode when written logic
zero. If SS is configured as an input and is driven low while MSTR is set, MSTR will be cleared,
and SPIF in SPSR will become set. The user will then have to set MSTR to re-enable SPI Mas-
ter mode.

e Bit 3—- CPOL: Clock Polarity

When this bit is written to one, SCK is high when idle. When CPOL is written to zero, SCK is low
when idle. Refer to Figure 59 on page 128 and Figure 60 on page 128 for an example. The
CPOL functionality is summarized below:

Table 48. CPOL Functionality

CPOL Leading Edge Trailing Edge
0 Rising Falling
1 Falling Rising

* Bit 2 - CPHA: Clock Phase

The settings of the clock phase bit (CPHA) determine if data is sampled on the leading (first) or
trailing (last) edge of SCK. Refer to Figure 59 on page 128 and Figure 60 on page 128 for an
example. The CPHA functionality is summarized below:

Table 49. CPHA Functionality

CPHA Leading Edge Trailing Edge
0 Sample Setup
1 Setup Sample

* Bits 1, 0 — SPR1, SPRO: SPI Clock Rate Select 1 and 0

These two bits control the SCK rate of the device configured as a Master. SPR1 and SPRO have
no effect on the Slave. The relationship between SCK and the Oscillator Clock frequency f. is
shown in the following table:

Table 50. Relationship Between SCK and the Oscillator Frequency

SPI2X SPR1 SPRO SCK Frequency
0 0 0 fosc/d
0 0 1 fosc/16
0 1 0 foo/64
0 1 1 fosc/128
1 0 0 fosc/2
1 0 1 fosc/8
1 1 0 fosc/32
1 1 1 fosc/64
SPI Status Register —
SPSR Bit 7 6 5 4 3 2 1 0
| spr WCOL = = = spi2x | SPSR
Read/Write R R R RIW
Initial Value 0 0 0 0 0 0 0 0
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SP| Data Register —
SPDR

e Bit 7 — SPIF: SPI Interrupt Flag

When a serial transfer is complete, the SPIF Flag is set. An interrupt is generated if SPIE in
SPCR is set and global interrupts are enabled. If SS is an input and is driven low when the SPI is
in Master mode, this will also set the SPIF Flag. SPIF is cleared by hardware when executing the
corresponding interrupt Handling Vector. Alternatively, the SPIF bit is cleared by first reading the
SPI Status Register with SPIF set, then accessing the SPI Data Register (SPDR).

e Bit 6 — WCOL: Write COLlision Flag
The WCOL bit is set if the SPI Data Register (SPDR) is written during a data transfer. The

WCOL bit (and the SPIF bit) are cleared by first reading the SPI Status Register with WCOL set,
and then accessing the SPI Data Register.

¢ Bit5..1 — Res: Reserved Bits

These bits are reserved bits in the ATmega8 and will always read as zero.
e Bit 0 — SPI2X: Double SPI Speed Bit

When this bit is written logic one the SPI speed (SCK Frequency) will be doubled when the SPI
is in Master mode (see Table 50 on page 126). This means that the minimum SCK period will be
2 CPU clock periods. When the SPI is configured as Slave, the SPI is only guaranteed to work at
fosc/4 or lower.

The SPI interface on the ATmega8 is also used for Program memory and EEPROM download-
ing or uploading. See page 230 for Serial Programming and verification.

Bit 7 6 5 4 3 2 1 0

| wss Lse | sPDR
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value X X X X X X X X Undefined

The SPI Data Register is a Read/Write Register used for data transfer between the Register File
and the SPI Shift Register. Writing to the register initiates data transmission. Reading the regis-
ter causes the Shift Register Receive buffer to be read.

Data Modes There are four combinations of SCK phase and polarity with respect to serial data, which are
determined by control bits CPHA and CPOL. The SPI data transfer formats are shown in Figure
59 on page 128 and Figure 60 on page 128. Data bits are shifted out and latched in on opposite
edges of the SCK signal, ensuring sufficient time for data signals to stabilize. This is clearly seen
by summarizing Table 48 on page 126 and Table 49 on page 126, as done below:
Table 51. CPOL and CPHA Functionality
Leading Edge Trailing Edge SPI Mode
CPOL=0,CPHA=0 Sample (Rising) Setup (Falling) 0
CPOL=0,CPHA=1 Setup (Rising) Sample (Falling) 1
CPOL=1,CPHA=0 Sample (Falling) Setup (Rising) 2
CPOL=1,CPHA=1 Setup (Falling) Sample (Rising) 3
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Figure 59. SPI Transfer Format with CPHA =0
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Figure 60. SPI Transfer Format with CPHA = 1
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USART The Universal Synchronous and Asynchronous serial Receiver and Transmitter (USART) is a
highly-flexible serial communication device. The main features are:
e Full Duplex Operation (Independent Serial Receive and Transmit Registers)
e Asynchronous or Synchronous Operation
* Master or Slave Clocked Synchronous Operation
* High Resolution Baud Rate Generator
* Supports Serial Frames with 5, 6, 7, 8, or 9 Databits and 1 or 2 Stop Bits
* Odd or Even Parity Generation and Parity Check Supported by Hardware
e Data OverRun Detection
* Framing Error Detection
* Noise Filtering Includes False Start Bit Detection and Digital Low Pass Filter
* Three Separate Interrupts on TX Complete, TX Data Register Empty and RX Complete
* Multi-processor Communication Mode
* Double Speed Asynchronous Communication Mode

Overview A simplified block diagram of the USART Transmitter is shown in Figure 61. CPU accessible 1/0O
Registers and 1/O pins are shown in bold.

Figure 61. USART Block Diagram®
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Note: 1. Refer to “Pin Configurations” on page 2, Table 30 on page 64, and Table 29 on page 64 for
USART pin placement

| /| t m eL 129
2486AA-AVR-02/2013



I A\ T ega8(L)

AVR USART vs. AVR
UART — Compatibility

Clock Generation

The dashed boxes in the block diagram separate the three main parts of the USART (listed from
the top): Clock generator, Transmitter and Receiver. Control Registers are shared by all units.
The clock generation logic consists of synchronization logic for external clock input used by syn-
chronous slave operation, and the baud rate generator. The XCK (transfer clock) pin is only
used by synchronous transfer mode. The Transmitter consists of a single write buffer, a serial
Shift Register, Parity Generator and control logic for handling different serial frame formats. The
write buffer allows a continuous transfer of data without any delay between frames. The
Receiver is the most complex part of the USART module due to its clock and data recovery
units. The recovery units are used for asynchronous data reception. In addition to the recovery
units, the Receiver includes a parity checker, control logic, a Shift Register and a two level
receive buffer (UDR). The Receiver supports the same frame formats as the Transmitter, and
can detect Frame Error, Data OverRun and Parity Errors.

The USART is fully compatible with the AVR UART regarding:
e Bitlocations inside all USART Registers

e Baud Rate Generation

e Transmitter Operation

e Transmit Buffer Functionality

e Receiver Operation

However, the receive buffering has two improvements that will affect the compatibility in some
special cases:

* A second Buffer Register has been added. The two Buffer Registers operate as a circular
FIFO buffer. Therefore the UDR must only be read once for each incoming data! More
important is the fact that the Error Flags (FE and DOR) and the ninth data bit (RXB8) are
buffered with the data in the receive buffer. Therefore the status bits must always be read
before the UDR Register is read. Otherwise the error status will be lost since the buffer state
is lost

* The Receiver Shift Register can now act as a third buffer level. This is done by allowing the
received data to remain in the serial Shift Register (see Figure 61 on page 129) if the Buffer
Registers are full, until a new start bit is detected. The USART is therefore more resistant to
Data OverRun (DOR) error conditions

The following control bits have changed name, but have same functionality and register location:
¢ CHR9is changed to UCSZ2
e OR s changedto DOR

The clock generation logic generates the base clock for the Transmitter and Receiver. The
USART supports four modes of clock operation: normal asynchronous, double speed asynchro-
nous, Master synchronous and Slave Synchronous mode. The UMSEL bit in USART Control
and Status Register C (UCSRC) selects between asynchronous and synchronous operation.
Double speed (Asynchronous mode only) is controlled by the U2X found in the UCSRA Regis-
ter. When using Synchronous mode (UMSEL = 1), the Data Direction Register for the XCK pin
(DDR_XCK) controls whether the clock source is internal (Master mode) or external (Slave
mode). The XCK pin is only active when using Synchronous mode.

Figure 62 on page 131 shows a block diagram of the clock generation logic.
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Figure 62. Clock Generation Logic, Block Diagram
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Signal description:
txclk  Transmitter clock. (Internal Signal)
rxclk Receiver base clock. (Internal Signal)
xcki  Input from XCK pin (internal Signal). Used for synchronous slave operation

xcko  Clock output to XCK pin (Internal Signal). Used for synchronous master
operation

fosc  XTAL pin frequency (System Clock)

Internal clock generation is used for the asynchronous and the Synchronous Master modes of
operation. The description in this section refers to Figure 62.

The USART Baud Rate Register (UBRR) and the down-counter connected to it function as a
programmable prescaler or baud rate generator. The down-counter, running at system clock
(fosc), is loaded with the UBRR value each time the counter has counted down to zero or when
the UBRRL Register is written. A clock is generated each time the counter reaches zero. This
clock is the baud rate generator clock output (= fosc/(UBRR+1)). The Transmitter divides the
baud rate generator clock output by 2, 8, or 16 depending on mode. The baud rate generator
output is used directly by the Receiver’s clock and data recovery units. However, the recovery
units use a state machine that uses 2, 8, or 16 states depending on mode set by the state of the
UMSEL, U2X and DDR_XCK bits.

Table 52 on page 132 contains equations for calculating the baud rate (in bits per second) and
for calculating the UBRR value for each mode of operation using an internally generated clock
source.
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Table 52. Equations for Calculating Baud Rate Register Setting

Equation for Calculating

Equation for Calculating

16(UBRR + 1)

Operating Mode Baud Rate® UBRR Value
Asynchronous Normal mode f f
(U2X = 0) BAUD = oG UBRR = —25C 1

16BAUD

Asynchronous Double Speed f f
Mode (U2X = 1) BAUD = —095¢ UBRR = —25¢__
8(UBRR +1) 8BAUD
Synchronous Master Mode f f
BAUD = ——25¢ UBRR = —25¢__
2(UBRR +1) 2BAUD

Note: 1. The baud rate is defined to be the transfer rate in bit per second (bps)

BAUD Baud rate (in bits per second, bps)

fOSC System Oscillator clock frequency

UBRR Contents of the UBRRH and UBRRL Registers (0 - 4095)
Some examples of UBRR values for some system clock frequencies are found in Table 60 on
page 153.

Double Speed
Operation (U2X)

The transfer rate can be doubled by setting the U2X bit in UCSRA. Setting this bit only has effect
for the asynchronous operation. Set this bit to zero when using synchronous operation.

Setting this bit will reduce the divisor of the baud rate divider from 16 to 8, effectively doubling
the transfer rate for asynchronous communication. Note however that the Receiver will in this
case only use half the number of samples (reduced from 16 to 8) for data sampling and clock
recovery, and therefore a more accurate baud rate setting and system clock are required when
this mode is used. For the Transmitter, there are no downsides.
External Clock External clocking is used by the Synchronous Slave modes of operation. The description in this
section refers to Figure 62 on page 131 for details.

External clock input from the XCK pin is sampled by a synchronization register to minimize the
chance of meta-stability. The output from the synchronization register must then pass through
an edge detector before it can be used by the Transmitter and Receiver. This process intro-
duces a two CPU clock period delay and therefore the maximum external XCK clock frequency
is limited by the following equation:

fOSC

fxek <=

Note that f .. depends on the stability of the system clock source. It is therefore recommended to
add some margin to avoid possible loss of data due to frequency variations.

Synchronous Clock When Synchronous mode is used (UMSEL = 1), the XCK pin will be used as either clock input

Operation (Slave) or clock output (Master). The dependency between the clock edges and data sampling
or data change is the same. The basic principle is that data input (on RxD) is sampled at the
opposite XCK clock edge of the edge the data output (TxD) is changed.
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Figure 63. Synchronous Mode XCK Timing
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The UCPOL bit UCRSC selects which XCK clock edge is used for data sampling and which is
used for data change. As Figure 63 shows, when UCPOL is zero the data will be changed at ris-
ing XCK edge and sampled at falling XCK edge. If UCPOL is set, the data will be changed at
falling XCK edge and sampled at rising XCK edge.

Frame Formats A serial frame is defined to be one character of data bits with synchronization bits (start and stop
bits), and optionally a parity bit for error checking. The USART accepts all 30 combinations of
the following as valid frame formats:

e 1 start bit

« 56,7, 8, or9 data bits

*  no, even or odd parity bit

e 1 or 2 stop bits

A frame starts with the start bit followed by the least significant data bit. Then the next data bits,
up to a total of nine, are succeeding, ending with the most significant bit. If enabled, the parity bit
is inserted after the data bits, before the stop bits. When a complete frame is transmitted, it can
be directly followed by a new frame, or the communication line can be set to an idle (high) state.

Figure 64 illustrates the possible combinations of the frame formats. Bits inside brackets are
optional.

Figure 64. Frame Formats

51 FRAME

v

o Lo VAV VoV Ve Ve Vo Vo Veor | |
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St Start bit, always low

(n) Data bits (0 to 8)

P Parity bit. Can be odd or even

Sp Stop bit, always high

IDLE No transfers on the communication line (RxD or TxD). An IDLE line must be high

The frame format used by the USART is set by the UCSZ2:0, UPM1:0 and USBS bits in UCSRB
and UCSRC. The Receiver and Transmitter use the same setting. Note that changing the setting
of any of these bits will corrupt all ongoing communication for both the Receiver and Transmitter.
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Parity Bit Calculation

USART
Initialization

The USART Character SiZe (UCSZ2:0) bits select the number of data bits in the frame. The
USART Parity mode (UPM1:0) bits enable and set the type of parity bit. The selection between
one or two stop bits is done by the USART Stop Bit Select (USBS) bit. The Receiver ignores the
second stop bit. An FE (Frame Error) will therefore only be detected in the cases where the first
stop bit is zero.

The parity bit is calculated by doing an exclusive-or of all the data bits. If odd parity is used, the
result of the exclusive or is inverted. The relation between the parity bit and data bits is as
follows:

Peven = 0,_1®...©d;®d,®d; ®d; ®0

Pogg =0y 1®..0d;©d, ®d; ®@dy @ 1

Peven  Parity bit using even parity

P,qq  Parity bit using odd parity
d, Data bit n of the character

If used, the parity bit is located between the last data bit and first stop bit of a serial frame.

The USART has to be initialized before any communication can take place. The initialization pro-
cess normally consists of setting the baud rate, setting frame format and enabling the
Transmitter or the Receiver depending on the usage. For interrupt driven USART operation, the
Global Interrupt Flag should be cleared (and interrupts globally disabled) when doing the
initialization.

Before doing a re-initialization with changed baud rate or frame format, be sure that there are no
ongoing transmissions during the period the registers are changed. The TXC Flag can be used
to check that the Transmitter has completed all transfers, and the RXC Flag can be used to
check that there are no unread data in the receive buffer. Note that the TXC Flag must be
cleared before each transmission (before UDR is written) if it is used for this purpose.

The following simple USART initialization code examples show one assembly and one C func-
tion that are equal in functionality. The examples assume asynchronous operation using polling
(no interrupts enabled) and a fixed frame format. The baud rate is given as a function parameter.
For the assembly code, the baud rate parameter is assumed to be stored in the r17:r16 Regis-
ters. When the function writes to the UCSRC Register, the URSEL bit (MSB) must be set due to
the sharing of 1/0 location by UBRRH and UCSRC.
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Assembly Code Example®

USART I nit:
Set baud rate
out UBRRH, 117
out UBRRL, r16
; Enabl e receiver and transmtter
| di r16, (1<<RXEN)| (1<<TXEN)
out UCSRB, r 16
Set frame format: 8data, 2stop bit
| di r16, (1<<URSEL) | (1<<USBS) | (3<<UCSZ0)
out UCSRC, r 16
ret

C Code Example

#def i ne FOSC 1843200// Cl ock Speed
#def i ne BAUD 9600

#defi ne MYUBRR FOSC/ 16/ BAUD- 1

void main( void )

{
USART Init ( MYUBRR );

}
voi d USART | nit( unsigned int ubrr)
{
/* Set baud rate */
UBRRH = (unsi gned char) (ubrr>>8);
UBRRL = (unsigned char)ubrr;
/* Enabl e receiver and transmtter */
UCSRB = (1<<RXEN) | (1<<TXEN);
/* Set frame format: 8data, 2stop bit */
UCSRC = (1<<URSEL) | ( 1<<USBS) | ( 3<<UCSZ0);

Note: 1. See “About Code Examples” on page 8

More advanced initialization routines can be made that include frame format as parameters, dis-
able interrupts and so on. However, many applications use a fixed setting of the Baud and
Control Registers, and for these types of applications the initialization code can be placed
directly in the main routine, or be combined with initialization code for other I/0O modules.
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Data Transmission
— The USART
Transmitter

Sending Frames with
5 to 8 Data Bits

The USART Transmitter is enabled by setting the Transmit Enable (TXEN) bit in the UCSRB
Register. When the Transmitter is enabled, the normal port operation of the TxD pin is overrid-
den by the USART and given the function as the Transmitter’s serial output. The baud rate,
mode of operation and frame format must be set up once before doing any transmissions. If syn-
chronous operation is used, the clock on the XCK pin will be overridden and used as
transmission clock.

A data transmission is initiated by loading the transmit buffer with the data to be transmitted. The
CPU can load the transmit buffer by writing to the UDR 1/O location. The buffered data in the
transmit buffer will be moved to the Shift Register when the Shift Register is ready to send a new
frame. The Shift Register is loaded with new data if it is in idle state (no ongoing transmission) or
immediately after the last stop bit of the previous frame is transmitted. When the Shift Register is
loaded with new data, it will transfer one complete frame at the rate given by the Baud Register,
U2X bit or by XCK depending on mode of operation.

The following code examples show a simple USART transmit function based on polling of the
Data Register Empty (UDRE) Flag. When using frames with less than eight bits, the most signif-
icant bits written to the UDR are ignored. The USART has to be initialized before the function
can be used. For the assembly code, the data to be sent is assumed to be stored in Register
R16

Assembly Code Example®

USART _Transnit:
; Wait for enpty transmt buffer
shi s UCSRA, UDRE
rjmp USART_Transmit
; Put data (r16) into buffer, sends the data
out UDR r16
ret

C Code Example®™

voi d USART_Transmi t( unsi gned char data )

{
[* Wait for enpty transmt buffer */
while ( !( UCSRA & (1<<UDRE)) )
/* Put data into buffer, sends the data */
UDR = dat a;

Note: 1. See “About Code Examples” on page 8

The function simply waits for the transmit buffer to be empty by checking the UDRE Flag, before
loading it with new data to be transmitted. If the Data Register Empty Interrupt is utilized, the
interrupt routine writes the data into the buffer.
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Sending Frames with If 9-bit characters are used (UCSZ = 7), the ninth bit must be written to the TXB8 bit in UCSRB

9 Data Bits before the Low byte of the character is written to UDR. The following code examples show a
transmit function that handles 9-bit characters. For the assembly code, the data to be sent is
assumed to be stored in registers R17:R16.

Assembly Code Example®

USART_Transnit:
; Wait for enpty transmit buffer
shi s UCSRA, UDRE
rjnp USART_Transmit
; Copy ninth bit fromrl7 to TXB8
cbi  UCSRB, TXB8
sbrc r17,0
shi  UCSRB, TXB8
; Put LSB data (r16) into buffer, sends the data
out UDR rl16
ret

C Code Example®™

voi d USART Transm t( unsigned int data )

{
/* Wait for enpty transmt buffer */

while ( !'( UCSRA & (1<<UDRE)) )

/[* Copy ninth bit to TXB8 */
UCSRB &= ~(1<<TXB8);
if ( data & 0x0100 )
UCSRB | = (1<<TXB8);
/* Put data into buffer, sends the data */
UDR = dat a;

Note: 1. These transmit functions are written to be general functions. They can be optimized if the con-
tents of the UCSRB is static. That is, only the TXB8 bit of the UCSRB Register is used after
initialization

The ninth bit can be used for indicating an address frame when using multi processor communi-

cation mode or for other protocol handling as for example synchronization.

Transmitter Flags and The USART Transmitter has two flags that indicate its state: USART Data Register Empty
Interrupts (UDRE) and Transmit Complete (TXC). Both flags can be used for generating interrupts.

The Data Register Empty (UDRE) Flag indicates whether the transmit buffer is ready to receive
new data. This bit is set when the transmit buffer is empty, and cleared when the transmit buffer
contains data to be transmitted that has not yet been moved into the Shift Register. For compat-
ibility with future devices, always write this bit to zero when writing the UCSRA Register.

When the Data Register empty Interrupt Enable (UDRIE) bit in UCSRB is written to one, the
USART Data Register Empty Interrupt will be executed as long as UDRE is set (provided that
global interrupts are enabled). UDRE is cleared by writing UDR. When interrupt-driven data
transmission is used, the Data Register empty Interrupt routine must either write new data to
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Parity Generator

Disabling the
Transmitter

Data Reception —
The USART
Receiver

Receiving Frames with
5to 8 Data Bits

UDR in order to clear UDRE or disable the Data Register empty Interrupt, otherwise a new inter-
rupt will occur once the interrupt routine terminates.

The Transmit Complete (TXC) Flag bit is set one when the entire frame in the transmit Shift Reg-
ister has been shifted out and there are no new data currently present in the transmit buffer. The
TXC Flag bit is automatically cleared when a transmit complete interrupt is executed, or it can be
cleared by writing a one to its bit location. The TXC Flag is useful in half-duplex communication
interfaces (like the RS485 standard), where a transmitting application must enter Receive mode
and free the communication bus immediately after completing the transmission.

When the Transmit Compete Interrupt Enable (TXCIE) bit in UCSRB is set, the USART Transmit
Complete Interrupt will be executed when the TXC Flag becomes set (provided that global inter-
rupts are enabled). When the transmit complete interrupt is used, the interrupt handling routine
does not have to clear the TXC Flag, this is done automatically when the interrupt is executed.

The Parity Generator calculates the parity bit for the serial frame data. When parity bit is enabled
(UPM1 = 1), the Transmitter control logic inserts the parity bit between the last data bit and the
first stop bit of the frame that is sent.

The disabling of the Transmitter (setting the TXEN to zero) will not become effective until ongo-
ing and pending transmissions are completed (that is, when the Transmit Shift Register and
Transmit Buffer Register do not contain data to be transmitted). When disabled, the Transmitter
will no longer override the TxD pin.

The USART Receiver is enabled by writing the Receive Enable (RXEN) bit in the UCSRB Regis-
ter to one. When the Receiver is enabled, the normal pin operation of the RxD pin is overridden
by the USART and given the function as the Receiver’s serial input. The baud rate, mode of
operation and frame format must be set up once before any serial reception can be done. If syn-
chronous operation is used, the clock on the XCK pin will be used as transfer clock.

The Receiver starts data reception when it detects a valid start bit. Each bit that follows the start
bit will be sampled at the baud rate or XCK clock, and shifted into the Receive Shift Register until
the first stop bit of a frame is received. A second stop bit will be ignored by the Receiver. When
the first stop bit is received (that is, a complete serial frame is present in the Receive Shift Reg-
ister), the contents of the Shift Register will be moved into the receive buffer. The receive buffer
can then be read by reading the UDR 1/O location.

The following code example shows a simple USART receive function based on polling of the
Receive Complete (RXC) Flag. When using frames with less than eight bits the most significant
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bits of the data read from the UDR will be masked to zero. The USART has to be initialized

before the function can be used.

Assembly Code Example®

USART_Recei ve:
; Wait for data to be received
shi s UCSRA, RXC
rj np USART_Recei ve
; Get and return received data from buffer
in r16, UDR
ret

C Code Example®

unsi gned char USART_Receive( void )
{

/* Wait for data to be received */
while ( ! (UCSRA & (1<<RXQ)) )

1

return UDR;

/* Get and return received data from buffer */

Note: 1. See “About Code Examples” on page 8

The function simply waits for data to be present in the receive buffer by checking the RXC Flag,

before reading the buffer and returning the value.

Receiving Frames with  If 9-bit characters are used (UCSZ=7) the ninth bit must be read from the RXB8 bit in UCSRB
9 Data Bits before reading the low bits from the UDR. This rule applies to the FE, DOR and PE Status Flags
as well. Read status from UCSRA, then data from UDR. Reading the UDR /O location will
change the state of the receive buffer FIFO and consequently the TXB8, FE, DOR, and PE bits,

which all are stored in the FIFO, will change.
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The following code example shows a simple USART receive function that handles both 9-bit
characters and the status bits.

Assembly Code Example®

USART_Recei ve:
; Wait for data to be received
shi s UCSRA, RXC
rj np USART_Recei ve
; Get status and ninth bit, then data from buffer
in r18, UCSRA
in rl7, UCSRB
in r16, UDR
; If error, return -1
andi r18, (1<<FE)| (1<<DOR) | ( 1<<PE)
breq USART_Recei veNoErr or
Idi rl7, HGH(-1)
Idi rl16, LON-1)
USART_Recei veNoErr or:
Filter the ninth bit, then return

lsr rl7
andi r17, 0x01
ret

C Code Example®®

unsi gned i nt USART_Recei ve( void )

{
unsi gned char status, resh, resl;
/* Wait for data to be received */
while ( !'(UCSRA & (1<<RXQ)) )

1

/* Get status and ninth bit, then data */

[* from buffer */

status = UCSRA;

resh = UCSRB;

resl = UDR;

[* |If error, return -1 */

if ( status & (1<<FE)| (1<<DOR)| (1<<PE) )
return -1,

[* Filter the ninth bit, then return */

resh = (resh >> 1) & 0x01;

return ((resh << 8) | resl);

Note: 1. See “About Code Examples” on page 8

The receive function example reads all the I/O Registers into the Register File before any com-
putation is done. This gives an optimal receive buffer utilization since the buffer location read will
be free to accept new data as early as possible.
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Receive Compete Flag The USART Receiver has one flag that indicates the Receiver state.

! (AR The Receive Complete (RXC) Flag indicates if there are unread data present in the receive buf-

fer. This flag is one when unread data exist in the receive buffer, and zero when the receive
buffer is empty (that is, does not contain any unread data). If the Receiver is disabled (RXEN =
0), the receive buffer will be flushed and consequently the RXC bit will become zero.

When the Receive Complete Interrupt Enable (RXCIE) in UCSRB is set, the USART Receive
Complete Interrupt will be executed as long as the RXC Flag is set (provided that global inter-
rupts are enabled). When interrupt-driven data reception is used, the receive complete routine
must read the received data from UDR in order to clear the RXC Flag, otherwise a new interrupt
will occur once the interrupt routine terminates.

Receiver Error Flags The USART Receiver has three error flags: Frame Error (FE), Data OverRun (DOR) and Parity
Error (PE). All can be accessed by reading UCSRA. Common for the error flags is that they are
located in the receive buffer together with the frame for which they indicate the error status. Due
to the buffering of the error flags, the UCSRA must be read before the receive buffer (UDR),
since reading the UDR 1/O location changes the buffer read location. Another equality for the
error flags is that they can not be altered by software doing a write to the flag location. However,
all flags must be set to zero when the UCSRA is written for upward compatibility of future
USART implementations. None of the error flags can generate interrupts.

The Frame Error (FE) Flag indicates the state of the first stop bit of the next readable frame
stored in the receive buffer. The FE Flag is zero when the stop bit was correctly read (as one),
and the FE Flag will be one when the stop bit was incorrect (zero). This flag can be used for
detecting out-of-sync conditions, detecting break conditions and protocol handling. The FE Flag
is not affected by the setting of the USBS bit in UCSRC since the Receiver ignores all, except for
the first, stop bits. For compatibility with future devices, always set this bit to zero when writing to
UCSRA.

The Data OverRun (DOR) Flag indicates data loss due to a Receiver buffer full condition. A Data
OverRun occurs when the receive buffer is full (two characters), it is a new character waiting in
the Receive Shift Register, and a new start bit is detected. If the DOR Flag is set there was one
or more serial frame lost between the frame last read from UDR, and the next frame read from
UDR. For compatibility with future devices, always write this bit to zero when writing to UCSRA.
The DOR Flag is cleared when the frame received was successfully moved from the Shift Regis-
ter to the receive buffer.

The Parity Error (PE) Flag indicates that the next frame in the receive buffer had a parity error
when received. If parity check is not enabled the PE bit will always be read zero. For compatibil-
ity with future devices, always set this bit to zero when writing to UCSRA. For more details see
“Parity Bit Calculation” on page 134 and “Parity Checker” .

Parity Checker The Parity Checker is active when the high USART Parity mode (UPM1) bit is set. Type of parity
check to be performed (odd or even) is selected by the UPMO bit. When enabled, the Parity
Checker calculates the parity of the data bits in incoming frames and compares the result with
the parity bit from the serial frame. The result of the check is stored in the receive buffer together
with the received data and stop bits. The Parity Error (PE) Flag can then be read by software to
check if the frame had a parity error.

The PE bit is set if the next character that can be read from the receive buffer had a parity error
when received and the parity checking was enabled at that point (UPM1 = 1). This bit is valid
until the receive buffer (UDR) is read.
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Disabling the Receiver

Flushing the Receive
Buffer

Asynchronous
Data Reception

Asynchronous Clock
Recovery
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In contrast to the Transmitter, disabling of the Receiver will be immediate. Data from ongoing
receptions will therefore be lost. When disabled (that is, the RXEN is set to zero) the Receiver
will no longer override the normal function of the RxD port pin. The Receiver buffer FIFO will be
flushed when the Receiver is disabled. Remaining data in the buffer will be lost

The Receiver buffer FIFO will be flushed when the Receiver is disabled (that is, the buffer will be
emptied of its contents). Unread data will be lost. If the buffer has to be flushed during normal
operation, due to for instance an error condition, read the UDR I/O location until the RXC Flag is
cleared. The following code example shows how to flush the receive buffer.

Assembly Code Example™®

USART_Fl ush:
sbi s UCSRA, RXC
ret
in r16, UDR
rj mp USART_Fl ush
C Code Example®

voi d USART_Fl ush( void )

{
unsi gned char dunmy;

while ( UCSRA & (1<<RXC) ) dummy = UDR;
}

Note: 1. See “About Code Examples” on page 8

The USART includes a clock recovery and a data recovery unit for handling asynchronous data
reception. The clock recovery logic is used for synchronizing the internally generated baud rate
clock to the incoming asynchronous serial frames at the RxD pin. The data recovery logic sam-
ples and low pass filters each incoming bit, thereby improving the noise immunity of the
Receiver. The asynchronous reception operational range depends on the accuracy of the inter-
nal baud rate clock, the rate of the incoming frames, and the frame size in number of bits.

The clock recovery logic synchronizes internal clock to the incoming serial frames. Figure 65
illustrates the sampling process of the start bit of an incoming frame. The sample rate is 16 times
the baud rate for Normal mode, and eight times the baud rate for Double Speed mode. The hor-
izontal arrows illustrate the synchronization variation due to the sampling process. Note the
larger time variation when using the Double Speed mode (U2X = 1) of operation. Samples
denoted zero are samples done when the RxD line is idle (that is, no communication activity).

Figure 65. Start Bit Sampling
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When the clock recovery logic detects a high (idle) to low (start) transition on the RxD line, the
start bit detection sequence is initiated. Let sample 1 denote the first zero-sample as shown in
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Asynchronous Data
Recovery

the figure. The clock recovery logic then uses samples 8, 9 and 10 for Normal mode, and
samples 4, 5 and 6 for Double Speed mode (indicated with sample numbers inside boxes on the
figure), to decide if a valid start bit is received. If two or more of these three samples have logical
high levels (the majority wins), the start bit is rejected as a noise spike and the Receiver starts
looking for the next high to low-transition. If however, a valid start bit is detected, the clock
recovery logic is synchronized and the data recovery can begin. The synchronization process is
repeated for each start bit.

When the Receiver clock is synchronized to the start bit, the data recovery can begin. The data
recovery unit uses a state machine that has 16 states for each bit in Normal mode and eight
states for each bit in Double Speed mode. Figure 66 shows the sampling of the data bits and the
parity bit. Each of the samples is given a number that is equal to the state of the recovery unit.

Figure 66. Sampling of Data and Parity Bit
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The decision of the logic level of the received bit is taken by doing a majority voting of the logic
value to the three samples in the center of the received bit. The center samples are emphasized
on the figure by having the sample number inside boxes. The majority voting process is done as
follows: If two or all three samples have high levels, the received bit is registered to be a logic 1.
If two or all three samples have low levels, the received bit is registered to be a logic 0. This
majority voting process acts as a low pass filter for the incoming signal on the RxD pin. The
recovery process is then repeated until a complete frame is received. Including the first stop bit.
Note that the Receiver only uses the first stop bit of a frame.

Figure 67 shows the sampling of the stop bit and the earliest possible beginning of the start bit of
the next frame.

Figure 67. Stop Bit Sampling and Next Start Bit Sampling
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The same majority voting is done to the stop bit as done for the other bits in the frame. If the stop
bit is registered to have a logic 0 value, the Frame Error (FE) Flag will be set.

A new high to low transition indicating the start bit of a new frame can come right after the last of
the bits used for majority voting. For Normal Speed mode, the first low level sample can be at
point marked (A) in Figure 67. For Double Speed mode the first low level must be delayed to (B).
(C) marks a stop bit of full length. The early start bit detection influences the operational range of
the Receiver.
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Asynchronous The operational range of the Receiver is dependent on the mismatch between the received bit
Operational Range rate and the internally generated baud rate. If the Transmitter is sending frames at too fast or too
slow bit rates, or the internally generated baud rate of the Receiver does not have a similar (see
Table 53) base frequency, the Receiver will not be able to synchronize the frames to the start bit.

The following equations can be used to calculate the ratio of the incoming data rate and internal
Receiver baud rate.

R :___ML R = M
slow S—l+D'S+SF fast (D+1)S+SM

Sum of character size and parity size (D = 5-bit to 10-bit)
S Samples per bit. S = 16 for Normal Speed mode and S = 8 for Double Speed mode

Sg  First sample number used for majority voting. S = 8 for Normal Speed and Sg = 4 for
Double Speed mode

Sy Middle sample number used for majority voting. Sy, = 9 for Normal Speed and S,, = 5 for
Double Speed mode

Rqiow IS the ratio of the slowest incoming data rate that can be accepted in relation to the
Receiver baud rate. Ry, is the ratio of the fastest incoming data rate that can be
accepted in relation to the Receiver baud rate

Table 53 and Table 54 list the maximum Receiver baud rate error that can be tolerated. Note
that Normal Speed mode has higher toleration of baud rate variations.

Table 53. Recommended Maximum Receiver Baud Rate Error for Normal Speed Mode

(U2X =0)
D# Rsiow Riast Max Total Recommended Max
(Data + Parity Bit) (%) (%) Error (%) Receiver Error (%)
5 93.20 106.67 +6.67/-6.8 +3.0
6 94.12 105.79 +5.79/-5.88 +2.0
7 94.81 105.11 +5.11/-5.19 +2.0
8 95.36 104.58 +4.58/-4.54 +2.0
9 95.81 104.14 +4.14/-4.19 +1.5
10 96.17 103.78 +3.78/-3.83 +1.5

Table 54. Recommended Maximum Receiver Baud Rate Error for Double Speed Mode

(Uz2x=1)
D# Rsiow Riast Max Total Recommended Max
(Data + Parity Bit) (%) (%) Error (%) Receiver Error (%)
5 94.12 105.66 +5.66/-5.88 +2.5
6 94.92 104.92 +4.92/-5.08 +2.0
7 95.52 104.35 +4.35/-4.48 +1.5
8 96.00 103.90 +3.90/-4.00 +1.5
9 96.39 103.53 +3.53/-3.61 +1.5
10 96.70 103.23 +3.23/-3.30 +1.0
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The recommendations of the maximum Receiver baud rate error was made under the assump-
tion that the Receiver and Transmitter equally divides the maximum total error.

There are two possible sources for the Receivers Baud Rate error. The Receiver’'s system clock
(XTAL) will always have some minor instability over the supply voltage range and the tempera-
ture range. When using a crystal to generate the system clock, this is rarely a problem, but for a
resonator the system clock may differ more than 2% depending of the resonators tolerance. The
second source for the error is more controllable. The baud rate generator can not always do an
exact division of the system frequency to get the baud rate wanted. In this case an UBRR value
that gives an acceptable low error can be used if possible.

Multi-processor Setting the Multi-processor Communication mode (MPCM) bit in UCSRA enables a filtering
Communication function of incoming frames received by the USART Receiver. Frames that do not contain
Mode address information will be ignored and not put into the receive buffer. This effectively reduces

the number of incoming frames that has to be handled by the CPU, in a system with multiple
MCUs that communicate via the same serial bus. The Transmitter is unaffected by the MPCM
setting, but has to be used differently when it is a part of a system utilizing the Multi-processor
Communication mode.

If the Receiver is set up to receive frames that contain 5 to 8 data bits, then the first stop bit indi-
cates if the frame contains data or address information. If the Receiver is set up for frames with
nine data bits, then the ninth bit (RXB8) is used for identifying address and data frames. When
the frame type bit (the first stop or the ninth bit) is one, the frame contains an address. When the
frame type bit is zero the frame is a data frame.

The Multi-processor Communication mode enables several Slave MCUs to receive data from a
Master MCU. This is done by first decoding an address frame to find out which MCU has been
addressed. If a particular Slave MCU has been addressed, it will receive the following data
frames as normal, while the other Slave MCUs will ignore the received frames until another
address frame is received.

Using MPCM For an MCU to act as a Master MCU, it can use a 9-bit character frame format (UCSZ = 7). The
ninth bit (TXB8) must be set when an address frame (TXB8 = 1) or cleared when a data frame
(TXB = 0) is being transmitted. The Slave MCUs must in this case be set to use a 9-bit character
frame format.

The following procedure should be used to exchange data in Multi-processor Communication
mode:

1. All Slave MCUs are in Multi-processor Communication mode (MPCM in UCSRA is set)

2. The Master MCU sends an address frame, and all slaves receive and read this frame. In
the Slave MCUs, the RXC Flag in UCSRA will be set as normal

3. Each Slave MCU reads the UDR Register and determines if it has been selected. If so, it
clears the MPCM bit in UCSRA, otherwise it waits for the next address byte and keeps
the MPCM setting

4. The addressed MCU will receive all data frames until a new address frame is received.
The other Slave MCUs, which still have the MPCM bit set, will ignore the data frames

5. When the last data frame is received by the addressed MCU, the addressed MCU sets
the MPCM bit and waits for a new address frame from Master. The process then repeats
from 2

Using any of the 5-bit to 8-bit character frame formats is possible, but impractical since the
Receiver must change between using n and n+1 character frame formats. This makes full-
duplex operation difficult since the Transmitter and Receiver uses the same character size set-
ting. If 5-bit to 8-bit character frames are used, the Transmitter must be set to use two stop bit
(USBS = 1) since the first stop bit is used for indicating the frame type.
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Do not use Read-Modify-Write instructions (SBI and CBI) to set or clear the MPCM bit. The
MPCM bit shares the same I/O location as the TXC Flag and this might accidentally be cleared
when using SBI or CBI instructions.

Accessing The UBRRH Register shares the same I/O location as the UCSRC Register. Therefore some
UBRRH/UCSRC special consideration must be taken when accessing this I/O location.

Registers

Write Access When doing a write access of this I/O location, the high bit of the value written, the USART Reg-

ister Select (URSEL) bit, controls which one of the two registers that will be written. If URSEL is
zero during a write operation, the UBRRH value will be updated. If URSEL is one, the UCSRC
setting will be updated.

The following code examples show how to access the two registers.

Assembly Code Examples®

;. Set UBRRH to 2
I di r16, 0x02
out UBRRH, r 16

: Set the USBS and the UCSZl1 bit to one, and
; the remaining bits to zero.

I di r16, (1<<URSEL) | (1<<USBS) | ( 1<<UCSZ1)

out UCSRC, r 16

C Code Examples®

/* Set UBRRH to 2 */
UBRRH = 0x02;

/* Set the USBS and the UCSZ1 bit to one, and */
/* the renmining bits to zero. */
UCSRC = (1<<URSEL)| (1<<USBS) | (1<<UCSZ1);

Note: 1. See “About Code Examples” on page 8

As the code examples illustrate, write accesses of the two registers are relatively unaffected of
the sharing of I/O location.
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Read Access

Doing a read access to the UBRRH or the UCSRC Register is a more complex operation. How-

ever, in most applications, it is rarely necessary to read any of these registers.

The read access is controlled by a timed sequence. Reading the I/O location once returns the
UBRRH Register contents. If the register location was read in previous system clock cycle, read-
ing the register in the current clock cycle will return the UCSRC contents. Note that the timed
sequence for reading the UCSRC is an atomic operation. Interrupts must therefore be controlled

(for example, by disabling interrupts globally) during the read operation.

The following code example shows how to read the UCSRC Register contents.

Assembly Code Example®

USART_ReadUCSRC:
; Read UCSRC
in rl16, UBRRH
in ri16, UCSRC
ret

C Code Example®

unsi gned char USART_ReadUCSRC( void )
{

unsi gned char ucsrc;
/* Read UCSRC */

ucsrc = UBRRH;
ucsrc = UCSRC,
return ucsrc;

Note: 1. See “About Code Examples” on page 8

The assembly code example returns the UCSRC value in r16.

Reading the UBRRH contents is not an atomic operation and therefore it can be read as an ordi-

nary register, as long as the previous instruction did not access the register location.
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USART Register
Description

USART I/O Data

Register — UDR Bit 7 6 5 4 3 2 1 0
RXBL7:0] UDR (Read)
TXBI7:0] UDR (Write)
Read/Write RIW RIW RIW RIW RIW RIW RIW RIW
Initial Value 0 0 0 0 0 0 0 0

The USART Transmit Data Buffer Register and USART Receive Data Buffer Registers share the
same |/O address referred to as USART Data Register or UDR. The Transmit Data Buffer Reg-
ister (TXB) will be the destination for data written to the UDR Register location. Reading the
UDR Register location will return the contents of the Receive Data Buffer Register (RXB).

For 5-bit, 6-bit, or 7-bit characters the upper unused bits will be ignored by the Transmitter and
set to zero by the Receiver.

The transmit buffer can only be written when the UDRE Flag in the UCSRA Register is set. Data
written to UDR when the UDRE Flag is not set, will be ignored by the USART Transmitter. When
data is written to the transmit buffer, and the Transmitter is enabled, the Transmitter will load the
data into the Transmit Shift Register when the Shift Register is empty. Then the data will be seri-
ally transmitted on the TxD pin.

The receive buffer consists of a two level FIFO. The FIFO will change its state whenever the
receive buffer is accessed. Due to this behavior of the receive buffer, do not use Read-Modify-
Write instructions (SBI and CBI) on this location. Be careful when using bit test instructions
(SBIC and SBIS), since these also will change the state of the FIFO.

USART Control and

Status Register A — Bit 7 6 5 4 3 2 1 0

UCSRA I RXC TXC UDRE FE DOR PE u2Xx MPCM I UCSRA
Read/Write R R/W R R R R R/W R/W
Initial Value 0 0 1 0 0 0 0 0

e Bit 7— RXC: USART Receive Complete

This flag bit is set when there are unread data in the receive buffer and cleared when the receive
buffer is empty (that is, does not contain any unread data). If the Receiver is disabled, the
receive buffer will be flushed and consequently the RXC bit will become zero. The RXC Flag can
be used to generate a Receive Complete interrupt (see description of the “Bit 7 — RXCIE: RX
Complete Interrupt Enable” on page 149).

e Bit 6 — TXC: USART Transmit Complete

This flag bit is set when the entire frame in the Transmit Shift Register has been shifted out and
there are no new data currently present in the transmit buffer (UDR). The TXC Flag bit is auto-
matically cleared when a transmit complete interrupt is executed, or it can be cleared by writing
a one to its bit location. The TXC Flag can generate a Transmit Complete interrupt (see descrip-
tion of the “Bit 6 — TXCIE: TX Complete Interrupt Enable” on page 149).

e Bit 5 - UDRE: USART Data Register Empty
The UDRE Flag indicates if the transmit buffer (UDR) is ready to receive new data. If UDRE is
one, the buffer is empty, and therefore ready to be written. The UDRE Flag can generate a Data

Register Empty interrupt (see description of the “Bit 5 — UDRIE: USART Data Register Empty
Interrupt Enable” on page 149).

UDRE is set after a reset to indicate that the Transmitter is ready.
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e Bit 4 — FE: Frame Error

This bit is set if the next character in the receive buffer had a Frame Error when received (that is,
when the first stop bit of the next character in the receive buffer is zero). This bit is valid until the
receive buffer (UDR) is read. The FE bit is zero when the stop bit of received data is one. Always
set this bit to zero when writing to UCSRA.

¢ Bit 3—-DOR: Data OverRun

This bit is set if a Data OverRun condition is detected. A Data OverRun occurs when the receive
buffer is full (two characters), it is a new character waiting in the Receive Shift Register, and a
new start bit is detected. This bit is valid until the receive buffer (UDR) is read. Always set this bit
to zero when writing to UCSRA.

e Bit 2 — PE: Parity Error
This bit is set if the next character in the receive buffer had a Parity Error when received and the

parity checking was enabled at that point (UPM1 = 1). This bit is valid until the receive buffer
(UDR) is read. Always set this bit to zero when writing to UCSRA.

e Bit 1 - U2X: Double the USART transmission speed

This bit only has effect for the asynchronous operation. Write this bit to zero when using syn-
chronous operation.

Writing this bit to one will reduce the divisor of the baud rate divider from 16 to 8 effectively dou-
bling the transfer rate for asynchronous communication.

e Bit 0 — MPCM: Multi-processor Communication Mode

This bit enables the Multi-processor Communication mode. When the MPCM bit is written to
one, all the incoming frames received by the USART Receiver that do not contain address infor-

mation will be ignored. The Transmitter is unaffected by the MPCM setting. For more detailed
information see “Multi-processor Communication Mode” on page 145.

USART Control and

Status Register B — Bit 7 6 5 4 3 2 1 0

UCSRB | RXCIE | TXCIE | UDRIE | RXEN | TXEN | ucszz | RxB8 | TxB8 | UCSRB
Read/Write RIW RIW RIW RIW RIW RIW R RIW
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 - RXCIE: RX Complete Interrupt Enable

Writing this bit to one enables interrupt on the RXC Flag. A USART Receive Complete interrupt
will be generated only if the RXCIE bit is written to one, the Global Interrupt Flag in SREG is writ-
ten to one and the RXC bit in UCSRA is set.

* Bit 6 — TXCIE: TX Complete Interrupt Enable
Writing this bit to one enables interrupt on the TXC Flag. A USART Transmit Complete interrupt

will be generated only if the TXCIE bit is written to one, the Global Interrupt Flag in SREG is writ-
ten to one and the TXC bit in UCSRA is set.

e Bit 5 - UDRIE: USART Data Register Empty Interrupt Enable
Writing this bit to one enables interrupt on the UDRE Flag. A Data Register Empty interrupt will

be generated only if the UDRIE bit is written to one, the Global Interrupt Flag in SREG is written
to one and the UDRE bit in UCSRA is set.

* Bit 4 — RXEN: Receiver Enable
Writing this bit to one enables the USART Receiver. The Receiver will override normal port oper-

ation for the RxD pin when enabled. Disabling the Receiver will flush the receive buffer
invalidating the FE, DOR and PE Flags.
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USART Control and
Status Register C —
UCSRC

e Bit 3—TXEN: Transmitter Enable

Writing this bit to one enables the USART Transmitter. The Transmitter will override normal port
operation for the TxD pin when enabled. The disabling of the Transmitter (writing TXEN to zero)
will not become effective until ongoing and pending transmissions are completed (that is, when
the Transmit Shift Register and Transmit Buffer Register do not contain data to be transmitted).
When disabled, the Transmitter will no longer override the TxD port.

e Bit 2 - UCSZ2: Character Size

The UCSZ2 bits combined with the UCSZ1:0 bit in UCSRC sets the number of data bits (Char-
acter Size) in a frame the Receiver and Transmitter use.

« Bit 1 - RXB8: Receive Data Bit 8

RXB8 is the ninth data bit of the received character when operating with serial frames with nine
data bits. Must be read before reading the low bits from UDR.

e Bit 0 — TXB8: Transmit Data Bit 8

TXB8 is the ninth data bit in the character to be transmitted when operating with serial frames
with nine data bits. Must be written before writing the low bits to UDR.

Bit 7 6 5 4 8 2 1 0

I URSEL UMSEL UPM1 UPMO USBS UCSz1 UCSZz0 UCPOL I UCSRC
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 1 0 0 0 0 1 n 0

The UCSRC Register shares the same I/O location as the UBRRH Register. See the “Accessing
UBRRH/UCSRC Registers” on page 146 section which describes how to access this register.

e Bit 7 - URSEL: Register Select

This bit selects between accessing the UCSRC or the UBRRH Register. It is read as one when
reading UCSRC. The URSEL must be one when writing the UCSRC.

* Bit 6 — UMSEL: USART Mode Select

This bit selects between Asynchronous and Synchronous mode of operation.

Table 55. UMSEL Bit Settings

UMSEL Mode
0 Asynchronous Operation
1 Synchronous Operation
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e Bit 5:4 — UPM1:0: Parity Mode

These bits enable and set type of Parity Generation and Check. If enabled, the Transmitter will
automatically generate and send the parity of the transmitted data bits within each frame. The
Receiver will generate a parity value for the incoming data and compare it to the UPMO setting.
If a mismatch is detected, the PE Flag in UCSRA will be set.

Table 56. UPM Bits Settings

UPM1 UPMO Parity Mode
0 0 Disabled
0 1 Reserved
1 0 Enabled, Even Parity
1 1 Enabled, Odd Parity

« Bit 3—- USBS: Stop Bit Select

This bit selects the number of stop bits to be inserted by the Transmitter. The Receiver ignores
this setting.

Table 57. USBS Bit Settings

USBS Stop Bit(s)
0 1-bit
1 2-bit

e Bit 2:1 — UCSZ1:0: Character Size

The UCSZ1:0 bits combined with the UCSZ2 bit in UCSRB sets the number of data bits (Char-
acter Size) in a frame the Receiver and Transmitter use.

Table 58. UCSZ Bits Settings

uUcsz2 ucsz1 UCSZz0 Character Size
0 0 0 5-bit
0 0 1 6-bit
0 1 0 7-bit
0 1 1 8-bit
1 0 0 Reserved
1 0 1 Reserved
1 1 0 Reserved
1 1 1 9-bit
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e Bit 0 — UCPOL.: Clock Polarity

This bit is used for Synchronous mode only. Write this bit to zero when Asynchronous mode is
used. The UCPOL bit sets the relationship between data output change and data input sample,
and the synchronous clock (XCK).

Table 59. UCPOL Bit Settings
Transmitted Data Changed Received Data Sampled
UCPOL | (Output of TxD Pin) (Input on RxD Pin)
0 Rising XCK Edge Falling XCK Edge
1 Falling XCK Edge Rising XCK Edge
USART Baud Rate
Registers — UBRRL Bit 15 14 13 12 11 10 9 8
and UBRRHs URSEL - - -] UBRR[11:8] UBRRH
UBRR[7:0] UBRRL
7 6 4 3 2 1 0
Read/Write R/IW R R R/W R/W R/IW R/W
R/W R/W R/W R/W R/IW R/IW R/IW R/W
Initial Value 0 0 0 0 0 0 0 0
o} 0 0 0 0 o} 0 0
The UBRRH Register shares the same 1/O location as the UCSRC Register. See the “Accessing
UBRRH/UCSRC Registers” on page 146 section which describes how to access this register.
e Bit 15 - URSEL: Register Select
This bit selects between accessing the UBRRH or the UCSRC Register. It is read as zero when
reading UBRRH. The URSEL must be zero when writing the UBRRH.
* Bit 14:12 — Reserved Bits
These bits are reserved for future use. For compatibility with future devices, these bit must be
written to zero when UBRRH is written.
e Bit 11:0 — UBRR11:0: USART Baud Rate Register
This is a 12-bit register which contains the USART baud rate. The UBRRH contains the four
most significant bits, and the UBRRL contains the eight least significant bits of the USART baud
rate. Ongoing transmissions by the Transmitter and Receiver will be corrupted if the baud rate is
changed. Writing UBRRL will trigger an immediate update of the baud rate prescaler.
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Examples of Baud For standard crystal and resonator frequencies, the most commonly used baud rates for asyn-

Rate Setting

chronous operation can be generated by using the UBRR settings in Table 60. UBRR values
which yield an actual baud rate differing less than 0.5% from the target baud rate, are bold in the
table. Higher error ratings are acceptable, but the Receiver will have less noise resistance when
the error ratings are high, especially for large serial frames (see “Asynchronous Operational
Range” on page 144). The error values are calculated using the following equation:

BaudRate
Error{%] = ( S dCF';’;fZ‘ Match _ 1) * 100%
Table 60. Examples of UBRR Settings for Commonly Used Oscillator Frequencies
fsc = 1.0000MHz fosc = 1.8432MHz fysc = 2.0000MHz
ﬁ:f: U2X=0 U2x=1 U2X=0 U2x=1 U2X =0 u2x=1
(bps) UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error
2400 25 0.2% 51 0.2% 47 0.0% 95 0.0% 51 0.2% 103 0.2%
4800 12 0.2% 25 0.2% 23 0.0% 47 0.0% 25 0.2% 51 0.2%
9600 6 -7.0% 12 0.2% 11 0.0% 23 0.0% 12 0.2% 25 0.2%
14.4k 3 8.5% 8 -3.5% 7 0.0% 15 0.0% 8 -3.5% 16 2.1%
19.2k 2 8.5% 6 -7.0% 5 0.0% 11 0.0% 6 -7.0% 12 0.2%
28.8k 1 8.5% 3 8.5% 3 0.0% 7 0.0% 3 8.5% 8 -3.5%
38.4k 1 -18.6% 2 8.5% 2 0.0% 3 0.0% 2 8.5% 6 -7.0%
57.6k 0 8.5% 1 8.5% 1 0.0% 3 0.0% 1 8.5% 3 8.5%
76.8k - - 1 -18.6% 1 -25.0% 2 0.0% 1 -18.6% 2 8.5%
115.2k - - 0 8.5% 0 0.0% 1 0.0% 0 8.5% 1 8.5%
230.4k - - - - - - 0 0.0% - - - -
250k - - - - - - - - - - 0 0.0%
Max @ 62.5kbps 125kbps 115.2kbps 230.4kbps 125kbps 250kbps
1. UBRR =0, Error = 0.0%
| Atme[ 153

2486AA-AVR-02/2013



I A\ T ega8(L)

Table 61. Examples of UBRR Settings for Commonly Used Oscillator Frequencies (Continued)

fosc = 3.6864MHz fosc = 4.0000MHz fosc = 7.3728MHz
EZfed U2X =0 u2x=1 U2X =0 u2x=1 U2X =0 U2xX =1
(bps) UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error
2400 95 0.0% 191 0.0% 103 0.2% 207 0.2% 191 0.0% 383 0.0%
4800 47 0.0% 95 0.0% 51 0.2% 103 0.2% 95 0.0% 191 0.0%
9600 23 0.0% 47 0.0% 25 0.2% 51 0.2% 47 0.0% 95 0.0%
14.4k 15 0.0% 31 0.0% 16 2.1% 34 -0.8% 31 0.0% 63 0.0%
19.2k 11 0.0% 23 0.0% 12 0.2% 25 0.2% 23 0.0% 47 0.0%
28.8k 7 0.0% 15 0.0% 8 -3.5% 16 2.1% 15 0.0% 31 0.0%
38.4k 5 0.0% 11 0.0% 6 -7.0% 12 0.2% 11 0.0% 23 0.0%
57.6k 3 0.0% 7 0.0% 3 8.5% 8 -3.5% 7 0.0% 15 0.0%
76.8k 2 0.0% 5 0.0% 2 8.5% 6 -7.0% 5 0.0% 11 0.0%
115.2k 1 0.0% 3 0.0% 1 8.5% 3 8.5% 3 0.0% 7 0.0%
230.4k 0 0.0% 1 0.0% 0 8.5% 1 8.5% 1 0.0% 3 0.0%
250k 0 -7.8% 1 -7.8% 0 0.0% 1 0.0% 1 -7.8% 3 -7.8%
0.5M = = 0 -7.8% = = 0 0.0% 0 -7.8% 1 -7.8%
1M = = = - - = = - = = 0 -7.8%
Max @ 230.4kbps 460.8kbps 250kbps 0.5Mbps 460.8kbps 921.6kbps
1. UBRR =0, Error = 0.0%
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Table 62. Examples of UBRR Settings for Commonly Used Oscillator Frequencies (Continued)

focc = 8.0000MHz fooc = 11.0592MHz f.o. = 14.7456MHz

EZfed U2X =0 U2x=1 U2X =0 U2x=1 U2X=0 U2x=1

(bps) UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error
2400 207 0.2% 416 -0.1% 287 0.0% 575 0.0% 383 0.0% 767 0.0%
4800 103 0.2% 207 0.2% 143 0.0% 287 0.0% 191 0.0% 383 0.0%
9600 51 0.2% 103 0.2% 71 0.0% 143 0.0% 95 0.0% 191 0.0%
14.4k 34 -0.8% 68 0.6% 47 0.0% 95 0.0% 63 0.0% 127 0.0%
19.2k 25 0.2% 51 0.2% 35 0.0% 71 0.0% 47 0.0% 95 0.0%
28.8k 16 2.1% 34 -0.8% 23 0.0% 47 0.0% 31 0.0% 63 0.0%
38.4k 12 0.2% 25 0.2% 17 0.0% 35 0.0% 23 0.0% 47 0.0%
57.6k 8 -3.5% 16 2.1% 11 0.0% 23 0.0% 15 0.0% 31 0.0%
76.8k 6 -7.0% 12 0.2% 8 0.0% 17 0.0% 11 0.0% 23 0.0%
115.2k 3 8.5% 8 -3.5% 5 0.0% 11 0.0% 7 0.0% 15 0.0%
230.4k 1 8.5% 3 8.5% 2 0.0% B) 0.0% 3 0.0% 7 0.0%
250k 1 0.0% 3 0.0% 2 -7.8% 5 -7.8% 3 -7.8% 6 5.3%
0.5M 0 0.0% 1 0.0% - - 2 -7.8% 1 -7.8% 3 -7.8%
M - - 0 0.0% - - - - 0 -7.8% 1 -7.8%
Max® | 0.5Mbps 1Mbps 691.2kbps 1.3824Mbps 921.6kbps 1.8432Mbps

1. UBRR = 0, Error = 0.0%
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Table 63. Examples of UBRR Settings for Commonly Used Oscillator Frequencies (Continued)

fysc = 16.0000MHz fyec = 18.4320MHz fysc = 20.0000MHz
E;Jed U2X =0 u2x=1 U2X =0 u2x=1 U2X =0 U2xX =1
(bps) UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error
2400 416 -0.1% 832 0.0% 479 0.0% 959 0.0% 520 0.0% 1041 0.0%
4800 207 0.2% 416 -0.1% 239 0.0% 479 0.0% 259 0.2% 520 0.0%
9600 103 0.2% 207 0.2% 119 0.0% 239 0.0% 129 0.2% 259 0.2%
14.4k 68 0.6% 138 -0.1% 79 0.0% 159 0.0% 86 -0.2% 173 -0.2%
19.2k 51 0.2% 103 0.2% 59 0.0% 119 0.0% 64 0.2% 129 0.2%
28.8k 34 -0.8% 68 0.6% 39 0.0% 79 0.0% 42 0.9% 86 -0.2%
38.4k 25 0.2% 51 0.2% 29 0.0% 59 0.0% 32 -1.4% 64 0.2%
57.6k 16 2.1% 34 -0.8% 19 0.0% 39 0.0% 21 -1.4% 42 0.9%
76.8k 12 0.2% 25 0.2% 14 0.0% 29 0.0% 15 1.7% 32 -1.4%
115.2k 8 -3.5% 16 2.1% 9 0.0% 19 0.0% 10 -1.4% 21 -1.4%
230.4k 3 8.5% 8 -3.5% 4 0.0% 9 0.0% 4 8.5% 10 -1.4%
250k 3 0.0% 7 0.0% 4 -7.8% 8 2.4% 4 0.0% 9 0.0%
0.5M 1 0.0% 3 0.0% = = 4 -7.8% = = 4 0.0%
1M 0 0.0% 1 0.0% - = = - = = = =
Max @ 1Mbps 2Mbps 1.152Mbps 2.304Mbps 1.25Mbps 2.5Mbps
1. UBRR =0, Error = 0.0%
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Two-wire Serial

Interface
Features * Simple Yet Powerful and Flexible Communication Interface, only two Bus Lines Needed
* Both Master and Slave Operation Supported
* Device can Operate as Transmitter or Receiver
e 7-bit Address Space Allows up to 128 Different Slave Addresses
e Multi-master Arbitration Support
* Up to 400kHz Data Transfer Speed
* Slew-rate Limited Output Drivers
* Noise Suppression Circuitry Rejects Spikes on Bus Lines
* Fully Programmable Slave Address with General Call Support
* Address Recognition Causes Wake-up When AVR is in Sleep Mode
Two-wire Serial The Two-wire Serial Interface (TWI) is ideally suited for typical microcontroller applications. The
Interface Bus TWI protocol allows the systems designer to interconnect up to 128 different devices using only
Definition two bi-directional bus lines, one for clock (SCL) and one for data (SDA). The only external hard-
ware needed to implement the bus is a single pull-up resistor for each of the TWI bus lines. All
devices connected to the bus have individual addresses, and mechanisms for resolving bus
contention are inherent in the TWI protocol.
Figure 68. TWI Bus Interconnection
VCC
Device 1 Device 2 Device 3 | ........ Device n R1 R2
SDA = >
SCL - >
TWI Terminology The following definitions are frequently encountered in this section.
Table 64. TWI Terminology
Term Description
Master The device that initiates and terminates a transmission. The Master also
generates the SCL clock
Slave The device addressed by a Master
Transmitter | The device placing data on the bus
Receiver The device reading data from the bus
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Electrical
Interconnection

Data Transfer and
Frame Format

Transferring Bits

START and STOP
Conditions

As depicted in Figure 68 on page 157, both bus lines are connected to the positive supply volt-
age through pull-up resistors. The bus drivers of all TWI-compliant devices are open-drain or
open-collector. This implements a wired-AND function which is essential to the operation of the
interface. A low level on a TWI bus line is generated when one or more TWI devices output a
zero. A high level is output when all TWI devices tri-state their outputs, allowing the pull-up resis-
tors to pull the line high. Note that all AVR devices connected to the TWI bus must be powered
in order to allow any bus operation.

The number of devices that can be connected to the bus is only limited by the bus capacitance
limit of 400pF and the 7-bit slave address space. A detailed specification of the electrical charac-
teristics of the TWI is given in “Two-wire Serial Interface Characteristics” on page 238. Two
different sets of specifications are presented there, one relevant for bus speeds below 100kHz,
and one valid for bus speeds up to 400kHz.

Each data bit transferred on the TWI bus is accompanied by a pulse on the clock line. The level
of the data line must be stable when the clock line is high. The only exception to this rule is for
generating start and stop conditions.

Figure 69. Data Validity

SDA

SCL

Data Stable Data Stable

Data Change

The Master initiates and terminates a data transmission. The transmission is initiated when the
Master issues a START condition on the bus, and it is terminated when the Master issues a
STOP condition. Between a START and a STOP condition, the bus is considered busy, and no
other master should try to seize control of the bus. A special case occurs when a new START
condition is issued between a START and STOP condition. This is referred to as a REPEATED
START condition, and is used when the Master wishes to initiate a new transfer without relin-
quishing control of the bus. After a REPEATED START, the bus is considered busy until the next
STOP. This is identical to the START behavior, and therefore START is used to describe both
START and REPEATED START for the remainder of this datasheet, unless otherwise noted. As
depicted below, START and STOP conditions are signalled by changing the level of the SDA
line when the SCL line is high.
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Figure 70. START, REPEATED START and STOP conditions

START STOP START REPEATED START STOP
Address Packet All address packets transmitted on the TWI bus are 9 bits long, consisting of 7 address bits, one
Format READ/WRITE control bit and an acknowledge bit. If the READ/WRITE bit is set, a read opera-

tion is to be performed, otherwise a write operation should be performed. When a Slave
recognizes that it is being addressed, it should acknowledge by pulling SDA low in the ninth SCL
(ACK) cycle. If the addressed Slave is busy, or for some other reason can not service the Mas-
ter’s request, the SDA line should be left high in the ACK clock cycle. The Master can then
transmit a STOP condition, or a REPEATED START condition to initiate a new transmission. An
address packet consisting of a slave address and a READ or a WRITE bit is called SLA+R or
SLA+W, respectively.

The MSB of the address byte is transmitted first. Slave addresses can freely be allocated by the
designer, but the address 0000 000 is reserved for a general call.

When a general call is issued, all slaves should respond by pulling the SDA line low in the ACK
cycle. A general call is used when a Master wishes to transmit the same message to several
slaves in the system. When the general call address followed by a Write bit is transmitted on the
bus, all slaves set up to acknowledge the general call will pull the SDA line low in the ack cycle.
The following data packets will then be received by all the slaves that acknowledged the general
call. Note that transmitting the general call address followed by a Read bit is meaningless, as
this would cause contention if several slaves started transmitting different data.

All addresses of the format 1111 xxx should be reserved for future purposes.

Figure 71. Address Packet Format

Addr MSB AddrLSB R/W ACK

)

SDA
>< »
) -

START
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Data Packet Format

Combining Address

and Data Packets into

a Transmission

All data packets transmitted on the TWI bus are nine bits long, consisting of one data byte and
an acknowledge bit. During a data transfer, the Master generates the clock and the START and
STOP conditions, while the Receiver is responsible for acknowledging the reception. An
Acknowledge (ACK) is signalled by the Receiver pulling the SDA line low during the ninth SCL
cycle. If the Receiver leaves the SDA line high, a NACK is signalled. When the Receiver has
received the last byte, or for some reason cannot receive any more bytes, it should inform the
Transmitter by sending a NACK after the final byte. The MSB of the data byte is transmitted first.

Figure 72. Data Packet Format

I
i Data MSB DataLSB ACK i
. I I
Aggregate N SS }
SDA N\ | 2& i
SDAfrom B
Transmitter ~ \ >§
SDA from y o
Receiver  /
SCL from ! !
Master ! ¢ T
I I
i ! 2 ! 8 9 i STOP, REPEATED
SLA+R/W | Data Byte ! START or Next
' ' Data Byte

A transmission basically consists of a START condition, a SLA+R/W, one or more data packets
and a STOP condition. An empty message, consisting of a START followed by a STOP condi-
tion, is illegal. Note that the Wired-ANDing of the SCL line can be used to implement
handshaking between the Master and the Slave. The Slave can extend the SCL low period by
pulling the SCL line low. This is useful if the clock speed set up by the Master is too fast for the
Slave, or the Slave needs extra time for processing between the data transmissions. The Slave
extending the SCL low period will not affect the SCL high period, which is determined by the
Master. As a consequence, the Slave can reduce the TWI data transfer speed by prolonging the
SCL duty cycle.

Figure 73 shows a typical data transmission. Note that several data bytes can be transmitted
between the SLA+R/W and the STOP condition, depending on the software protocol imple-
mented by the application software.

Figure 73. Typical Data Transmission

I
3 Addr MSB

I
AddrLSB R/W ACK Data MSB DataLSB ACK i
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1 7 8 9 1 7 8 9
START SLA+R/W Data Byte STOP
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Multi-master Bus The TWI protocol allows bus systems with several masters. Special concerns have been taken

Systems, in order to ensure that transmissions will proceed as normal, even if two or more masters initiate
Arbitration and a transmission at the same time. Two problems arise in multi-master systems:
Synchronization *  An algorithm must be implemented allowing only one of the masters to complete the

transmission. All other masters should cease transmission when they discover that they
have lost the selection process. This selection process is called arbitration. When a
contending master discovers that it has lost the arbitration process, it should immediately
switch to Slave mode to check whether it is being addressed by the winning master. The fact
that multiple masters have started transmission at the same time should not be detectable to
the slaves, that is, the data being transferred on the bus must not be corrupted

» Different masters may use different SCL frequencies. A scheme must be devised to
synchronize the serial clocks from all masters, in order to let the transmission proceed in a
lockstep fashion. This will facilitate the arbitration process

The wired-ANDing of the bus lines is used to solve both these problems. The serial clocks from
all masters will be wired-ANDed, yielding a combined clock with a high period equal to the one
from the Master with the shortest high period. The low period of the combined clock is equal to
the low period of the Master with the longest low period. Note that all masters listen to the SCL
line, effectively starting to count their SCL high and low time-out periods when the combined
SCL line goes high or low, respectively.

Figure 74. SCL Synchronization Between Multiple Masters

\ TA | ! TA high |
I I I I
I I I I
\ | | J
SCL from \ (I \ |
Master A | L/ | |
\ \
\ \
,,,,,, J L
SCL from | \ L/ | N
Master B \ \ \ } } I
I T | I
| ! | |
SCL Bus } } i ‘ }
Line | \ } } !
I 1 ‘ I
\ \ \
| By o TBhign |
\ Masters Start \ Masters Start
Counting Low Period Counting High Period

Arbitration is carried out by all masters continuously monitoring the SDA line after outputting
data. If the value read from the SDA line does not match the value the Master had output, it has
lost the arbitration. Note that a Master can only lose arbitration when it outputs a high SDA value
while another Master outputs a low value. The losing Master should immediately go to Slave
mode, checking if it is being addressed by the winning Master. The SDA line should be left high,
but losing masters are allowed to generate a clock signal until the end of the current data or
address packet. Arbitration will continue until only one Master remains, and this may take many
bits. If several masters are trying to address the same Slave, arbitration will continue into the
data packet.
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Figure 75. Arbitration Between Two Masters

START Master A Loses

| Arbitration, SDA,* SDA
SDA from

Master A

SDA from
Master B \ / \ / \

Synchronized
|| |

Note that arbitration is not allowed between:

e A REPEATED START condition and a data bit

A STOP condition and a data bit

* A REPEATED START and a STOP condition

It is the user software’s responsibility to ensure that these illegal arbitration conditions never
occur. This implies that in multi-master systems, all data transfers must use the same composi-

tion of SLA+R/W and data packets. In other words: All transmissions must contain the same
number of data packets, otherwise the result of the arbitration is undefined.
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Overview of the

TWI Module

SCL and SDA Pins

The TWI module is comprised of several submodules, as shown in Figure 76. All registers drawn
in a thick line are accessible through the AVR data bus.

Figure 76. Overview of the TWI Module

SCL SDA
Slew-rate Spike Slew-rate Spike
Control Filter Control Filter
A A

/

Bus Interface Unit

START / STOP

Control Spike Suppression

Bit Rate Generator

Prescaler

_— ) Address/Data Shift Bit Rate Register
Arbitration detection Register (TWDR) Ack (TWBR)
A A A
/ / /
Address Match Unit Control Unit
Address Register P . Status Register Control Register
(TWAR) (TWSR) (TWCR)

Address Comparator

State Machine and
Status control

TWI Unit

These pins interface the AVR TWI with the rest of the MCU system. The output drivers contain a
slew-rate limiter in order to conform to the TWI specification. The input stages contain a spike
suppression unit removing spikes shorter than 50ns. Note that the internal pull-ups in the AVR
pads can be enabled by setting the PORT bits corresponding to the SCL and SDA pins, as
explained in the 1/O Port section. The internal pull-ups can in some systems eliminate the need

for external ones.
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Bit Rate Generator This unit controls the period of SCL when operating in a Master mode. The SCL period is con-

Unit trolled by settings in the TWI Bit Rate Register (TWBR) and the Prescaler bits in the TWI Status
Register (TWSR). Slave operation does not depend on Bit Rate or Prescaler settings, but the
CPU clock frequency in the Slave must be at least 16 times higher than the SCL frequency. Note
that slaves may prolong the SCL low period, thereby reducing the average TWI bus clock
period. The SCL frequency is generated according to the following equation:

CPU Clock frequency
16 + 2(TWBR) - 4 VF®

SCL frequency =

e TWBR = Value of the TWI Bit Rate Register
« TWHPS = Value of the prescaler bits in the TWI Status Register

Note:  Pull-up resistor values should be selected according to the SCL frequency and the capacitive bus
line load. See Table 101 on page 238 for value of pull-up resistor

Bus Interface Unit This unit contains the Data and Address Shift Register (TWDR), a START/STOP Controller and
Arbitration detection hardware. The TWDR contains the address or data bytes to be transmitted,
or the address or data bytes received. In addition to the 8-bit TWDR, the Bus Interface Unit also
contains a register containing the (N)ACK bit to be transmitted or received. This (N)ACK Regis-
ter is not directly accessible by the application software. However, when receiving, it can be set
or cleared by manipulating the TWI Control Register (TWCR). When in Transmitter mode, the
value of the received (N)ACK bit can be determined by the value in the TWSR.

The START/STOP Controller is responsible for generation and detection of START, REPEATED
START, and STOP conditions. The START/STOP controller is able to detect START and STOP
conditions even when the AVR MCU is in one of the sleep modes, enabling the MCU to wake up
if addressed by a Master.

If the TWI has initiated a transmission as Master, the Arbitration Detection hardware continu-
ously monitors the transmission trying to determine if arbitration is in process. If the TWI has lost
an arbitration, the Control Unit is informed. Correct action can then be taken and appropriate
status codes generated.

Address Match Unit The Address Match unit checks if received address bytes match the seven-bit address in the
TWI Address Register (TWAR). If the TWI General Call Recognition Enable (TWGCE) bit in the
TWAR is written to one, all incoming address bits will also be compared against the General Call
address. Upon an address match, the Control Unit is informed, allowing correct action to be
taken. The TWI may or may not acknowledge its address, depending on settings in the TWCR.
The Address Match unit is able to compare addresses even when the AVR MCU is in sleep
mode, enabling the MCU to wake up if addressed by a Master. If another interrupt (for example,
INTO) occurs during TWI Power-down address match and wakes up the CPU, the TWI aborts
operation and return to it's idle state. If this cause any problems, ensure that TWI Address Match
is the only enabled interrupt when entering Power-down.

Control Unit The Control unit monitors the TWI bus and generates responses corresponding to settings in the
TWI Control Register (TWCR). When an event requiring the attention of the application occurs
on the TWI bus, the TWI Interrupt Flag (TWINT) is asserted. In the next clock cycle, the TWI Sta-
tus Register (TWSR) is updated with a status code identifying the event. The TWSR only
contains relevant status information when the TWI Interrupt Flag is asserted. At all other times,
the TWSR contains a special status code indicating that no relevant status information is avail-
able. As long as the TWINT Flag is set, the SCL line is held low. This allows the application
software to complete its tasks before allowing the TWI transmission to continue.
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The TWINT Flag is set in the following situations:

e After the TWI has transmitted a START/REPEATED START condition

e After the TWI has transmitted SLA+R/W

e After the TWI has transmitted an address byte

e After the TWI has lost arbitration

e After the TWI has been addressed by own slave address or general call

« After the TWI has received a data byte

e After a STOP or REPEATED START has been received while still addressed as a Slave
* When a bus error has occurred due to an illegal START or STOP condition

TWI Register
Description
TWI Bit Rate Register
- TWBR Bit 7 6 5 4 3 2 1 0
| TWBR7 | TWBR6 | TWBR5 | TWBR4 | TWBR3 | TWBR2 | TWBR1 | TWBRO | TWBR
Read/Write R/W R/W R/W R/W R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

e Bits 7..0 — TWI Bit Rate Register

TWBR selects the division factor for the bit rate generator. The bit rate generator is a frequency
divider which generates the SCL clock frequency in the Master modes. See “Bit Rate Generator
Unit” on page 164 for calculating bit rates.

TWI Control Register —

TWCR Bit 7 6 5 4 3 2 1 0
| TWINT TWEA TWSTA | TWSTO | TWWC TWEN - TWIE | TWCR

Read/Write R/W R/W R/W R/IW R R/W R R/W

Initial Value 0 0 0 0 0 0 0 0

The TWCR is used to control the operation of the TWI. It is used to enable the TWI, to initiate a
Master access by applying a START condition to the bus, to generate a Receiver acknowledge,
to generate a stop condition, and to control halting of the bus while the data to be written to the
bus are written to the TWDR. It also indicates a write collision if data is attempted written to
TWDR while the register is inaccessible.

e Bit 7 — TWINT: TWI Interrupt Flag

This bit is set by hardware when the TWI has finished its current job and expects application
software response. If the I-bit in SREG and TWIE in TWCR are set, the MCU will jump to the
TWI Interrupt Vector. While the TWINT Flag is set, the SCL low period is stretched. The TWINT
Flag must be cleared by software by writing a logic one to it. Note that this flag is not automati-
cally cleared by hardware when executing the interrupt routine. Also note that clearing this flag
starts the operation of the TWI, so all accesses to the TWI Address Register (TWAR), TWI Sta-
tus Register (TWSR), and TWI Data Register (TWDR) must be complete before clearing this
flag.
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* Bit 6 — TWEA: TWI Enable Acknowledge Bit

The TWEA bit controls the generation of the acknowledge pulse. If the TWEA bit is written to
one, the ACK pulse is generated on the TWI bus if the following conditions are met:

1. The device’s own slave address has been received

2. A general call has been received, while the TWGCE bit in the TWAR is set

3. A data byte has been received in Master Receiver or Slave Receiver mode

By writing the TWEA bit to zero, the device can be virtually disconnected from the Two-wire
Serial Bus temporarily. Address recognition can then be resumed by writing the TWEA bit to one
again.

* Bit 5 - TWSTA: TWI START Condition Bit

The application writes the TWSTA bit to one when it desires to become a Master on the Two-
wire Serial Bus. The TWI hardware checks if the bus is available, and generates a START con-
dition on the bus if it is free. However, if the bus is not free, the TWI waits until a STOP condition
is detected, and then generates a new START condition to claim the bus Master status. TWSTA
must be cleared by software when the START condition has been transmitted.

e Bit4—-TWSTO: TWI STOP Condition Bit

Writing the TWSTO bit to one in Master mode will generate a STOP condition on the Two-wire
Serial Bus. When the STOP condition is executed on the bus, the TWSTO bit is cleared auto-
matically. In Slave mode, setting the TWSTO bit can be used to recover from an error condition.
This will not generate a STOP condition, but the TWI returns to a well-defined unaddressed
Slave mode and releases the SCL and SDA lines to a high impedance state.

e Bit 3— TWWC: TWI Write Collision Flag

The TWWC bit is set when attempting to write to the TWI Data Register - TWDR when TWINT is
low. This flag is cleared by writing the TWDR Register when TWINT is high.

e Bit 2—-TWEN: TWI Enable Bit

The TWEN bit enables TWI operation and activates the TWI interface. When TWEN is written to
one, the TWI takes control over the 1/0O pins connected to the SCL and SDA pins, enabling the

slew-rate limiters and spike filters. If this bit is written to zero, the TWI is switched off and all TWI
transmissions are terminated, regardless of any ongoing operation.

* Bit 1 - Res: Reserved Bit

This bit is a reserved bit and will always read as zero.
e Bit 0 — TWIE: TWI Interrupt Enable

When this bit is written to one, and the I-bit in SREG is set, the TWI interrupt request will be acti-
vated for as long as the TWINT Flag is high.

TWI Status Register —

TWSR Bit 7 6 5 4 3 2 1 0
I TWS7 TWS6 TWS5 TWS4 TWS3 - TWPS1 TWPSOI TWSR

Read/Write R R R R R R R/W R/W

Initial Value 1 1 1 1 1 0 0 0

e Bits 7..3 - TWS: TWI Status

These 5 bits reflect the status of the TWI logic and the Two-wire Serial Bus. The different status
codes are described later in this section. Note that the value read from TWSR contains both the
5-bit status value and the 2-bit prescaler value. The application designer should mask the pres-
caler bits to zero when checking the Status bits. This makes status checking independent of
prescaler setting. This approach is used in this datasheet, unless otherwise noted.
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* Bit 2 — Res: Reserved Bit

This bit is reserved and will always read as zero.
e Bits 1..0 - TWPS: TWI Prescaler Bits

These bits can be read and written, and control the bit rate prescaler.

Table 65. TWI Bit Rate Prescaler

TWPS1 TWPSO Prescaler Value
0 0 1

0 1 4

1 0 16

1 1 64

To calculate bit rates, see “Bit Rate Generator Unit” on page 164. The value of TWPS1..0 is
used in the equation.

TWI Data Register —

TWDR Bit i 6 5 4 3 2 1 0
I TWD7 TWD6 TWD5 TWD4 TWD3 TWD2 TWD1 TWDO I TWDR

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 1 1 1 1 1 il 1 1

In Transmit mode, TWDR contains the next byte to be transmitted. In Receive mode, the TWDR
contains the last byte received. It is writable while the TWI is not in the process of shifting a byte.
This occurs when the TWI Interrupt Flag (TWINT) is set by hardware. Note that the Data Regis-
ter cannot be initialized by the user before the first interrupt occurs. The data in TWDR remains
stable as long as TWINT is set. While data is shifted out, data on the bus is simultaneously
shifted in. TWDR always contains the last byte present on the bus, except after a wake up from
a sleep mode by the TWI interrupt. In this case, the contents of TWDR is undefined. In the case
of a lost bus arbitration, no data is lost in the transition from Master to Slave. Handling of the
ACK bit is controlled automatically by the TWI logic, the CPU cannot access the ACK bit directly.

e Bits 7..0 - TWD: TWI Data Register

These eight bits constitute the next data byte to be transmitted, or the latest data byte received
on the Two-wire Serial Bus.

TWI (Slave) Address

Register — TWAR Bit 7 6 5 4 3 2 1 0
I TWAG6 TWAS TWA4 TWA3 TWA2 TWAL TWAO TWGCE I TWAR
Read/Write RIW RIW RIW RIW RIW RIW RIW RIW
Initial Value 1 1 1 1 1 1 1 0

The TWAR should be loaded with the 7-bit Slave address (in the seven most significant bits of
TWAR) to which the TWI will respond when programmed as a Slave Transmitter or Receiver,
and not needed in the Master modes. In multimaster systems, TWAR must be set in masters
which can be addressed as Slaves by other Masters.

The LSB of TWAR is used to enable recognition of the general call address (0x00). There is an
associated address comparator that looks for the slave address (or general call address if
enabled) in the received serial address. If a match is found, an interrupt request is generated.
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Using the TWI

e Bits 7..1 — TWA: TWI (Slave) Address Register

These seven bits constitute the slave address of the TWI unit.
e Bit 0 —- TWGCE: TWI General Call Recognition Enable Bit

If set, this bit enables the recognition of a General Call given over the Two-wire Serial Bus.

The AVR TWI is byte-oriented and interrupt based. Interrupts are issued after all bus events, like
reception of a byte or transmission of a START condition. Because the TWI is interrupt-based,
the application software is free to carry on other operations during a TWI byte transfer. Note that
the TWI Interrupt Enable (TWIE) bit in TWCR together with the Global Interrupt Enable bit in
SREG allow the application to decide whether or not assertion of the TWINT Flag should gener-
ate an interrupt request. If the TWIE bit is cleared, the application must poll the TWINT Flag in
order to detect actions on the TWI bus.

When the TWINT Flag is asserted, the TWI has finished an operation and awaits application
response. In this case, the TWI Status Register (TWSR) contains a value indicating the current
state of the TWI bus. The application software can then decide how the TWI should behave in
the next TWI bus cycle by manipulating the TWCR and TWDR Registers.

Figure 77 is a simple example of how the application can interface to the TWI hardware. In this
example, a Master wishes to transmit a single data byte to a Slave. This description is quite
abstract, a more detailed explanation follows later in this section. A simple code example imple-
menting the desired behavior is also presented.

Figure 77. Interfacing the Application to the TWI in a Typical Transmission
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Action
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1. The first step in a TWI transmission is to transmit a START condition. This is done by
writing a specific value into TWCR, instructing the TWI hardware to transmit a START
condition. Which value to write is described later on. However, it is important that the
TWINT bit is set in the value written. Writing a one to TWINT clears the flag. The TWI will
not start any operation as long as the TWINT bit in TWCR is set. Immediately after the
application has cleared TWINT, the TWI will initiate transmission of the START condition

2. When the START condition has been transmitted, the TWINT Flag in TWCR is set, and
TWSR is updated with a status code indicating that the START condition has success-

fully been sent
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3. The application software should now examine the value of TWSR, to make sure that the
START condition was successfully transmitted. If TWSR indicates otherwise, the applica-
tion software might take some special action, like calling an error routine. Assuming that
the status code is as expected, the application must load SLA+W into TWDR. Remember
that TWDR is used both for address and data. After TWDR has been loaded with the
desired SLA+W, a specific value must be written to TWCR, instructing the TWI hardware
to transmit the SLA+W present in TWDR. Which value to write is described later on.
However, it is important that the TWINT bit is set in the value written. Writing a one to
TWINT clears the flag. The TWI will not start any operation as long as the TWINT bit in
TWCR is set. Immediately after the application has cleared TWINT, the TWI will initiate
transmission of the address packet

4. When the address packet has been transmitted, the TWINT Flag in TWCR is set, and
TWSR is updated with a status code indicating that the address packet has successfully
been sent. The status code will also reflect whether a Slave acknowledged the packet or
not

5. The application software should now examine the value of TWSR, to make sure that the
address packet was successfully transmitted, and that the value of the ACK bit was as
expected. If TWSR indicates otherwise, the application software might take some special
action, like calling an error routine. Assuming that the status code is as expected, the
application must load a data packet into TWDR. Subsequently, a specific value must be
written to TWCR, instructing the TWI hardware to transmit the data packet present in
TWDR. Which value to write is described later on. However, it is important that the
TWINT bit is set in the value written. Writing a one to TWINT clears the flag. The TWI will
not start any operation as long as the TWINT bit in TWCR is set. Inmediately after the
application has cleared TWINT, the TWI will initiate transmission of the data packet

6. When the data packet has been transmitted, the TWINT Flag in TWCR is set, and TWSR
is updated with a status code indicating that the data packet has successfully been sent.
The status code will also reflect whether a Slave acknowledged the packet or not

7. The application software should now examine the value of TWSR, to make sure that the
data packet was successfully transmitted, and that the value of the ACK bit was as
expected. If TWSR indicates otherwise, the application software might take some special
action, like calling an error routine. Assuming that the status code is as expected, the
application must write a specific value to TWCR, instructing the TWI hardware to transmit
a STOP condition. Which value to write is described later on. However, it is important that
the TWINT bit is set in the value written. Writing a one to TWINT clears the flag. The TWI
will not start any operation as long as the TWINT bit in TWCR is set. Immediately after
the application has cleared TWINT, the TWI will initiate transmission of the STOP condi-
tion. Note that TWINT is NOT set after a STOP condition has been sent

Even though this example is simple, it shows the principles involved in all TWI transmissions.
These can be summarized as follows:

« When the TWI has finished an operation and expects application response, the TWINT Flag
is set. The SCL line is pulled low until TWINT is cleared

* When the TWINT Flag is set, the user must update all TWI Registers with the value relevant
for the next TWI bus cycle. As an example, TWDR must be loaded with the value to be
transmitted in the next bus cycle

e After all TWI Register updates and other pending application software tasks have been
completed, TWCR is written. When writing TWCR, the TWINT bit should be set. Writing a
one to TWINT clears the flag. The TWI will then commence executing whatever operation
was specified by the TWCR setting

In the following an assembly and C implementation of the example is given. Note that the code
below assumes that several definitions have been made, for example by using include-files.
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Assembly Code Example C Example Comments
1 ldi  r16, (1<<TWNT)| (1<<TVETA)| TWCR = (1<<TWNT)| (1<<TWBTA)| | Send START condition
(1<<TVEN) (1<<TVEN)

out TWCR, r16

2 wai t 1: while (I(TWR & (1<<TWNT))) Wait for TWINT Flag set. This
in r16, TWCR : indicates that the START condition
sbrs r16, TW NT has been transmitted
rimp waitil

3 in ril6, TWSR if ((TWBR & OxF8) != START) Check value of TWI Status
andi r16, OxF8 ERROR() ; Register. Mask prescaler bits. If
cpi  r16, START status different from START go to
brne ERROR ERROR
Idi r16, SLA W TWR = SLA W Load SLA_W into TWDR Register.
out TWDR, rl16 TWCR = (1<<TWNT) | (1<<TVEN); |Clear TWINT bitin TWCR to start
Idi  r16, (1<<TWNT) | (1<<TVEN) transmission of address
out TWCR, r16

4 wai t 2: while (I(TWR & (1<<TWNT))) Wait for TWINT Flag set. This
in ri16, TWCR : indicates that the SLA+W has been
sbrs r16, TWNT transmitte(_:i, and ACK/NACK has
o 2 been received.

5 in ri6, TWER if ((TWBR & OxF8) != Check value of TWI Status
andi r16, OxF8 MI_SLA_ACK) Register. Mask prescaler bits. If
cpi r16, MI_SLA ACK ERROR() ; status different from MT_SLA_ACK
brne ERROR go to ERROR
I'di ri16, DATA TWDR = DATA Load DATA into TWDR Register.
out TWDR r16 TWCR = (1<<TWNT) | (1<<TWEN); |Clear TWINT bit in TWCR to start
Idi  ri16, (1<<TWNT) | (1<<TVEN) transmission of data
out TWCR r16

6 wai t 3: while (I(TWR & (1<<TWNT))) Wait for TWINT Flag set. This
in r16, TWCR : indicates that the DATA has been
sbrs r16, TWNT transmitteq, and ACK/NACK has
Cj oD vailt3 been received.

7 in 116, TWER if ((TWBR & OxF8) != Check value of TWI Status
andi r16, OxF8 MT_DATA_ACK) Register. Mask prescaler bits. If
cpi  ri16, MI_DATA ACK ERROR() ; status different from
brne ERROR MT_DATA_ACK go to ERROR
Idi  r16, (1<<TWNT)| (1<<TVEN) | TWCR = (1<<TW NT) | (1<<TVEN) | Transmit STOP condition

(1<<TWBTO) (1<<TWBTO) ;

out TWCR, r16
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Transmission
Modes

Master Transmitter
Mode

The TWI can operate in one of four major modes. These are named Master Transmitter (MT),
Master Receiver (MR), Slave Transmitter (ST) and Slave Receiver (SR). Several of these
modes can be used in the same application. As an example, the TWI can use MT mode to write
data into a TWI EEPROM, MR mode to read the data back from the EEPROM. If other masters
are present in the system, some of these might transmit data to the TWI, and then SR mode
would be used. It is the application software that decides which modes are legal.

The following sections describe each of these modes. Possible status codes are described
along with figures detailing data transmission in each of the modes. These figures contain the
following abbreviations:

S: START condition

Rs: REPEATED START condition

R:  Read bit (high level at SDA)

W:  Write bit (low level at SDA)

A:  Acknowledge bit (low level at SDA)

A:  Not acknowledge bit (high level at SDA)
Data: 8-bit data byte

P:  STOP condition

SLA: Slave Address

In Figure 79 on page 174 to Figure 85 on page 183, circles are used to indicate that the TWINT
Flag is set. The numbers in the circles show the status code held in TWSR, with the prescaler
bits masked to zero. At these points, actions must be taken by the application to continue or
complete the TWI transfer. The TWI transfer is suspended until the TWINT Flag is cleared by
software.

When the TWINT Flag is set, the status code in TWSR is used to determine the appropriate soft-
ware action. For each status code, the required software action and details of the following serial
transfer are given in Table 66 on page 173 to Table 69 on page 182. Note that the prescaler bits
are masked to zero in these tables.

In the Master Transmitter mode, a humber of data bytes are transmitted to a Slave Receiver
(see Figure 78 on page 172). In order to enter a Master mode, a START condition must be
transmitted. The format of the following address packet determines whether Master Transmitter
or Master Receiver mode is to be entered. If SLA+W is transmitted, MT mode is entered, if
SLA+R is transmitted, MR mode is entered. All the status codes mentioned in this section
assume that the prescaler bits are zero or are masked to zero.
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Figure 78. Data Transfer in Master Transmitter Mode
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A START condition is sent by writing the following value to TWCR:

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 1 X i 0 X 1 0 X

TWEN must be set to enable the Two-wire Serial Interface, TWSTA must be written to one to
transmit a START condition and TWINT must be written to one to clear the TWINT Flag. The
TWI will then test the Two-wire Serial Bus and generate a START condition as soon as the bus
becomes free. After a START condition has been transmitted, the TWINT Flag is set by hard-
ware, and the status code in TWSR will be 0x08 (see Table 66 on page 173). In order to enter
MT mode, SLA+W must be transmitted. This is done by writing SLA+W to TWDR. Thereafter the
TWINT bit should be cleared (by writing it to one) to continue the transfer. This is accomplished
by writing the following value to TWCR:

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 1 X 0 0 X 1 0 X

When SLA+W have been transmitted and an acknowledgement bit has been received, TWINT is
set again and a number of status codes in TWSR are possible. Possible status codes in Master
mode are 0x18, 0x20, or 0x38. The appropriate action to be taken for each of these status codes
is detailed in Table 66 on page 173.

When SLA+W has been successfully transmitted, a data packet should be transmitted. This is
done by writing the data byte to TWDR. TWDR must only be written when TWINT is high. If not,
the access will be discarded, and the Write Collision bit (TWWC) will be set in the TWCR Regis-
ter. After updating TWDR, the TWINT bit should be cleared (by writing it to one) to continue the
transfer. This is accomplished by writing the following value to TWCR:

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 1 X 0 0 X 1 0 X

This scheme is repeated until the last byte has been sent and the transfer is ended by generat-
ing a STOP condition or a repeated START condition. A STOP condition is generated by writing
the following value to TWCR:

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 1 X 0 1 X 1 0 X

A REPEATED START condition is generated by writing the following value to TWCR:

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 1 X 1 0 X 1 0 X

After a repeated START condition (state 0x10) the Two-wire Serial Interface can access the
same Slave again, or a new Slave without transmitting a STOP condition. Repeated START

| AtmeL 172
2486AA-AVR-02/2013



I A\ T ega8(L)

enables the Master to switch between Slaves, Master Transmitter mode and Master Receiver
mode without losing control of the bus.

Table 66. Status codes for Master Transmitter Mode

Status Code Application Software Response
(TWSR) Status of the Two-wire Serial Tolfrom TWDR To TWCR
Prescaler Bits Bus and Two-wire Serial Inter-
are 0 face Hardware STA STO TWINT | TWEA | Next Action Taken by TWI Hardware
0x08 A START condition has been | Load SLA+W 0 0 1 X SLA+W will be transmitted;
transmitted ACK or NOT ACK will be received
0x10 A repeated START condition | Load SLA+W or 0 0 1 X SLA+W will be transmitted;
has been transmitted ACK or NOT ACK will be received
Load SLA+R 0 0 1 X SLA+R will be transmitted;
Logic will switch to Master Receiver mode
0x18 SLA+W has been transmitted; Load data byte or 0 0 1 X Data byte will be transmitted and ACK or NOT ACK wiill
ACK has been received be received
No TWDR action or 1 0 1 X Repeated START will be transmitted
No TWDR action or 0 1 1 X STOP condition will be transmitted and
TWSTO Flag will be reset
No TWDR action 1 1 1 X STOP condition followed by a START condition will be
transmitted and TWSTO Flag will be reset
0x20 SLA+W has been transmitted; Load data byte or 0 0 b, X Data byte will be transmitted and ACK or NOT ACK will
NOT ACK has been received be received
No TWDR action or 1 0 1 X Repeated START will be transmitted
No TWDR action or 0 1 1 X STOP condition will be transmitted and
TWSTO Flag will be reset
No TWDR action 1 1 1 X STOP condition followed by a START condition will be
transmitted and TWSTO Flag will be reset
0x28 Data byte has been transmitted; | Load data byte or 0 0 1§ X Data byte will be transmitted and ACK or NOT ACK wiill
ACK has been received be received
No TWDR action or 1 0 1 X Repeated START will be transmitted
No TWDR action or 0 1 1 X STOP condition will be transmitted and
TWSTO Flag will be reset
No TWDR action 1 1 1 X STOP condition followed by a START condition will be
transmitted and TWSTO Flag will be reset
0x30 Data byte has been transmitted; | Load data byte or 0 0 1 X Data byte will be transmitted and ACK or NOT ACK wiill
NOT ACK has been received be received
No TWDR action or 1 0 L, X Repeated START will be transmitted
No TWDR action or 0 1 1 X STOP condition will be transmitted and
TWSTO Flag will be reset
No TWDR action 1 1 i X STOP condition followed by a START condition will be
transmitted and TWSTO Flag will be reset
0x38 Arbitration lost in SLA+W or data | No TWDR action or 0 0 1 X Two-wire Serial Bus will be released and not addressed
bytes Slave mode entered
No TWDR action 1 0 il X A START condition will be transmitted when the bus be-
comes free
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Figure 79. Formats and States in the Master Transmitter Mode
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Master Receiver Mode

In the Master Receiver mode, a number of data bytes are received from a Slave Transmitter
(see Figure 80). In order to enter a Master mode, a START condition must be transmitted. The
format of the following address packet determines whether Master Transmitter or Master
Receiver mode is to be entered. If SLA+W is transmitted, MT mode is entered, if SLA+R is trans-
mitted, MR mode is entered. All the status codes mentioned in this section assume that the
prescaler bits are zero or are masked to zero.

Figure 80. Data Transfer in Master Receiver Mode
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A START condition is sent by writing the following value to TWCR:

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 1 X 1 0 X E 0 X

TWEN must be written to one to enable the Two-wire Serial Interface, TWSTA must be written to
one to transmit a START condition and TWINT must be set to clear the TWINT Flag. The TWI
will then test the Two-wire Serial Bus and generate a START condition as soon as the bus
becomes free. After a START condition has been transmitted, the TWINT Flag is set by hard-
ware, and the status code in TWSR will be 0x08 (see Table 66 on page 173). In order to enter
MR mode, SLA+R must be transmitted. This is done by writing SLA+R to TWDR. Thereafter the
TWINT bit should be cleared (by writing it to one) to continue the transfer. This is accomplished
by writing the following value to TWCR:

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 1 X 0 0 X 1 0 X

When SLA+R have been transmitted and an acknowledgement bit has been received, TWINT is
set again and a number of status codes in TWSR are possible. Possible status codes in Master
mode are 0x38, 0x40, or 0x48. The appropriate action to be taken for each of these status codes
is detailed in Table 67 on page 176. Received data can be read from the TWDR Register when
the TWINT Flag is set high by hardware. This scheme is repeated until the last byte has been
received. After the last byte has been received, the MR should inform the ST by sending a
NACK after the last received data byte. The transfer is ended by generating a STOP condition or
a repeated START condition. A STOP condition is generated by writing the following value to
TWCR:

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 1 X 0 1 X 1 0 X

A REPEATED START condition is generated by writing the following value to TWCR:

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 1 X 1 0 X 1 0 X
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After a repeated START condition (state 0x10) the Two-wire Serial Interface can access the
same Slave again, or a new Slave without transmitting a STOP condition. Repeated START
enables the Master to switch between Slaves, Master Transmitter mode and Master Receiver
mode without losing control over the bus.

Table 67. Status codes for Master Receiver Mode

Status Code Application Software Response
(TWSR) Status of the Two-wire Serial To TWCR
Prescaler Bits Bus and Two-wire Serial Inter- | +o/40m TWDR
are 0 face Hardware STA STO TWINT | TWEA | Next Action Taken by TWI Hardware
0x08 A START condition has been | Load SLA+R 0 0 1 X SLA+R will be transmitted
transmitted ACK or NOT ACK will be received
0x10 A repeated START condition | Load SLA+R or 0 0 1 X SLA+R will be transmitted
has been transmitted ACK or NOT ACK will be received
Load SLA+W 0 0 1 X SLA+W will be transmitted
Logic will switch to Master Transmitter mode
0x38 Arbitration lost in SLA+R or NOT | No TWDR action or 0 0 1 X Two-wire Serial Bus will be released and not addressed
ACK bit Slave mode will be entered
No TWDR action 1 0 1 X A START condition will be transmitted when the bus
becomes free
0x40 SLA+R has been transmitted; No TWDR action or 0 0 ! 0 Data byte will be received and NOT ACK will be
ACK has been received returned
No TWDR action 0 0 1 1 Data byte will be received and ACK will be returned
0x48 SLA+R has been transmitted; No TWDR action or 1 0 1 X Repeated START will be transmitted
NOT ACK has been received No TWDR action or 0 1 1 X STOP condition will be transmitted and TWSTO Flag will
be reset
No TWDR action 1 1 15 X STOP condition followed by a START condition will be
transmitted and TWSTO Flag will be reset
0x50 Data byte has been received; Read data byte or 0 0 1 0 Data byte will be received and NOT ACK will be
ACK has been returned returned
Read data byte 0 0 1 1 Data byte will be received and ACK will be returned
0x58 Data byte has been received; Read data byte or 1 0 1 X Repeated START will be transmitted
NOT ACK has been returned Read data byte or 0 1 1 X STOP condition will be transmitted and TWSTO Flag will
be reset
Read data byte 1 [l b X STOP condition followed by a START condition will be
transmitted and TWSTO Flag will be reset
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Figure 81. Formats and States in the Master Receiver Mode
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oo Any number of data bytes
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to a defined state of the Two-Wire Serial Bus. The

prescaler bits are zero or masked to zero

Slave Receiver Mode In the Slave Receiver mode, a number of data bytes are received from a Master Transmitter
(see Figure 82). All the status codes mentioned in this section assume that the prescaler bits are
zero or are masked to zero.

Figure 82. Data transfer in Slave Receiver mode

cc
Device 1 Device 2 ) .
SLAVE MASTER Device 3 | ........ Device n R1 R2
RECEIVER TRANSMITTER
A A
SDA Y
scL v

To initiate the Slave Receiver mode, TWAR and TWCR must be initialized as follows:

TWAR TWAG | TWAS \ TWA4 \ TWA3 | TWA2 | TWA1 \ TWAO TWGCE
value Device's Own Slave Address
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The upper 7 bits are the address to which the Two-wire Serial Interface will respond when
addressed by a Master. If the LSB is set, the TWI will respond to the general call address (0x00),
otherwise it will ignore the general call address.

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 0 1 0 0 0 1 0 X

TWEN must be written to one to enable the TWI. The TWEA bit must be written to one to enable
the acknowledgement of the device’s own slave address or the general call address. TWSTA
and TWSTO must be written to zero.

When TWAR and TWCR have been initialized, the TWI waits until it is addressed by its own
slave address (or the general call address if enabled) followed by the data direction bit. If the
direction bit is “0” (write), the TWI will operate in SR mode, otherwise ST mode is entered. After
its own slave address and the write bit have been received, the TWINT Flag is set and a valid
status code can be read from TWSR. The status code is used to determine the appropriate soft-
ware action. The appropriate action to be taken for each status code is detailed in Table 68 on
page 179. The Slave Receiver mode may also be entered if arbitration is lost while the TWI is in
the Master mode (see states 0x68 and 0x78).

If the TWEA bit is reset during a transfer, the TWI will return a “Not Acknowledge” (“1”) to SDA
after the next received data byte. This can be used to indicate that the Slave is not able to
receive any more bytes. While TWEA is zero, the TWI does not acknowledge its own slave
address. However, the Two-wire Serial Bus is still monitored and address recognition may
resume at any time by setting TWEA. This implies that the TWEA bit may be used to temporarily
isolate the TWI from the Two-wire Serial Bus.

In all sleep modes other than Idle mode, the clock system to the TWI is turned off. If the TWEA
bit is set, the interface can still acknowledge its own slave address or the general call address by
using the Two-wire Serial Bus clock as a clock source. The part will then wake up from sleep
and the TWI will hold the SCL clock low during the wake up and until the TWINT Flag is cleared
(by writing it to one). Further data reception will be carried out as normal, with the AVR clocks
running as normal. Observe that if the AVR is set up with a long start-up time, the SCL line may
be held low for a long time, blocking other data transmissions.

Note that the Two-wire Serial Interface Data Register — TWDR does not reflect the last byte
present on the bus when waking up from these Sleep modes.
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Table 68. Status Codes for Slave Receiver Mode

Status Code Application Software Response
(TWSR) Status of the Two-wire Serial Bus To TWCR
Prescaler Bits and Two-wire Serial Interface Tolfrom TWDR
are 0 Hardware STA STO | TWINT | TWEA | Next Action Taken by TWI Hardware
0x60 Own SLA+W has been received; No TWDR action or X 0 1 0 Data byte will be received and NOT ACK will be re-
ACK has been returned turned
No TWDR action X 0 Data byte will be received and ACK will be returned
0x68 Arbitration lost in SLA+R/W as | No TWDR action or X 0 Data byte will be received and NOT ACK will be re-
Master; own SLA+W has been turned
received; ACK has been returned | No TWDR action X 0 Data byte will be received and ACK will be returned
0x70 General call address has been No TWDR action or X 0 Data byte will be received and NOT ACK will be re-
received; ACK has been returned turned
No TWDR action X 0 Data byte will be received and ACK will be returned
0x78 Arbitration lost in SLA+R/W as | No TWDR action or X 0 Data byte will be received and NOT ACK will be re-
Master; General call address has turned
been received; ACK has been No TWDR action X 0 1 1 Data byte will be received and ACK will be returned
returned
0x80 Previously addressed with own | Read data byte or X 0 1 0 Data byte will be received and NOT ACK will be re-
SLA+W; data has been received; turned
ACK has been returned Read data byte X 0 Data byte will be received and ACK will be returned
0x88 Previously addressed with own | Read data byte or 0 0 Switched to the not addressed Slave mode;
SLA+W; data has been received,; no recognition of own SLA or GCA
NOT ACK has been returned Read data byte or 0 0 1 il Switched to the not addressed Slave mode;
own SLA will be recognized;
GCA will be recognized if TWGCE = “1”
Read data byte or 1 0 1 0 Switched to the not addressed Slave mode;
no recognition of own SLA or GCA,;
a START condition will be transmitted when the bus
becomes free
Read data byte 1 0 1 1 Switched to the not addressed Slave mode;
own SLA will be recognized;
GCA will be recognized if TWGCE = “17;
a START condition will be transmitted when the bus
becomes free
0x90 Previously addressed with Read data byte or X 0 1 0 Data byte will be received and NOT ACK will be re-
general call; data has been re- turned
ceived; ACK has been returned Read data byte X 0 Data byte will be received and ACK will be returned
0x98 Previously addressed with Read data byte or 0 0 Switched to the not addressed Slave mode;
general call; data has been no recognition of own SLA or GCA
received; NOT ACK has been Read data byte or 0 0 1 1 Switched to the not addressed Slave mode;
returned own SLA will be recognized;
GCA will be recognized if TWGCE = “1”
Read data byte or 1 0 1 0 Switched to the not addressed Slave mode;
no recognition of own SLA or GCA,;
a START condition will be transmitted when the bus
becomes free
Read data byte 1 0 1 il Switched to the not addressed Slave mode;
own SLA will be recognized;
GCA will be recognized if TWGCE = “17;
a START condition will be transmitted when the bus
becomes free
0xAO0 A STOP condition or repeated | No action 0 0 1 0 Switched to the not addressed Slave mode;
START condition has been no recognition of own SLA or GCA
received while still addressed as 0 0 1 1 Switched to the not addressed Slave mode;
Slave own SLA will be recognized;
GCA will be recognized if TWGCE = “1”
1 0 1 0 Switched to the not addressed Slave mode;
no recognition of own SLA or GCA;
a START condition will be transmitted when the bus
becomes free
1 0 1 1 Switched to the not addressed Slave mode;
own SLA will be recognized;
GCA will be recognized if TWGCE = “17;
a START condition will be transmitted when the bus
becomes free
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Figure 83. Formats and States in the Slave Receiver Mode
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Slave Transmitter In the Slave Transmitter mode, a number of data bytes are transmitted to a Master Receiver
Mode (see Figure 84). All the status codes mentioned in this section assume that the prescaler bits are
zero or are masked to zero.

Figure 84. Data Transfer in Slave Transmitter Mode
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Device 1 Device 2 ) .
SLAVE MASTER Device 3 | ........ Device n R1 R2
TRANSMITTER RECEIVER

SDA
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To initiate the Slave Transmitter mode, TWAR and TWCR must be initialized as follows:

TWAR TWA6 | TWAS5 \ TWA4 \ TWA3 | TWA2 | TWA1 \ TWAO TWGCE
value Device's Own Slave Address

The upper seven bits are the address to which the Two-wire Serial Interface will respond when
addressed by a Master. If the LSB is set, the TWI will respond to the general call address (0x00),
otherwise it will ignore the general call address.

TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE
value 0 1 0 0 0 1 0 X

TWEN must be written to one to enable the TWI. The TWEA bit must be written to one to enable
the acknowledgement of the device’s own slave address or the general call address. TWSTA
and TWSTO must be written to zero.

When TWAR and TWCR have been initialized, the TWI waits until it is addressed by its own
slave address (or the general call address if enabled) followed by the data direction bit. If the
direction bit is “1” (read), the TWI will operate in ST mode, otherwise SR mode is entered. After
its own slave address and the write bit have been received, the TWINT Flag is set and a valid
status code can be read from TWSR. The status code is used to determine the appropriate soft-
ware action. The appropriate action to be taken for each status code is detailed in Table 69 on
page 182. The Slave Transmitter mode may also be entered if arbitration is lost while the TWI is
in the Master mode (see state 0xBO0).

If the TWEA bit is written to zero during a transfer, the TWI will transmit the last byte of the trans-
fer. State 0xCO or state O0xC8 will be entered, depending on whether the Master Receiver
transmits a NACK or ACK after the final byte. The TWI is switched to the not addressed Slave
mode, and will ignore the Master if it continues the transfer. Thus the Master Receiver receives
all “1” as serial data. State 0xC8 is entered if the Master demands additional data bytes (by
transmitting ACK), even though the Slave has transmitted the last byte (TWEA zero and expect-
ing NACK from the Master).

While TWEA is zero, the TWI does not respond to its own slave address. However, the Two-wire
Serial Bus is still monitored and address recognition may resume at any time by setting TWEA.
This implies that the TWEA bit may be used to temporarily isolate the TWI from the Two-wire
Serial Bus.
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In all sleep modes other than Idle mode, the clock system to the TWI is turned off. If the TWEA
bit is set, the interface can still acknowledge its own slave address or the general call address by
using the Two-wire Serial Bus clock as a clock source. The part will then wake up from sleep
and the TWI will hold the SCL clock will low during the wake up and until the TWINT Flag is
cleared (by writing it to one). Further data transmission will be carried out as normal, with the
AVR clocks running as normal. Observe that if the AVR is set up with a long start-up time, the
SCL line may be held low for a long time, blocking other data transmissions.

Note that the Two-wire Serial Interface Data Register — TWDR does not reflect the last byte
present on the bus when waking up from these sleep modes.

Table 69. Status Codes for Slave Transmitter Mode

Status Code
(TWSR)
Prescaler Bits
are 0

Status of the Two-wire Serial Bus
and Two-wire Serial Interface
Hardware

Application Software Response

To/from TWDR

To TWCR

STA

STO | TWINT

TWEA

Next Action Taken by TWI Hardware

0xA8

Own SLA+R has been received;
ACK has been returned

Load data byte or

Load data byte

0 1

0 i,

Last data byte will be transmitted and NOT ACK should
be received

Data byte will be transmitted and ACK should be re-
ceived

0xBO

Arbitration lost in SLA+R/W as
Master; own SLA+R has been
received; ACK has been returned

Load data byte or

Load data byte

Last data byte will be transmitted and NOT ACK should
be received

Data byte will be transmitted and ACK should be re-
ceived

0xB8

Data byte in TWDR has been
transmitted; ACK has been
received

Load data byte or

Load data byte

Last data byte will be transmitted and NOT ACK should
be received

Data byte will be transmitted and ACK should be re-
ceived

0xCO

Data byte in TWDR has been
transmitted; NOT ACK has been
received

No TWDR action or

No TWDR action or

No TWDR action or

No TWDR action

Switched to the not addressed Slave mode;

no recognition of own SLA or GCA

Switched to the not addressed Slave mode;

own SLA will be recognized;

GCA will be recognized if TWGCE = “1”

Switched to the not addressed Slave mode;

no recognition of own SLA or GCA,;

a START condition will be transmitted when the bus
becomes free

Switched to the not addressed Slave mode;

own SLA will be recognized;

GCA will be recognized if TWGCE = “17;

a START condition will be transmitted when the bus
becomes free

0xC8

Last data byte in TWDR has been
transmitted (TWEA = “0”); ACK
has been received

No TWDR action or

No TWDR action or

No TWDR action or

No TWDR action

Switched to the not addressed Slave mode;

no recognition of own SLA or GCA

Switched to the not addressed Slave mode;

own SLA will be recognized;

GCA will be recognized if TWGCE = “1”

Switched to the not addressed Slave mode;

no recognition of own SLA or GCA;

a START condition will be transmitted when the bus
becomes free

Switched to the not addressed Slave mode;

own SLA will be recognized;

GCA will be recognized if TWGCE = “17;

a START condition will be transmitted when the bus
becomes free
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Figure 85. Formats and States in the Slave Transmitter Mode
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There are two status codes that do not correspond to a defined TWI state, see Table 70.

ATmega8(L)

Status 0xF8 indicates that no relevant information is available because the TWINT Flag is not

set. This occurs between other states, and when the TWI is not involved in a serial transfer.

Status 0x00 indicates that a bus error has occurred during a Two-wire Serial Bus transfer. A bus
error occurs when a START or STOP condition occurs at an illegal position in the format frame.
Examples of such illegal positions are during the serial transfer of an address byte, a data byte,
or an acknowledge bit. When a bus error occurs, TWINT is set. To recover from a bus error, the
TWSTO Flag must set and TWINT must be cleared by writing a logic one to it. This causes the
TWI to enter the not addressed Slave mode and to clear the TWSTO Flag (no other bits in
TWCR are affected). The SDA and SCL lines are released, and no STOP condition is

transmitted.

Table 70. Miscellaneous States

Status Code
(TWSR)
Prescaler Bits
are 0

Application Software Response

Status of the Two-wire Serial

Bus and Two-wire Serial Inter- Tolfrom TWDR

face Hardware

To TWCR

STA | STO | TWINT ‘ TWEA

Next Action Taken by TWI Hardware

START or STOP condition

and TWSTO is cleared.

0xF8 No relevant state information | No TWDR action No TWCR action Wait or proceed current transfer
available; TWINT = “0”
0x00 Bus error due to an illegal | No TWDR action 0 1 1, X Only the internal hardware is affected, no STOP condi-

tion is sent on the bus. In all cases, the bus is released
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Combining Several
TWI Modes

Multi-master
Systems and

In some cases, several TWI modes must be combined in order to complete the desired action.
Consider for example reading data from a serial EEPROM. Typically, such a transfer involves
the following steps:

1. The transfer must be initiated

2. The EEPROM must be instructed what location should be read
3. The reading must be performed

4. The transfer must be finished

Note that data is transmitted both from Master to Slave and vice versa. The Master must instruct
the Slave what location it wants to read, requiring the use of the MT mode. Subsequently, data
must be read from the Slave, implying the use of the MR mode. Thus, the transfer direction must
be changed. The Master must keep control of the bus during all these steps, and the steps
should be carried out as an atomical operation. If this principle is violated in a multimaster sys-
tem, another Master can alter the data pointer in the EEPROM between steps 2 and 3, and the
Master will read the wrong data location. Such a change in transfer direction is accomplished by
transmitting a REPEATED START between the transmission of the address byte and reception
of the data. After a REPEATED START, the Master keeps ownership of the bus. The following
figure shows the flow in this transfer.

Figure 86. Combining Several TWI Modes to Access a Serial EEPROM

Master Transmitter Master Receiver
/\\ /_/\_\
S SLA+W A ADDRESS A | Rs SLA+R A DATA X B
S = START Rs = REPEATED START P =STOP
Transmitted from master to slave Transmitted from slave to master

If multiple masters are connected to the same bus, transmissions may be initiated simultane-
ously by one or more of them. The TWI standard ensures that such situations are handled in

Arbitration such a way that one of the masters will be allowed to proceed with the transfer, and that no data
will be lost in the process. An example of an arbitration situation is depicted below, where two
masters are trying to transmit data to a Slave Receiver.

Figure 87. An Arbitration Example
VCC
Device 1 Device 2 Device 3 . [] []
MASTER MASTER SLAVE | veennens Device n R1 R2
TRANSMITTER TRANSMITTER RECEIVER
A A
spA <Y v >
SCL - v Y >
Several different scenarios may arise during arbitration, as described below:
* Two or more masters are performing identical communication with the same Slave. In this
case, neither the Slave nor any of the masters will know about the bus contention
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« Two or more masters are accessing the same Slave with different data or direction bit. In this
case, arbitration will occur, either in the READ/WRITE bit or in the data bits. The masters
trying to output a one on SDA while another Master outputs a zero will lose the arbitration.
Losing masters will switch to not addressed Slave mode or wait until the bus is free and
transmit a new START condition, depending on application software action

e Two or more masters are accessing different slaves. In this case, arbitration will occur in the
SLA bits. Masters trying to output a one on SDA while another Master outputs a zero will
lose the arbitration. Masters losing arbitration in SLA will switch to Slave mode to check if
they are being addressed by the winning Master. If addressed, they will switch to SR or ST
mode, depending on the value of the READ/WRITE bit. If they are not being addressed, they
will switch to not addressed Slave mode or wait until the bus is free and transmit a new
START condition, depending on application software action

This is summarized in Figure 88. Possible status values are given in circles.

Figure 88. Possible Status Codes Caused by Arbitration

START SLA Data STOP

Arbitration lost in SLA Arbitration lost in Data

Own
Address / General Call
received

No (38 /2N TWI bus will be released and not addressed slave mode will be entered
A START condition will be transmitted when the bus becomes free

Yes

Write @FS/ Jﬁa byte will be received and NOT ACK will be returned

Direction | Data byte will be received and ACK will be returned

Read | Last data byte will be transmitted and NOT ACK should be received
( BO/\' Data byte will be transmitted and ACK should be received

S
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Analog The Analog Comparator compares the input values on the positive pin AINO and negative pin

Comparator AIN1. When the voltage on the positive pin AINO is higher than the voltage on the negative pin
AIN1, the Analog Comparator Output, ACO, is set. The comparator’s output can be set to trigger
the Timer/Counterl Input Capture function. In addition, the comparator can trigger a separate
interrupt, exclusive to the Analog Comparator. The user can select Interrupt triggering on com-
parator output rise, fall or toggle. A block diagram of the comparator and its surrounding logic is
shown in Figure 89.

Figure 89. Analog Comparator Block Diagram®

BANDGAP
REFERENCE vCe
ACBG l
ACD
e
ACIE
AINO !
A L ANALOG
| INTERRUPT _)—» COMPARATOR
/ > SELECT IRQ
>
ot |- Tt
ACIS1 ACISO ACIC
ACME
ADEN >—< —
. TO T/C1 CAPTURE
TRIGGER MUX
ADC MULTIPLEXER ACO >
OUTPUT® E a

Notes: 1. See Table 72 on page 188
2. Refer to “Pin Configurations” on page 2 and Table 28 on page 63 for Analog Comparator pin

placement
Special Function 10
Register — SFIOR Bit 7 6 5 4 3 2 1 0
| = = = ACME PUD PSR2 | PSR10 | SFIOR
Read/Write R R R R R/W R/W RIW R/W
Initial Value 0 0 0 0 0 0 0 0

* Bit 3— ACME: Analog Comparator Multiplexer Enable

When this bit is written logic one and the ADC is switched off (ADEN in ADCSRA is zero), the
ADC multiplexer selects the negative input to the Analog Comparator. When this bit is written
logic zero, AIN1 is applied to the negative input of the Analog Comparator. For a detailed
description of this bit, see “Analog Comparator Multiplexed Input” on page 188.

Analog Comparator

Control and Status Bit 7 6 5 4 3 2 1 0
Register — ACSR | Aco ACBG ACO ACI ACIE ACIC | Acis1 | ACiso | Acsr

Read/Write RIW RIW R RIW RIW RIW RIW RIW

Initial Value 0 0 N/A 0 0 0 0 0
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e Bit 7 - ACD: Analog Comparator Disable

When this bit is written logic one, the power to the Analog Comparator is switched off. This bit
can be set at any time to turn off the Analog Comparator. This will reduce power consumption in
Active and Idle mode. When changing the ACD bit, the Analog Comparator Interrupt must be
disabled by clearing the ACIE bit in ACSR. Otherwise an interrupt can occur when the bit is
changed.

e Bit 6 — ACBG: Analog Comparator Bandgap Select

When this bit is set, a fixed bandgap reference voltage replaces the positive input to the Analog
Comparator. When this bit is cleared, AINO is applied to the positive input of the Analog Compar-
ator. See “Internal Voltage Reference” on page 42.

e Bit 5—- ACO: Analog Comparator Output

The output of the Analog Comparator is synchronized and then directly connected to ACO. The
synchronization introduces a delay of 1 - 2 clock cycles.

e Bit 4 — ACI: Analog Comparator Interrupt Flag

This bit is set by hardware when a comparator output event triggers the interrupt mode defined
by ACIS1 and ACISO0. The Analog Comparator Interrupt routine is executed if the ACIE bit is set
and the I-bit in SREG is set. ACl is cleared by hardware when executing the corresponding inter-
rupt Handling Vector. Alternatively, ACI is cleared by writing a logic one to the flag.

e Bit 3 - ACIE: Analog Comparator Interrupt Enable

When the ACIE bit is written logic one and the I-bit in the Status Register is set, the Analog Com-
parator interrupt is activated. When written logic zero, the interrupt is disabled.

e Bit 2 - ACIC: Analog Comparator Input Capture Enable

When written logic one, this bit enables the Input Capture function in Timer/Counterl to be trig-
gered by the Analog Comparator. The comparator output is in this case directly connected to the
Input Capture front-end logic, making the comparator utilize the noise canceler and edge select
features of the Timer/Counterl Input Capture interrupt. When written logic zero, no connection
between the Analog Comparator and the Input Capture function exists. To make the comparator
trigger the Timer/Counterl Input Capture interrupt, the TICIE1 bit in the Timer Interrupt Mask
Register (TIMSK) must be set.

e Bits 1,0 — ACIS1, ACISO: Analog Comparator Interrupt Mode Select

These bits determine which comparator events that trigger the Analog Comparator interrupt. The
different settings are shown in Table 71.

Table 71. ACIS1/ACISO Settings

ACIS1 ACISO Interrupt Mode
0 0 Comparator Interrupt on Output Toggle
0 1 Reserved
1 0 Comparator Interrupt on Falling Output Edge
1 1 Comparator Interrupt on Rising Output Edge

When changing the ACIS1/ACISO bits, the Analog Comparator Interrupt must be disabled by
clearing its Interrupt Enable bit in the ACSR Register. Otherwise an interrupt can occur when the
bits are changed.
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Analog It is possible to select any of the ADC7..0%) pins to replace the negative input to the Analog
Comparator Comparator. The ADC multiplexer is used to select this input, and consequently the ADC must
Multiplexed Input be switched off to utilize this feature. If the Analog Comparator Multiplexer Enable bit (ACME in
SFIOR) is set and the ADC is switched off (ADEN in ADCSRA is zero), MUX2..0 in ADMUX
select the input pin to replace the negative input to the Analog Comparator, as shown in Table
72. If ACME is cleared or ADEN is set, AIN1 is applied to the negative input to the Analog

Comparator.

Table 72. Analog Comparator Multiplexed Input™®

ACME ADEN MUX2..0 Analog Comparator Negative Input
0 X XXX AIN1
1 1 XXX AIN1
1 0 000 ADCO
1 0 001 ADC1
1 0 010 ADC2
1 0 011 ADC3
1 0 100 ADC4
1 0 101 ADC5
1 0 110 ADC6
1 0 111 ADC7

Note: 1. ADCY7..6 are only available in TQFP and QFN/MLF Package
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Analog-to-

Digital

Converter

Features * 10-bit Resolution
* 0.5 LSB Integral Non-linearity
e +2 LSB Absolute Accuracy
e 13us - 260us Conversion Time
* Up to 15 kSPS at Maximum Resolution
* 6 Multiplexed Single Ended Input Channels
e 2 Additional Multiplexed Single Ended Input Channels (TQFP and QFN/MLF Package only)
e Optional Left Adjustment for ADC Result Readout
* 0-Vcc ADC Input Voltage Range
* Selectable 2.56V ADC Reference Voltage
* Free Running or Single Conversion Mode
* Interrupt on ADC Conversion Complete
* Sleep Mode Noise Canceler
The ATmega8 features a 10-bit successive approximation ADC. The ADC is connected to an 8-
channel Analog Multiplexer which allows eight single-ended voltage inputs constructed from the
pins of Port C. The single-ended voltage inputs refer to 0V (GND).
The ADC contains a Sample and Hold circuit which ensures that the input voltage to the ADC is
held at a constant level during conversion. A block diagram of the ADC is shown in Figure 90 on
page 190.
The ADC has a separate analog supply voltage pin, AVc. AV must not differ more than £0.3V
from V.. See the paragraph “ADC Noise Canceler” on page 195 on how to connect this pin.
Internal reference voltages of nominally 2.56V or AV are provided On-chip. The voltage refer-
ence may be externally decoupled at the AREF pin by a capacitor for better noise performance.
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Figure 90. Analog to Digital Converter Block Schematic Operation
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The ADC converts an analog input voltage to a 10-bit digital value through successive approxi-
mation. The minimum value represents GND and the maximum value represents the voltage on
the AREF pin minus 1 LSB. Optionally, AV or an internal 2.56V reference voltage may be con-
nected to the AREF pin by writing to the REFSn bits in the ADMUX Register. The internal
voltage reference may thus be decoupled by an external capacitor at the AREF pin to improve
noise immunity.

The analog input channel is selected by writing to the MUX bits in ADMUX. Any of the ADC input
pins, as well as GND and a fixed bandgap voltage reference, can be selected as single ended
inputs to the ADC. The ADC is enabled by setting the ADC Enable bit, ADEN in ADCSRA. Volt-
age reference and input channel selections will not go into effect until ADEN is set. The ADC
does not consume power when ADEN is cleared, so it is recommended to switch off the ADC
before entering power saving sleep modes.

The ADC generates a 10-bit result which is presented in the ADC Data Registers, ADCH and
ADCL. By default, the result is presented right adjusted, but can optionally be presented left
adjusted by setting the ADLAR bit in ADMUX.
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If the result is left adjusted and no more than 8-bit precision is required, it is sufficient to read
ADCH. Otherwise, ADCL must be read first, then ADCH, to ensure that the content of the Data
Registers belongs to the same conversion. Once ADCL is read, ADC access to Data Registers
is blocked. This means that if ADCL has been read, and a conversion completes before ADCH is
read, neither register is updated and the result from the conversion is lost. When ADCH is read,
ADC access to the ADCH and ADCL Registers is re-enabled.

The ADC has its own interrupt which can be triggered when a conversion completes. When ADC
access to the Data Registers is prohibited between reading of ADCH and ADCL, the interrupt
will trigger even if the result is lost.

Starting a A single conversion is started by writing a logical one to the ADC Start Conversion bit, ADSC.

Conversion This bit stays high as long as the conversion is in progress and will be cleared by hardware
when the conversion is completed. If a different data channel is selected while a conversion is in
progress, the ADC will finish the current conversion before performing the channel change.

In Free Running mode, the ADC is constantly sampling and updating the ADC Data Register.
Free Running mode is selected by writing the ADFR bit in ADCSRA to one. The first conversion
must be started by writing a logical one to the ADSC bit in ADCSRA. In this mode the ADC will
perform successive conversions independently of whether the ADC Interrupt Flag, ADIF is
cleared or not.

Prescaling and Figure 91. ADC Prescaler

Conversion Timing ADEN
STARTi>_> Reset
7-BIT ADC PRESCALER

CK — >
[e0)
ol 2| o & 8 gl S
2l 2 2 2 2 ¥ 2
of of of o] of O] ©
V.V V.V V V.Y
ADPSO0
ADPS1
ADPS2

ADC CLOCK SOURCE

By default, the successive approximation circuitry requires an input clock frequency between
50kHz and 200kHz to get maximum resolution. If a lower resolution than 10 bits is needed, the
input clock frequency to the ADC can be higher than 200kHz to get a higher sample rate.

The ADC module contains a prescaler, which generates an acceptable ADC clock frequency
from any CPU frequency above 100kHz. The prescaling is set by the ADPS bits in ADCSRA.
The prescaler starts counting from the moment the ADC is switched on by setting the ADEN bit
in ADCSRA. The prescaler keeps running for as long as the ADEN bit is set, and is continuously
reset when ADEN is low.

When initiating a single ended conversion by setting the ADSC bit in ADCSRA, the conversion
starts at the following rising edge of the ADC clock cycle. A normal conversion takes 13 ADC
clock cycles. The first conversion after the ADC is switched on (ADEN in ADCSRA is set) takes
25 ADC clock cycles in order to initialize the analog circuitry.
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The actual sample-and-hold takes place 1.5 ADC clock cycles after the start of a normal conver-
sion and 13.5 ADC clock cycles after the start of an first conversion. When a conversion is
complete, the result is written to the ADC Data Registers, and ADIF is set. In single conversion
mode, ADSC is cleared simultaneously. The software may then set ADSC again, and a hew

conversion will be initiated on the first rising ADC clock edge.

In Free Running mode, a new conversion will be started immediately after the conversion com-
pletes, while ADSC remains high. For a summary of conversion times, see Table 73 on page

193.

Figure 92. ADC Timing Diagram, First Conversion (Single Conversion Mode)
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Figure 93. ADC Timing Diagram, Single Conversion
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Figure 94. ADC Timing Diagram, Free Running Conversion
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Table 73. ADC Conversion Time

Sample & Hold (Cycles

Conversion Time

Condition from Start of Conversion) (Cycles)
Extended conversion 135 25
Normal conversions, single ended 15 13
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Changing Channel
or Reference
Selection

ADC Input Channels

ADC Voltage
Reference

The MUXn and REFS1:0 bits in the ADMUX Register are single buffered through a temporary
register to which the CPU has random access. This ensures that the channels and reference
selection only takes place at a safe point during the conversion. The channel and reference
selection is continuously updated until a conversion is started. Once the conversion starts, the
channel and reference selection is locked to ensure a sufficient sampling time for the ADC. Con-
tinuous updating resumes in the last ADC clock cycle before the conversion completes (ADIF in
ADCSRA is set). Note that the conversion starts on the following rising ADC clock edge after
ADSC is written. The user is thus advised not to write new channel or reference selection values
to ADMUX until one ADC clock cycle after ADSC is written.

If both ADFR and ADEN is written to one, an interrupt event can occur at any time. If the
ADMUX Register is changed in this period, the user cannot tell if the next conversion is based
on the old or the new settings. ADMUX can be safely updated in the following ways:

1. When ADFR or ADEN is cleared
2. During conversion, minimum one ADC clock cycle after the trigger event
3. After a conversion, before the Interrupt Flag used as trigger source is cleared

When updating ADMUX in one of these conditions, the new settings will affect the next ADC
conversion.

When changing channel selections, the user should observe the following guidelines to ensure
that the correct channel is selected:

In Single Conversion mode, always select the channel before starting the conversion. The chan-
nel selection may be changed one ADC clock cycle after writing one to ADSC. However, the
simplest method is to wait for the conversion to complete before changing the channel selection.

In Free Running mode, always select the channel before starting the first conversion. The chan-
nel selection may be changed one ADC clock cycle after writing one to ADSC. However, the
simplest method is to wait for the first conversion to complete, and then change the channel
selection. Since the next conversion has already started automatically, the next result will reflect
the previous channel selection. Subsequent conversions will reflect the new channel selection.

The reference voltage for the ADC (Vrgg) indicates the conversion range for the ADC. Single
ended channels that exceed Vrge will result in codes close to 0x3FF. Ve can be selected as
either AV, internal 2.56V reference, or external AREF pin.

AV is connected to the ADC through a passive switch. The internal 2.56V reference is gener-
ated from the internal bandgap reference (Vgg) through an internal amplifier. In either case, the
external AREF pin is directly connected to the ADC, and the reference voltage can be made
more immune to noise by connecting a capacitor between the AREF pin and ground. Vgge can
also be measured at the AREF pin with a high impedant voltmeter. Note that Vg is a high
impedant source, and only a capacitive load should be connected in a system.

If the user has a fixed voltage source connected to the AREF pin, the user may not use the other
reference voltage options in the application, as they will be shorted to the external voltage. If no
external voltage is applied to the AREF pin, the user may switch between AV and 2.56V as
reference selection. The first ADC conversion result after switching reference voltage source
may be inaccurate, and the user is advised to discard this result.
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ADC Noise The ADC features a noise canceler that enables conversion during sleep mode to reduce noise

Canceler induced from the CPU core and other I/O peripherals. The noise canceler can be used with ADC
Noise Reduction and Idle mode. To make use of this feature, the following procedure should be
used:

1. Make sure that the ADC is enabled and is not busy converting. Single Conversion
mode must be selected and the ADC conversion complete interrupt must be enabled

2. Enter ADC Noise Reduction mode (or Idle mode). The ADC will start a conversion
once the CPU has been halted

3. If no other interrupts occur before the ADC conversion completes, the ADC interrupt
will wake up the CPU and execute the ADC Conversion Complete interrupt routine. If
another interrupt wakes up the CPU before the ADC conversion is complete, that
interrupt will be executed, and an ADC Conversion Complete interrupt request will be
generated when the ADC conversion completes. The CPU will remain in Active mode
until a new sleep command is executed

Note that the ADC will not be automatically turned off when entering other sleep modes than Idle
mode and ADC Noise Reduction mode. The user is advised to write zero to ADEN before enter-
ing such sleep modes to avoid excessive power consumption.

Analog Input Circuitry  The analog input circuitry for single ended channels is illustrated in Figure 95. An analog source
applied to ADCn is subjected to the pin capacitance and input leakage of that pin, regardless of
whether that channel is selected as input for the ADC. When the channel is selected, the source
must drive the S/H capacitor through the series resistance (combined resistance in the input
path).

The ADC is optimized for analog signals with an output impedance of approximately 10 kQ or
less. If such a source is used, the sampling time will be negligible. If a source with higher imped-
ance is used, the sampling time will depend on how long time the source needs to charge the
S/H capacitor, with can vary widely. The user is recommended to only use low impedant sources
with slowly varying signals, since this minimizes the required charge transfer to the S/H
capacitor.

Signal components higher than the Nyquist frequency (fapc/2) should not be present for either
kind of channels, to avoid distortion from unpredictable signal convolution. The user is advised
to remove high frequency components with a low-pass filter before applying the signals as
inputs to the ADC.

Figure 95. Analog Input Circuitry

1..100kQ
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Analog Noise Digital circuitry inside and outside the device generates EMI which might affect the accuracy of
Canceling Techniques analog measurements. If conversion accuracy is critical, the noise level can be reduced by
applying the following techniques:

1. Keep analog signal paths as short as possible. Make sure analog tracks run over the
ground plane, and keep them well away from high-speed switching digital tracks.

2. The AV pin on the device should be connected to the digital V- supply voltage via
an LC network as shown in Figure 96.

3. Use the ADC noise canceler function to reduce induced noise from the CPU.

4. If any ADC [3..0] port pins are used as digital outputs, it is essential that these do not
switch while a conversion is in progress. However, using the Two-wire Interface
(ADC4 and ADCS5) will only affect the conversion on ADC4 and ADC5 and not the
other ADC channels.

Figure 96. ADC Power Connections

Analog Ground Plane

PC1 (ADC1)
PCO (ADCO)

10uH

100nF

ADC Accuracy An n-bit single-ended ADC converts a voltage linearly between GND and Vg in 2" steps
Definitions (LSBs). The lowest code is read as 0, and the highest code is read as 2"-1.
Several parameters describe the deviation from the ideal behavior:

e Offset: The deviation of the first transition (0x000 to 0x001) compared to the ideal transition
(at 0.5 LSB). Ideal value: 0 LSB
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Figure 97. Offset Error
Output Codeh

fffff Ideal ADC
Actual ADC

Vree Input Voltage

e Gain error: After adjusting for offset, the gain error is found as the deviation of the last
transition (Ox3FE to O0x3FF) compared to the ideal transition (at 1.5 LSB below maximum).
Ideal value: 0 LSB

Figure 98. Gain Error
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« Integral Non-linearity (INL): After adjusting for offset and gain error, the INL is the maximum
deviation of an actual transition compared to an ideal transition for any code. Ideal value: 0
LSB

Figure 99. Integral Non-linearity (INL)
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« Differential Non-linearity (DNL): The maximum deviation of the actual code width (the
interval between two adjacent transitions) from the ideal code width (1 LSB). Ideal value: 0
LSB.

Figure 100. Differential Non-linearity (DNL)
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e Quantization Error: Due to the quantization of the input voltage into a finite number of codes,
a range of input voltages (1 LSB wide) will code to the same value. Always +0.5 LSB.

* Absolute accuracy: The maximum deviation of an actual (unadjusted) transition compared to
an ideal transition for any code. This is the compound effect of offset, gain error, differential
error, non-linearity, and quantization error. Ideal value: £0.5 LSB.

| AtmeL 198
2486AA-AVR-02/2013



I A\ T ega8(L)

ADC Conversion After the conversion is complete (ADIF is high), the conversion result can be found in the ADC
Result Result Registers (ADCL, ADCH).

For single ended conversion, the result is:

V,y - 1024
ADC = N

VREF

where V, is the voltage on the selected input pin and Vg the selected voltage reference (see
Table 74 and Table 75). 0x000 represents ground, and Ox3FF represents the selected reference
voltage minus one LSB.

ADC Multiplexer

Selection Register — Bit 7 6 5 4 3 2 1 0

ADMUX I REFS1 REFSO ADLAR - MUX3 MUX2 MUX1 MUXO0 I ADMUX
Read/Write R/W R/W R/W R R/W R/W R/W R/W
Initial Value 0 0 0 0 0 0 0 0

* Bit 7:6 — REFS1:0: Reference Selection Bits

These bits select the voltage reference for the ADC, as shown in Table 74. If these bits are
changed during a conversion, the change will not go in effect until this conversion is complete
(ADIF in ADCSRA is set). The internal voltage reference options may not be used if an external
reference voltage is being applied to the AREF pin.

Table 74. Voltage Reference Selections for ADC

REFS1 | REFSO | Voltage Reference Selection
0 0 AREEF, Internal V ¢ turned off
0 1 AV with external capacitor at AREF pin
1 0 Reserved
1 1 Internal 2.56V Voltage Reference with external capacitor at AREF pin

* Bit5— ADLAR: ADC Left Adjust Result

The ADLAR bit affects the presentation of the ADC conversion result in the ADC Data Register.
Write one to ADLAR to left adjust the result. Otherwise, the result is right adjusted. Changing the
ADLAR bit will affect the ADC Data Register immediately, regardless of any ongoing conver-
sions. For a complete description of this bit, see “The ADC Data Register — ADCL and ADCH” on
page 201.

e Bits 3:0 — MUX3:0: Analog Channel Selection Bits
The value of these bits selects which analog inputs are connected to the ADC. See Table 75 for

details. If these bits are changed during a conversion, the change will not go in effect until this
conversion is complete (ADIF in ADCSRA is set).

Table 75. Input Channel Selections

MUX3..0 Single Ended Input
0000 ADCO
0001 ADC1
0010 ADC2
0011 ADC3
0100 ADC4
0101 ADC5
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Table 75. Input Channel Selections (Continued)

MUX3..0 Single Ended Input
0110 ADC6
0111 ADC7
1000
1001
1010
1011
1100
1101
1110 1.30V (Vge)
1111 0V (GND)
ADC Control and
Status Register A — Bit 7 6 5 4 3 2 1 0
ADCSRA | ApeEN | Absc | ADFR ADIF ADIE | ADPS2 | ADPS1 | ADPSO | ADCSRA
Read/Write RIW RIW RIW RIW RIW RIW RIW RIW
Initial Value 0 0 0 0 0 0 0 0

* Bit 7 - ADEN: ADC Enable

Writing this bit to one enables the ADC. By writing it to zero, the ADC is turned off. Turning the
ADC off while a conversion is in progress, will terminate this conversion.

* Bit 6 — ADSC: ADC Start Conversion

In Single Conversion mode, write this bit to one to start each conversion. In Free Running mode,
write this bit to one to start the first conversion. The first conversion after ADSC has been written
after the ADC has been enabled, or if ADSC is written at the same time as the ADC is enabled,
will take 25 ADC clock cycles instead of the normal 13. This first conversion performs initializa-
tion of the ADC.

ADSC will read as one as long as a conversion is in progress. When the conversion is complete,
it returns to zero. Writing zero to this bit has no effect.

e Bit 5—- ADFR: ADC Free Running Select

When this bit is set (one) the ADC operates in Free Running mode. In this mode, the ADC sam-
ples and updates the Data Registers continuously. Clearing this bit (zero) will terminate Free
Running mode.

e Bit 4 — ADIF: ADC Interrupt Flag

This bit is set when an ADC conversion completes and the Data Registers are updated. The
ADC Conversion Complete Interrupt is executed if the ADIE bit and the I-bit in SREG are set.
ADIF is cleared by hardware when executing the corresponding interrupt Handling Vector. Alter-
natively, ADIF is cleared by writing a logical one to the flag. Beware that if doing a Read-Modify-
Write on ADCSRA, a pending interrupt can be disabled. This also applies if the SBI and CBI
instructions are used.

e Bit 3—- ADIE: ADC Interrupt Enable

When this bit is written to one and the I-bit in SREG is set, the ADC Conversion Complete Inter-
rupt is activated.
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e Bits 2:0 — ADPS2:0: ADC Prescaler Select Bits

These bits determine the division factor between the XTAL frequency and the input clock to the

ADC.
Table 76. ADC Prescaler Selections
ADPS2 ADPS1 ADPSO0 Division Factor
0 0 0 2
0 0 1 2
0 1 0 4
0 1 1 8
1 0 0 16
1 0 1 32
1 1 0 64
1 1 1 128
The ADC Data
Register — ADCL and
ADCH
ADLAR =0
Bit 15 14 13 12 11 10 9 8
= = = = = = ADC9 ADC8 ADCH
ADC7 ADC6 ADC5 ADC4 ADC3 ADC2 ADC1 ADCO ADCL
7 6 5 4 3 2 1 0
Read/Write R R R R R R R R
R R R R R R R R
Initial Value 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
ADLAR =1
Bit 15 14 13 12 11 10 9 8
ADC9 ADCS8 ADC7 ADC6 ADC5 ADC4 ADC3 ADC2 ADCH
ADC1 ADCO = = = ADCL
7 6 5 4 3 2 1 0
Read/Write R R R R R R R R
R R R R R R R R
Initial Value 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

When an ADC conversion is complete, the result is found in these two registers.

When ADCL is read, the ADC Data Register is not updated until ADCH is read. Consequently, if
the result is left adjusted and no more than 8-bit precision is required, it is sufficient to read
ADCH. Otherwise, ADCL must be read first, then ADCH.

The ADLAR bit in ADMUX, and the MUXn bits in ADMUX affect the way the result is read from
the registers. If ADLAR is set, the result is left adjusted. If ADLAR is cleared (default), the result
is right adjusted.

« ADC9:0: ADC Conversion result

These bits represent the result from the conversion, as detailed in “ADC Conversion Result” on

page 199.
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Boot Loader
Support — Read-
While-Write
Self-
Programming

Boot Loader
Features

Application and
Boot Loader Flash
Sections

Application Section

BLS — Boot Loader
Section

Read-While-Write
and No Read-
While-Write Flash
Sections
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The Boot Loader Support provides a real Read-While-Write Self-Programming mechanism for
downloading and uploading program code by the MCU itself. This feature allows flexible applica-
tion software updates controlled by the MCU using a Flash-resident Boot Loader program. The
Boot Loader program can use any available data interface and associated protocol to read code
and write (program) that code into the Flash memory, or read the code from the Program mem-
ory. The program code within the Boot Loader section has the capability to write into the entire
Flash, including the Boot Loader Memory. The Boot Loader can thus even modify itself, and it
can also erase itself from the code if the feature is not needed anymore. The size of the Boot
Loader Memory is configurable with fuses and the Boot Loader has two separate sets of Boot
Lock Bits which can be set independently. This gives the user a unique flexibility to select differ-
ent levels of protection.

Read-While-Write Self-Programming

Flexible Boot Memory Size

High Security (Separate Boot Lock Bits for a Flexible Protection)
Separate Fuse to Select Reset Vector

Optimized Page® Size

Code Efficient Algorithm

* Efficient Read-Modify-Write Support

Note:

1. A page is a section in the Flash consisting of several bytes (see Table 89 on page 218) used
during programming. The page organization does not affect normal operation

The Flash memory is organized in two main sections, the Application section and the Boot
loader section (see Figure 102 on page 204). The size of the different sections is configured by
the BOOTSZ Fuses as shown in Table 82 on page 213 and Figure 102 on page 204. These two
sections can have different level of protection since they have different sets of Lock Bits.

The application section is the section of the Flash that is used for storing the application code.
The protection level for the application section can be selected by the application boot Lock Bits
(Boot Lock Bits 0), see Table 78 on page 205. The application section can never store any Boot
Loader code since the SPM instruction is disabled when executed from the application section.

While the application section is used for storing the application code, the The Boot Loader soft-
ware must be located in the BLS since the SPM instruction can initiate a programming when
executing from the BLS only. The SPM instruction can access the entire Flash, including the
BLS itself. The protection level for the Boot Loader section can be selected by the Boot Loader
Lock Bits (Boot Lock Bits 1), see Table 79 on page 205.

Whether the CPU supports Read-While-Write or if the CPU is halted during a Boot Loader soft-
ware update is dependent on which address that is being programmed. In addition to the two
sections that are configurable by the BOOTSZ Fuses as described above, the Flash is also
divided into two fixed sections, the Read-While-Write (RWW) section and the No Read-While-
Write (NRWW) section. The limit between the RWW- and NRWW sections is given in Table 83
on page 214 and Figure 102 on page 204. The main difference between the two sections is:

« When erasing or writing a page located inside the RWW section, the NRWW section can be
read during the operation

e When erasing or writing a page located inside the NRWW section, the CPU is halted during
the entire operation

Note that the user software can never read any code that is located inside the RWW section dur-
ing a Boot Loader software operation. The syntax “Read-While-Write section” refers to which
section that is being programmed (erased or written), not which section that actually is being
read during a Boot Loader software update.
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RWW — Read-While-

Write Section

NRWW — No Read-
While-Write Section

If a Boot Loader software update is programming a page inside the RWW section, it is possible
to read code from the Flash, but only code that is located in the NRWW section. During an on-
going programming, the software must ensure that the RWW section never is being read. If the
user software is trying to read code that is located inside the RWW section (that is, by a
call/rjmp/lpm or an interrupt) during programming, the software might end up in an unknown
state. To avoid this, the interrupts should either be disabled or moved to the Boot Loader Sec-
tion. The Boot Loader Section is always located in the NRWW section. The RWW Section Busy
bit (RWWSB) in the Store Program memory Control Register (SPMCR) will be read as logical
one as long as the RWW section is blocked for reading. After a programming is completed, the
RWWSB must be cleared by software before reading code located in the RWW section. See
“Store Program Memory Control Register — SPMCR” on page 206. for details on how to clear
RWWSB.

The code located in the NRWW section can be read when the Boot Loader software is updating
a page in the RWW section. When the Boot Loader code updates the NRWW section, the CPU
is halted during the entire page erase or page write operation.

Table 77. Read-While-Write Features

Which Section does the Z- Which Section Can be Read-While-
pointer Address during the Read during Is the CPU Write
Programming? Programming? Halted? Supported?
RWW section NRWW section No Yes
NRWW section None Yes No

Figure 101. Read-While-Write vs. No Read-While-Write

Read-While-Write
(RWW) Section

Z-pointer
Addresses NRWW
Z-pointer section
Addresses RWW No Read-While-Write
section (NRWW) Section
CPU is Halted
r during the Operation
Code Located in
NRWW Section
Can be Read during
the Operation
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Boot Loader Lock
Bits

Figure 102. Memory Sections®

Note:

Read-While-Write Section

No Read-While-Write Section

Read-While-Write Section

No Read-While-Write Section

Program Memory
BOOTSZ ="11"

Application Flash Section

Application Flash Section

Boot Loader Flash Section

Program Memory
BOOTSZ ='01'

Application Flash Section

Application Flash Section

Boot Loader Flash Section

$0000

End RWW
Start NRWW

End Application
Start Boot Loader
Flashend

$0000

End RWW
Start NRWW

End Application
Start Boot Loader

Flashend

Read-While-Write Section

No Read-While-Write Section

Read-While-Write Section

No Read-While-Write Section

Program Memory
BOOTSZ ='10'

Application Flash Section

Application Flash Section

Boot Loader Flash Section

Program Memory
BOOTSZ ='00'

Application flash Section

Boot Loader Flash Section

1. The parameters in the figure are given in Table 82 on page 213

$0000

End RWw
Start NRWW

End Application
Start Boot Loader

Flashend

$0000

End RWW, End Application
Start NRWW, Start Boot Loader

Flashend

If no Boot Loader capability is needed, the entire Flash is available for application code. The
Boot Loader has two separate sets of Boot Lock Bits which can be set independently. This gives
the user a unique flexibility to select different levels of protection.

The user can select:
« To protect the entire Flash from a software update by the MCU
» To protect only the Boot Loader Flash section from a software update by the MCU
e To protect only the Application Flash section from a software update by the MCU

* Allow software update in the entire Flash

See Table 78 on page 205 and Table 79 on page 205 for further details. The Boot Lock Bits can
be set in software and in Serial or Parallel Programming mode, but they can be cleared by a chip
erase command only. The general Write Lock (Lock bit mode 2) does not control the program-
ming of the Flash memory by SPM instruction. Similarly, the general Read/Write Lock (Lock bit
mode 3) does not control reading nor writing by LPM/SPM, if it is attempted.
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Table 78. Boot Lock Bit0 Protection Modes (Application Section)™®

BLBO | BLB02 | BLBO1
Mode Mode Mode | Protection
1 1 1 No restrictions for SPM or LPM accessing the Application
section
2 1 0 SPM is not allowed to write to the Application section
SPM is not allowed to write to the Application section, and LPM
executing from the Boot Loader section is not allowed to read
3 0 0 from the Application section. If Interrupt Vectors are placed in
the Boot Loader section, interrupts are disabled while executing
from the Application section
LPM executing from the Boot Loader section is not allowed to
4 0 1 read from the Application section. If Interrupt Vectors are placed
in the Boot Loader section, interrupts are disabled while
executing from the Application section

Note: 1. “1” means unprogrammed, “0” means programmed

Table 79. Boot Lock Bitl Protection Modes (Boot Loader Section)™®

BLB1 | BLB12 | BLB11
Mode Mode Mode | Protection
1 1 1 No restrictions for SPM or LPM accessing the Boot Loader
section
2 1 0 SPM is not allowed to write to the Boot Loader section
SPM is not allowed to write to the Boot Loader section, and LPM
executing from the Application section is not allowed to read
3 0 0 from the Boot Loader section. If Interrupt Vectors are placed in
the Application section, interrupts are disabled while executing
from the Boot Loader section
LPM executing from the Application section is not allowed to
4 0 1 read from the Boot Loader section. If Interrupt Vectors are
placed in the Application section, interrupts are disabled while
executing from the Boot Loader section

Note: 1. “1” means unprogrammed, “0” means programmed

Entering the Boot  Entering the Boot Loader takes place by a jump or call from the application program. This may
Loader Program be initiated by a trigger such as a command received via USART, or SPI interface. Alternatively,
the Boot Reset Fuse can be programmed so that the Reset Vector is pointing to the Boot Flash
start address after a reset. In this case, the Boot Loader is started after a reset. After the applica-
tion code is loaded, the program can start executing the application code. Note that the fuses
cannot be changed by the MCU itself. This means that once the Boot Reset Fuse is pro-
grammed, the Reset Vector will always point to the Boot Loader Reset and the fuse can only be
changed through the serial or parallel programming interface.
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Table 80. Boot Reset Fuse™®
BOOTRST Reset Address

1 Reset Vector = Application Reset (address 0x0000)

0 Reset Vector = Boot Loader Reset (see Table 82 on page 213)

Note: 1. “1” means unprogrammed, “0” means programmed

Store Program The Store Program memory Control Register contains the control bits needed to control the Boot
Memory Control Loader operations.
Register — SPMCR - ; 6 5 . 3 ) 1 0
| SPMIE | RWWSB = RWWSRE | BLBSET | PGWRT | PGERS | SPMEN | SPMCR
Read/Write RIW R R RIW RIW RIW RIW RIW
Initial Value 0 0 0 0 0 0 0 0

e Bit 7 - SPMIE: SPM Interrupt Enable

When the SPMIE bit is written to one, and the I-bit in the Status Register is set (one), the SPM
ready interrupt will be enabled. The SPM ready Interrupt will be executed as long as the SPMEN
bit in the SPMCR Register is cleared.

« Bit 6 - RWWSB: Read-While-Write Section Busy

When a Self-Programming (page erase or page write) operation to the RWW section is initiated,
the RWWSB will be set (one) by hardware. When the RWWSB bit is set, the RWW section can-
not be accessed. The RWWSB bit will be cleared if the RWWSRE bit is written to one after a
Self-Programming operation is completed. Alternatively the RWWSB bit will automatically be
cleared if a page load operation is initiated.

* Bit5 - Res: Reserved Bit

This bit is a reserved bit in the ATmega8 and always read as zero.
« Bit 4 - RWWSRE: Read-While-Write Section Read Enable

When programming (page erase or page write) to the RWW section, the RWW section is
blocked for reading (the RWWSB will be set by hardware). To re-enable the RWW section, the
user software must wait until the programming is completed (SPMEN will be cleared). Then, if
the RWWSRE bit is written to one at the same time as SPMEN, the next SPM instruction within
four clock cycles re-enables the RWW section. The RWW section cannot be re-enabled while
the Flash is busy with a page erase or a page write (SPMEN is set). If the RWWSRE bit is writ-
ten while the Flash is being loaded, the Flash load operation will abort and the data loaded will
be lost (The page buffer will be cleared when the Read-While-Write section is re-enabled).

* Bit3—BLBSET: Boot Lock Bit Set

If this bit is written to one at the same time as SPMEN, the next SPM instruction within four clock
cycles sets Boot Lock Bits, according to the data in RO. The data in R1 and the address in the Z-
pointer are ignored. The BLBSET bit will automatically be cleared upon completion of the lock bit
set, or if no SPM instruction is executed within four clock cycles.

An LPM instruction within three cycles after BLBSET and SPMEN are set in the SPMCR Regis-
ter, will read either the Lock Bits or the Fuse Bits (depending on Z0 in the Z-pointer) into the
destination register. See “Reading the Fuse and Lock Bits from Software” on page 210 for
details.
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e Bit 2 - PGWRT: Page Write

If this bit is written to one at the same time as SPMEN, the next SPM instruction within four clock
cycles executes page write, with the data stored in the temporary buffer. The page address is
taken from the high part of the Z-pointer. The data in R1 and RO are ignored. The PGWRT bit
will auto-clear upon completion of a page write, or if no SPM instruction is executed within four
clock cycles. The CPU is halted during the entire page write operation if the NRWW section is
addressed.

e Bit 1 - PGERS: Page Erase

If this bit is written to one at the same time as SPMEN, the next SPM instruction within four clock
cycles executes page erase. The page address is taken from the high part of the Z-pointer. The
data in R1 and RO are ignored. The PGERS bit will auto-clear upon completion of a page erase,
or if no SPM instruction is executed within four clock cycles. The CPU is halted during the entire
page write operation if the NRWW section is addressed.

e Bit 0 — SPMEN: Store Program Memory Enable

This bit enables the SPM instruction for the next four clock cycles. If written to one together with
either RWWSRE, BLBSET, PGWRT’ or PGERS, the following SPM instruction will have a spe-
cial meaning, see description above. If only SPMEN is written, the following SPM instruction will
store the value in R1:RO0 in the temporary page buffer addressed by the Z-pointer. The LSB of
the Z-pointer is ignored. The SPMEN bit will auto-clear upon completion of an SPM instruction,
or if no SPM instruction is executed within four clock cycles. During page erase and page write,
the SPMEN bit remains high until the operation is completed.

Writing any other combination than “10001”, “01001”, “00101”, “00011” or “00001” in the lower
five bits will have no effect.

Addressing the The Z-pointer is used to address the SPM commands.
Flash Dur”_“g Self- Bit 15 14 13 12 11 10 9 8
Programming ZH (R31) 715 714 713 712 z11 710 Z9 Z8
ZL (R30) 27 Z6 Z5 Z4 Z3 22 Z1 20
7 6 5 4 3 2 1 0

Since the Flash is organized in pages (see Table 89 on page 218), the Program Counter can be
treated as having two different sections. One section, consisting of the least significant bits, is
addressing the words within a page, while the most significant bits are addressing the pages.
This is shown in Figure 103 on page 208. Note that the page erase and page write operations
are addressed independently. Therefore it is of major importance that the Boot Loader software
addresses the same page in both the page erase and page write operation. Once a program-
ming operation is initiated, the address is latched and the Z-pointer can be used for other
operations.

The only SPM operation that does not use the Z-pointer is Setting the Boot Loader Lock Bits.
The content of the Z-pointer is ignored and will have no effect on the operation. The LPM
instruction does also use the Z-pointer to store the address. Since this instruction addresses the
Flash byte by byte, also the LSB (bit Z0) of the Z-pointer is used.
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Figure 103. Addressing the Flash during SPM®

BIT 15 ZPCMSB ZPAGEMSB 1 0
Z - REGISTER I 0 I
PCMSB PAGEMSB
PROGRAM
COUNTER PCPAGE PCWORD
PAGE ADDRESS WORD ADDRESS

WITHIN THE FLASH WITHIN A PAGE

PROGRAM MEMORY

PAGE

PAGE

INSTRUCTION WORD

PCWORD[PAGEMSB:Q]:
00

01

02

\ PAGEEND

Notes: 1. The different variables used in the figure are listed in Table 84 on page 214

2. PCPAGE and PCWORD are listed in Table 89 on page 218

Self-Programming The Program memory is updated in a page by page fashion. Before programming a page with

the Flash the data stored in the temporary page buffer, the page must be erased. The temporary page buf-

fer is filled one word at a time using SPM and the buffer can be filled either before the page
erase command or between a page erase and a page write operation:
Alternative 1, fill the buffer before a page erase.
e Fill temporary page buffer
* Perform a page erase
« Perform a page write
Alternative 2, fill the buffer after page erase.
* Perform a page erase
* Fill temporary page buffer
e Perform a page write
If only a part of the page needs to be changed, the rest of the page must be stored (for example
in the temporary page buffer) before the erase, and then be rewritten. When using alternative 1,
the boot loader provides an effective Read-Modify-Write feature which allows the user software
to first read the page, do the necessary changes, and then write back the modified data. If alter-
native 2 is used, it is not possible to read the old data while loading since the page is already
erased. The temporary page buffer can be accessed in a random sequence. It is essential that
the page address used in both the page erase and page write operation is addressing the same
page. See “Simple Assembly Code Example for a Boot Loader” on page 212 for an assembly
code example.
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Performing Page
Erase by SPM

Filling the Temporary
Buffer (Page Loading)

Performing a Page
Write

Using the SPM
Interrupt

Consideration While
Updating BLS

Prevent Reading the
RWW Section During
Self-Programming

Setting the Boot
Loader Lock Bits by
SPM
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To execute page erase, set up the address in the Z-pointer, write “X0000011” to SPMCR and
execute SPM within four clock cycles after writing SPMCR. The data in R1 and RO is ignored.
The page address must be written to PCPAGE in the Z-register. Other bits in the Z-pointer will
be ignored during this operation.

e Page Erase to the RWW section: The NRWW section can be read during the page erase
e Page Erase to the NRWW section: The CPU is halted during the operation

Note: If an interrupt occurs in the timed sequence, the four cycle access cannot be guaranteed.
In order to ensure atomic operation, disable interrupts before writing to SPMCSR.

To write an instruction word, set up the address in the Z-pointer and data in R1:R0, write
“00000001"” to SPMCR and execute SPM within four clock cycles after writing SPMCR. The con-
tent of PCWORD in the Z-register is used to address the data in the temporary page buffer. The
temporary buffer will auto-erase after a page write operation or by writing the RWWSRE bit in
SPMCR. It is also erased after a System Reset. Note that it is not possible to write more than
one time to each address without erasing the temporary buffer.

Note: If the EEPROM is written in the middle of an SPM page Load operation, all data loaded will be lost
To execute page write, set up the address in the Z-pointer, write “X0000101” to SPMCR and
execute SPM within four clock cycles after writing SPMCR. The data in R1 and RO is ignored.
The page address must be written to PCPAGE. Other bits in the Z-pointer must be written to
zero during this operation.

e Page Write to the RWW section: The NRWW section can be read during the page write
« Page Write to the NRWW section: The CPU is halted during the operation

If the SPM interrupt is enabled, the SPM interrupt will generate a constant interrupt when the
SPMEN bit in SPMCR is cleared. This means that the interrupt can be used instead of polling
the SPMCR Register in software. When using the SPM interrupt, the Interrupt Vectors should be
moved to the BLS section to avoid that an interrupt is accessing the RWW section when it is
blocked for reading. How to move the interrupts is described in “Interrupts” on page 46.

Special care must be taken if the user allows the Boot Loader section to be updated by leaving
Boot Lock bitl1 unprogrammed. An accidental write to the Boot Loader itself can corrupt the
entire Boot Loader, and further software updates might be impossible. If it is not necessary to
change the Boot Loader software itself, it is recommended to program the Boot Lock bitl1l to
protect the Boot Loader software from any internal software changes.

During Self-Programming (either page erase or page write), the RWW section is always blocked
for reading. The user software itself must prevent that this section is addressed during the self
programming operation. The RWWSB in the SPMCR will be set as long as the RWW section is
busy. During Self-Programming the Interrupt Vector table should be moved to the BLS as
described in “Interrupts” on page 46, or the interrupts must be disabled. Before addressing the
RWW section after the programming is completed, the user software must clear the RWWSB by
writing the RWWSRE. See “Simple Assembly Code Example for a Boot Loader” on page 212 for
an example.

To set the Boot Loader Lock Bits, write the desired data to RO, write “X0001001” to SPMCR and
execute SPM within four clock cycles after writing SPMCR. The only accessible Lock Bits are
the Boot Lock Bits that may prevent the Application and Boot Loader section from any software
update by the MCU.

Bit 7 6 5 4 3 2 1 0
RO | 1 | 1 BLB12 BLB11 | BLB02 | BLBO1 1 1]

209



I A\ T ega8(L)

EEPROM Write
Prevents Writing to
SPMCR

Reading the Fuse and
Lock Bits from
Software

Preventing Flash

See Table 78 on page 205 and Table 79 on page 205 for how the different settings of the Boot
Loader Bits affect the Flash access.

If bits 5..2 in RO are cleared (zero), the corresponding Boot Lock bit will be programmed if an
SPM instruction is executed within four cycles after BLBSET and SPMEN are set in SPMCR.
The Z-pointer is don’t care during this operation, but for future compatibility it is recommended to
load the Z-pointer with 0x0001 (same as used for reading the Lock Bits). For future compatibility
It is also recommended to set bits 7, 6, 1, and 0 in RO to “1” when writing the Lock Bits. When
programming the Lock Bits the entire Flash can be read during the operation.

Note that an EEPROM write operation will block all software programming to Flash. Reading the
Fuses and Lock Bits from software will also be prevented during the EEPROM write operation. It
is recommended that the user checks the status bit (EEWE) in the EECR Register and verifies
that the bit is cleared before writing to the SPMCR Register.

It is possible to read both the Fuse and Lock Bits from software. To read the Lock Bits, load the
Z-pointer with 0x0001 and set the BLBSET and SPMEN bits in SPMCR. When an LPM instruc-
tion is executed within three CPU cycles after the BLBSET and SPMEN bits are set in SPMCR,
the value of the Lock Bits will be loaded in the destination register. The BLBSET and SPMEN
bits will auto-clear upon completion of reading the Lock Bits or if no LPM instruction is executed
within three CPU cycles or no SPM instruction is executed within four CPU cycles. When BLB-
SET and SPMEN are cleared, LPM will work as described in the Instruction set Manual.

Bit 7 6 5 4 3 2 1 0
Rd | - | = | BLB12 | BLB11 | BLBO2 | BLBOL | LB2 | LBl |

The algorithm for reading the Fuse Low bits is similar to the one described above for reading the
Lock Bits. To read the Fuse Low bits, load the Z-pointer with 0x0000 and set the BLBSET and
SPMEN bits in SPMCR. When an LPM instruction is executed within three cycles after the BLB-
SET and SPMEN bits are set in the SPMCR, the value of the Fuse Low bits (FLB) will be loaded
in the destination register as shown below. Refer to Table 88 on page 217 for a detailed descrip-
tion and mapping of the fuse low bits.

Bit 7 6 5 4 3 2 1 0
Rd | FiB7 | FB6 | FLB5 | FLB4 | FLB3 | FLB2 | FLB1 | FLBO |

Similarly, when reading the Fuse High bits, load 0x0003 in the Z-pointer. When an LPM instruc-
tion is executed within three cycles after the BLBSET and SPMEN bits are set in the SPMCR,
the value of the Fuse High bits (FHB) will be loaded in the destination register as shown below.
Refer to Table 87 on page 216 for detailed description and mapping of the fuse high bits.

Bit 7 6 5 4 3 2 1 0
Rd | FHB7 | FHB6 | FHB5 | FHB4 | FHB3 | FHB2 | FHB1 | FHBO |

Fuse and Lock Bits that are programmed, will be read as zero. Fuse and Lock Bits that are
unprogrammed, will be read as one.

During periods of low V¢ the Flash program can be corrupted because the supply voltage is too

Corruption low for the CPU and the Flash to operate properly. These issues are the same as for board level
systems using the Flash, and the same design solutions should be applied.
A Flash program corruption can be caused by two situations when the voltage is too low. First, a
regular write sequence to the Flash requires a minimum voltage to operate correctly. Secondly,
the CPU itself can execute instructions incorrectly, if the supply voltage for executing instructions
is too low.
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Programming Time for
Flash when using SPM

Flash corruption can easily be avoided by following these design recommendations (one is

sufficient):

1. Ifthere is no need for a Boot Loader update in the system, program the Boot Loader Lock

Bits to prevent any Boot Loader software updates

2. Keep the AVR RESET active (low) during periods of insufficient power supply voltage.
This can be done by enabling the internal Brown-out Detector (BOD) if the operating volt-
age matches the detection level. If not, an external low V.- Reset Protection circuit can
be used. If a reset occurs while a write operation is in progress, the write operation will be

completed provided that the power supply voltage is sufficient

3. Keep the AVR core in Power-down sleep mode during periods of low V. This will pre-
vent the CPU from attempting to decode and execute instructions, effectively protecting

the SPMCR Register and thus the Flash from unintentional writes

The calibrated RC Oscillator is used to time Flash accesses. Table 81 shows the typical pro-
gramming time for Flash accesses from the CPU.

Table 81. SPM Programming Time®

Symbol

Min Programming Time

Max Programming Time

Flash write (page erase, page write,
and write Lock Bits by SPM)

3.7ms

4.5ms

Note: 1. Minimum and maximum programming time is per individual operation
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Simple Assembly
Code Example for a
Boot Loader

;-the routine wites one page of data from RAMto Fl ash

; the first data location in RAMis pointed to by the Y pointer

; the first data location in Flash is pointed to by the Z-pointer
;-error handling is not included

;-the routine nust be placed inside the boot space

; (at least the Do_spmsub routine). Only code inside NRWVsection can
; be read during self-programm ng (page erase and page wite).
;-registers used: r0, rl1, tenpl (r16), tenp2 (r17), looplo (r24),

; loophi (r25), spntrval (r20)

; storing and restoring of registers is not included in the routine
; register usage can be optim zed at the expense of code size

;-1t is assumed that either the interrupt table is noved to the Boot
; loader section or that the interrupts are disabl ed.

. equ PACESI ZEB = PAGESI ZE*2
.org SMALLBOOTSTART
Wite_page:

; PAGESI ZEB i s page size in BYTES, not words

; page erase
Idi spntrval, (1<<PGERS) | (1<<SPMEN)
rcal | Do_spm

; re-enabl e the RWVsection
Idi spnecrval, (1<<RWABRE) | (1<<SPMEN)
rcal | Do_spm

; transfer data from RAMto Fl ash page buffer
I di |ooplo, |ow PAGESI ZEB) ;init loop variable
| di | oophi, high(PAGESIZEB) ;not required for PAGESI ZEB<=256

W | oop:
| d r0, Y+
Id rl, Y+

Idi spncrval, (1<<SPMEN)

rcal | Do_spm

adiw ZH: zL, 2

sbi w | oophi : | oopl 0, 2 ;use subi for PAGESI ZEB<=256
brne WI oop

; execute page wite

subi ZL, | ow PAGESI ZEB) ;restore pointer

sbci ZH, hi gh( PAGESI ZEB) ;not required for PAGESI ZEB<=256
Idi spncrval, (1<<PGART) | (1<<SPMEN)

rcal | Do_spm

; re-enabl e the RWV section
Idi spntrval, (1<<RWABRE) | (1<<SPMEN)
rcal | Do_spm

; read back and check, optional

Idi |ooplo, |ow PACESI ZEB) ;init |oop variable
I di |oophi, high(PAGESIZEB) ;not required for PAGESI ZEB<=256
subi YL, | ow PAGESI ZEB) ;restore pointer
sbci YH, hi gh( PAGESI ZEB)
Rdl oop:
Il pm r0, Z+
I d rl, Y+
cpse r0, r1
rjinp Error
sbi w | oophi : | oopl o, 1 ;use subi for PAGESI ZEB<=256
brne Rdl oop
| AtmeL 212
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; return to RWV section
; verify that RWNVsection is safe to read

Ret ur n:
in templ, SPMCR
sbrs tenpl, RWASB ; If RWABB is set, the RWVsection is not
ready yet
ret
; re-enabl e the RWV section
Idi spntrval, (1<<RWABRE) | (1<<SPMEN)
rcal | Do_spm
rinp Return
Do_spm
; check for previous SPM conpl ete
WAi t _spm

in templ, SPMCR

sbrc tenpl, SPMEN

rinp Wait_spm

; input: spntrval determ nes SPM acti on

; disable interrupts if enabl ed, store status

in tenmp2, SREG

cli

; check that
Wit _ee:

shi ¢ EECR, EEVE

rinp Wait_ee

; SPMtined sequence

out SPMCR, spnctrval

spm

; restore SREG (to enable interrupts if originally enabl ed)

out SREG tenp2

ret

no EEPROM write access is present

ATmega8 Boot Loader
Parameters

In Table 82 through Table 84 on page 214, the parameters used in the description of the self
programming are given.

Table 82. Boot Size Configuration

Boot Reset
Boot Address
Application | Loader End (Start Boot
Boot Flash Flash Application | Loader
BOOTSZ1 | BOOTSZ0 | Size Pages | Section Section Section Section)
128 0x000 - OxF80 -
! ! words 4 OxF7F OXFFF OxF7F OxF80
256 0x000 - O0xFO0O0 -
! 0 words 8 | oxeFF OXFFF OXEFF OxF00
512 0x000 - OxEOQO -
0 ! words 16 oxoFF OXFFF OxDFF OxE00
1024 0x000 - 0xCO00 -
0 0 words 32 OxBFF OxFFF OXBFF OxC00
Note:  The different BOOTSZ Fuse configurations are shown in Figure 102 on page 204
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Table 83. Read-While-Write Limit

Section Pages Address
Read-While-Write section (RWW) 96 0x000 - OXBFF
No Read-While-Write section (NRWW) 32 0xCO00 - OXFFF

For details about these two section, see “NRWW — No Read-While-Write Section” on page 203
and “RWW — Read-While-Write Section” on page 203.

Table 84. Explanation of Different Variables used in Figure 103 on page 208 and the Mapping

to the Z-pointer

Corresponding

Variable Z-value® Description

PCMSB 11 Most significant bit in the Program Counter.
(The Program Counter is 12 bits PC[11:0])

PAGEMSB 4 Most significant bit which is used to address the
words within one page (32 words in a page
requires 5 bits PC [4:0])

ZPCMSB Z12 Bit in Z-register that is mapped to PCMSB.
Because Z0 is not used, the ZPCMSB equals
PCMSB + 1

ZPAGEMSB Z5 Bit in Z-register that is mapped to PAGEMSB.
Because Z0 is not used, the ZPAGEMSB
equals PAGEMSB + 1

PCPAGE PC[11:5] Z712:76 Program counter page address: Page select,
for page erase and page write

PCWORD PC[4:0] 75:71 Program counter word address: Word select, for
filling temporary buffer (must be zero during
page write operation)

Note: 1. Z15:713: always ignored

Z0: should be zero for all SPM commands, byte select for the LPM instruction.
See “Addressing the Flash During Self-Programming” on page 207 for details about the use of

Z-pointer during Self-Programming
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Memory

Programming

Program And Data
Memory Lock Bits

The ATmega8 provides six Lock Bits which can be left unprogrammed (“1") or can be pro-
grammed (“0”) to obtain the additional features listed in Table 86. The Lock Bits can only be
erased to “1” with the Chip Erase command.

Table 85. Lock Bit Byte

Lock Bit Byte Bit No. Description Default Value®

7 - 1 (unprogrammed)

6 - 1 (unprogrammed)
BLB12 5 Boot lock bit 1 (unprogrammed)
BLB11 4 Boot lock bit 1 (unprogrammed)
BLB02 3 Boot lock bit 1 (unprogrammed)
BLBO1 2 Boot lock bit 1 (unprogrammed)
LB2 1 Lock bit 1 (unprogrammed)
LB1 0 Lock bit 1 (unprogrammed)

Note: 1. “1” means unprogrammed, “0” means programmed

Table 86. Lock Bit Protection Modes®

Memory Lock Bits Protection Type
LB Mode LB2 LB1
1 1 1 No memory lock features enabled

Further programming of the Flash and EEPROM is
disabled in Parallel and Serial Programming mode. The

2 L 0 Fuse Bits are locked in both Serial and Parallel
Programming mode &
Further programming and verification of the Flash and

3 0 0 EEPROM is disabled in parallel and Serial Programming

mode. The Fuse Bits are locked in both Serial and Parallel
Programming modes

BLBO Mode | BLB02 | BLBO1

No restrictions for SPM or LPM accessing the Application
section

2 1 0 SPM is not allowed to write to the Application section

SPM is not allowed to write to the Application section, and
LPM executing from the Boot Loader section is not

3 0 0 allowed to read from the Application section. If Interrupt
Vectors are placed in the Boot Loader section, interrupts
are disabled while executing from the Application section

LPM executing from the Boot Loader section is not
allowed to read from the Application section. If Interrupt

4 0 L Vectors are placed in the Boot Loader section, interrupts
are disabled while executing from the Application section
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Table 86. Lock Bit Protection Modes®® (Continued)

Memory Lock Bits Protection Type
BLB1 Mode | BLB12 | BLB11

1 1 1 No restrictions for SPM or LPM accessing the Boot Loader
section

2 1 0 SPM is not allowed to write to the Boot Loader section
SPM is not allowed to write to the Boot Loader section,
and LPM executing from the Application section is not

3 0 0 allowed to read from the Boot Loader section. If Interrupt
Vectors are placed in the Application section, interrupts
are disabled while executing from the Boot Loader section
LPM executing from the Application section is not allowed
to read from the Boot Loader section. If Interrupt Vectors

4 0 1 - o Co
are placed in the Application section, interrupts are
disabled while executing from the Boot Loader section

Notes: 1. Program the Fuse Bits before programming the Lock Bits
2. “1” means unprogrammed, “0” means programmed

Fuse Bits The ATmega8 has two fuse bytes. Table 87 and Table 88 on page 217 describe briefly the func-
tionality of all the fuses and how they are mapped into the fuse bytes. Note that the fuses are
read as logical zero, “0”, if they are programmed.

Table 87. Fuse High Byte

Fuse High Bit
Byte No. Description Default Value
1 (unprogrammed, PC6 is
4)
ueAsls ! Select if PC6 is I/0 pin or RESET pin | RESET-pin)
1 (unprogrammed, WDT
VEIeH g WDT always on enabled by WDTCR)
@ Enable Serial Program and Data 0 (programmed, SPI prog.
SPIEN 5 .
Downloading enabled)
CKOPT® 4 Oscillator options 1 (unprogrammed)
EESAVE 3 EEPROM memory is preserved 1 (unprogrammed,
through the Chip Erase EEPROM not preserved)
Select Boot Size (see Table 82 on
I OIS7A 2 page 213 for details) 0 (programmed)®
Select Boot Size (see Table 82 on
BOOTSZ0 L page 213 for details) 0 (programmed)®
BOOTRST 0 Select Reset Vector 1 (unprogrammed)

Notes: 1. The SPIEN Fuse is not accessible in Serial Programming mode
2. The CKOPT Fuse functionality depends on the setting of the CKSEL bits, see “Clock Sources”
on page 26 for details
3. The default value of BOOTSZ1..0 results in maximum Boot Size. See Table 82 on page 213
4. When programming the RSTDISBL Fuse Parallel Programming has to be used to change
fuses or perform further programming
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Table 88. Fuse Low Byte

Fuse Low Bit
Byte No. Description Default Value

BODLEVEL 7 Brown out detector trigger level | 1 (unprogrammed)

BODEN 6 Brown out detector enable 1 (unprogrammed, BOD disabled)
SUT1 5 Select start-up time 1 (unprogrammed)®

SUTO 4 Select start-up time 0 (programmed)™®

CKSEL3 3 Select Clock source 0 (programmed)®

CKSEL2 2 Select Clock source 0 (programmed)®

CKSEL1 1 Select Clock source 0 (programmed)®

CKSELO 0 Select Clock source 1 (unprogrammed)®

Notes: 1. The default value of SUT1..0 results in maximum start-up time. See Table 10 on page 30 for
details
2. The default setting of CKSEL3..0 results in internal RC Oscillator @ 1MHz. See Table 2 on
page 26 for details

The status of the Fuse Bits is not affected by Chip Erase. Note that the Fuse Bits are locked if
lock bitl (LB1) is programmed. Program the Fuse Bits before programming the Lock Bits.

Latching of Fuses The fuse values are latched when the device enters Programming mode and changes of the
fuse values will have no effect until the part leaves Programming mode. This does not apply to
the EESAVE Fuse which will take effect once it is programmed. The fuses are also latched on
Power-up in Normal mode.
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Signature Bytes

Calibration Byte

Page Size

All Atmel microcontrollers have a 3-byte signature code which identifies the device. This code
can be read in both Serial and Parallel mode, also when the device is locked. The three bytes
reside in a separate address space.

For the ATmega8 the signature bytes are:

1. 0x000: Ox1E (indicates manufactured by Atmel)
2. 0x001: 0x93 (indicates 8KB Flash memory)

3. 0x002: 0x07 (indicates ATmega8 device)

The ATmega8 stores four different calibration values for the internal RC Oscillator. These bytes
resides in the signature row High byte of the addresses 0x0000, 0x0001, 0x0002, and 0x0003
for IMHz, 2MHz, 4MHz, and 8Mhz respectively. During Reset, the 1MHz value is automatically
loaded into the OSCCAL Register. If other frequencies are used, the calibration value has to be
loaded manually, see “Oscillator Calibration Register — OSCCAL” on page 31 for details.

Table 89. No. of Words in a Page and no. of Pages in the Flash

Flash Size Page Size | PCWORD No. of Pages PCPAGE PCMSB
4K words (8 Kbytes) 32 words PCI[4:0] 128 PC[11:5] 11
Table 90. No. of Words in a Page and no. of Pages in the EEPROM
EEPROM Size Page Size PCWORD No. of Pages PCPAGE EEAMSB
512 bytes 4 bytes EEA[1:0] 128 EEA[8:2] 8
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Parallel This section describes how to parallel program and verify Flash Program memory, EEPROM
Programming Data memory, Memory Lock Bits, and Fuse Bits in the ATmega8. Pulses are assumed to be at
Parameters. Pin least 250ns unless otherwise noted.

Mapping, and

Commands

Signal Names In this section, some pins of the ATmega8 are referenced by signal names describing their func-

tionality during parallel programming, see Figure 104 and Table 91. Pins not described in the
following table are referenced by pin names.

The XA1/XAO pins determine the action executed when the XTALL pin is given a positive pulse.
The bit coding is shown in Table 93 on page 220.

When pulsing WR or OE, the command loaded determines the action executed. The different
Commands are shown in Table 94 on page 220.

Figure 104. Parallel Programming

RDY/BSY «—
OE ——>»
WR ———>

BS1 ———»

XAL ———>
PAGEL ——»
+12V ——»

BS2 ——»|

PD1

PD2

PD3

+5V

vCC

AVCC

PD4  pcl1:01:PB[5:0] ¢ > DATA

PDS

PD6

PD7

RESET

PC2

XTALL

GND

|

Table 91. Pin Name Mapping

Signal Name in

Programming Mode Pin Name I/O | Function

RDY/BSY PD1 o 0 Device is busy programming, 1: Device
is ready for new command

OE PD2 | | Output Enable (Active low)

WR PD3 | | Write Pulse (Active low)

BS1 PD4 | Byte Sele_ct 1 (“0” selects Low byte, “1
selects High byte)

XAO0 PD5 I XTAL Action Bit 0

XAl PD6 I XTAL Action Bit 1
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Table 91. Pin Name Mapping (Continued)

Signal Name in

Programming Mode Pin Name I/O | Function
PAGEL PD7 | Program memory and EEPROM Data
Page Load
Byte Select 2 (“0” selects Low byte, “1”
P e l selects 2'nd High byte)
DATA (PC[1:0]: PB[5:0]} | 1/O Bi-directional Data bus (Output when OE is

low)

Table 92. Pin Values used to Enter Programming Mode

Pin Symbol Value
PAGEL Prog_enable[3] 0
XAl Prog_enable[2] 0
XA0 Prog_enable[1] 0
BS1 Prog_enable[0] 0

Table 93. XAl and XAO Coding
XAl | XAO | Action when XTAL1 is Pulsed

Load Flash or EEPROM Address (High or low address byte determined by BS1)

0

1 Load Data (High or Low data byte for Flash determined by BS1)
0 Load Command
1

0
0
1
1

No Action, Idle

Table 94. Command Byte Bit Coding

Command Byte Command Executed

1000 0000 Chip Erase

0100 0000 Write Fuse Bits

0010 0000 Write Lock Bits

0001 0000 Write Flash

0001 0001 Write EEPROM

0000 1000 Read Signature Bytes and Calibration byte

0000 0100 Read Fuse and Lock Bits

0000 0010 Read Flash

0000 0011 Read EEPROM
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Parallel
Programming

Enter Programming The following algorithm puts the device in Parallel Programming mode:
Mode 1. Apply 4.5V - 5.5V between V. and GND, and wait at least 100us
2. Set RESET to “0” and toggle XTAL1 at least 6 times

3. Set the Prog_enable pins listed in Table 92 on page 220 to “0000” and wait at least
100ns

4. Apply 11.5V - 12.5V to RESET. Any activity on Prog_enable pins within 100ns after +12V
has been applied to RESET, will cause the device to fail entering Programming mode

Note, if the RESET pin is disabled by programming the RSTDISBL Fuse, it may not be possible
to follow the proposed algorithm above. The same may apply when External Crystal or External
RC configuration is selected because it is not possible to apply qualified XTAL1 pulses. In such
cases, the following algorithm should be followed:

1. Set Prog_enable pins listed in Table 92 on page 220 to “0000”

2. Apply 4.5V - 5.5V between V. and GND simultaneously as 11.5V - 12.5V is applied to
RESET

3. Wait 100ns
4. Re-program the fuses to ensure that External Clock is selected as clock source
(CKSEL3:0 = 0'’b0000) and RESET pin is activated (RSTDISBL unprogrammed). If Lock

Bits are programmed, a chip erase command must be executed before changing the
fuses

5. Exit Programming mode by power the device down or by bringing RESET pin to 0'b0
6. Entering Programming mode with the original algorithm, as described above

Considerations for The loaded command and address are retained in the device during programming. For efficient
Efficient Programming programming, the following should be considered.

e The command needs only be loaded once when writing or reading multiple memory
locations

«  Skip writing the data value OxFF, that is the contents of the entire EEPROM (unless the
EESAVE Fuse is programmed) and Flash after a Chip Erase

« Address High byte needs only be loaded before programming or reading a new 256 word
window in Flash or 256 byte EEPROM. This consideration also applies to Signature bytes
reading

Chip Erase The Chip Erase will erase the Flash and EEPROM® memories plus Lock Bits. The Lock Bits are
not reset until the Program memory has been completely erased. The Fuse Bits are not
changed. A Chip Erase must be performed before the Flash and/or the EEPROM are
reprogrammed.

Note: 1. The EEPRPOM memory is preserved during chip erase if the EESAVE Fuse is programmed
Load Command “Chip Erase”

Set XAl, XAO to “10". This enables command loading

Set BS1 to “0”

Set DATA to “1000 0000”. This is the command for Chip Erase

Give XTALL1 a positive pulse. This loads the command

Give WR a negative pulse. This starts the Chip Erase. RDY/BSY goes low

Wait until RDY/BSY goes high before loading a new command

@ & S WM [P
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Programming the
Flash

The Flash is organized in pages, see Table 89 on page 218. When programming the Flash, the
program data is latched into a page buffer. This allows one page of program data to be pro-
grammed simultaneously. The following procedure describes how to program the entire Flash
memory:
A. Load Command “Write Flash”

Set XA1, XA0 to “10". This enables command loading

Set BS1 to "0”

Set DATA to “0001 0000". This is the command for Write Flash

Give XTAL1 a positive pulse. This loads the command

. Load Address Low byte
Set XA1, XA0 to “00”. This enables address loading
Set BS1 to “0”. This selects low address
Set DATA = Address Low byte (0x00 - OxFF)
Give XTAL1 a positive pulse. This loads the address Low byte

1

2

3

4

B

1

2

3

4

C. Load Data Low byte

1. Set XAl, XAO to “01". This enables data loading
2. Set DATA = Data Low byte (0x00 - OxFF)

3. Give XTAL1 a positive pulse. This loads the data byte
D
1
2
3
4
E
1
2

. Load Data High byte
Set BS1 to “1”. This selects high data byte
Set XA1, XAO to “01”. This enables data loading
Set DATA = Data High byte (0x00 - OxFF)
Give XTAL1 a positive pulse. This loads the data byte

. Latch Data
Set BS1 to “1”. This selects high data byte
Give PAGEL a positive pulse. This latches the data bytes (see Figure 106 on page 224
for signal waveforms)
F. Repeat B through E until the entire buffer is filled or until all data within the page is loaded

While the lower bits in the address are mapped to words within the page, the higher bits address
the pages within the FLASH. This is illustrated in Figure 105 on page 223. Note that if less than
eight bits are required to address words in the page (pagesize <256), the most significant bit(s)
in the address Low byte are used to address the page when performing a page write.

G. Load Address High byte

1. Set XA1l, XAO to “00”. This enables address loading

2. SetBS1to “1". This selects high address

3. Set DATA = Address High byte (0x00 - OxFF)

4. Give XTAL1 a positive pulse. This loads the address High byte

H

1

2

. Program Page
Set BS1 =*0"

Give WR a negative pulse. This starts programming of the entire page of data. RDY/BSY
goes low

3. Wait until RDY/BSY goes high. (See Figure 106 on page 224 for signal waveforms)
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I. Repeat B through H until the entire Flash is programmed or until all data has been
programmed.

J. End Page Programming
1. Set XAl, XAO to “10". This enables command loading
2. Set DATA to “0000 0000”. This is the command for No Operation

3. Give XTALL1 a positive pulse. This loads the command, and the internal write signals are
reset

Figure 105. Addressing the Flash which is Organized in Pages®

PCMSB PAGEMSB
PROGRAM ‘ I
COUNTER PCPAGE PCWORD
PAGE ADDRESS WORD ADDRESS
WITHIN THE FLASH WITHIN A PAGE
PROGRAM MEMORY N PAGE PCWORD[PAGEMSB:0]:
PACE S R INSTRUCTION WORD 00
\
\ 01
\
\ 02
\
< \ —>|

\ PAGEEND

Note: 1. PCPAGE and PCWORD are listed in Table 89 on page 218
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Figure 106. Programming the Flash Waveforms®
F

/—/H

A B C D E B C D E G H
oata K010 Xeoor tow) oma cow Yommrion Y o Npoor. tow) oamow Yommron X o oo monf_ xx
XAL _/_\
o/ / \
BSL /—\—/—\
XTALL _/_\_/_\_/_\_/_\—/_\_/_\_/_\ /_\
" \/
RDY/BSY \—/_
RESET +12v
OE
PAGEL [\ [\

BS2

Note: 1. “XX"is don't care. The letters refer to the programming description above

Programming the The EEPROM is organized in pages, see Table 90 on page 218. When programming the

EEPROM EEPROM, the program data is latched into a page buffer. This allows one page of data to be
programmed simultaneously. The programming algorithm for the EEPROM Data memory is as
follows (refer to “Programming the Flash” on page 222 for details on Command, Address and
Data loading):

1. A:Load Command “0001 0001”

2. G: Load Address High byte (0x00 - OXFF)
3. B: Load Address Low byte (0x00 - OxFF)

4. C: Load Data (0x00 - OxFF)

5. E: Latch data (give PAGEL a positive pulse)

K: Repeat 3 through 5 until the entire buffer is filled

L: Program EEPROM page
1. SetBS1lto*“0”

2. Give WR a negative pulse. This starts programming of the EEPROM page. RDY/BSY
goes low

3. Wait until to RDY/BSY goes high before programming the next page (see Figure 107 on
page 225 for signal waveforms)
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Figure 107. Programming the EEPROM Waveforms

K
A G B C E B C E L

0x11 ADDR. HIGH \ ADDR.LOW DATA ADDR. LOW DATA XX
DATA >< >< >< >< >< X >< >< ><

XAl

XAO0

BS1

XTALL

WR

RDY/BSY

RESET +12V

OE

PAGEL

BS2

Reading the Flash The algorithm for reading the Flash memory is as follows (refer to “Programming the Flash” on
page 222 for details on Command and Address loading):

1. A:Load Command “0000 0010”

2. G: Load Address High byte (0x00 - OXFF)

3. B:Load Address Low byte (0x00 - OxFF)

4. Set OE to “0”, and BS1 to “0”. The Flash word Low byte can now be read at DATA
5. Set BS1to “1". The Flash word High byte can now be read at DATA

6. Set OE to “1”

Reading the EEPROM  The algorithm for reading the EEPROM memory is as follows (refer to “Programming the Flash”
on page 222 for details on Command and Address loading):

1. A:Load Command “0000 0011

2. G: Load Address High byte (0x00 - OXFF)

3. B:Load Address Low byte (0x00 - OxFF)

4. Set OE to “0”, and BS1 to “0”. The EEPROM Data byte can now be read at DATA
5

Set OE to “1”
Programming the The algorithm for programming the Fuse Low bits is as follows (refer to “Programming the Flash”
Fuse Low Bits on page 222 for details on Command and Data loading):

1. A:Load Command “0100 0000”

2. C: Load Data Low byte. Bit n = “0” programs and bit n = “1” erases the Fuse bit
3. SetBS1 and BS2 to “0”

4. Give WR a negative pulse and wait for RDY/BSY to go high
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Programming the The algorithm for programming the Fuse high bits is as follows (refer to “Programming the Flash”
Fuse High Bits on page 222 for details on Command and Data loading):

1. A:Load Command “0100 0000”

2. C: Load Data Low byte. Bit n = “0” programs and bit n = “1” erases the Fuse bit
3. SetBS1to“1”and BS2 to “0". This selects high data byte

4. Give WR a negative pulse and wait for RDY/BSY to go high

5. Set BS1 to “0". This selects low data byte

Programmingthe Lock The algorithm for programming the Lock Bits is as follows (refer to “Programming the Flash” on
Bits page 222 for details on Command and Data loading):

1. A:Load Command “0010 0000”
2. C: Load Data Low byte. Bit n = “0” programs the Lock bit
3. Give WR a negative pulse and wait for RDY/BSY to go high

The Lock Bits can only be cleared by executing Chip Erase.

Reading the Fuse and The algorithm for reading the Fuse and Lock Bits is as follows (refer to “Programming the Flash”
Lock Bits on page 222 for details on Command loading):

1. A:Load Command “0000 0100”

2. Set OE to “0”, BS2 to “0”, and BS1 to “0”. The status of the Fuse Low bits can now be
read at DATA (“0” means programmed)

3. Set OE to “0”, BS2 to “1”, and BS1 to “1”. The status of the Fuse High bits can now be
read at DATA (“0” means programmed)

4. Set OE to “0”, BS2 to “0”, and BS1 to “1". The status of the Lock Bits can now be read at
DATA (“0” means programmed)

5. SetOE to“1”

Figure 108. Mapping Between BS1, BS2 and the Fuse- and Lock Bits During Read

Fuse low byte »| 0
DATA
Lock bits —»| 0
1
Fuse high byte
gn byte |—p» 1 BS1
BS2
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Reading the Signature The algorithm for reading the Signature bytes is as follows (refer to “Programming the Flash” on
Bytes page 222 for details on Command and Address loading):

1. A:Load Command “0000 1000”

2. B: Load Address Low byte (0x00 - 0x02)

3. Set OE to “0”, and BS1 to “0”. The selected Signature byte can now be read at DATA.
4

Set OE to “1”
Reading the The algorithm for reading the Calibration bytes is as follows (refer to “Programming the Flash” on
Calibration Byte page 222 for details on Command and Address loading):

1. A:Load Command “0000 1000”

2. B: Load Address Low byte, (0x00 - 0x03)

3. Set OE to “0”, and BS1 to “1”. The Calibration byte can now be read at DATA
4. SetOEto*“1”

Parallel Programming Figure 109. Parallel Programming Timing, Including some General Timing Requirements
Characteristics

Exowi
XTAL1 AKX 2
tovxH txLDx
Data & Contol — e —
(DATA, XA0/1, BS1, BS2) < > e
teveH teiex | tavwiL
t
PAGEL TtoppL ) | wiex
o twi wh
WR tpwL ——
WLRL
_ < < —
RDY/BSY
tWLRH

Figure 110. Parallel Programming Timing, Loading Sequence with Timing Requirements®

LOAD ADDRESS LOAD DATA LOAD DATA LOAD DATA LOAD ADDRESS
(LOW BYTE) (LOW BYTE) (HIGH BYTE) (LOW BYTE)
/_H s N s N N r N

t
tXLXH XLPH

tF’LXH
XTALL / N\ / * * )t h

BS1

PAGEL

DATA >< ADDRO (Low Byte) X DATA (Low Byte) X DATA (High Byte) X ADDR1 (Low Byte)

XAO

XAl

Note: 1. The timing requirements shown in Figure 109 (that is, tpyxn, txyxy, and ty px) also apply to
loading operation
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Figure 111. Parallel Programming Timing, Reading Sequence (within the same Page) with Tim-

ing Requirements®

LOAD ADDRESS READ DATA READ DATA
(LOW BYTE) (LOW BYTE) (HIGH BYTE)
/_H

oL

-
XTAL1

LOAD ADDRESS
(LOW BYTE)

—

tBVDV
-

BS1

tOLDV
-

tOHDZ
-—

DATA —< ADDRO (Low Byte) >—J< DATA (Low Byte) >

DATA (High Byte)

ADDR1 (Low Byte)

XA0

XA1

Note: 1. The timing requirements shown in Figure 109 on page 227 (that is, tpyxn, txpyx, and ty px)

also apply to reading operation

Table 95. Parallel Programming Characteristics, Ve = 5V £10%

Symbol Parameter Min Typ | Max | Units
Vpp Programming Enable Voltage 115 12.5 \%
Ipp Programming Enable Current 250 pA
tovxnH Data and Control Valid before XTAL1 High 67

Lh XTAL1 Low to XTAL1 High 200

tyhxL XTAL1 Pulse Width High 150

tyL DX Data and Control Hold after XTAL1 Low 67

tywi XTAL1 Low to WR Low 0

e XTAL1 Low to PAGEL high 0

tpLxH PAGEL low to XTAL1 high 150

taveH BS1 Valid before PAGEL High 67 "
tPHPL PAGEL Pulse Width High 150

tpL Bx BS1 Hold after PAGEL Low 67

twiex BS2/1 Hold after WR Low 67

torwi PAGEL Low to WR Low 67

e BS1 Valid to WR Low 67

T WR Pulse Width Low 150

e WR Low to RDY/BSY Low 0 1 us
twLRH WR Low to RDY/BSY High® 3.7 45
twirH ce | WR Low to RDY/BSY High for Chip Erase®® 75 9 me
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Table 95. Parallel Programming Characteristics, V- = 5V +10% (Continued)

Symbol Parameter Min Typ | Max | Units

b o XTAL1 Low to OE Low 0

tevpy BS1 Valid to DATA valid 0 250

— ns
toLov OE Low to DATA Valid 250
tonpz OE High to DATA Tri-stated 250
Notes: 1. ty, Ry is valid for the Write Flash, Write EEPROM, Write Fuse Bits and Write Lock Bits
commands
2. tyirh_ceis valid for the Chip Erase command
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Serial
Downloading

Serial
Programming Pin
Mapping

Both the Flash and EEPROM memory arrays can be programmed using the serial SPI bus while
RESET is pulled to GND. The serial interface consists of pins SCK, MOSI (input) and MISO (out-
put). After RESET is set low, the Programming Enable instruction needs to be executed first
before program/erase operations can be executed. NOTE, in Table 96, the pin mapping for SPI
programming is listed. Not all parts use the SPI pins dedicated for the internal SPI interface.

Table 96. Pin Mapping Serial Programming

Symbol Pins I/0 Description
MOSI PB3 | Serial data in
MISO PB4 o Serial data out
SCK PB5 | Serial clock

Figure 112. Serial Programming and Verify™

+2.7V - 5.5V

\ele J

+2.7V-55v @

MOSI ——»| PB3

MISO «<—— PB4
AvVCC
SCK ———>»| PBS

— | RESET

I =

Notes: 1. If the device is clocked by the Internal Oscillator, it is no need to connect a clock source to the
XTAL1 pin
2. Vge - 0.3 <AV < Ve + 0.3, however, AV should always be within 2.7V - 5.5V

When programming the EEPROM, an auto-erase cycle is built into the self-timed programming
operation (in the Serial mode ONLY) and there is no need to first execute the Chip Erase
instruction. The Chip Erase operation turns the content of every memory location in both the
Program and EEPROM arrays into OXFF.

Depending on CKSEL Fuses, a valid clock must be present. The minimum low and high periods
for the Serial Clock (SCK) input are defined as follows:

Low:> 2 CPU clock cycles for fy <12MHz, 3 CPU clock cycles for f,, >=12MHz
High:> 2 CPU clock cycles for f,, <12MHz, 3 CPU clock cycles for fy >=12MHz
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Serial Programming When writing serial data to the ATmega8, data is clocked on the rising edge of SCK.

AT When reading data from the ATmega8, data is clocked on the falling edge of SCK. See Figure

113 on page 232 for timing details.

To program and verify the ATmega8 in the Serial Programming mode, the following sequence is
recommended (see four byte instruction formats in Table 98 on page 233):

1. Power-up sequence:
Apply power between V. and GND while RESET and SCK are set to “0”. In some sys-
tems, the programmer can not guarantee that SCK is held low during Power-up. In this
case, RESET must be given a positive pulse of at least two CPU clock cycles duration
after SCK has been set to “0”

2. Wait for at least 20ms and enable Serial Programming by sending the Programming
Enable serial instruction to pin MOSI

3. The Serial Programming instructions will not work if the communication is out of synchro-
nization. When in sync. the second byte (0x53), will echo back when issuing the third
byte of the Programming Enable instruction. Whether the echo is correct or not, all four
bytes of the instruction must be transmitted. If the 0x53 did not echo back, give RESET a
positive pulse and issue a new Programming Enable command

4. The Flash is programmed one page at a time. The page size is found in Table 89 on
page 218. The memory page is loaded one byte at a time by supplying the 5 LSB of the
address and data together with the Load Program memory Page instruction. To ensure
correct loading of the page, the data Low byte must be loaded before data High byte is
applied for a given address. The Program memory Page is stored by loading the Write
Program memory Page instruction with the 7MSB of the address. If polling is not used,
the user must wait at least t,5 £ asy before issuing the next page (see Table 97 on page
232).

Note: If other commands than polling (read) are applied before any write operation (FLASH,
EEPROM, Lock Bits, Fuses) is completed, it may result in incorrect programming

5. The EEPROM array is programmed one byte at a time by supplying the address and data
together with the appropriate Write instruction. An EEPROM memory location is first
automatically erased before new data is written. If polling is not used, the user must wait
at least t,,p egprom DeEfOre issuing the next byte (see Table 97 on page 232). In a chip
erased device, no OxFFs in the data file(s) need to be programmed

6. Any memory location can be verified by using the Read instruction which returns the con-
tent at the selected address at serial output MISO

7. At the end of the programming session, RESET can be set high to commence normal
operation

8. Power-off sequence (if needed):
Set RESET to “1”
Turn V¢ power off

Data Polling Flash When a page is being programmed into the Flash, reading an address location within the page
being programmed will give the value OxFF. At the time the device is ready for a new page, the
programmed value will read correctly. This is used to determine when the next page can be writ-
ten. Note that the entire page is written simultaneously and any address within the page can be
used for polling. Data polling of the Flash will not work for the value OxFF, so when programming
this value, the user will have to wait for at least t,yp £ agy DefOre programming the next page. As
a chip-erased device contains OxFF in all locations, programming of addresses that are meant to
contain OxFF, can be skipped. See Table 97 on page 232 for typ g asy Value.
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Data Polling EEPROM

When a new byte has been written and is being programmed into EEPROM, reading the
address location being programmed will give the value OxFF. At the time the device is ready for
a new byte, the programmed value will read correctly. This is used to determine when the next
byte can be written. This will not work for the value OxFF, but the user should have the following
in mind: As a chip-erased device contains OxFF in all locations, programming of addresses that
are meant to contain OxFF, can be skipped. This does not apply if the EEPROM is Re-pro-
grammed without chip-erasing the device. In this case, data polling cannot be used for the value
OxFF, and the user will have to wait at least t, 5 geprom PEfOre programming the next byte. See
Table 97 for typ eeprom Value. -

Table 97. Minimum Wait Delay Before Writing the Next Flash or EEPROM Location

Symbol Minimum Wait Delay
tWD_FUSE 4.5ms
twp_FLASH 4.5ms
twp_eeprom 9.0ms
twp_ERASE 9.0ms

Figure 113. Serial Programming Waveforms
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Table 98. Serial Programming Instruction Set

Instruction Format

Instruction Byte 1 Byte 2 Byte 3 Byte 4 Operation

Programming Enable 1010 1100 0101 0011 XXXX XXXX XXXX XXXX Enable Serial Programming after
RESET goes low

Chip Erase 1010 1100 100X XXXX XXXX XXXX XXXX XXxXX | Chip Erase EEPROM and Flash

Read Program Memory 0010 HOOO 0000 aaaa bbbb bbbb 0000 0000 | Read H (high or low) data o from
Program memory at word address
ab

Load Program Memory 0100 HOOO 0000 xxxx xxxb bbbb il iiii Write H (high or low) data i to

Page Program memory page at word
address b. Data Low byte must be
loaded before Data High byte is
applied within the same address

Write Program Memory 0100 1100 0000 aaaa bbbx xxxx XXXX XXXX | Write Program memory Page at

Page address a:b

Read EEPROM Memory 1010 0000 00xX XxXxa bbbb bbbb 0000 0000 | Read data o from EEPROM
memory at address a:b

Write EEPROM Memory 1100 0000 00xx Xxxa bbbb bbbb il i Write data i to EEPROM memory
at address a:b

Read Lock Bits 0101 1000 0000 0000 XXXX  XXXX XX00 0000 | Read Lock Bits. “0” = programmed,
“1” = unprogrammed. See Table
85 on page 215 for details

Write Lock Bits 1010 1100 111x XXXX XXXX XXXX 11ui iiii Write Lock Bits. Set bits = “0” to
program Lock Bits. See Table 85
on page 215 for details

Read Signature Byte 0011 0000 00XX XXXX XxXxX Xxbb 0000 0000 | Read Signature Byte o at address
b

Write Fuse Bits 1010 1100 1010 0000 XXXX  XXXX il iii Set bits = “0” to program, “1” to
unprogram. See Table 88 on
page 217 for details

Write Fuse High Bits 1010 1100 1010 1000 XXXX XXXX il i Set bits = “0” to program, “1” to
unprogram. See Table 87 on
page 216 for details

Read Fuse Bits 0101 0000 0000 0000 XXXX XXXX 0000 0000 | Read Fuse Bits. “0” = programmed,
“1” = unprogrammed. See Table
88 on page 217 for details

Read Fuse High Bits 0101 1000 0000 1000 XXXX XXXX 0000 0000 | Read Fuse high bits. “0” = pro-
grammed, “1” = unprogrammed.
See Table 87 on page 216 for
details

Read Calibration Byte 0011 1000 00XX XXXX 0000 00bb 0000 0000 Read Calibration Byte

Note:

a = address high bits
b = address low bits

H =0 — Low byte, 1 — High byte

0 = data out
i =datain
x = don't care

2486AA-AVR-02/2013
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SPI Serial For characteristics of the SPI module, see “SPI Timing Characteristics” on page 239.
Programming

Characteristics
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Electrical Characteristics — TA = -40°C to 85°C

Note:

Typical values contained in this datasheet are based on simulations and characterization of other AVR microcontrollers manu-

factured on the same process technology. Min and Max values will be available after the device is characterized.

Absolute Maximum Ratings*

Voltage on any Pin except RESET

Operating Temperature..........ccccoecvveeeeecenvnnnn. -55°C to +125°C

Storage Temperature............ccccevveeeeeeeeeeennn.

with respect to Ground .............ccoceevviiinns -0.5V to V+0.5V

Voltage on RESET with respect to Ground......-0.5V to +13.0V
Maximum Operating Voltage .....................

DC Current per /O Pin ....cccceevvveeviiieiienn.
DC Current V¢ and GND Pins................

-65°C to +150°C

DC Characteristics

*NOTICE:

T, = -40°C to +85°C, V¢ = 2.7V to 5.5V (unless otherwise noted)

Stresses beyond those listed under “Absolute
Maximum Ratings” may cause permanent dam-
age to the device. This is a stress rating only and
functional operation of the device at these or
other conditions beyond those indicated in the
operational sections of this specification is not
implied. Exposure to absolute maximum rating
conditions for extended periods may affect
device reliability.

Symbol Parameter Condition Min Typ Max Units
Input Low Voltage except K @
Vi XTAL1 and RESET pins Veg =27V - 5.5V 0.3 0.2 Vee
Input High Voltage except _ @
Viu XTAL1 and RESET pins Vee = 2.7V - 5.5V 0.6Vc Vee + 0.5
Input Low Voltage )
"/ . Vee = 2.7V - 5.5V -0.5 0.1V¢e
XTAL1 pin
v Input High Voltage Ve =2.7V - 5.5V 0.8Vc? Ve + 0.5
IH1 XTAL 1 pin ce ; LNVee cc TV
Input Low Voltage
Vo —— Vee = 2.7V - 5.5V -0.5 0.2 Vee
RESET pin
\Y,
v Input High Voltage Ve =2.7V - 5.5V 0.9V @ Ve + 0.5
IH2 RESET pin cc = 4 0 -IVece cc TV
Input Low Voltage
Vi —— Vee = 2.7V - 5.5V -0.5 0.2V¢e
RESET pin as I/0
Input High Voltage 0.6Vc@
W ] < Vee = 2.7V - 5.5V S Vee +0.5
RESET pin as 1/0 0.7Vcc
v Output Low Voltage® lo. = 20mA, Ve =5V 0.9
oL (Ports B,C,D) loL = 10MA, Ve = 3V 0.6
Vor Output High Voltage loy = -20MA, Ve =5V 4.2
(Ports B,C,D) lon = -10mA, Ve = 3V 2.2
| Input Leakage Vcce = 5.5V, pin low 1
IL Current I/0O Pin (absolute value)
HA
| Input Leakage Vcce = 5.5V, pin high 1
It Current I/0 Pin (absolute value)
Rrst Reset Pull-up Resistor 30 80 kQ
|
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T, =-40°C to +85°C, V¢ = 2.7V to 5.5V (unless otherwise noted) (Continued)

Symbol

Parameter Condition Min Typ Max Units

Rpu

I/O Pin Pull-up Resistor 20 50 kQ

Active 4MHz, V¢ = 3V
(ATmega8L)

Active 8MHz, Vo = 5V

(ATmega8) 11 15
Power Supply Current mA
Idle 4MHz, V¢ = 3V

(ATmega8L)

Idle 8MHz, V¢ = 5V
(ATmega8)

WDT enabled, Vo = 3V <22 | 28
Power-down mode® PA
WDT disabled, Ve = 3V <1 |3

4.5 7

Vacio

Analog Comparator Vee =5V

Input Offset Voltage Vin = Vcc/2 40 mv

lacLk

Analog Comparator Vee =5V
Input Leakage Current Vin = Vcc/2

tacPD

Analog Comparator Vee = 2.7V 750

Propagation Delay Vee = 5.0V 500 ns

Notes:

N

=

“Max” means the highest value where the pin is guaranteed to be read as low

“Min” means the lowest value where the pin is guaranteed to be read as high

Although each I/O port can sink more than the test conditions (20mA at Vcc = 5V, 10mA at Vcc = 3V) under steady state
conditions (non-transient), the following must be observed:

PDIP, TQFP, and QFN/MLF Package:

1] The sum of all IOL, for all ports, should not exceed 300mA.

2] The sum of all IOL, for ports CO - C5 should not exceed 100mA.

3] The sum of all IOL, for ports BO - B7, C6, DO - D7 and XTAL2, should not exceed 200mA.

If IOL exceeds the test condition, VOL may exceed the related specification. Pins are not guaranteed to sink current greater
than the listed test condition

Although each I/O port can source more than the test conditions (20mA at Vcc = 5V, 10mA at Vcc = 3V) under steady state
conditions (non-transient), the following must be observed:

PDIP, TQFP, and QFN/MLF Package:

1] The sum of all IOH, for all ports, should not exceed 300mA.

2] The sum of all IOH, for port CO - C5, should not exceed 100mA.

3] The sum of all IOH, for ports BO - B7, C6, DO - D7 and XTALZ2, should not exceed 200mA.

If IOH exceeds the test condition, VOH may exceed the related specification. Pins are not guaranteed to source current
greater than the listed test condition

Minimum V. for Power-down is 2.5V
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External Clock
Drive Waveforms

External Clock
Drive
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Figure 114. External Clock Drive Waveforms
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Table 99. External Clock Drive
Vee =2.7V10 5.5V | Ve = 4.5V to 5.5V
Symbol | Parameter Min Max Min Max Units
lltc c. | Oscillator Frequency 0 8 0 16 MHz
teLeL Clock Period 125 62.5
tcHex High Time 50 25 ns
toLex Low Time 50 25
tclcH Rise Time 1.6 0.5
teheL Fall Time 1.6 0.5 He
b B z 2 |
Table 100. External RC Oscillator, Typical Frequencies
R [kQ® C [pF] @)
33 22 650kHz
10 22 2.0MHz

Notes:

1. R should be in the range 3kQ - 100kQ, and C should be at least 20pF. The C values given in

the table includes pin capacitance. This will vary with package type

2. The frequency will vary with package type and board layout
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Two-wire Serial Interface Characteristics

Table 101 describes the requirements for devices connected to the Two-wire Serial Bus. The ATmega8 Two-wire Serial
Interface meets or exceeds these requirements under the noted conditions.

Timing symbols refer to Figure 115 on page 239.

Table 101. Two-wire Serial Bus Requirements

Symbol | Parameter Condition Min Max Units
Vi Input Low-voltage -0.5 0.3Vce
Viu Input High-voltage 0.7V¢c Vee + 0.5
\%
Vi) Hysteresis of Schmitt Trigger Inputs 0.05V @ =
Vo @ Output Low-voltage 3mA sink Current 0 0.4
t® Rise Time for both SDA and SCL 20 +0.1C,®@ 300
toD Output Fall Time from V,ymin t0 Vit max 10pF < C,, < 400pF® 20 +0.1C,®@ 250 ns
tsp Spikes Suppressed by Input Filter 0 50
l; Input Current each 1/0 Pin 0.1Ve < V;<0.9V¢ -10 10 MA
cW Capacitance for each 1/O Pin = 10 pF
el SCL Clock Frequency fo™® > max(16fgc, , 250kHz)® 0 400 kHz
fsc < 100kHz Ve —0.4V 1000ns
3mA Cp
Rp Value of Pull-up resistor Q
fscL > 100kHz Ve —0.4V 300ns
3mA Cy
. - fscL < 100kHz 4.0 -
typ:sTA Hold Time (repeated) START Condition
fscL > 100kHz 0.6 —
_ fscl < 100kHz®) 47 -
tow Low Period of the SCL Clock
fsc, > 100kHz( 1.3 =
fscL < 100kHz 4.0 -
thich High period of the SCL clock ps
fscL > 100kHz 0.6 -
fscL < 100kHz 47 -
tsy:sTa Set-up time for a repeated START condition
fscL > 100kHz 0.6 —
_ fscL < 100kHz 0 3.45
tyip:paT Data hold time
fsc, > 100kHz 0 0.9
fscL < 100kHz 250 -
tsy-: Data setup time ns
SUDAT foe > 100kHz 100 -
fscL < 100kHz 4.0 -
tsy:sTo Setup time for STOP condition
fscL > 100kHz 0.6 —
ps
. Bus free time between a STOP and START fscL < 100kHz 4.7 -
307 condition fSCL > 100kHz 1.3 _
Notes: 1. In ATmega8, this parameter is characterized and not 100% tested
2. Required only for fgc; > 100kHz
3. C, = capacitance of one bus line in pF
4. fex = CPU clock frequency
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5. This requirement applies to all ATmega8 Two-wire Serial Interface operation. Other devices connected to the Two-wire Serial

Bus need only obey the general fgs, requirement

6. The actual low period generated by the ATmega8 Two-wire Serial Interface is (1/fgc, - 2/fcx), thus fox must be greater than
6MHz for the low time requirement to be strictly met at fg, = 100kHz

7. The actual low period generated by the ATmega8 Two-wire Serial Interface is (1/fgc, - 2/fcx), thus the low time requirement
will not be strictly met for fg, > 308kHz when f, = 8MHz. Still, ATmega8 devices connected to the bus may communicate at
full speed (400kHz) with other ATmega8 devices, as well as any other device with a proper t, o, acceptance margin

Figure 115. Two-wire Serial Bus Timing

tHiGH

— &

> e—lof
44 ftlow tLow
sc.———| | | -
SUSTA |¢s || tp;sTA tHDDAT ¢ |« | toy.paT PRNNNEN
SDA_# 7777777 tsusTo
T —| tgue
SPI Timing See Figure 116 on page 240 and Figure 117 on page 240 for details.
Characteristics 9
Table 102. SPI Timing Parameters
Description Mode Min Typ Max

1 SCK period Master Seep;gtéliZSé) on
2 SCK high/low Master 50% duty cycle
3 Rise/Fall time Master 3.6
4 Setup Master 10
5 Hold Master 10
6 Out to SCK Master 0.5 » tgck
7 SCKto out Master 10
8 SCK to out high Master 10
9 SS low to out Slave 15 ns
10 SCK period Slave 4 ety
11 SCK high/low™ Slave 2ty
12 Rise/Fall time Slave 1600
13 Setup Slave 10
14 Hold Slave 10
15 SCK to out Slave 15
16 SCK to SS high Slave 20
17 SS high to tri-state Slave 10
18 SS low to SCK Salve 20ty

Note: 1. In SPI Programming mode the minimum SCK high/low period is:

- 2tg ¢ for fok < 12MHz
- 3tg ¢ for fox > 12MHz
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Figure 116. SPI interface timing requirements (Master Mode)
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Figure 117. SPI interface timing requirements (Slave Mode)

§_\_;

SCK
(CPOL =0)

SCK
(CPOL = 1)

MOSI

(Data Input)

MISO
(Data Output)

P .[
'\l 10 16
9 g
- x_/'\li -\__
11 11
/ /
| =
13 14 12
- (=
15 17
MSB LSB >< X

| /ltmeL

2486AA-AVR-02/2013

ATmega8(L)

240



I A\ T ega8(L)

ADC Characteristics
Table 103. ADC Characteristics

Symbol | Parameter Condition Min® Typ® Max® Units
Resolution Single Ended Conversion 10 Bits
Single Ended Conversion
Absolute accuracy Vier = 4V, Ve = 4V ol
(including INL, DNL, ADC clock = 200kHz
Quantization Error, Gain, Single Ended Conversion
and Offset Error) Veer = 4V, Ve = 4V 3
ADC clock = 1MHz
Single Ended Conversion
Vgee = 4V, Ve = 4V
Integral Non-linearity (INL) ADC clock = 200kHz 0.75
LSB
Single Ended Conversion
Differential Non-linearity Vrer = 4V, Ve = 4V
(DNL) ADC clock = 200kHz 0.5
Gain Error Single Ended Conversion 1
Vger = 4V, Ve = 4V
ADC clock = 200kHz
Offset Error Single Ended Conversion 1
Vgrer = 4V, Ve = 4V
ADC clock = 200kHz
Conversion Time® Free Running Conversion 13 260 us
Clock Frequency 50 1000 kHz
AV.c | Analog Supply Voltage Vo autiliee) Ve +0.3%
VREr Reference Voltage 2.0 AVic
\Y,
Vin Input voltage GND VRee
Input bandwidth 38.5 kHz
VinT Internal Voltage Reference 2.3 2.56 2.9 \Y,
RRer Reference Input Resistance 32 kQ
RaN Analog Input Resistance 55 100 MQ
Notes: 1. Values are guidelines only
2. Minimum for AV is 2.7V
3. Maximum for AV is 5.5V
4. Maximum conversion time is 1/50kHz x 25 = 0.5ms
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Electrical Characteristics — TA = -40°C to 105°C

Note:

Typical values contained in this data sheet are based on simulations and characterization of other AVR microcontrollers manu-

factured on the same process technology. Min and Max values will be available after the device is characterized.

Absolute Maximum Ratings*

Operating Temperature..........ccccoecvveeeeecenvnnnn. -55°C to +125°C
Storage Temperature ...........cccceeveeeeeeeeeeeeeennn. -65°C to +150°C

Voltage on any Pin except RESET
with respect to Ground .............ccoceevviiinns -0.5V to V+0.5V

Voltage on RESET with respect to Ground......-0.5V to +13.0V

*NOTICE:

Stresses beyond those listed under “Absolute
Maximum Ratings” may cause permanent dam-
age to the device. This is a stress rating only and
functional operation of the device at these or
other conditions beyond those indicated in the
operational sections of this specification is not
implied. Exposure to absolute maximum rating
conditions for extended periods may affect

Maximum Operating Voltage ...................

DC Current per /O Pin ....ccccevvveeeiiieenen.
DC Current V¢ and GND Pins...............

DC Characteristics

T, = -40°C to 105°C, V¢ = 2.7V to 5.5V (unless otherwise noted)

device reliability.

Symbol Parameter Condition Min Typ Max Units

V) Input Low Voltage Except XTAL1 pin -0.5 02Ve® | v

Wi Input Low Voltage XTAL1 pin, External Clock Selected -0.5 0.1V |V

Wi Input High Voltage Except XTAL1 and RESET pins 0.6 V@ Vee+05 | V

Vi Input High Voltage XTAL1 pin, External Clock Selected 0.8 V@ Vec +05 | V

Vi Input High Voltage RESET pin 0.9 V@ Vee +05 | V

v Output Low Voltage® lop =20 MA, Vg =5V 0.8 v

e (Ports A,B,C,D) loL =10 MA, Ve = 3V 0.6 Y

Vo Output High Voltage loy = -20 MA, V¢ = 5V 4.0 v
(Ports A,B,C,D) loy =-10 MA, Ve = 3V 2.2 \

I Input Leakagt_e Vcc = 5.5V, pin low 3 LA
Current 1/0 Pin (absolute value)

» Input Leakag_e Vce = 5.5V, pin high 3 VA
Current 1/0 Pin (absolute value)

Rgrst Reset Pull-up Resistor 30 80 kQ

Rpu I/0 Pin Pull-up Resistor 20 50 kQ
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DC Characteristics
T, = -40°C to 105°C, V¢ = 2.7V to 5.5V (unless otherwise noted) (Continued)

Symbol

Parameter Condition Min Typ Max Units

Active 4 MHz, V¢ = 3V
(ATmega8L)

Active 8 MHz, Vc = 5V
(ATmega8)

Idle 4 MHz, V¢ = 3V
(ATmega8L)

Idle 8 MHz, V¢ = 5V
(ATmega8)

WDT enabled, Vcc = 3V 35
WDT disabled, V¢ = 3V 6

15 mA

Power Supply Current

Power-down mode®

55

Vacio

Analog Comparator Vee =5V

Input Offset Voltage Vin = V2 20 mv

lacLk

Analog Comparator Ve =5V
Input Leakage Current Vi = Vec/2

tacPD

Analog Comparator Ve = 2.7V 750

Propagation Delay Ve = 5.0V 500 ns

Notes: I. ©

N

ax” means the highest value where the pin IS guaranteed to be read as low

“Min” means the lowest value where the pin is guaranteed to be read as high

Although each I/O port can sink more than the test conditions (20mA at Vcc = 5V, 10mA at Vcc = 3V) under steady state
conditions (non-transient), the following must be observed:

PDIP Package:

1] The sum of all IOL, for all ports, should not exceed 400 mA.

2] The sum of all IOL, for ports CO - C5 should not exceed 200 mA.

3] The sum of all IOL, for ports BO - B7, C6, DO - D7 and XTALZ2, should not exceed 100 mA.

TQFP and MLF Package:

1] The sum of all IOL, for all ports, should not exceed 400 mA.

2] The sum of all IOL, for ports CO - C5, should not exceed 200 mA.

3] The sum of all IOL, for ports C6, DO - D4, should not exceed 300 mA.

4] The sum of all IOL, for ports BO - B7, D5 - D7, should not exceed 300 mA.

If IOL exceeds the test condition, VOL may exceed the related specification. Pins are not guaranteed to sink current greater
than the listed test condition.

Although each I/O port can source more than the test conditions (20mA at Vcc = 5V, 10mA at Vcc = 3V) under steady state
conditions (non-transient), the following must be observed:

PDIP Package:

1] The sum of all IOH, for all ports, should not exceed 400 mA.

2] The sum of all IOH, for port CO - C5, should not exceed 100 mA.

3] The sum of all IOH, for ports BO - B7, C6, DO - D7 and XTALZ2, should not exceed 100 mA.

TQFP and MLF Package:

1] The sum of all IOH, for all ports, should not exceed 400 mA.

2] The sum of all IOH, for ports CO - C5, should not exceed 200 mA.

3] The sum of all IOH, for ports C6, DO - D4, should not exceed 300 mA.

4] The sum of all IOH, for ports BO - B7, D5 - D7, should not exceed 300 mA.

If IOH exceeds the test condition, VOH may exceed the related specification. Pins are not guaranteed to source current
greater than the listed test condition.

Minimum V. for Power-down is 2.5V.
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ATm eg a8 The following charts show typical behavior. These figures are not tested during manufacturing.
Tvpical All current consumption measurements are performed with all /0O pins configured as inputs and

ypica L : ) : . .
with internal pull-ups enabled. A sine wave generator with Rail-to-Rail output is used as clock

CharacteristicsS  source.

— TA=-40°Ct0 85°C  The power consumption in Power-down mode is independent of clock selection.

The current consumption is a function of several factors such as: operating voltage, operating
frequency, loading of I/0O pins, switching rate of I/O pins, code executed and ambient tempera-

ture. The dominating factors are operating voltage and frequency.

The current drawn from capacitive loaded pins may be estimated (for one pin) as:

C xVgexf

where C, = load capacitance, Vc = operating voltage and f = average switching frequency of /0

pin.

The parts are characterized at frequencies higher than test limits. Parts are not guaranteed to

function properly at frequencies higher than the ordering code indicates.

The difference between current consumption in Power-down mode with Watchdog Timer
enabled and Power-down mode with Watchdog Timer disabled represents the differential cur-

rent drawn by the Watchdog Timer.

Active Supply Current Figure 118. Active Supply Current vs. Frequency (0.1MHz - 1.0MHz)
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Figure 119. Active Supply Current vs. Frequency (1MHz - 20MHz)
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Figure 120. Active Supply Current vs. V. (Internal RC Oscillator, 8MHz)
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Figure 121. Active Supply Current vs. V. (Internal RC Oscillator, 4AMHz)
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Figure 122. Active Supply Current vs. V¢ (Internal RC Oscillator, 2MHz)
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Figure 123. Active Supply Current vs. V. (Internal RC Oscillator, 1MHz)
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Figure 124. Active Supply Current vs. V. (32kHz External Oscillator)
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Idle Supply Current

Figure 125. Idle Supply Current vs. Frequency (0.1MHz - 1.0MHz)
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Figure 126. Idle Supply Current vs. Frequency (LMHz - 20MHz)
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Figure 127. Idle Supply Current vs. V¢ (Internal RC Oscillator, 8MHz)
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Figure 128. Idle Supply Current vs. V¢ (Internal RC Oscillator, 4MHz)
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Figure 129. Idle Supply Current vs. V¢ (Internal RC Oscillator, 2MHz)
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Figure 131. Idle Supply Current vs. V¢ (32kHz External Oscillator)
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Power-down Supply Figure 132. Power-down Supply Current vs. V. (Watchdog Timer Disabled)
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Power-save Supply

Current
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Figure 133. Power-down Supply Current vs. V- (Watchdog Timer Enabled)
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Figure 134. Power-save Supply Current vs. V. (Watchdog Timer Disabled)
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Standby Supply
Current
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Figure 135. Standby Supply Current vs. V. (455kHz Resonator, Watchdog Timer Disabled)
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Figure 137. Standby Supply Current vs. V- (2MHz Resonator, Watchdog Timer Disabled)
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Figure 138. Standby Supply Current vs. V¢ (2MHz Xtal, Watchdog Timer Disabled)
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Figure 139. Standby Supply Current vs. V- (4AMHz Resonator, Watchdog Timer Disabled)

140

120

100

80

lec (MA)

60

40

20

2.5 3 35 4 45 5 5.5
Vee (V)

Figure 140. Standby Supply Current vs. V¢ (4AMHz Xtal, Watchdog Timer Disabled)
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Figure 141. Standby Supply Current vs. V- (6MHz Resonator, Watchdog Timer Disabled)
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Figure 142. Standby Supply Current vs. V- (6MHz Xtal, Watchdog Timer Disabled)
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Pin Pull-up Figure 143. 1/O Pin Pull-up Resistor Current vs. Input Voltage (V¢ = 5V)
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Figure 144. 1/O Pin Pull-up Resistor Current vs. Input Voltage (V¢ = 2.7V)
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Figure 145. Reset Pull-up Resistor Current vs. Reset Pin Voltage (V¢ = 5V)
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Figure 146. Reset Pull-up Resistor Current vs. Reset Pin Voltage (V¢ = 2.7V)
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Figure 147. 1/O Pin Source Current vs. Output Voltage (V¢ = 5V)
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Figure 148. 1/0 Pin Source Current vs. Output Voltage (V¢ = 2.7V)
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Figure 149. 1/O Pin Sink Current vs. Output Voltage (Vc = 5V)
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Figure 150. 1/O Pin Sink Current vs. Output Voltage (V¢ = 2.7V)
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Figure 151. Reset Pin as I/O — Pin Source Current vs. Output Voltage (V¢ = 5V)
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Figure 152. Reset Pin as I/0O — Pin Source Current vs. Output Voltage (Vqc = 2.7V)
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Figure 153. Reset Pin as I/O — Pin Sink Current vs. Output Voltage (V¢ = 5V)
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Figure 154. Reset Pin as I/O — Pin Sink Current vs. Output Voltage (Ve = 2.7V)
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Pin Thresholds and Figure 155. 1/O Pin Input Threshold Voltage vs. V¢ (V|4 I/O Pin Read as “1”)
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Figure 156. I/O Pin Input Threshold Voltage vs. V¢ (V,., /O Pin Read as “0”)
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Figure 157. 1/O Pin Input Hysteresis vs. V¢
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Figure 158. Reset Pin as I/O — Input Threshold Voltage vs. V¢ (V|y, I/O Pin Read as “1”)
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Figure 159. Reset Pin as I/O — Input Threshold Voltage vs. V¢ (V,., I/O Pin Read as “0”)
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Figure 160. Reset Pin as I/O — Pin Hysteresis vs. V¢
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Figure 161. Reset Input Threshold Voltage vs. V¢ (V,y, Reset Pin Read as “1”)
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Figure 162. Reset Input Threshold Voltage vs. V¢ (V,., Reset Pin Read as “0”)
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Figure 163. Reset Input Pin Hysteresis vs. V¢
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Bod Thresholds and Figure 164. BOD Thresholds vs. Temperature (BOD Level is 4.0V)
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Figure 165. BOD Thresholds vs. Temperature (BOD Level is 2.7V)
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Figure 166. Bandgap Voltage vs. V¢
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Figure 167. Analog Comparator Offset Voltage vs. Common Mode Voltage (V¢ = 5V)
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Figure 168. Analog Comparator Offset Voltage vs. Common Mode Voltage (V¢ = 2.7V)
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Internal Oscillator Figure 169. Watchdog Oscillator Frequency vs. V¢
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Figure 170. Calibrated 8MHz RC Oscillator Frequency vs. Temperature
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Figure 171. Calibrated 8MHz RC Oscillator Frequency vs. V¢
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Figure 172. Calibrated 8MHz RC Oscillator Frequency vs. Osccal Value
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Figure 173. Calibrated 4MHz RC Oscillator Frequency vs. Temperature
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Figure 174. Calibrated 4MHz RC Oscillator Frequency vs. V¢
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Figure 175. Calibrated 4MHz RC Oscillator Frequency vs. Osccal Value
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Figure 177. Calibrated 2MHz RC Oscillator Frequency vs. V¢
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178. Calibrated 2MHz RC Oscillator Frequency vs. Osccal Value
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Figure 179. Calibrated 1MHz RC Oscillator Frequency vs. Temperature
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Figure 180. Calibrated 1MHz RC Oscillator Frequency vs. V¢
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Current Consumption
of Peripheral Units

Figure 181. Calibrated 1MHz RC Oscillator Frequency vs. Osccal Value
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Figure 183. ADC Currentvs. Vc (AREF = AV()
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Figure 184. AREF External Reference Current vs. V¢
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Figure 185. 32kHz TOSC Current vs. V. (Watchdog Timer Disabled)
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Figure 186. Watchdog Timer Current vs. V¢
80
0 85°C

25°C
60 // -40°C

50

i:u: 40 /
) 30

i //

10

0

2 2.5 3 35 4 45 5 55
VCC(V)
| AtmeL 278

2486AA-AVR-02/2013



I A\ T ega8(L)

Figure 187. Analog Comparator Current vs. V¢
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Figure 188. Programming Current vs. V¢
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Current Consumption Figure 189. Reset Supply Current vs. V¢ (0.1MHz - 1.0MHz, Excluding Current Through The

in Reset and Reset Reset Pull-up)
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Figure 190. Reset Supply Current vs. V¢ (IMHz - 20MHz, Excluding Current Through The
Reset Pull-up)
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Figure 191. Reset Pulse Width vs. V¢

Pulsewidth (ns)

1400

1200

1000

©
o
o

[}
o
o

N
o
s}

N
o
o

o

25

— —_
I
35 4 4.5 55
Ve (V)

| /ltmeL

2486AA-AVR-02/2013

85°C
25°C
-40°C

281



I A\ T ega8(L)

ATmega8
Typical
Characteristics
— TA = -40°C to 105°C

The following charts show typical behavior. These figures are not tested during manufacturing.
All current consumption measurements are performed with all /0O pins configured as inputs and
with internal pull-ups enabled. A sine wave generator with Rail-to-Rail output is used as clock
source.

The power consumption in Power-down mode is independent of clock selection.

The current consumption is a function of several factors such as: operating voltage, operating
frequency, loading of I/0O pins, switching rate of I/O pins, code executed and ambient tempera-
ture. The dominating factors are operating voltage and frequency.

The current drawn from capacitive loaded pins may be estimated (for one pin) as C *V*f where
C, = load capacitance, V.. = operating voltage and f = average switching frequency of 1/O pin.

The parts are characterized at frequencies higher than test limits. Parts are not guaranteed to
function properly at frequencies higher than the ordering code indicates.

The difference between current consumption in Power-down mode with Watchdog Timer
enabled and Power-down mode with Watchdog Timer disabled represents the differential cur-
rent drawn by the Watchdog Timer.

Active Supply Current

Figure 0-1.  Active Supply Current vs. V. (Internal RC Oscillator, 8 MHz)

ACTIVE SUPPLY CURRENT vs. Vcc
INTERNAL RC OSCILLATOR, 8 MHz
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Figure 0-2.  Active Supply Current vs. V. (Internal RC Oscillator, 4 MHz)

ACTIVE SUPPLY CURRENT vs. Vcc
INTERNAL RC OSCILLATOR, 4 MHz
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Figure 0-3.  Active Supply Current vs. V¢ (Internal RC Oscillator, 2 MHz)
ACTIVE SUPPLY CURRENT vs. Ve
INTERNAL RC OSCILLATOR, 2 MHz
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Figure 0-4.  Active Supply Current vs. V. (Internal RC Oscillator, 1 MHz)

ACTIVE SUPPLY CURRENT vs. Vcc
INTERNAL RC OSCILLATOR, 1 MHz

3.5

25

25°C

lcc (MA)

15

2 /

-40°C

0.5

25 3 35

Idle Supply Current

Vee (V)

4.5

Figure 0-5.  Idle Supply Current vs. V. (Internal RC Oscillator, 8 MHz)
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Figure 0-6.  Idle Supply Current vs. V. (Internal RC Oscillator, 4 MHz)
IDLE SUPPLY CURRENT vs. Ve
INTERNAL RC OSCILLATOR, 4 MHz
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Figure 0-7. Idle Supply Current vs. V. (Internal RC Oscillator, 2 MHz)
IDLE SUPPLY CURRENT vs. V¢
INTERNAL RC OSCILLATOR, 2 MHz
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Figure 0-8. Idle Supply Current vs. V. (Internal RC Oscillator, 1 MHz)
IDLE SUPPLY CURRENT vs. Ve
INTERNAL RC OSCILLATOR, 1 MHz
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Figure 0-9. Power-down Supply Current vs. V. (Watchdog Timer Disabled)
POWER-DOWN SUPPLY CURRENT vs. Ve
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Figure 0-10. Power-down Supply Current vs. V. (Watchdog Timer Enabled)

POWER-DOWN SUPPLY CURRENT vs. Vcc

WATCHDOG TIMER ENABLED
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Pin Pull-up
Figure 0-11. 1/O Pin Pull-up Resistor Current vs. Input Voltage (Vo = 5V)
I/O PIN PULL-UP RESISTOR CURRENT vs. INPUT VOLTAGE
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Figure 0-12. 1/O Pin Pull-up Resistor Current vs. Input Voltage (V¢ = 2.7V)

I/0 PIN PULL-UP RESISTOR CURRENT vs. INPUT VOLTAGE
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Figure 0-13. Reset Pull-up Resistor Current vs. Reset Pin Voltage (V¢ = 5V)

RESET PULL-UP RESISTOR CURRENT vs. RESET PIN VOLTAGE
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Figure 0-14. Reset Pull-up Resistor Current vs. Reset Pin Voltage (V¢ = 2.7V)

RESET PULL-UP RESISTOR CURRENT vs. RESET PIN VOLTAGE
Vee = 2.7V
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Figure 0-15. 1/O Pin Source Current vs. Output Voltage (V¢ = 5V)
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Figure 0-16. 1/O Pin Source Current vs. Output Voltage (Ve = 2.7V)

I/0 PIN SOURCE CURRENT vs. OUTPUT VOLTAGE

Vee = 2.7V
30
-40°C
25 25°C
85°C T
2 105°C

15

” N

lon (MA)

Vou (V)

Figure 0-17. 1/O Pin Sink Current vs. Output Voltage (V¢ = 5V)
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Figure 0-18. 1/O Pin Sink Current vs. Output Voltage (V¢ = 2.7V)

I/0 PIN SINK CURRENT vs. OUTPUT VOLTAGE
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Figure 0-19. Reset Pin as I/O — Pin Source Current vs. Output Voltage (V¢ = 5V)

RESET PIN AS I/0O - SOURCE CURRENT vs. OUTPUT VOLTAGE
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Figure 0-20. Reset Pin as I/O — Pin Source Current vs. Output Voltage (V¢ = 2.7V)

RESET PIN AS I/0 - SOURCE CURRENT vs. OUTPUT VOLTAGE
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Figure 0-21. Reset Pin as I/O — Pin Sink Current vs. Output Voltage (V¢ = 5V)

RESET PIN AS I/O - SINK CURRENT vs. OUTPUT VOLTAGE

Vce =5V
14
-40°C
12
25°C
10
= 85°C
g
€ 105°C
g
5 6
(]
4
2
0
0 0.5 1 15 2 25
Vo (V)
| AtmeL 292

2486AA-AVR-02/2013



I A\ T ega8(L)

Figure 0-22. Reset Pin as I/O — Pin Sink Current vs. Output Voltage (V¢ = 2.7V)

RESET PIN AS I/O - SINK CURRENT vs. OUTPUT VOLTAGE

Vee = 2.7V
45
4 I —
-40°C
35
— 25°C
3
_ [ —
< I 85°C
£ 25 o
g 105°C
E 2
=]
O
15
1 /
0.5
0
0 0.5 1 15 2 25
Vo (V)

Pin Thresholds and Hysteresis

Figure 0-23. 1/O Pin Input Threshold Voltage vs. V¢ (V,y, I/O Pin Read as “1”)

1/0 PIN INPUT THRESHOLD VOLTAGE vs. V¢
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Figure 0-24. 1/O Pin Input Threshold Voltage vs. V¢ (V,., I/O Pin Read as “0”)

1/0 PIN INPUT THRESHOLD VOLTAGE vs. V¢
VIL, 10 PIN READ AS 'O’
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Figure 0-25. 1/O Pin Input Hysteresis vs. V¢
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Figure 0-26. Reset Pin as I/O — Input Threshold Voltage vs. V¢ (V,,4,I/O Pin Read as “1”)

RESET PIN AS I/O - INPUT THRESHOLD VOLTAGE vs. Vcc
VIH, RESET PIN READ AS '1'
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Figure 0-27. Reset Pin as I/O — Input Threshold Voltage vs. V¢ (V,, I/0 Pin Read as “0")
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Figure 0-28. Reset Pin as I/O — Pin Hysteresis vs. V¢

RESET PIN AS I/O - PIN HYSTERESIS vs. V¢
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Figure 0-29. Reset Input Threshold Voltage vs. V¢ (V,4, Reset Pin Read as “1”)
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Figure 0-30. Reset Input Threshold Voltage vs. V¢ (V, , Reset Pin Read as “0”)

RESET INPUT THRESHOLD VOLTAGE vs. V¢
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Figure 0-31. Reset Input Pin Hysteresis vs. V¢
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Bod Thresholds and Analog Comparator Offset

Figure 0-32. BOD Thresholds vs. Temperature (BOD Level is 4.0V)

BOD THRESHOLDS vs. TEMPERATURE
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Figure 0-33. BOD Thresholds vs. Temperature (BOD Level is 2.7V)
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Figure 0-34. Bandgap Voltage vs. V¢

BANDGAP VOLTAGE vs. Ve
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Figure 0-35. Analog Comparator Offset Voltage vs. Common Mode Voltage (V¢ = 5V)

ANALOG COMPARATOR OFFSET VOLTAGE vs. COMMON MODE VOLTAGE
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Figure 0-36. Analog Comparator Offset Voltage vs. Common Mode Voltage (V¢ = 2.7V)
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Figure 0-37. Watchdog Oscillator Frequency vs. V¢
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Figure 0-38. Calibrated 8 MHz RC Oscillator Frequency vs. Temperature

CALIBRATED 8MHz RC OSCILLATOR FREQUENCY vs. TEMPERATURE
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Figure 0-39. Calibrated 8 MHz RC Oscillator Frequency vs. V¢
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Figure 0-40. Calibrated 4 MHz RC Oscillator Frequency vs. Temperature

CALIBRATED 4MHz RC OSCILLATOR FREQUENCY vs. TEMPERATURE
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Figure 0-41. Calibrated 4 MHz RC Oscillator Frequency vs. V¢
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Figure 0-42. Calibrated 2 MHz RC Oscillator Frequency vs. Temperature

CALIBRATED 2MHz RC OSCILLATOR FREQUENCY vs. TEMPERATURE
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Figure 0-43. Calibrated 2 MHz RC Oscillator Frequency vs. V¢
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Figure 0-44. Calibrated 1 MHz RC Oscillator Frequency vs. Temperature

CALIBRATED 1MHz RC OSCILLATOR FREQUENCY vs. TEMPERATURE
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Figure 0-45. Calibrated 1 MHz RC Oscillator Frequency vs. V¢
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Current Consumption of Peripheral Units

Figure 0-46. Brown-out Detector Current vs. V¢

BROWNOUT DETECTOR CURRENT vs. V¢
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Figure 0-47. ADC Current vs. V¢ (AREF = AVCC)
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Figure 0-48. AREF External Reference Current vs. V¢
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Figure 0-49. Watchdog Timer Current vs. Ve
WATCHDOG TIMER CURRENT vs. Ve
0.07
-40°C
105°C
0.06 85°C
25°C
0.05
7 0.04
2
3 /
—= 0.03
0.2 /
0.01
0
25 3 3.5 4 4.5 5 5.5
Vee (V)
I <t mel 306

2486AA-AVR-02/2013



| /ltmeL

2486AA-AVR-02/2013

Figure 0-50. Analog Comparator Current vs. V¢

120

ANALOG COMPARATOR CURRENT vs. Ve

100

80

60

lec (UA)

40

20

25

Figure 0-51.

105°C
85°C
25°C
-40°C

//
— T
_/-___,_—///:———’—’_—/——'
—
3 3.5 4 4.5 5 55
Vee (V)

Programming Current vs. Ve

PROGRAMMING CURRENT vs. Ve

lec (UA)

25

Vee (V)

4.5

-40°C

25°C
85°C
105°C

ATmega8(L)

307



I A\ T ega8(L)

Current Consumption in Reset and Reset Pulsewidth

Figure 0-52. Reset Pulse Width vs. V¢
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Register Summary

Address Name Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 Page
0x3F (Ox5F) SREG | T H S \ N z C 11
0x3E (0X5E) SPH — — — — — SP10 SP9 SP8 13
0x3D (0x5D) SPL SP7 SP6 SP5 SP4 SP3 SP2 SP1 SPO 13
0x3C (0x5C) Reserved
0x3B (0x5B) GICR INT1 INTO - - - - IVSEL IVCE 49, 67
Ox3A (0x5A) GIFR INTF1 INTFO - - - - - - 67
0x39 (0x59) TIMSK OCIE2 TOIE2 TICIEL OCIE1A OCIE1B TOIE1 — TOIEO 72,100, 119
0x38 (0x58) TIFR OCF2 TOV2 ICF1 OCF1A OCF1B TOV1 - TOVO 72,101, 119
0x37 (0x57) SPMCR SPMIE RWWSB = RWWSRE BLBSET PGWRT PGERS SPMEN 206
0x36 (0x56) TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE 165
0x35 (0x55) MCUCR SE SM2 SM1 SMO0 ISC11 ISC10 1SC01 1SC00 33, 66
0x34 (0x54) MCUCSR — — — — WDRF BORF EXTRF PORF 41
0x33 (0x53) TCCRO - - - - - CS02 CSso01 CS00 71
0x32 (0x52) TCNTO Timer/Counter0 (8 Bits) 72
0x31 (0x51) OSCCAL Oscillator Calibration Register 31
0x30 (0x50) SFIOR = = = = ACME PUD PSR2 PSR10 58, 74, 120, 186
0x2F (0x4F) TCCR1A COM1A1 COM1A0 COM1B1 COM1B0 FOC1A FOC1B WGM11 WGM10 96
Ox2E (0x4E) TCCR1B ICNC1 ICES1 - WGM13 WGM12 CS12 Csi11 CS10 98
0x2D (0x4D) TCNT1H Timer/Counterl — Counter Register High byte 99
0x2C (0x4C) TCNTI1L Timer/Counterl — Counter Register Low byte 99
0x2B (0x4B) OCR1AH Timer/Counterl — Output Compare Register A High byte 99
0x2A (0x4A) OCRI1AL Timer/Counterl — Output Compare Register A Low byte 99
0x29 (0x49) OCR1BH Timer/Counterl — Output Compare Register B High byte 99
0x28 (0x48) OCR1BL Timer/Counterl — Output Compare Register B Low byte 99
0x27 (0x47) ICR1H Timer/Counterl — Input Capture Register High byte 100
0x26 (0x46) ICR1L Timer/Counterl — Input Capture Register Low byte 100
0x25 (0x45) TCCR2 FOC2 WGM20 COoM21 COM20 | WGM21 | CSs22 | Ccs21 CS20 114
0x24 (0x44) TCNT2 Timer/Counter2 (8 Bits) 116
0x23 (0x43) OCR2 Timer/Counter2 Output Compare Register 116
0x22 (0x42) ASSR - - - - AS2 TCN2UB OCR2UB TCR2UB 117
0x21 (0x41) WDTCR — — — WDCE WDE WDP2 WDP1 WDPO 43

UBRRH URSEL - - - UBRR[11:8] 152
0x20® (0x40)®
UCSRC URSEL UMSEL UPM1 UPMO USBS uCcsz1 UCSZ0 UCPOL 150

0x1F (Ox3F) EEARH - - - - - - - EEAR8 20
Ox1E (Ox3E) EEARL EEAR7 EEARG EEAR5 EEAR4 EEAR3 EEAR2 EEAR1 EEARO 20
0x1D (0x3D) EEDR EEPROM Data Register 20
0x1C (0x3C) EECR - - - - | EERIE EEMWE EEWE EERE 20
0x1B (0x3B) Reserved
0x1A (0x3A) Reserved
0x19 (0x39) Reserved
0x18 (0x38) PORTB PORTB7 PORTB6 PORTB5 PORTB4 PORTB3 PORTB2 PORTB1 PORTBO 65
0x17 (0x37) DDRB DDB7 DDB6 DDB5 DDB4 DDB3 DDB2 DDB1 DDBO 65
0x16 (0x36) PINB PINB7 PINB6 PINB5 PINB4 PINB3 PINB2 PINB1 PINBO 65
0x15 (0x35) PORTC - PORTC6 PORTC5 PORTC4 PORTC3 PORTC2 PORTC1 PORTCO 65
0x14 (0x34) DDRC = DDC6 DDC5 DDC4 DDC3 DDC2 DDC1 DDCO 65
0x13 (0x33) PINC - PINC6 PINC5 PINC4 PINC3 PINC2 PINC1 PINCO 65
0x12 (0x32) PORTD PORTD7 PORTD6 PORTD5 PORTD4 PORTD3 PORTD2 PORTD1 PORTDO 65
0x11 (0x31) DDRD DDD7 DDD6 DDD5 DDD4 DDD3 DDD2 DDD1 DDDO 65
0x10 (0x30) PIND PIND7 PIND6 PIND5 PIND4 PIND3 PIND2 PIND1 PINDO 65
O0xOF (0x2F) SPDR SPI Data Register 127
OxOE (0x2E) SPSR SPIF WCOL - - - - - SPI2X 126
0x0D (0x2D) SPCR SPIE SPE DORD MSTR CPOL CPHA SPR1 SPRO 125
0x0C (0x2C) UDR USART I/O Data Register 148
0x0B (0x2B) UCSRA RXC TXC UDRE FE DOR PE u2x MPCM 148
0x0A (0x2A) UCSRB RXCIE TXCIE UDRIE RXEN TXEN UCSZ2 RXB8 TXB8 149
0x09 (0x29) UBRRL USART Baud Rate Register Low byte 152
0x08 (0x28) ACSR ACD ACBG ACO ACI ACIE ACIC ACIS1 ACISO 186
0x07 (0x27) ADMUX REFS1 REFSO ADLAR - MUX3 MUX2 MUX1 MUX0 199
0x06 (0x26) ADCSRA ADEN ADSC ADFR ADIF ADIE ADPS2 ADPS1 ADPS0O 200
0x05 (0x25) ADCH ADC Data Register High byte 201
0x04 (0x24) ADCL ADC Data Register Low byte 201
0x03 (0x23) TWDR Two-wire Serial Interface Data Register 167
0x02 (0x22) TWAR TWAG TWAS5 TWA4 TWA3 TWA2 | TWAL TWAO TWGCE 167
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Register Summary (Continued)

Address Name Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 Page
0x01 (0x21) TWSR TWS7 TWS6 TWS5 TWS4 TWS3 = TWPS1 TWPSO 166
0x00 (0x20) TWBR Two-wire Serial Interface Bit Rate Register 165
Notes: 1. Refer to the USART description (“USART” on page 129) for details on how to access UBRRH and UCSRC (“Accessing
UBRRH/UCSRC Registers” on page 146)
2. For compatibility with future devices, reserved bits should be written to zero if accessed. Reserved 1/0 memory addresses
should never be written
3. Some of the Status Flags are cleared by writing a logical one to them. Note that the CBI and SBI instructions will operate on

all bits in the 1/0O Register, writing a one back into any flag read as set, thus clearing the flag. The CBI and SBI instructions

work with registers 0x00 to Ox1F only
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Instruction Set Summary

Mnemonics | Operands | Description Operation Flags #Clocks
ARITHMETIC AND LOGIC INSTRUCTIONS
ADD Rd, Rr Add two Registers Rd « Rd + Rr Z,C,N,V,H 1
ADC Rd, Rr Add with Carry two Registers Rd« Rd+Rr+C Z,C,N,V,H 1
ADIW Rdl,K Add Immediate to Word Rdh:Rdl < Rdh:Rdl + K Z,C/N,V,S 2
SUB Rd, Rr Subtract two Registers Rd « Rd - Rr Z,C,N,V,H 1
SUBI Rd, K Subtract Constant from Register Rd <~ Rd - K Z,C,N,V,H 1
SBC Rd, Rr Subtract with Carry two Registers Rd« Rd-Rr-C Z,C,N,V,H 1
SBCI Rd, K Subtract with Carry Constant from Reg. Rd«Rd-K-C Z,C,N,V,H 1
SBIW Rdl,K Subtract Immediate from Word Rdh:Rdl < Rdh:RdI - K Z,C,N,V,S 2
AND Rd, Rr Logical AND Registers Rd < Rd ¢ Rr Z, N,V 1
ANDI Rd, K Logical AND Register and Constant Rd < Rd ¢ K Z,N,V 1
OR Rd, Rr Logical OR Registers Rd <~ Rd v Rr Z,N,V 1
ORI Rd, K Logical OR Register and Constant Rd < Rd v K Z,N,V 1
EOR Rd, Rr Exclusive OR Registers Rd < Rd ® Rr Z,N,V 1
COM Rd One’s Complement Rd « OxFF - Rd Z,C,N,V 1
NEG Rd Two’s Complement Rd <« 0x00 — Rd Z,C,N,V,H 1
SBR Rd,K Set Bit(s) in Register Rd «~ Rdv K Z,N,V 1
CBR Rd,K Clear Bit(s) in Register Rd < Rd e (OxFF - K) Z,N,V 1
INC Rd Increment Rd« Rd+1 Z,N,V 1
DEC Rd Decrement Rd«Rd-1 Z,N,V 1
TST Rd Test for Zero or Minus Rd < Rd ¢ Rd Z,N,V 1
CLR Rd Clear Register Rd <« Rd ® Rd Z,N,V 1
SER Rd Set Register Rd « OxFF None 1
MUL Rd, Rr Multiply Unsigned R1:RO « Rd x Rr Z C 2
MULS Rd, Rr Multiply Signed R1:R0O <~ Rd x Rr Z,C 2
MULSU Rd, Rr Multiply Signed with Unsigned R1:R0 « Rd x Rr Z,C 2
FMUL Rd, Rr Fractional Multiply Unsigned R1:RO « (RdxRr) << 1 Z,C 2
FMULS Rd, Rr Fractional Multiply Signed R1:R0O < (RdxRr) << 1 Z,C 2
FMULSU Rd, Rr Fractional Multiply Signed with Unsigned R1:R0 « (Rd x Rr) << l Z,© 2
BRANCH INSTRUCTIONS
RIMP k Relative Jump PC«PC+k +1 None 2
1IIMP Indirect Jump to (2) PC «Z None 2
RCALL k Relative Subroutine Call PC«PC+k+1 None 3
ICALL Indirect Call to (Z) PC«Z None 3
RET Subroutine Return PC « STACK None 4
RETI Interrupt Return PC « STACK | 4
CPSE Rd,Rr Compare, Skip if Equal if (Rd=Rr) PC« PC+2o0r3 None 1/2/3
CP Rd,Rr Compare Rd - Rr Z,N,V,C, H 1
CPC Rd,Rr Compare with Carry Rd-Rr-C Z,N,V,C, H 1
CPI Rd,K Compare Register with Inmediate Rd - K Z,N,V,C, H 1
SBRC Rr, b Skip if Bit in Register Cleared if (Rr(b)=0) PC «~ PC +2 0or 3 None 1/2/3
SBRS Rr, b Skip if Bit in Register is Set if (Rr(b)=1) PC < PC +2o0r 3 None 1/21/3
SBIC P, b Skip if Bit in I/O Register Cleared if (P(b)=0) PC <~ PC + 2 or 3 None 1/2/3
SBIS P, b Skip if Bit in 1/0O Register is Set if (P(b)=1) PC <~ PC +2o0r3 None 1/2/3
BRBS s, k Branch if Status Flag Set if (SREG(s) = 1) then PC«—PC+k + 1 None 1/2
BRBC s, k Branch if Status Flag Cleared if (SREG(s) = 0) then PC«PC+k + 1 None 1/2
BREQ k Branch if Equal if(Z=1)thenPC« PC+k+1 None 1/2
BRNE k Branch if Not Equal if Z=0)thenPC« PC+k+1 None 1/2
BRCS k Branch if Carry Set if C=1)then PC« PC+k+1 None 1/2
BRCC k Branch if Carry Cleared if (C=0)then PC« PC+k+1 None 1/2
BRSH k Branch if Same or Higher if C=0)then PC« PC+k+1 None 1/2
BRLO k Branch if Lower if (C=1)then PC« PC+k+1 None 1/2
BRMI k Branch if Minus if (N=1)then PC« PC+k+1 None 1/2
BRPL k Branch if Plus if (N=0)then PC« PC+k+1 None 1/2
BRGE k Branch if Greater or Equal, Signed if (N® V=0) then PC« PC+k+1 None 1/2
BRLT k Branch if Less Than Zero, Signed if (N®V=1)then PC« PC+k+1 None 1/2
BRHS k Branch if Half Carry Flag Set if(H=1)then PC« PC+k+1 None 1/2
BRHC k Branch if Half Carry Flag Cleared if (H=0)then PC« PC+k+1 None 1/2
BRTS k Branch if T Flag Set if (T=1)thenPC« PC+k +1 None 1/2
BRTC k Branch if T Flag Cleared if (T=0)thenPC« PC+k+1 None 1/2
BRVS k Branch if Overflow Flag is Set if (V=1)thenPC« PC+k+1 None 1/2
BRVC k Branch if Overflow Flag is Cleared if (V=0)thenPC« PC+k+1 None 1/2
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Instruction Set Summary (Continued)

Mnemonics Operands Description Operation Flags #Clocks
BRIE k Branch if Interrupt Enabled if (1=1)then PC« PC+k+1 None 1/2
ﬂ Kk Bra_nch if Interruet Disabled if (1=0)then PC« PC+k+1 None 1/2

DATA TRANSFER INSTRUCTIONS

MOV Rd, Rr Move Between Registers Rd « Rr None 1
MOVW Rd, Rr Copy Register Word Rd+1:Rd <« Rr+1:Rr None 1
LDI Rd, K Load Immediate Rd « K None 1
LD Rd, X Load Indirect Rd « (X) None 2
LD Rd, X+ Load Indirect and Post-Inc. Rd « (X), X« X+1 None 2
LD Rd, - X Load Indirect and Pre-Dec. X« X-1,Rd « (X) None 2
LD Rd, Y Load Indirect Rd « (Y) None 2
LD Rd, Y+ Load Indirect and Post-Inc. Rd <« (Y), Y« VY+1 None 2
LD Rd,-Y Load Indirect and Pre-Dec. Y« Y-1Rd« (Y) None 2
LDD Rd,Y+q Load Indirect with Displacement Rd « (Y +q) None 2
LD Rd, Z Load Indirect Rd « (2) None 2
LD Rd, Z+ Load Indirect and Post-Inc. Rd « (2), Z < Z+1 None 2
LD Rd, -Z Load Indirect and Pre-Dec. Z«Z-1,Rd« (2) None 2
LDD Rd, Z+q Load Indirect with Displacement Rd « (Z+q) None 2
LDS Rd, k Load Direct from SRAM Rd « (k) None 2
ST X, Rr Store Indirect (X) < Rr None 2
ST X+, Rr Store Indirect and Post-Inc. (X)« Rr, X« X+1 None 2
ST - X, Rr Store Indirect and Pre-Dec. X« X-1,(X) < Rr None 2
ST Y, Rr Store Indirect (Y) < Rr None 2
ST Y+, Rr Store Indirect and Post-Inc. (Y)«<Rr,Y«<Y+1 None 2
ST -Y,Rr Store Indirect and Pre-Dec. Y<Y-1,(Y)«<Rr None 2
STD Y+q,Rr Store Indirect with Displacement (Y +q) « Rr None 2
ST Z, Rr Store Indirect (Z) < Rr None 2
ST Z+, Rr Store Indirect and Post-Inc. (Z)«Rr,Z«7Z+1 None 2
ST -Z, Rr Store Indirect and Pre-Dec. Z«Z-1,(Z)« Rr None 2
STD Z+q,Rr Store Indirect with Displacement (Z+q) < Rr None 2
STS k, Rr Store Direct to SRAM (k) < Rr None 2
LPM Load Program Memory RO « (2) None 3
LPM Rd, Z Load Program Memory Rd « (2) None 8
LPM Rd, Z+ Load Program Memory and Post-Inc Rd « (2), Z « Z+1 None 3
SPM Store Program Memory (Z) < R1:RO None -
IN Rd, P In Port Rd « P None 1
ouT P, Rr Out Port P« Rr None 1
PUSH Rr Push Register on Stack STACK « Rr None 2
POP Rd Pop Reqis_ter from Stgck Rd <~ STACK None 2
BIT AND BIT-TEST INSTRUCTIONS

SBI P,b Set Bit in I/O Register 1/O(P,b) « 1 None 2
CBI P.b Clear Bit in I/O Register 1/0(P,b) «— 0 None 2
LSL Rd Logical Shift Left Rd(n+1) < Rd(n), Rd(0) «- 0 Z,C, N,V 1
LSR Rd Logical Shift Right Rd(n) « Rd(n+1), Rd(7) «- 0 Z,C,N,V 1
ROL Rd Rotate Left Through Carry Rd(0)«-C,Rd(n+1)« Rd(n),C<-Rd(7) Z,C, N,V 1
ROR Rd Rotate Right Through Carry Rd(7)«-C,Rd(n)« Rd(n+1),C«Rd(0) Z,C, N,V 1
ASR Rd Arithmetic Shift Right Rd(n) < Rd(n+1), n=0..6 Z,C, N,V 1
SWAP Rd Swap Nibbles Rd(3..0)«-Rd(7..4),Rd(7..4)«-Rd(3..0) None 1
BSET S Flag Set SREG(s) < 1 SREG(s) 1
BCLR S Flag Clear SREG(s) « 0 SREG(s) 1
BST Rr, b Bit Store from Register to T T « Rr(b) T 1
BLD Rd, b Bit load from T to Register Rd(b) « T None 1
SEC Set Carry Ce1 C 1
CLC Clear Carry C«0 C 1
SEN Set Negative Flag N« 1 N 1
CLN Clear Negative Flag N« 0 N 1
SEZ Set Zero Flag Z<«1 V4 1
CLzZ Clear Zero Flag Z«<0 z 1
SEI Global Interrupt Enable |« 1 | 1
CLI Global Interrupt Disable 1< 0 | 1
SES Set Signed Test Flag S« 1 S 1
CLS Clear Signed Test Flag S« 0 S) 1
SEV Set Twos Complement Overflow. Vel \ 1
CLV Clear Twos Complement Overflow V<0 \ 1
SET Set T in SREG T« 1 T 1
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Instruction Set Summary (Continued)

Mnemonics Operands Description Operation Flags #Clocks

CLT Clear T in SREG T<0 T 1
SEH Set Half Carry Flag in SREG H«1 H 1
CLH Clear Half Carry Flag in SREG H<« 0 H 1
MCU CONTROL INSTRUCTIONS

NOP No Operation None 1
SLEEP Sleep (see specific descr. for Sleep function) None 1
WDR Watchdog Reset (see specific descr. for WDR/timer) None 1
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Ordering Information

Speed (MHz) Power Supply (V) Ordering Code® Package® Operation Range

ATmega8L-8AU 32A
ATmega8L-8AUR®) 32A

8 27-55 ATmega8L-8PU 28P3
ATmega8L-8MU 32M1-A
ATmega8L-8MUR® 32M1-A Industrial
ATmega8-16AU 32A (-40°C to 85°C)
ATmega8-16AUR®) 32A

16 45-55 ATmega8-16PU 28P3
ATmega8-16MU 32M1-A
ATmega8-16MUR® 32M1-A
ATmega8L-8AN 32A
ATmega8L-8ANR®) 32A

8 2.7-55 ATmega8L-8PN 28P3
ATmega8L-8MN 32M1-A
ATmega8L-8MUR® 32M1-A Industrial
ATmega8-16AN 32A (-40°C to 105°C)
ATmega8-16ANR®) 32A

16 45-55 ATmega8-16PN 28P3
ATmega8-16MN 32M1-A
ATmega8-16MUR® 32M1-A

Notes: 1. This device can also be supplied in wafer form. Please contact your local Atmel sales office for detailed ordering information
and minimum quantities
2. Pb-free packaging complies to the European Directive for Restriction of Hazardous Substances (RoHS directive). Also
Halide free and fully Green
3. Tape & Reel

4. See characterization specification at 105°C

Package Type
32A 32-lead, Thin (1.0mm) Plastic Quad Flat Package (TQFP)
28P3 28-lead, 0.300” Wide, Plastic Dual Inline Package (PDIP)
32M1-A 32-pad, 5 x 5 x 1.0 body, Lead Pitch 0.50mm Quad Flat No-Lead/Micro Lead Frame Package (QFN/MLF)
| AtmeL 314
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Packaging Information

32A

PIN 1 IDENTIFIER

QAN
PINT o == T T
°y = %I Bl E
= = ¢ i
IR

COMMON DIMENSIONS
(Unit of measure = mm)

SYMBOL MIN NOM MAX NOTE
A - - 1.20
Al 0.05 - 0.15
A2 0.95 1.00 1.05
D 8.75 9.00 9.25
D1 6.90 7.00 7.10 Note 2
E 8.75 9.00 9.25
Notes:
1. This package conforms to JEDEC reference MS-026, Variation ABA. E1 6.90 7.00 7.10 Note 2
2. Dimensions D1 and E1 do not include mold protrusion. Allowable B 0.30 - 0.45
protrusion is 0.25mm per side. Dimensions D1 and E1 are maximum
. . R . . . . C 0.09 - 0.20
plastic body size dimensions including mold mismatch.
3. Lead coplanarity is 0.1T0mm maximum. L 0.45 - 0.75
e 0.80 TYP
2010-10-20
TITLE DRAWING NO. REV.

A t m eL 32A, 32-lead, 7 x 7mm body size, 1.0mm body thickness, 32A c

0.8mm lead pitch, thin profile plastic quad flat package (TQFP)
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28P3

A

101 N T I B A [1 01

1l =

| N I I [

|l —

" L, B (4 PLACES)

F’ = Bl

e

P

C\\/\—/ ~15° REF

COMMON DIMENSIONS
(Unit of Measure = mm)

—~ SYMBOL| MIN NOM MAX | NOTE
‘ ' eB " A - - 45724
Al 0.508 - -
D 34.544 - 34.798 | Note 1
E 7.620 - 8.255
E1 7.112 - 7.493 | Note 1
B 0.381 - 0.533
Note: 1. Dimensions D and E1 do not include mold Flash or Protrusion. Bl 1143 — 1.397
Mold Flash or Protrusion shall not exceed 0.25mm (0.010"). B2 0.762 - 1.143
3.175 — 3.429
C 0.203 - 0.356
eB - - 10.160
e 2.540 TYP
09/28/01
TITLE DRAWING NO. [REV.
AIMEL 232° Srehard Panay | 2ap3, 28-lead (0.30077.62mm Wide) Plasic Dual 28P3 5
— ose, CA 95131 | |nline Package (PDIP)
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32M1-A

5 [o)

: \—Pin 11D

TOP VIEW
2]
.

7]
LUUUUUUJ
Pin #1 Notch 4,)

(0.20R)

FﬂﬂﬂﬂﬂﬂT
T

:DUUUUUUUU

0000000 .
N

BOTTOM VIEW

P
=

Note: JEDEC Standard MO-220, Fig. 2 (Anvil Singulation), VHHD-2.

ENEEENEENEEREEE| |

SIDE VIEW

=] [&]

—
COMMON DIMENSIONS
(Unit of Measure = mm)
SYMBOL MIN NOM MAX NOTE
A 0.80 0.90 1.00
Al - 0.02 0.05
A2 - 0.65 1.00
A3 0.20 REF
b 0.18 0.23 0.30
D 4.90 5.00 5.10
D1 4.70 4.75 4.80
D2 2.95 3.10 3.25
E 4.90 5.00 5.10
E1l 4.70 4.75 4.80
E2 2.95 3.10 3.25
e 0.50 BSC
L 0.30 0.40 0.50
P - - 0.60
e - - 12°
K 0.20 — —
5/25/06

TITLE

% San Jose, CA 95131

AIMEL 2325 0rchard Parkway | 5511 A 32-pad, 5 x 5 x 1.0mm Body, Lead Pitch 0.50mm,
—— 3.10mm Exposed Pad, Micro Lead Frame Package (MLF)

DRAWING NO. |REV.

32M1-A E
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Errata The revision letter in this section refers to the revision of the ATmega8 device.
ATm ega8 * First Analog Comparator conversion may be delayed
Rev.Dto |, M e Interrupts may be lost when writing the timer registers in the asynchronous timer
e Signature may be Erased in Serial Programming Mode
* CKOPT Does not Enable Internal Capacitors on XTALn/TOSCn Pins when 32KHz Oscillator is
Used to Clock the Asynchronous Timer/Counter2

* Reading EEPROM by using ST or STS to set EERE bit triggers unexpected interrupt request

1. First Analog Comparator conversion may be delayed
If the device is powered by a slow rising V¢, the first Analog Comparator conversion will
take longer than expected on some devices.

Problem Fix / Workaround
When the device has been powered or reset, disable then enable theAnalog Comparator
before the first conversion.

2. Interrupts may be lost when writing the timer registers in the asynchronous timer
The interrupt will be lost if a timer register that is synchronized to the asynchronous timer
clock is written when the asynchronous Timer/Counter register(TCNTX) is 0x00.

Problem Fix / Workaround

Always check that the asynchronous Timer/Counter register neither have the value OxFF nor
0x00 before writing to the asynchronous Timer Control Register(TCCRXx), asynchronous
Timer Counter Register(TCNTX), or asynchronous Output Compare Register(OCRX).

3. Signature may be Erased in Serial Programming Mode
If the signature bytes are read before a chiperase command is completed, the signature may
be erased causing the device ID and calibration bytes to disappear. This is critical, espe-
cially, if the part is running on internal RC oscillator.

Problem Fix / Workaround:
Ensure that the chiperase command has exceeded before applying the next command.

4. CKOPT Does not Enable Internal Capacitors on XTALn/TOSCn Pins when 32KHz
Oscillator is Used to Clock the Asynchronous Timer/Counter2
When the internal RC Oscillator is used as the main clock source, it is possible to run the
Timer/Counter2 asynchronously by connecting a 32KHz Oscillator between XTAL1/TOSC1
and XTAL2/TOSC2. But when the internal RC Oscillator is selected as the main clock
source, the CKOPT Fuse does not control the internal capacitors on XTAL1/TOSC1 and
XTAL2/TOSC2. As long as there are no capacitors connected to XTAL1/TOSC1 and
XTAL2/TOSC2, safe operation of the Oscillator is not guaranteed.

Problem Fix / Workaround
Use external capacitors in the range of 20pF - 36pF on XTAL1/TOSC1 and XTAL2/TOSC2.
This will be fixed in ATmega8 Rev. G where the CKOPT Fuse will control internal capacitors
also when internal RC Oscillator is selected as main clock source. For ATmega8 Rev. G,
CKOPT = 0 (programmed) will enable the internal capacitors on XTAL1 and XTAL2. Cus-
tomers who want compatibility between Rev. G and older revisions, must ensure that
CKOPT is unprogrammed (CKOPT = 1).
| Atme[ 318

2486AA-AVR-02/2013



I A\ T ega8(L)

5. Reading EEPROM by using ST or STS to set EERE bit triggers unexpected interrupt
request.

Reading EEPROM by using the ST or STS command to set the EERE bit in the EECR reg-
ister triggers an unexpected EEPROM interrupt request.

Problem Fix / Workaround
Always use OUT or SBI to set EERE in EECR.

| AtmeL 319
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Datasheet
Revision
History

Changes from Rev.

2486Z- 02/11 to
Rev. 2486AA- 02/2013

Changes from Rev.

2486Y- 10/10 to
Rev. 2486Z- 02/11

Changes from Rev.

2486X- 06/10 to
Rev. 2486Y- 10/10

Changes from Rev.

2486W- 02/10 to
Rev. 2486X- 06/10

Changes from Rev.

2486V- 05/09 to
Rev. 2486W- 02/10

Changes from Rev.

2486U- 08/08 to
Rev. 2486V- 05/09

Changes from Rev.

2486T- 05/08 to
Rev. 2486U- 08/08

Please note that the referring page numbers in this section are referred to this document. The
referring revision in this section are referring to the document revision.

1. Updated the datasheet according to the Atmel new Brand Style Guide.
2.Removed the reference to “On-chip debugging” from the content.
3.Added “Electrical Characteristics — TA = -40°C to 105°C” on page 242.
4.Added “ATmega8 Typical Characteristics — TA = -40°C to 105°C” on page 282.
5.Updated “Ordering Information” on page 314.

1. Updated the datasheet according to the Atmel new Brand Style Guide.

2. Updated “Ordering Information” on page 314. Added Ordering Information for
“Tape & Reel” devices

1. Max Rise/Fall time in Table 102 on page 239 has been corrected from 1.6ns to 1600ns.
2. Noteis added to “Performing Page Erase by SPM” on page 209.
3. Updated/corrected several short-cuts and added some new ones.

4. Updated last page according to new standard.

1. Updated “DC Characteristics” on page 235 with new V5 maximum value (0.9V and
0.6V).

1. Updated “ADC Characteristics” on page 241 with Vr maximum value (2.9V).

1. Updated “Errata” on page 318.

2. Updated the last page with Atmel’s new adresses.

1. Updated “DC Characteristics” on page 235 with I typical values.
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Changes from Rev.

2486S- 08/07 to
Rev. 2486T- 05/08

Changes from Rev.

2486R- 07/07 to
Rev. 2486S- 08/07

Changes from Rev.

2486Q- 10/06 to
Rev. 2486R- 07/07

Changes from Rev.

2486P- 02/06 to
Rev. 2486Q- 10/06

Changes from Rev.

24860-10/04 to
Rev. 2486P- 02/06

Updated Table 98 on page 233.

Updated “Ordering Information” on page 314.
- Commercial Ordering Code removed.
- No Pb-free packaging option removed.

Updated “Features” on page 1.
Added “Data Retention” on page 7.
Updated “Errata” on page 318.

Updated “Slave Mode” on page 125.

Added text to Table 81 on page 211.

Fixed typo in “Peripheral Features” on page 1.
Updated Table 16 on page 42.

Updated Table 75 on page 199.

Removed redundancy and updated typo in Notes section of “DC Characteristics” on
page 235.

Updated “Timer/Counter Oscillator” on page 32.
Updated “Fast PWM Mode” on page 88.
Updated code example in “USART Initialization” on page 134.

Updated Table 37 on page 96, Table 39 on page 97, Table 42 on page 115, Table 44 on
page 115, and Table 98 on page 233.

Updated “Errata” on page 318.

Added “Resources” on page 7.

Updated “External Clock” on page 32.

Updated “Serial Peripheral Interface — SPI” on page 121.
Updated Code Example in “USART Initialization” on page 134.
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page 218.
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on page 206.

Updated “Ordering Information” on page 314.

Added note to MLF package in “Pin Configurations” on page 2.
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Updated “DC Characteristics” on page 235.

ADC4 and ADC5 support 10-bit accuracy. Document updated to reflect this.
Updated features in “Analog-to-Digital Converter” on page 189.
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Removed reference to “External RC Oscillator application note” from “External RC
Oscillator” on page 28.

Updated “Calibrated Internal RC Oscillator” on page 30.

Removed “Preliminary” and TBDs from the datasheet.
Renamed ICP to ICP1 in the datasheet.
Removed instructions CALL and JMP from the datasheet.

Updated tgzsr in Table 15 on page 38, Vg in Table 16 on page 42, Table 100 on page
237 and Table 102 on page 239.

Replaced text “XTAL1 and XTAL2 should be left unconnected (NC)” after Table 9 in
“Calibrated Internal RC Oscillator” on page 30. Added text regarding XTAL1/XTAL2
and CKOPT Fuse in “Timer/Counter Oscillator” on page 32.

Updated Watchdog Timer code examples in “Timed Sequences for Changing the
Configuration of the Watchdog Timer” on page 45.

Removed bit 4, ADHSM, from “Special Function IO Register — SFIOR” on page 58.

Added note 2 to Figure 103 on page 208.
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24861-12/02 to Rev.

Updated item 4 in the “ Serial Programming Algorithm” on page 231.

Added typ ryse to Table 97 on page 232 and updated Read Calibration Byte, Byte 3, in
Table 98 on page 233.

Updated Absolute Maximum Ratings* and DC Characteristics in “Electrical Character-
istics — TA =-40°C to 85°C” on page 235.

Updated Vo7 Values in Table 15 on page 38.
Updated “ADC Characteristics” on page 241.
Updated “ATmega8 Typical Characteristics — TA =-40°C to 85°C” on page 244.

Updated “Errata” on page 318.

Improved the description of “Asynchronous Timer Clock — clkASY” on page 26.

2486J-02/03 2. Removed reference to the “Multipurpose Oscillator” application note and the “32kHz

Crystal Oscillator” application note, which do not exist.

3. Corrected OCn waveforms in Figure 38 on page 89.

4. Various minor Timer 1 corrections.

5. Various minor TWI corrections.

6. Added note under “Filling the Temporary Buffer (Page Loading)” on page 209 about
writing to the EEPROM during an SPM Page load.

7. Removed ADHSM completely.

8. Added section “EEPROM Write during Power-down Sleep Mode” on page 23.
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described as part of “Port B (PB7..PB0) XTAL1/XTAL2/TOSC1/TOSC2” on page 5.

10. Improved the table under “SPI Timing Characteristics” on page 239 and removed the
table under “SPI Serial Programming Characteristics” on page 234.

11. Corrected PC6 in “Alternate Functions of Port C” on page 61.

12. Corrected PB6 and PB7 in “Alternate Functions of Port B” on page 58.
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under “Performing a Page Write” on page 209.

Added note for RSTDISBL Fuse in Table 87 on page 216.

Updated drawings in “Packaging Information” on page 315.

Added errata for Rev D, E, and F on page 318.

Changed the Endurance on the Flash to 10,000 Write/Erase Cycles.

Updated Table 103, “ADC Characteristics,” on page 241.

Changes in “Digital Input Enable and Sleep Modes” on page 55.
Addition of OCS2 in “MOSI/OC2 - Port B, Bit 3” on page 59.

The following tables have been updated:
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and Table 84, “Explanation of Different Variables used in Figure 103 on page 208 and the
Mapping to the Z-pointer,” on page 214.

Changes in “Reading the Calibration Byte” on page 227.

Corrected Errors in Cross References.
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The following tables have been updated:

Table 15, “Reset Characteristics,” on page 38, Table 16, “Internal Voltage Reference Char-
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page 241.

Changes in External Clock Frequency
Added the description at the end of “External Clock” on page 32.
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More details regarding use of the TWI bit rate prescaler and a Table 65, “TWI Bit Rate Pres-
caler,” on page 167.
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Updated Typical Start-up Times.
The following tables has been updated:

Table 5, “Start-up Times for the Crystal Oscillator Clock Selection,” on page 28, Table 6,
“Start-up Times for the Low-frequency Crystal Oscillator Clock Selection,” on page 28,
Table 8, “Start-up Times for the External RC Oscillator Clock Selection,” on page 29, and
Table 12, “Start-up Times for the External Clock Selection,” on page 32.

Added “ATmega8 Typical Characteristics — TA = -40°C to 85°C” on page 244.

Updated TWI Chapter.

More details regarding use of the TWI Power-down operation and using the TWI as Master
with low TWBRR values are added into the datasheet.

Added the note at the end of the “Bit Rate Generator Unit” on page 164.
Added the description at the end of “Address Match Unit” on page 164.

Updated Description of OSCCAL Calibration Byte.

In the datasheet, it was not explained how to take advantage of the calibration bytes for 2, 4,
and 8MHz Oscillator selections. This is now added in the following sections:

Improved description of “Oscillator Calibration Register — OSCCAL” on page 31 and “Cali-
bration Byte” on page 218.
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Removed some of the TBD'’s in the following tables and pages:

Table 3 on page 26, Table 15 on page 38, Table 16 on page 42, Table 17 on page 44, “TA =
-40°C to +85°C, VCC = 2.7V to 5.5V (unless otherwise noted)” on page 235, Table 99 on
page 237, and Table 102 on page 239.

Updated Programming Figures.

Figure 104 on page 219 and Figure 112 on page 230 are updated to also reflect that AV
must be connected during Programming mode.

Added a Description on how to Enter Parallel Programming Mode if RESET Pin is Dis-
abled or if External Oscillators are Selected.

Added a note in section “Enter Programming Mode” on page 221.
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Modulacion por ancho de pulso
(PWM) y modulacion vectorial
(SVM). Una introduccion a las
tecnicas de modulacion

JoHNNY Posapa CONTRERAS*

Resumen

Los conversores DC/AC
tienen por objetivo la trans-
formacién de tension DC a
tensién AC de amplitud y/o
frecuencia variable depen-
diendo de la aplicacion. El
proceso de conversion de
voltgje se logra mediante la
implementacion de técnicas
de modulacion, las cuales ac-
tdan sobre un puente inver-
} { sor monofésico o trifésico.
HARRE G ERNRNN ZENRE Seglin las caracteristicas de
estas técnicas, las propieda-
des de eficiencia en la con-
version, contenido arménico
delasefia de saliday pérdi-
das en el puente inversor
cambian. En el presente
articulo sedaun repaso dedi-
ferentes técnicas de modula-
cion escalares (PWM) y vec-
toriales (SVM), enfatizando
en las vectoriaes por ser las
mas utilizadas actual mente
en |los sistemas drive para
motores de induccion y en
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1. Introduccion
sistemas de alimentacién tri-
fasica, alavez que presenta
lasmejores caracteristicasde
desempefio que las técnicas
de modulacion escalares o
PWM (Modulacién por An-

Loscircuitosdeconversion DC/
AC tienen amplia aplicacién en la
industria. Son utilizados en varia-
doresdevelocidad, sistemasdeali-
mentacion ininterrumpida, filtros
activos, etc. Los conversores DC/

cho de Pulso). AC se clasifican como inversores
Palabras clave: Hexa- con fuentedevoltge (VSI) einver-
gono de tensiones, modula- sores con fuente de corriente
cién vectorial, puente inver- (CSI).}? Los CSl se usan en siste-
sor trifasico. mas de alta potencia, los VS sere-
servan para aplicaciones en bajay
Aot mediana potencia. Dentro de esta
Converters DC/AC ha- clasificacion existen varias configu-
ven by objectivethetransfor- racionesde conversoresDC/AC que
mation of DC voltageto AC dependen delaaplicacion final y el
voltage of variable amplitu- nivel de voltaje o corriente de su
de and/or variable frequency sdlida. En €l caso de los drive para
depending of the application. motores de baja y mediana poten-
The process of voltage con- cia, latopologiatipica es €l medio
version isobtained by means puenteinversor trifésico con fuente
of the implementation of de voltaje (Figura 1), formado por
modul ation techniqueswhich seis elementos de conmutacion
act onasingle-phase or three- Mosfet’s, Transistores Bipolaresde
phaseinverter bridge. Accor- Compuerta Aislada (IGBT), Tiris-
ding to the characteristics of tores desactivados por Compuerta
these techniques, the proper- (GTO) o Tiristores Controlados por
ties of efficiency in the con- MOS (MCT).*®

version, harmonic content of
the output signal and losses

in the inverter bridge chan- . D
ge. In the present paper are- e R
view of different modulation mangy G
techniquesscalar (PWM) and e ] | e
vectorial (SVM) is made, in —
special the last techniques, I 3
sinceitisthemost used at the Sl o J J !
moment in the systems dri- ] Fower T 5" S Tl T
vesfor induction motorsand © F Processing j.....{ curentFosK ¢ ]
in systemsof three-phasefee- o T,

. . ) 1 . \ «
ding, simultaneously that Fypack L R
presentsthe best characteris- it
tics of performance than the
modulation techni ques you Figura 1. Medio puente inversor trifasico con circuito intermedio de DC.
will scale or PWM (Pulse
Wide Modulation). Adicionamente, sedebeconside-

rar latécnica de modulacidn que ac-
tivaralos € ementos de conmutacion.
En € inversor con fuente de voltge
la técnica de modulacion se encarga
de la forma de onda de la sefid de
sdida AC, su nivel de tension y su

Key words: Voltage
hexagon, space vector modu-
lation, three phase inverter.
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frecuencia. Las técnicas de modula-
cién sepueden clasificar en escadares
0 PWM («Pulse Width Modula-
tion»),®° y vectorialeso SVM («Spa-
ceVector Modulation»). 1> Entrelas
técnicas escalares se encuentran la
técnica de modulacion de onda cua-
drada (six-step), técnica de modula
cion sinusoidal, técnica de modula
Cciodn sinusoida con tercer armanico,
entre otras; divisiblesalavez en téc-
nicas de modul aci 6n basadas en por-
tadoratriangular (carrier based) y téc-
nicas programadas.” La técnica de
modulacién SVM se presentaen los
afosochentaslacua mangad puen-
teinversor trifasico como unaunidad
y se basa en la representacion vecto-
rial del voltgjetrifasico paradl mane-
jode puenteinversor, disminuyelas
pérdidas por conmutacion en € mis-
mo 'y minimizael contenido arméni-
co delasefid de sdlida 410

2. Técnicasde modulacion
escalareso PWM

Se usa en inversores DC/AC
monoféasicos y trifésicos. Se basan
en la comparacion de una sefial de
referencia a modular y una sefial
portadora de forma triangular o
diente de sierra (Figura 2); lacom-
paracion generaraun tren de pulsos
de ancho especifico que se utilizan
en laconmutacion del puenteinver-

sor. Larelacion entrelaamplitud de
la sefial portadoray la sefial de re-
ferenciasellama«indicedemodu-
lacion» y se representa por «mg»
(1), donde Ar es la amplitud de la
sefial de referenciay Ac es laam-
plitud de la sefial portadora. El in-
dice de modulacion permite obte-
ner tension variable ala salida del
inversor.

A

(v

m, = D

Fr

my = )

Cc

Larelacion entrelafrecuenciade
lasefid portadoray lafrecuenciade
referencia se denomina «indice de
frecuencia»y serepresentapor «mg»
(2), idealmente m; debe ser mayor a
21 y la frecuencia de la portadora
multiplo de lafrecuenciade la sefiad
dereferencia.’® El indice defrecuen-
cia determina la distorsiéon armoni-
cadelasena desdidalacual esuna
medida de su contenido arménico.
Lavariacion de la sefial de referen-
ciay la secuencia de conmutacién
dan como resultado diferentes téc-
nicas de modulacion PWM, cadauna
modificala eficiencia de la conver-
sion, las pérdidas por conmutacion
en e puente inversor y la purezade
lasefid de salida

ol de referencia mnm» AL A..'mmm | SPWM Generador
PYVAVT /

o

Tiempo Muerto

Top PWM '*‘ '*'

y

o[l [l

Sefal Portadora Inversién and
Deadtime

J—|I_II_Il_l

Bottom PWM

Figura 2. Circuito generador escalar PWM.
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Figura 3. Diagrama en bloques del generador CB-SPWM. Las referencias estan desfasadas 120°

2.1 Modulaciéon SPWM Bipo-
lar (SPWM o CB-SPWM): gene-
ralainversion de voltaje utilizando
un tren de pulsos cuyo ancho de-
pendedel tiempoy del nivel deten-
sion deseado en la salida. La inte-
gracion en €l tiempo de este tren de
pulsos representa una sefia sinu-
soidal. Se conoce también como
triangular carrier-based sinusoidal
PWM (CB-SPWM) o método de
sub-oscilaciéon y fue propuesto en
la década de |os afios sesenta.’ El
tren de pul sos se forma por lacom-
paracion de una portadora triangu-
lar a una frecuencia especifica fc
con tres sefiales de referencia si-
nusoidales; Ua, Ub y Uc desfasa-
das 120° entresi (Figura3). Laten-
sion de salida en AC contendra ar-
monicos a mUltiplos de la frecuen-
ciadelasefial portadora.'® El méxi-
mo valor de tension, Mmax, alcan-
zado por lacomponente fundamen-
tal enlatécnicade modul acion CB-
SPWM, esdel ordenden/400.785
paraun indice de modulacion «m»
igual a uno."° Cuando e indice

entre si.

de modulacion de amplitud «m»
sobrepasalaunidad, el inversor tra-
bajaen lazonano lineal y gradual-
mente alcanzara la amplitud maxi-
ma (operacion six-step).

2.2 Modulacion SPWM con
tercera armoénica: en inversores
trifésicos con neutro de carga flo-
tante (Figura 4) la corriente de la
carga depende de la tension de li-
neay es posible sumar alasefial de
referencia sefia es de secuenciacero
0 ZSS. Cuando a la sefial sinusoi-
dal sesumasu tercer armonico, esta
no produce distorsién de su voltagje
defase Uy, Upn, Uen Y tampoco se
afecta la corriente promedio de la
carga; pero se puede obtener mayor
nivel detensién con indices de mo-
dulacién menores mejorando la fi-
cienciaenlaconversén DC/AC. La
adicion del tercer armoénico de la
sefial sinusoidal aumenta en 15.5%
laeficienciade conversion.’’ Enla
Figura 5 se observan las formas de
onda de salida de este tipo de mo-
dulacién. Latécnicade modulacion
sinusoidal con tercer armonico se

El Hombre y la Maquina No. 25 « Julio - Diciembre de 2005



Johnny Posada Contreras

Modulacién por ancho de pulso (PWM) y modulacion vectoria (SVM).

* Uge
O

implementa de forma similar a la
CD-SPWM (Figura6) y se presen-
taen 1975 por G. Bujay G. Indri.
En general, esposiblelaadicién de
cualquier sefial ZSSsiemprequesu
frecuencia sea multiplos triples de
la frecuencia a generar. En'®19Y
se expone una diversidad de técni-
cas basadas en ZSS. El M, alcan-
zado por estatécnicade modulacion
es del orden de Uy /N 3y corres-
ponde a 0.907 de la fundamental.
La forma de onda resultante de la
sumadelaZSS se aproxima por (3)
y su magnitud no debe sobrepasar
la unidad.

2

’ I .
\/§s1n(x)+7sm(3x)

33
)

2.3 Modulacién PWM a 60°:
la técnica de modulacién PWM a
60° se basa en la adicién de ZSS.
El objetivo es «achatar» laformade
onda de voltgje de salida desde los
60° hasta los 120° y desde 240° a
300°. Los dispositivos del puente

Ur (x)j- Armonico —

Ugc12 =~

F ok ok

q
q

3—Phasé
AC Motor

Figura 4. Sistemainversor trifasico con carga en estrellay punto neutro flotante.

inversor se mantienen encendidos
durante un tercio de ciclo, se pre-
sentan menos pérdidas por conmu-
tacion. La técnica de modulacion
PWM a60° aprovechamejor laten-
sion del busde DC, alcanzando una
tension defaseigual a0.57735Vdc.
La componente de secuencia cero
anadida ala sefial sinusoidal de re-
ferenciase puede aproximar por (4).

U, (x)m)o = %sin(xﬁisin(.?x)

+$sin (9x)+ 28]071: sin(15x )+...
4

2.4 Modulacién por elimina-
cién dear moénicas: pretendeunage-
neracion de pulsos estratégica para
la eliminacién de «algunos arméni-
cos»; essimilar alatécnicaanterior
y disminuyelas pérdidas por conmu-
tacion. Pertenece a grupo de técni-
cas de modulacion programada. Un
amplio estudio de estas técnicas de
modulacién se muestraen %2,

3. Técnicade modulacién
vectorial o SVM

En la técnica SVM €l puente
inversor es manejado por ocho es-
tados de conmutacién. Se conside-
ralamejor alternativa de modula-
cién para inversores ya que maxi-
miza €l uso de la tension DC, su
contenido armdnico esbajoy mini-
miza pérdidaspor conmutacion. Sin
embargo, algunos autores indican
gue su Unicaventajaes su represen-
tacion compleja*** La técnica
SVM seproponeen 1982 por Pfaff,
Weschtay Wick? y sedesarrollaen
1988 por Broeck, Skudelny y
Stanke'! gracias alos sistemas mi-
croprocesadores. Diversos estudios
e implementaciones alrededor de
esta técnica se presentan en>% La
generacion de voltagje con la técni-
caSVM selograsel eccionando ade-
cuadamente y por un tiempo deter-
minado los estados de los interrup-
tores del puente inversor en cada
periodo de conmutacion.?*=°
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Figura 5. Sistema generador SPWM+ZSS. (a) Formas de onda SPWM + 3er Arménica. (b) Diagrama de bloques generador SPWM + 3er Arménico

3.1 El HexagonodeTensiones:
en un sistema trifasico los voltajes
defase Ua, Uby Uc serepresentan
por un vector rotatorio «U» de am-
plitud constante que giraen € pla
no complejo con frecuencia angu-
lar w (frecuencia de la sefial de sa
lida) (5).
®)

v=1@ +av, +a’U)
@

donde:
U, =U, sinfot) =U, e’
U,=U, sin(ot - 2%) =UMejm"Z%
U.=U,, sin(ox - 4%) =UMej°’"4%

(6)
El coeficiente C puede seleccio-
narse entre \ 3/2 parala conserva-
cion de potencia o 3/2 para mante-
ner la proyeccion ortogonal sobre
la base (conservacion de la magni-
tud de voltgje). Reemplazando (6)
en (5) se obtiene el vector rotatorio
U (7).
U=U,e™

()

Deformaequivalente, cadauno
de los vectores de voltaje se puede
obtener de la transformacion de
Clarke,®, lacual permite pasar de
un sistema trifésico a uno hifasico
ortogonal, como seindicaen (8).

e g

Ug sin(ot) cos(t) | U,

donde

)

- % 24

Dependiendo del estado de con-
duccion delostransistores se gene-
ran los vectores Ug, Uy,...,Ug, l0S
cual es se encuentran espaciados 60°
(r/3) entre si (Figura 6). El vector
U, se obtiene a hacer conducir los
transistores T4, T, y Tg, con lo cua
la fase ‘@ se conecta a potencial
positivo (+Uy) vy lasfases ‘b’ y ‘c’
anegativo (GND). Esto serepresen-
tamediante (+--), los restantes vec-
tores de tension se muestran en la
Tabla1.! Las combinaciones (+++)
y (---) no producen tension resul-
tante sobre la carga, por 1o que se
denominan vectoresnulos. El hex&
gono que forman estos vectores en
€l plano complgjo (a8), representa
laregion maxima alcanzable usan-
do un bus de DC a un voltaje Uy
determinado (Figura 6a).™ La cir-
cunferenciadentro del hexagono co-
rresponde a una operacién sinusoi-
dal lineal, y como resultado losvol-
tajes en lacargason voltges sinus-
oidales, el sentido de rotacion del
vector de voltaje determina la se-
cuenciade fase en lasalida del in-
versor.X?
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Tabla 1l
Valores delos vectores devoltaje que forman el hexagono detensiones
Conmutacion Vector de Voltaje Conmutacion Vector de Voltaje
(---) U,=0 (-++) U,=-%U,
(+--) U, =%U, (--+) Us =- 4Us - j¥4U,
(++-) U,=4U, +j[%Ud( (+-+) Us=54U, - j(%UzI(
(-+-) U, =-4U, +j*U, (+++) U,=0

3.2 Forma de trabajo de la
modulacion vectorial: Paraunvol-
taje determinado a la salida del in-
versor se tendré un vector de mag-
nitud U y angulo ¢ en & mapa de
estados, €l cua se desplazara por
cada uno de los sectores en que se
divide & mapa. La generacion del
vector referencia U se obtiene me-
diantelaaplicacion sucesivade dos
vectores adyacentes y un vector
nulo durante un periodo Ts (Figura
7), enesteinterval 0 seconsideraque

el vector de referencia se encuentra
constante y estacionario. Laexpre-
sion que relaciona los voltgjes de
fase-neutro con T se presenta en
(9). En genera ¢ serael angulo en-
tre Uy U, donde n sera el sector
activo. El méximo voltgje de fase-
neutro sinusoidal se obtiene con la
modulacion vectorial cuando ¢ es
igual a30° y esta dado por (10), €l
cual corresponde a una tension
15.5% mayor al méaximo obtenible
con técnicas PWM convenciona-
les.’® Los tiempos de conmutacion
de cada uno de los vectores de ten-
sién se encuentran segtin. X0

En (9) AT, esel tiempo durante
€ cua seaplicaalacargad vector
devoltaje U, AT, el tiempo duran-
teel cual seaplicaalacargael vec-
tor de voltgje U, y AT, € tiempo
durante el cua se aplicaalacarga
€l vector de voltgje U, este Ultimo
corresponde a vector nulo con la
combinacion (+ + +) o (- - -).

y < (UAT, +U,AT, +UAT,) donde T, = AT, +AT, +AT,  (9)

T,
A B
S3 (010) S2 (110
v U2 (110)
....... ¢“\:“
' ot '
U4 I, UL, &
S4.(01) % F# a S1(100)
% VI
- 1 L ITF 1
,',"I' a
b
-7 —C
=i U6\ 0 {( 0
C S4=011 S5=001

S5 (001)

S6 (101)

I an

oo

k 1

oo

oL

S6=101 S7=111

Figura 6. 8) Combinaciones de conmutacion del puente inversor. b) Hexégono de tensiones o campo de estados.
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Im

4 7 m3=60°
/3 (I)v ‘ d Re;

U1 AT; (b) u

Figura 7. () Representacion de vector referencia, (flecha punteada), en €l sector 1). (b) Descompo-
sicion del vector de referencia sobre los vectores U, y U,

Uy :Udc/ 0577350,  (10)
' \/§ i

AT, =T, xm, ><sin(60— q))

AT, =T xm,xsin(9) (11)

AT, =T, - AT, - AT,

3.3 Secuencias de conmuta-
cion: En la SVM es posible pasar
deun vector aotro conmutando una
ramadel inversor; de este modo se
minimizan €l ndmero de conmuta-
ciones y las pérdidas en los semi-
conductores. LatécnicaSVM tiene
variaciones basadas en e cambio
del vector nulo y el orden de con-
mutacion de los vectores activos,
ofreciendo diferentes desempefios
en conmutacion, pérdidas por armo-
nicos, rizo de corriente, etc. Lase-
cuencia sel eccionada debe asegurar
gue los voltgjes fase-neutro tengan
simetria de cuarto de onda parare-
ducir las armoénicas impares es sus
espectros.’® La secuencia de con-
mutacion més popular esla «Alter-
nating zero vector sequence», prio-
rizalareduccion en las pérdidas por
conmutaci6n seleccionando € vec-
tor nulo apropiado, |as cuales se mi-
nimizan si el vector nulo es el Ulti-
mo en cada intervalo y entre dos
interval 0s consecutivos se aternan
U, aUg. EnlaFigura 8 se muestra
una secuencia de conmutacion y
en®? unaimplementacion simple de
estatécnica

Con el animo de aprovechar los
modulos PWM integrados en siste-
mas procesadores y DSP's, se ha
desarrollado la técnica «Symmetri-
cal placement of zero vectors
(SVPWM)», que consiste en dividir
el AT, por dosy asi durante dos pe-
riodosde conmutacidniniciar y ter-
minar con un mismo valor de vec-
tor cero; sea este S7 0 SO. Esta se-
cuencia de conmutacion se imple-
mentaen,™ logrando frecuenciasde
conmutacion hasta2KHz en proce-
sadores 8086. En (12) se muestrael
célculo de los respectivos tiempos
y en la Figura 9a los patrones de
pulsos de disparo para las «gates»
de los interruptores del puente in-
VErsor.

ATyo)=ATy =5 - AT,- AT, )/2
(12)

La secuencia de conmutacion
«Symmetric Sequence» se presenta
en’’y 2, éstamantiene una secuen-
ciade conmutacion fijaen cadasec-
tor. Su funcionamiento es muy si-
milar a la anterior pero posee ma-
yores pérdidas por conmutacion.
Cada periodo de conmutacion ini-
ciay finaliza con un vector ceroy
los vectores activos se intercam-
bian. La Figura 9b muestra los pa
trones de disparo para las «gates»
del puente inversor, posee la mis-
ma cantidad de conmutaciones que
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la técnica «Alternating zero vector
sequence», pero posee menos dis-
torsion armonicadadalasimetriade
los pulsos de disparo de la sefial de
salida En*? se presentaotra secuen-
cia de conmutacion para la modu-
lacion vectorial denominada «The
bus campled sequence». En esta
secuencia de modulacién unarama
del inversor se mantiene a un po-
tencia positivo o negativo por unos
periodos de conmutacion, mientas
las otras dos se conmutan. Como
resultado de esto la frecuencia de
conmutacion en cadadispositivo se
reduce a dos tercios de la que pre-
sentalatécnicaanterior y las pérdi-
das por conmutacién en los dispo-
sitivos semiconductores del puente
inversor se reducen enormemente.
Se propuso inicialmente en® y se
ha desarrollado en muchos traba-
j0s. 233 |_os patrones de | as sefiales

de disparo se presentan en la Figu-
raoc.

3.4 Operacién en sobremodu-
lacion y six-step: Cuando €l indice
de modulacion «m,» superalauni-
dad, el inversor trabaja en la zona
nolineal y laformadeondadesali-
daesno sinusoidal. En las técnicas
de modulacion escalares, la maxi-
mizacion del voltaje DC se obtiene
con la insercion de sefiales ZSS.
Otro enfoque sugiere € uso de un
indice de modulacién compensado
presentado por Kauray Blasco;*
este método se aplica a técnicas de
modulacion sinusoidales y cuando
m, = 1 aplicaun indice de modula-
cion compensado Mc, como se
muestraen (13) al inversor, logran-
do que € voltaje de salida U, varie
deformalineal entodo el rango de
sobre modulacion.

Sector I

Sector II

Sector III

Sector IV Sector V Sector VI
<—Ts_—T—_Ts_—n—Ts—T—_Ts_—-|l—_THT—_Ts—-| b—Ts— ~Ts— Ts—fe—Ts— —Ts—p——Ts—
ATl ‘ 4T AT AT2 ATL ATO AT2 | 4Tl | A aTl AT2 AT an At ATO AT2 AT1 ATO AT ATY AT | aT1 AT ATO AT1 ATd 4T 4T ATL ATO AT2 AT1 AT0 ATL AT2 AT
1 1 1 1 1 1] 1] 1 1 1 . . o o 1 L3 L] L] * L] 1 1] L] L) L] 1 1 1 L] o 1 1 1 1 1 L]

L] 1 1 1 L] L] 1 1 1 1 1 . 1 1 1 1 1 . * 1 1 1 L] L] 1] . 1 L o o o o 1 o o o
" 0 1 0 0 " L) " 1 L . L) 0 1 1 1 Ll " 1 1 1 1 1 L 1 1 1 1 1 L) 0 1 1 1 o L)
SL 52 57 52 51 50 52 4 57 54 2 5 53 £ ﬁ 5 52 £ £ ko) 57 ko) 55 0 55 56 57 56 55 s 51 55 57 55 51 $1]
L1 | | [1 | | I L
. L L I | I | 1 1
[1 1 [ | L L1 | L
[4

Figura 8. Secuencia de conmutacion en el modo Alt-Rev para minimizar conmutaciones en el puente inversor. y con vector nulo V,, sector 1. El estado de

losinterruptores se lee de arriba hacia abgjo, S1 =

100 significa Sw, en ON, SW, y SW, en OFF.

Sector I Sector T Sector T
Ts Ts Ts T:
ATo/d | AT 1 | AT2 | ATo/2 | ATof2  AT2 | AT | ATe2 || ATofd | ATW2 | AT22 ATyf2 ATy2 | ATV2  ATo || ATv2 | ATw2 | ATe | ATa2 | AT
L] 1 1 1 1 1 1 L] 1 1 1 1 1 . 1 1 1 1 1
) ) 1 1 1 1 L] L] . . 1 1 1 L] [] [ 1 1 1 ]
[] I [] | 1 1 [] ] ) L] L. | ) | 1 L] ] e ? ) 1 o o
S0 S1 52 S7 57 52 51 50 50 51 52 S7 52 s1 S0 $1 §2 57 52 $1
() (b) © |
Figura 9. a) «Symmetrical placement of zero vectors (SYPWM)». b) «Symmetric Sequence», c) «The bus campled sequence».
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U,,:gsm” L 1, M,,
T M,, M, M;, !

(13)

EnlatécnicaSVM, lasobremo-
dulacion se da cuando €l vector de
referenciasigue unatrayectoriacir-
cular que amplia los limites del
hexagono. Holtz presenta® un mé-
todo para calcular los tiempos de
conmutacion en sobremodulaciony
exponedos modosde operacion. En
estado estable, la trayectoria del
vector de voltaje de referencia es
circular, amedida que € indice de
modul acién esmayor alaunidad la
circunferenciase extiende mas alla
del hexagono y el tiempo AT, es
negativo, la maximatension de sa-
lida sera 0.907Ug. cuando AT, es
cero, el cual se aumenta hasta
0.952U 4. cambiando lamagnitud de
lareferenciaamedidaquedichare-
ferencia se acerca a cualquiera de
los ocho vectores activos (Ver Fi-
gura10).

Us=010

u=o1/} |

Us=001 Us=101

Figura 10. Limites del hexégono y nueva
circunferenciatrabajando en sobre modulacion.

En la seccién limitada por €l
hexagono, sector B, solamente los
dos vectores activos del sector de
trabajo son conmutados alternada-
mentey el cdlculo de AT, y AT, se
da por (14). Las partes dd circulo
dentro del hexégono usan lasmimas
ecuaciones SVM para determinar
los tiempos de estado ATy, ATy, y
AT,. Cuando latension desalidaal-
canzavalor de 0.952U, latension
de salida se puede variar gradual-

mente desde 0.952U,. hasta el
maximo correspondiente a la ope-
racion Six Step; este proceso se co-
noce como Over-modulation Mode
I1'y sebasaen variar € recorrido del
vector de referencia de voltgje en
angulos constantes iguales a kr/6,
donde ktomavaloresde0, 1, ..., 5.
El vector de referencia se mantie-
ne en unaposiciodn determinada por
un sexto del periodo de la funda-
mental.

T =£x\ 3 cosd - sind I
i \[3cosh +sinGg T (24)
=21,
Aunque la sobremodulacion
permite mas utilizacion del voltaje
de entrada DC, da como resultado
voltgjes de salida no sinusoidales
con alto grado de distorsién, en es-
pecial abajafrecuenciade salida, y
no linealidad entre latensién de sa-
liday el indice de modulacion.
Otros autores como D-C. Leey G-
M. Lee®® agregan mejoras en la li-
nealidad de larespuestadel voltagje
de sdlida en funcién del indice de
modulacidn, asi como también re-
duccion en e contenido arménico
delamisma. Otros estudios se pre-
sentan también. 3942

4. Armonicos, tiempo muerto
y pérdidas por conmutacién

Segun latécnicade modulacion,
los arménicos triples desaparecen
del espectro de frecuencia quedan-
do presentes sélo las bandas | atera-
les dedichosarmoni cos ubicadasen
(fc£2fr) y (fc4fr) para el primer
armoénico, (2fc#fr),(2fct5fc) y
(2fc£7fc) para € segundo armoni-
co, (3fc£2fr),(3fct4fc) y (3fc£3fc)
parael tercer armonico, etc. El apor-
te de las componentes residuales
debidas alos armonicos mayores al
cuarto orden es menor a 5%, pe-
quefio comparado con los tres pri-
meros armonicos. En la Figura 11,
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se muestra un resumen de tres téc-
nicas de modulacién implementa-
das en simulacion, con su respecti-
VO espectro armoénico, en donde se
muestran las magnitudes normali-
zadas de cada uno.

Enlosinversoresconmutadoslas
pérdidas de potencia pueden ser por
conduccidn o por conmutacion. Las
primeras son lasmismasentodaslas
técnicas de modulacion y son mu-
cho menores que las pérdidas por
conmutacion. Se rediza una medi-
cion de las pérdidas para diferentes
técnicasdemodulacion, y sepresenta
un método parasu calculo asumien-
do una dependencia lineal entre la
pérdidade energiadadalaconmuta-
cién y la corriente que se conmuta.
Las pérdidas por conmutacion son
directamente proporcionalesalafre-
cuencia de conmutacion de la mo-
dulacion PWM. Valtine'® presentaun
estudio sobre el fenémeno de las
pérdidas debidas alaconmutaciony
asocialasmismasalaradio-frequen-
cy interference (RFI) producida en
cargas RL. Transiciones rgpidas en-
tre estados de conduccion y no

©
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(d

conduccién minimizan las pérdidas
por conduccién en los dispositivos
semiconductores, pero asu vez pro-
ducen RFI cuando dichos cambios
son menores a 10us. Transiciones
lentas de conduccion a no conduc-
ciény viceversaenlas sefid esPWM
minimizan la cantidad de RFI pro-
ducido. Sinembargo, estastransicio-
nes lentas incrementan las pérdidas
por conmutacion en los dispositivos
dd puenteinversor. Por lotanto, para
minimizar las pérdidas por conmu-
tacion son deseabl estransicionesra
pidas entre estados de conduccion a
no conduccion. En la Figura 12 se
muestralarelacion entreloscambios
de estados de conduccion y no con-
ducciony las perdidas por conmuta-
cién de un dispositivo semiconduc-
tor de potencia tipico. Aunque las
pérdidas por conmutacién son un
problema de estudio continuo, éste
semitigaestableciendo lasecuencia
de conmutacién que menos conmu-
taciones realice en el inversor para
generar unvector dereferencial de-
terminado; un g emplo deestasepre-
senta en®

(©

Fundamental (60Hz) = 395.6 THD= 47.74%

1800 2700
Frequency (Hz)

®

3600

Figura 11. Referencias de técnicas de modulacion simuladas en Matlab-Simulink y espectro de frecuencias. (a), (b). CB-SPWM. (c), (d). CB-SPWM+3er
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Armonico. (e), (f) SVM.
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Slow Switching Edges

Transistor  Ton & Toff
Voltage

Transistor &3y
Current N

High Peak Power Dissipation

Fast Switching Edges
Ton § Toff

Low Peak Power Dissipation

Figura 12. Pérdidas por conmutacion en dispositivos semiconductores asociadas ala velocidad de

Otro problema presente en el
inversor es el tiempo muerto, que
es necesario incluir para evitar la
destruccion de dispositivos en una
misma rama del puente inversor.
Este tiempo muerto produce distor-
sién en laformade onda de voltaje
y corriente de salida cuando se ma-
nejan cargasinductivasy se produ-
cepor ladesigualdad en lacantidad
de corriente que fluye en los dispo-
sitivos semiconductores en sus es-
tados ON y OFF.***° Dicha distor-
sién es corregidacuando se utilizan
sensoresde corriente en lasfasesde
la carga paraimplementar lazos de
control de corriente, |os cuales son
tipicos en €l control vectorial de
motores.*”*8 Ademés de esto exis-
ten soluciones hardware basadas en
realimentacion de corriente; ver
gemplos de éstas donde se sugiere
laredistribucion del tiempo muerto
para compensar la distorsion en el
voltagey lacorriente de salida 1>

5. Conclusiones
y comentarios finales

En el documento sedio unain-
troduccion alas diferentestécnicas
de modulacién. Se presentan las
ventajas de diversas técnicas esca-

cambio de los flancos de las sefial es PWM.*°

laresy vectoriales aplicablesasis-
temastrifési cos, permitiendo asi te-
ner un panoramade qué técnicade
modulacion escoger @l momento de
priorizar pérdidas, contenido armo-
nico o eficiencia de conversion.
Aungue las diferentes técnicas de
modulacion sirven para €l disefio
de «drivers» de AC afrecuenciay
amplitud variable, las técnicas
SVM han logrado llamar la aten-
cion de muchos debido a su gran
aprovechamiento del busde DC, lo
gue garantiza unaeficienciamayor
en el proceso de doble conversion.
El hecho de ser una técnica que
basa su funcionamiento en la teo-
riade los vectores espaciales hace
gue su implementacion sea adecua-
da para procesos de control de
maquinasdeAC. Sinembargo, esto
sblo selogragraciasalaaparicién
de procesadores de alta velocidad
ya que la complejidad de los cal-
culos requiere mucho tiempo de
computo. Entre otras de las bon-
dades de la modulacién vectorial
se encuentra el bajo nivel de ruido
generado (armonicos) y la dismi-
nucion por pérdidas de conmuta-
cion, debido a la versatilidad que
setiene a momento de generar los
vectores de conmutacién. Aunque

este Ultimo aspecto es obtenible
con técnicas de modulacion CB-
SPWM con ZSS, los controlado-
res de motores de AC manejan no-
tacion compleja por lo que la mo-
dulacion SVM es directamente
compatible. Por otro lado, el pro-
ceso de optimizacion del busdeDC
siempre es prioridad cuando se di-
sefia 0 se escoge una técnica de
modulacion. El principal interéses
obtener unarelacion lineal entre el
indice de modulacién m, y la ten-
sién maximaobtenibleen lasalida
del inversor. Aungue muchos mé-
todos se han sugerido, el mas po-
pular es el propuesto por Holtz,
dada su simple implementacion.
Aunque setrat6 derevisar diferen-
tes técnicas de modulacion queda
abiertaladiscusion paratocar otras
técnicas de modulacion no menos
importantes como |o son larandom
PWM, técnicas de modulacién
adaptativas y técnicas de modula-
cion realimentadas para €l control
de corriente.

Por dltimo, existen dosviaspara
minimizar |las pérdidas en los semi-
conductoresde potencia: mejorando
la construccién de los semiconduc-
tores de potencia y encontrando la
técnica de modulacion que menos
conmutaciones necesite para repre-
sentar un nivel de tension deseado.
En estepunto escriticalafrecuencia
de conmutacién que se utilice, por
lo que bgjas frecuencias de conmu-
tacion con transiciones répidas en-
tre estados ON y OFF son deseabl es,
pero sujetas aincrementos en € ni-
vel de arménicos. Al final se debe
[legar aun balance entre nivel de ar-
monicas, pérdidas por conmutacion
y frecuenciade conmutacién, balan-
ce qué depende de la carga a mane-
jar mediante € puenteinversor. &
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ANEXO 14: Programa en C para arranque de motor sincrono

#include <avr/io.h>
#include <avr/interrupt.h>
#include <util/delay.h>

unsigned volatile char Onda_5hz_detectada;
unsigned volatile int input_capture;
unsigned char valor_adc;

llInterrupcion que relaciona al INPUT CAPTURE
ISR (TIMER1_CAPT _vect)

{

lIse lee el registro del input capture
input_capture = ICR1L,

input_capture = ICR1H*256 + input_capture;

//se considera una toleancia de 2%
/lel valor debe estar entre 5Hz +- 0.2%
if ( (input_capture > 6125 ) && (input_capture < 6375) )
{
Onda_5hz_detectada = 1;
/Ise enciende el timer 2, pwm 50%
TCCR2=0b01101010;
//IOCR2=0x80;

/I se reinicia el contador del timer 1
TCNT1H=0x00;
TCNT1L=0x00:;

}

//[Funcién que devuelve el valor de conversion del ADC
/lacd_input representa el canal del ADC que se desea leer
unsigned char lee_adc(unsigned char adc_input)

{

ADMUX=adc_input | (0x60 & 0xff);

_delay_us(10);

ADCSRA|=0x40;

while ((ADCSRA & 0x10)==0);

ADCSRA|=0x10;

return ADCH;

}

//[Funcidén que determina la proporcion de ciclo de trabajo
/Ipara el timer2 (en funcion al valor de ADC)

unsigned char determina_proporcion_pwm(unsigned char adc)

{



return (float)(0.5*adc+127);

void setup(void)

{

//configuraciones
/llpuertos

DDRB = 0x08;
PORTB = 0x00; //OC2 como salida

DDRC = 0x00:;
PORTC = 0x00;

DDRD = OxFF;
PORTD = 0x00;

[ltimer 1
TCCR1A=0x00;
TCCR1B=0xC4;
TCNT1H=0x00;
TCNT1L=0x00;
ICR1H=0x00;
ICR1L=0x00;
OCR1AH=0x00;
OCR1AL=0x00;
OCR1BH=0x00;
OCR1BL=0x00;

[ltimer 2
ASSR=0x00;
TCCR2=0x00;
TCNT2=0x00;
OCR2=0x80;

TIMSK=0x20;

ACSR=0x80:;
SFIOR=0x00;

/ladc
ADMUX=0x20:
ADCSRA=0x85;
OSCCAL = 0xB4;

Onda_5hz_detectada = 0;
asm("sei");



}
int main(void) {

setup();
while(1)
{
_delay_ms(100);
lIse lee ADC 0
valor_adc = lee_adc(0);
/Isi se detectd previamente la onda de 5hz
//se maodifica el ciclo de trabajo de forma proporcional
// 5V --> 100%
// OV --> 50%
if (Onda_5hz_detectada) OCR2 =
determina_proporcion_pwm(valor_adc);

}
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The ABC's of

Synchronous Motors

The Greeks had a word for it —
SYNCHRONOUS— “syn” a prefix meaning
“with”, and “chronos” a word denoting time. A
synchronous motor literally operates “in time with”
or “in sync with” the power supply.

The modern synchronous motor is a double-
duty motor. It is a highly efficient means of
converting alternating current electrical energy into
mechanical power. Also it can operate at either
leading, unity, or in rare cases at lagging power
factor, providing the function of a synchronous
condenser for power factor correction.

In the synchronous motor, the basic magnetic
field is obtained by direct current excitation rather
than through the air-gap from the armature, as is
the case with induction motors. Comparatively
large air-gaps are used, making practicable the
manufacture, even in relatively low horsepower
ratings of low speed synchronous motors. In all
low speed ratings and in large high speed ratings,
synchronous motors are physically smaller and less
costly to build than squirrel-cage induction motors
of equivalent horsepower.

A synchronous motor can be applied to any
load which can be successfully driven by a NEMA
Design B squirrel-cage motor. However, there are
certain types of loads for which the synchronous
motor is especially well suited. The correct
application of synchronous motors results in
substantial savings in several ways:

b LV o

e

e
Synchronous motor 1500 HP at 720 RPM wilh Paper Mill
Dripproof™ enclosure driving a refiner in a paper mill.
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. High efficiency

Synchronous motors have a unique and
merited position as the most efficient electrical
drive in industry. They perform with great
economy while converting electrical power to
mechanical power and can be built with unique
physical features. Synchronous motors can be
designed to effectively operate over a wide
range of speeds to provide the best drive for a
wide variety of loads.

. Power factor correction

Because they can operate at leading power
factors, synchronous motors can help reduce
your power cost and improve efficiency of the
power system by correcting low power factor.
In a few years, savings in power bills may
equal the original investment in the motor.

Reduced maintenance

Synchronous motors with brushless exciters
practically eliminate the need for motor
maintenance other than routine inspection and
cleaning.

. Space savings

Engine-type synchronous motors can be
connected directly to the shaft and bearings of
the driven equipment. This approach saves on
floor space, extra building costs, and makes for
a simple installation.

Constant speed means better quality products
Synchronous motor speed is unaffected by line
or load conditions. In certain applications, e.g.
paper mill pulp machines, constant speed
operation results in superior uniformity and
quality of the product being produced.

Adjustable speed means lower power costs

In many cases it is much more economical to
operate driven equipment at reduced speeds.
This can be accomplished using synchronous
motors in conjunction with magnetic drives, or
through electronic methods, which can be used
to supply an adjustable frequency to the
machine and control its operating speed.
Typical applications for adjustable speeds
include pumps and fans. Either approach can
reduce power costs and provide a more cost-
effective process.



Exciter

EM synchronous motors are designed
and built to industry standards

ANSI, IEC, IEEE and NEMA standards help
both manufacturer and user by providing
definitions and suggested values. They are
continually updated to incorporate the latest
trends in machine use. Although these standards
are gradually coming closer together, this is a long
process. ANSI and/or NEMA provide the
standards for synchronous motors in the United
States, whereas 1EC standards provide the
guidelines for European applications. Standards
are a great help in understanding the application
of motors. Please refer to NEMA MGI part 21,
Synchronous Motors, or ANSI C50.

The parts of a synchronous motor

FRAME ... supports and protects the motor; it is
built in horizontal and vertical types and in
various protective constructions for indoor or
outdoor service.

Amortisseur
Winding

STATOR ... consists of the stationary magnetic
parts, including the core and winding which
operate off the alternating current power supply
to provide a rotating magnetic field.

ROTOR ... consists of the rotating active parts,
and includes the spider, the field-pole winding
and the amortisseur winding. Field poles are
magnetized by direct current from the exciter or
directly through collector rings and brushes; they
interlock magnetically through the air-gap and
revolve in synchronism with the rotating magnetic
poles of the stator.

EXCITER ... supplies magnetizing current to the
field winding. Modem exciters are of the rotating
brushless type with no collector rings or brushes.

AMORTISSEUR WINDING ... makes a
synchronous motor self-starting like a squirrel-

cage induction motor. Depending on the type of
loads and the torque required, a variety of bar

materials and arrangements can be used to
provide adequate starting torque. 3



Synchronous motors are
oeared” to the power suppl
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During operation, the stator of a polyphase
alternating current motor has a rotating magnetic
field. This is developed by the direction and
amount of current flow in the stator coils.

Figure 1 represents a two-pole, three-phase
stator, having one slot per pole per phase in which
there are six stator coils. These coils are connected
to a three phase power supply having phase
rotation A, B, C.

At the instant shown, the current in phase A in
maximum positive enters the motor at A+ and
leaves at neutral where the three conductors meet.
The “A” arrows in Figure 1 represent the magnetic
flux (lines of force) developed by this current. At
this instant the current in phases B and C is negative,
each equal to one-half the currentin A. The
magnetic flux developed by B is shown by the “B”
arrows, each equal to half the “A” arrows. The flux
developed by C is represented by the “C” arrow,
each equal to half of A. B and C also have horizontal
components but, as shown, they cancel out.

The result is a vertically polarized stator, with
a North pole at the top and a South pole at the
bottom. The arrows show the flux flowing
downward through the rotor.

One-twelfth revolution later (Figure 2), the
positive current in A has dropped in value and is
equal to the negative value in C, which has
increased in value. The current in B is zero. Equal
field strengths are developed by A and C and,
canceling out the opposing components, we find
the total flux in Figure 2a to be represented by the
two “A" and two “C” arrows, 30° from the former
position.

At the 60° position, shown in Figure 3, the
current in phase B and the corresponding stator
coils are positive and equal to phase A. The
current in phase C is maximum negative. After
canceling out the opposing components, we find a
resultant field, as shown in Figure 3a composed
principally of current in phase C, supplemented
by smaller equal amounts in phases A and B.

c

Figure 1 Sec top left of page 5 for balance of
this diagram, pius ils caption.

Figures 4 and 4a complete a one-quarter turn
or 90° of a two-pole motor. Continuation of this
completes one revolution.

The rotor shown in the above figures is that of
a two-pole synchronous motor having definite
North and South poles developed by direct
current flowing in the field winding. The current
flows from the observer in the left hand portion of
the winding, towards the observer in the right
hand portion. Using the “right-hand rule” this
develops a North pole at the bottom of the rotor
and a South pole at the top.

The magnetic poles developed in the stator are
exactly opposite. However, unlike poles attract,
so the North pole of the rotor lines up under the
South pole of the stator.

As the North pole of the stator shifts 30°
clockwise, the rotor is pulled along with it, and
(assuming no load on the rotor shaft and no
losses) the rotor and stator poles line up exactly as
shown. Each rotor pole lags behind its
corresponding stator pole by 20 to 30 electrical
degrees at full load. This is called the “load
angle,” and it is a function of motor load, where
increased torque requirements result in greater
magnetic pull and a greater displacement from
magnetic center.

A normal two pole stator differs in many
respects from that shown in Figures 1 through 4.
Instead of one slot per phase there are six or seven.
The coil pitch is about 120° instead of 60° and will
overlap the coils of the various phases. The
configuration shown results in rotation by a series
of jerks. The use of more closely spaced coils will
result in a smoother, more uniform turning action.

Figures 1 through 4 AC Generator.

Three-phase power supply for Synclironous Motor. Generator
voltage is assmned equal and in phase with the current; there
is no load torque for friction so rotor and stator poles are free
to line up magnetically.
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How synchronous motors

control power factor

Power factor is the factor by which apparent
power, or kVA, is multiplied to obtain actual
power, or kW, in an ac system. It is the ratio of the
in-phase component of current to total current. It
is also the cosine of the angle by which the current
lags (or leads) the voltage.

The conversion of electrical energy to
mechanical energy in a motor is accomplished by
magnetic fields. In the previous section, it was
explained how magnetic poles are formed when
current flows in coils placed around the stator gap
bore. As explained, these poles rotate around the
stator. When voltage is applied to a motor, an
armature current flows to provide the necessary
magnetic push (mmf or ampere turns) to produce
a flux which, in turn, produces a voltage (back
emf) that opposes the applied voltage. This mmf
is a magnetizing current. It is loss-less, except for
the i'r in the winding and any core loss due to the
changing flux in the iron. The magnetic energy is
transferred from the line to the motor and back
again each half cycle. The net power is zero, and
the power factor is zero.

The power factor of a synchronous motor is
controllable within its design and load limits. It
may operate at unity, leading, or in rare cases,
lagging power factor and may be used to modify
the power factor of the system to which it is
connected. A simplified explanation of phasor
relationships will describe what takes place under
various load and excitation conditions.

Phasors are vectors that represent the
relationship between voltages or currents, The
phasor length represents the magnitude and, as it
is allowed to rotate counterclockwise about the
origin, the projection on the x axis is the
instantaneous value.

Figures 5, 6 and 7 show the instantaneous
voltage, current and power (V times I) for unity,
leading and lagging power factors. The magnitude
of the current and voltages are held constant for all
cases. Also shown is the corresponding phasor
diagram for each in Figure 5a, 6a and 7a. Note that
for lagging power factor, the current phasor lags
the voltage phasor and the instantaneous current
passes through zero after the voltage. The power
for unity power factor is always positive while
both leading and lagging power factors have some
negative power values, and the peak is less than
for unity. Thus, the average value of power is less
for either leading or lagging power factor for the
same current and voltage.

Once the synchronous motor is synchronized,
the field poles on the rotor are in line with the
rotating magnetic poles of the stator. If dc is
applied to the rotor pole windings, the rotor can
supply the necessary ampere turns to generate the
flux which produces the internal motor voltage.
Thus, the field current can replace part or all of the
magnetizing current. In fact, if more dc field
current is supplied, the increased flux will try to
increase the line voltage. To increase the line
voltage, the motor will supply ac magnetizing
current to all “magnets” on the system to increase
their magnetic flux. This is leading power factor.

The synchronous torque developed is roughly
proportional to the angle of lag (load angle) of the
motor rotor with respect to the terminal voltage,
which, at full load, is in the area of 20 to 30
electrical degrees. If a restraining force is applied
to the motor shaft, it will momentarily slow down
until a torque is developed equal to the applied
restraint. The motor will then continue to operate
at synchronous speed.

Figure 8 shows a somewhat simplified phasor
diagram for a unity power factor motor connected
to a large system such that the terminal voltage is
fixed. Since synchronous machines have poles
and interpole spaces, a system of phasors
represent each of the “direct” (in line with the
pole) and “quadrature” axes (interpole).

Tarminal Direct Axis Internal Drop
Voltage E T4

Quadrature

-
= Axis Current__ iy 28
2 - ES -
uE EE*
EE =2
a5 § &=
Quadrature Load Angle
Axis Internal Voltage Eq
MMF due lo (voltage due to field excitation)
Internal Volts
Two-Reaction Diagram
Direct Axis {Unity Power Factos

Figure 8

In drawing the diagram, the reactance drop is
subtracted from the terminal voltage to obtain the
internal voltage and the direction of the
quadrature and direct axes. The internal voltage
sets the level of flux in the motor, which, in turn,
sets the mmf required (ampere-turns or
magnetizing current). The current flowing in the
armature winding produces an mmf called
armature reaction. The portion, in line with the



direct axis, must be added (or subtracted, for
lagging P.F.) to the mmf, producing the internal
voltage. Since the field winding on the rotor poles
is in line with the direct axis, dc in this winding
can supply the required mmf.

If the dc is increased, the internal voltage will
increase, and since the terminal voltage is fixed by
the connected system, the internal drop must
increase. The result of this is shown in Figure 9

A —.
FaXa ""."J

Two-Reaction Diagram
{Leading Power Faclor)

Direct Axis

Figure 8

where the line current is increased and
repositioned to a leading power factor. Note that
the current in phase with the voltage represents
the load and is unchanged, but a magnetizing
component has been added. This component
flows to the line to try to raise the system voltage.
The motor has a leading power factor.

If, instead, the dc is decreased, the internal
voltage will try to reduce the system voltage,
resulting in a magnetizing current drawn from the
system. The motor then has a lagging power factor.

The fact that the field poles of a synchronous
motor are magnetically in line with the stator flux
allows dc current on the field to replace ac
magnetizing current on the stator. Since power
factor is determined by the magnetizing current,
the power factor is adjustable by changing the
field current.
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PFs stands for Power Factor f‘ulxh'.




Figure 10
For any given load the power factor 160
at some given excitation value will -,

be the ratio of mininum line 8 s
amperes al that load, to the line E .
amperes at the excitation value = 120 ‘0‘
untder consideration. Assume a i "
steady load condition in w, E "".
line amperes, al various excitation : "al
values, lie aloug line A-O-B; with  « 80
point O representing minimum ac =]
input and point B representing the E
input af the desired excitation valve, o
The power factor al that excitalion 2 40
isCO+DB. & LAG
&
0
0 25 50 75 100 125 150
% OF FULL LOAD .8 P.F. EXCITATION
Figure 11  Plant loading and power factor (ind: motor proposed)
Plant loading and power factor. Monthly Averages Calculated Transf
Load MWH PF._ | Hrs{Est] kW KWR KA Load Rating
T1 Office 77 0.92 184 | 400 -170 435 435 T1=1000
T2 Pumps 587 0.72 335 | 1750 -1687 2431 2431 T2=2000
T3 Air 235 0.82 335 700 -489 854 854 T3=1500
T4 Mil 1347 0.88 464 | 2900 -1565 3295
T4 Proposed | 335 | 0.81 335 | 1000 | 724 | 1235 | 4522 | T4=4000
Overal | 0.824 6750 -4635 | B188
Plant Loading and Power factor fswehm_nws motor proposed]
T1 Office
T2 Pumps 587 0.72 335 | 1750
T3 Air 235 0.82 335 700
T4 Mill 1347 0.88 464 | 2800
T4 Proposed | 335 -8 335 | 1000
Overall 0.906 6750

“V" Curves

It is generally assumed that the line voltage
will be substantially constant, and it is apparent
from the preceding discussion that load,
excitation, line amperes, and power factor are
closely related. This relationship is readily
expressed by a family of characteristic curves
known from their shape as “V" curves. These are
represented in Figure 10. Note that for each curve
the power is constant and the excitation is varied
to give different magnetizing currents.

The minimum value of line amperes for each
load condition is at 1.0 or unity power factor. As
excitation is decreased, the line current will
increase and the motor will operate at lagging

Figure 12

For leading power factor synclivonous
motors, leading kVARs indicates kVARs fed
to the system, where as induction motors
always absorh KVARSs from the systenm.

power factor. If excitation is increased from the
1.0 power factor condition, the line current will
again increase, but now the motor will operate

under a leading power factor condition.

For any load, the power factor will be the ratio
of minimum line amperes at that load to the line
amperes at the excitation value under
consideration. To operate at 1.0 power factor for
maximum efficiency, set the excitation for
minimum ac line current.

1
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System Power Factor Correction

The power usage and the power factor of a
plant should be periodically reviewed to avoid
surprises. A typical plant power system is shown
in the form of a spreadsheet in Figure 11. Here it
is assumed that you have monthly records for the
various load centers. A proposed plant expansion
employing either an induction or a synchronous
motor is under consideration. T1, T2, etc.
represent transformers or load centers.

From the MWH and the estimated operating
hours, the average kW is calculated. Next,
calculate the kVAR and kVA using the power
factor. Tabulation of results is shown in Figure 13.

Note that the terms “leading” and “lagging”
refer to the current leading or lagging the voltage.
The current to induction motors will lag, and the
motor will draw magnetizing current from the
system. Leading P.F. synchronous motors feed
magnetizing current to the system. As shown in
Figure 12, lagging currents are treated as negative,
leading as positive.

KVAR = JKVA=KW®

KVAR = kW x Tan (8]

(where 8 is the angle in degrees, by which
the current differs from the voltage.)

kW = kWH/H

_ 0.746 x HP
Motor rated kVA = “EF xPF

If the proposed expansion is an induction
motor, the overall power factor will be less than
0.9. This will result in additional charges by the
power company. Note that transformer T4 in
Figure 11 will be overloaded.

1f the addition is a 0.8 leading I.F.
synchronous motor, the total kW will be the same,
but the kKVAR will be less, and the overall power
factor will be over 0.9. The overload on T4 is
eliminated. In calculating the load on T4, it is
necessary to first combine the kWs and kVARs
separately and then calculate the kVA as the
square root of the sum of the squares.

Figure 14 shows the reactive capability of
typical synchronous motors. These curves plot the
percent KVAR vs. percent load. To use the curve,
determine the kVAR based on the percent load
and rated power factor of the motor. The reactive
kVAR is then the rated horsepower multiplied by
the percent kVAR determined. For example, a 250
horsepower, 0.8 power factor motor operating at
100% load gives a 0.6 factor. The kVAR is then 250
X 0.6 = 150 kVAR supplied to the system.
Excitation is maintained at the full load value.

Power Ratio Power Ratio Power Ratio
Factor kVAR/EW | Factor KVAR/KW|  Factor KVAR/KW
1.00 .000 .80 750 .60 1.333
.89 .143 .79 778 .58 1.369
.88 .203 /8 .B02 .58 1.405
.87 251 27 .B28 87 1.442
96 292 76 855 58 1.480
.85 .329 75 .B82 .55 1.518
.94 .363 74 .8903 .54 1.559
.83 .395 .73 936 .53 1.600
.82 428 72 964 52 1.643
.91 456 | 992 .51 1.687
.80 .484 70 1.020 .50 1.732
89 512 | 69 1048 | a9 1.779
.88 .540 .68 1.078 .48 1.828
.87 567 67 1.108 47 1.878
.86 .593 BB 1.138 486 1.830
.85 .620 65 1.169 .45 1.985
.84 646 B4 1.201 44 2.041
.83 .B72 B3 1.233 43 2.100
.82 .698 B2 1.2B86 42 2.161
.81 724 B1 1.289 41 2.225

Figure 13 Power Factor Table

8 P.F. MOTOR

0.9 P.F. MOTOR

1.0 P.F. MOTOR

L] 2 40 &0 80 100
* OF RATED LOAD ON MOTOR

Figure 14 Leading reactive kVA in percent of motor
horsepower for synchronons motors at part load and at various
power factor ratings. Solid lines are based on reduction in
excitation, af overload, fo maintain rated full-load amperes;
dotted lines represent values with rated excitation to maintain
rated pull-out torgque.
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Torque makes the wheels
g0 "round

Torque may represent either the turning effort
developed by a motor or the resistance to turning
effort exerted by the driven load. Itis defined as
tangential pull at a radius of one unit from the
center of rotation. In the United States it is
measured in foot-pounds or inch-pounds. For a
given condition:

HP X 5250

T =
arque o

Torque = Tangential effort in pounds at one
foot radius

Horsepower developed
Revolutions per minute

HP
rpm

"

In some cases motor torques are expressed in
foot-pounds; however, they are usually expressed
as a percentage of full load torque.

A synchronous motor has many important
torques that determine the ability of the motor to
start, accelerate, pull its connected load into step,
and operate it through anticipated peak loads
within its design limits.

These torques may be described as:

1. Starting torque or breakaway torque.
This is the torque developed at the instant of
starting at zero speed.

2. Accelerating torque.
This is the motor torque developed from stand-
still to pull-in speed minus the load torque.

Lo

. Pull-up torque.
This is the minimum torque developed
between stand-still and the pull-in.

=~

Pull-in torque.

This is the torque developed during the
transition from slip speed to synchronous
speed and generally is defined at 95% speed.

. Synchronous torque.
This is the steady state torque developed
during operation. It is load dependent.

15

=

. Pull-out torgue.
This is defined as the maximum steady state
torque developed by the motor, for one
minute, before it pulls out of step due to
overload.

Starting and accelerating torques

The characteristics of these torques are closely
allied and will be discussed together. Five
individual torques contribute to the turning effort of
a synchronous motor during starting and
accelerating. They are produced by:

1. Amortisseur windings

2. Field windings

3. Hysteresis in pole faces

4. Eddy currents in pole faces

5. Variation in magnetic reluctance

Of the five torques, only the first two are
significant during starting and accelerating, and
only their characteristics will be discussed here.

The amortisseur windings

These windings develop most of the starting
and accelerating torque in motors of this type. This
winding consists of a partially distributed cage
winding, with bars imbedded in the pole faces and
short circuited at each end by end rings. Varying
the number, location and resistance of these bars
will have a substantial effect on the torque and on
the kVA input. In some cases a double cage,
consisting of one row of shallow bars and one row
of deepset bars, is used. These may be separate, or
they may have common end rings as circumstances
will dictate. Typical amortisseur windings are
illustrated in Figure 15.
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Figure 15 Modern amortisseur windings use a variety of bar
materials and arrangements to secure the desived resisfance
and reactance to produce the required torques.

As discussed previously, the application of
polyphase power to the stator winding results in
the development of a rotating magnetic field.
Magnetic lines of force developed by this rotating
magnetic field cut across the cage bars and
generate voltages, causing currents at slip
frequency to flow in them. The interaction
between these currents and the rotating magnetic
field develops torque, tending to turn the rotor in
the same direction as the rotating magnetic field.

Recommended starting torques range from
40% to 200% of full load torque. See NEMA
recommendations on torques for various
synchronous motor applications.

Torque comes from the action of the flux
produced by the stator. Getting more torque
requires more flux and, therefore, more iron.
More torque also results in more inrush. For any
given motor, the effective resistance and reactance
of the cage winding are the principal factors in
determining motor torques. Typical starting and
accelerating torques and their associated kVA
values are shown in Figure 16.

The double cage motor was developed to give
essentially constant pull-up torque. The shallow
cage has a high resistance and low reactance, while
the deep cage has low resistance and high
reactance. At standstill, slip frequency equals line
frequency, and the high reactance of the deep cage
forces most of the induced current to flow through
the shallow cage, high resistance bars, resulting in
high starting torque.

TOROUE RESULTANT - DOUBLE CAGE

TORQUE

TORQUE FROM LOWER CAGE

0 50 100
% SYNCHRONOUS SPEED

Amaortissenr
windings and
end ring

As the rotor comes up to speed, the slip
frequency decreases and, with it, the impedance of
the deep cage. This permits more of the induced
current to flow through the deep-set, low-
resistance bars, resulting in high torques at speeds
near pull-in. Figure 17 illustrates the resultant
torques using this type of construction.

Ideal applications for double cage windings
are those where the load is uniformly high during
the entire accelerating period. Disadvantages
include saturation, due to the number of cage bars
in the pole head, and stress, due to the differential
thermal expansion in bars that are close together.
Double cage motors are relatively uncommon.

Figure 1B (left) Curves show starting torque and starting
kVA of synchronous motors using various types of amortisseur
winding constructions. For any given motor the effective
resistance and reactance of the cage winding are the privcipal
factors in determining the shape of the curves, and the ratio of
torque to kVA.

Figure 17 [right] Curves show double-cage forque resulting
from high resistance upper cage winding, and low resistance,
high reactance lower cage winding.

1"




Field Windings

The amortisseur winding imparts squirrel-cage
motor starting and accelerating characteristics to
the synchronous motor. The field winding
develops a torque similar to that of a wound rotor
motor with a single-phase secondary circuit.

The single-phase characteristic results in two
torque components, one rotating in the same
direction as the rotor and one rotating in the
oppuosite direction. The second component is
positive in value to 50 percent speed and negative
from that point to pull-in. Figure 18 illustrates the
torque components and the resultant torque
derived from the field windings. If a motor was
built with a relatively weak cage, the dip in torque
due to the effect of the negative rotating component
could result in the motor not being able to
accelerate much past half-speed.

During starting and accelerating, the field
winding is short-circuited through a field discharge
resistor to limit the induced field voltage. The ratio
of this resistance to the field resistance has a
significant effect on the starting torque, the torque
at pull-in and, to a lesser degree, on starting kVA.
Figure 19 shows the effect of varying the field
discharge resistance on one specific motor. It will
affect the negative rotating component of the field
winding torque, and a high value of resistance may
reduce it considerably. However, a high value of
field discharge resistance results in a high induced
voltage across the field winding. In extreme cases,
as in the case of open-circuit field starting (infinite
resistance) the induced field voltage may exceed
100 times the normal excitation voltage.

Pull-up Torque

Pull-up torque is the minimum torque
developed from stand-still to the pull-in point.
The pull-up torque must exceed the load torque
(torque required by the driven machine) by
enough margin to maintain a satisfactory rate of
acceleration from stand-still to pull-in under the
minimum expected voltage condition.

Net Accelerating Torque

Net accelerating torque is the margin by
which the motor torque exceeds the load torque
from stand-still to the pull-in point.

In the case of high inertia loads, it is important
that the starting time be determined so proper
relaying action of overcurrent relays and
amortisseur winding protective relays, etc., can be
obtained.

Accelerating time from standstill to the pull-in
point can be approximated by applying the
following relationship:

. . _ WK x Arpm
Accelerating time t = S08T (seconds)
WK? = total inertia of the load and the

motor in Ib. ft?

Arpm = the change in speed [rpm; - rpm,)
308 = a constant
T = net accelerating torque, Ib.ft. from
rpm; to rpm,
t = the time increment to accelerate
from rpm, to rpm,

Note the motor torque as a function of speed,
the load torque as a function of speed, and the

140
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Figure 18 Torque components and resultant torque derived
froimn the field winding of a synchronous inotor during starting.

Figure 19 Effect of ratio of field discharge resistance to
field vesistance on the starting and pull-in chavacteristics of
the motor.




motor and load inertias. The latter are obtained
from the manufacturers as constants; the former are
most frequently illustrated as speed-torque curves.

Refer to Figure 20, which shows curves for a
typical 600 hp. 900 rpm motor and a throttled
centrifugal fan load. The total motor and load WK?
(inertia) is given as 29770 Ib.ft2.

Net accelerating torque at any speed is
determined by subtracting the load torque from
the motor torques at that speed. By taking values
at 10% intervals, starting at 5% speed and
continuing to 95% speed for example, a reasonable
approximation of acceleration time from standstill
to pull-in speed can be calculated. Refer to Figure
21 for a tabulation from this example.

During the starting period, the amortisseur
winding must absorb energy. In addition to the
energy required to overcome the load torque,
energy must also be absorbed to accelerate the
inertia of the rotating system. Since high
temperatures that affect material strength can be
realized in a short period of time, it is important
that a means be provided for transmitting as much
heat as possible into the pole body and also that
the heat absorbed will not overheat the amortisseur
winding. During starting the temperature rise of the
amortisseur winding may be as high as 150°C.
Quantitatively, the energy absorbed in accelerating
a rotating mass is covered by this formula:

H - 0.231 x WK® x (rpm]®

(1000)
H = Energy in kW seconds
WK® = Total WK*
rpm = Speed in rpm
0.231 = a constant

In the case of the motor and fan referred to
above, the energy absorbed in the rotor, due to
inertia, in bringing the unit to 95% of synchronous
speed is:

H 0231 );?E(]:,]gl?:'ﬁlx (B35F _ 5000 WV seconds

H is expressed in per unit by dividing the
above by rated kW (rated horsepower x (.746).
Interestingly, two times H in per unit is the
accelerating time if the accelerating torque is equal
to rated torque. Applying this to our example:

H =11.2 and the average accelerating torque is
76%. Accelerating time (t) = 11.2/0.76 x 2 = 29.5
seconds.

Some types of loads, such as ball mills, have
very low inertia values, but their load torque may
approach that developed by the motor if the rate of
acceleration and the accelerating torque is low.
Large fans may have both high inertia values and
appreciable torque requirements. In such cases, it
is desirable to determine the total energy input to
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Figure 20 Motor and load torques for centrifugal fan, illustrating method for
determining accelerating time of the motor.

% % Motor %Fan % MNet Ftlb. Timein
RPM Torque Torque Torque Torque Seconds
5 B6 5 81 2840 1.46
15 88 3 85 2980 2.78
25 91 5] 85 2980 2.78
35 93 10 83 2920 2.84
45 a7 14 83 2920 2.84
55 89 18 80 2800  2.96
65 102 25 77 2700 308
75 104 32 72 2520 3.30
85 104 40 64 2240 3.80
95 100 50 50 1750 4.75
30.58
Figure 21

the rotor, both as a result of accelerating the
inertia, and of overcoming the load torque. Since
all of the torque developed by the motor must
either accelerate inertia or overcome load torque,
and since slip loss is a function of this torque and
of slip, it is readily possible to determine this
energy input.

Referring again to the motor and load
characteristics covered by Figure 20 and Figure 21,
we can proceed as follows:

Sliploss = 0.746 x TM xS x HP x t,
in kilowatt seconds
T™M = % motor torgue
S = %slip
t = Time at that torque

Note that slip loss is proportional to average

slip and to average total motor torque (not net
accelerating torque) for each 10% speed interval

considered. Asshown in Figure 21, total loss in
the rotor is 6400 kW seconds.
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Since it was previously determined that the
loss due to accelerating the inertia was 5020 kW
seconds, we now determine the additional loss
due to the load is 6400 - 5020 = 1380 kW seconds.

In some cases the speed of the driven unit will
differ from that of the driving motor, because of
belting or gearing arrangements. All WK values
used in determining accelerating time or energy
absorption must be effective values referring to the
motor speed.

2
Effective WK,? = WK, x TPl
(rpms
Effective WK,* = WEK? referred to the
motor shaft rpm
WK2? = Inertia of driven machine
in b.ft2 @ rpm;
rpm, = Speed of load shaft in
revolutions per minute
rpm,; = Motor shaft speed in
revolutions per minute

Pull-in Torque

The pull-in point (when a synchronous motor
changes from induction to synchronous
characteristics and operation) is usually the most
critical period in the starting of a synchronous
motor. The torques developed by the amortisseur
and field windings become zero at synchronous
speed. They cannot pull the motor into step, so,
the reluctance torque and the synchronizing
torque (resulting from exciting the field windings
with direct current) take over.

Reluctance Torque

Any magnetic object tends to align itself in a
magnetic field so that the magnetic reluctance is at
a minimum. There are as many positions of a
salient pole rotor within the rotating stator
magnetic field as there are poles. Below
synchronous speed, a pulsating torque called
reluctance torque, is developed. It has a net
average value of zero and a frequency equal to
twice the slip frequency. This torque may lock a
lightly loaded rotor into step and develop
approximately 30% pull-out torque.

Synchronizing Torque

When excitation is applied, definite polarity is
developed in the rotor poles. If the slip is low
enough, the attraction between unlike poles in the
rotor and the stator will lock the rotor into step
with the rotating stator magnetic field. Neglecting
the influence of reluctance torque, the value of slip
from which the motor will pull into step may be
expressed as follows:
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Figure 22 Relationship between load inertia and mininnon
slip for pulling into step of a specific synchronous motor.

_C HP
rpm X Wke

Slip in % of synchronous speed

WHK? = Inertia of mator rotor plus load inertia
Constant taking into account such
factor as efficiency, power factor, etc.

The relationship between slip and inertia in a
given motor is shown by the curve in Figure 22.
The larger the inertia the higher the speed
required to achieve synchronization.

Load Inertia

Since load inertia is so important in
determining the speed to which the motor must
accelerate before pull-in is possible, NEMA has
established normal load WK® values. These are
covered by the formula:

. 3.79xHP'®
Normal load WK?® = W

Figure 23 illustrates the relationship between
rated horsepower, speed and normal load WK,

We may designate as “inertia factor” the ratio
of actual load WK to normal load WK®. This
varies over a wide range. Typical values are
shown in Figure 24.

NEMA defines pull-in torque as the maximum
constant torque under which the motor will pull
its connected inertia load into synchronism at
rated voltage and frequency, when excitation is
applied. This is sometimes referred to as “load”
pull-in torque.



From Figure 24, we note that the inertia factor
of the connected load may vary from 1 to 100. For
the specific motor covered by Figure 22, pull-in
can be affected at 8% slip with normal load WK,
However, with an inertia factor of 100, the motor
must reach 99.2% of synchronous speed on the
cage winding before the motor will pull into step
on application of excitation. A motor will therefore
have a much higher “load” pull-in torque when
driving a load having a low inertia factor than
with a load having a high inertia factor.

It is rarely possible for the motor
manufacturer to shop test the pull-in torque of a
motor under actual load conditions. As a practical
substitute, the motor torque developed at 95%
speed (“nominal” pull-in torque) is used as a
design and test point to predetermine the pull-in
capability of the motor. Since the torque at 95%
speed is a steady state condition, and actual pull-
in is transient, it is necessary to take into account
inertia, motor reactance and other factors.

To investigate the relationship of “load” pull-
in torque and “nominal” pull-in torque, assume an
application of a centrifugal fan having an inertia
factor of 20, and connected to a 1000 HP, 1200 rpm
motor. The fan load at synchronizing speed, with
closed discharge, is 50% of full load torque.
Assume it is determined that the motor slip must
not exceed 1.8% if the motor is to pull into step on
application of excitation. In this case, the effect of
reluctance torque is neglected and it is assumed
excitation may be applied at the worst phase angle
for synchronizing,.

In Figure 25, point A is the speed which must
be attained on the amortisseur winding to permit
synchronizing. Assume that the torque developed
by the amortisseur winding is directly
proportional to slip from zero slip (synchronous
speed) to 5% slip (95% speed). We can then
extend line 0A, as a straight line to B, at 95%
speed. Point B will then determine the torque
required at the 95% speed point (in this case
135%). This value is the “nominal” pull-in torque.

If, instead of the centrifugal fan discussed above,
a motor of this rating were connected to a centrifugal
pump, again having a load a synchronizing speed of
50% but having an inertia factor of 1, it would pull
into step, on application of excitation, from a speed
of 96% or at a slip of 4%. This is indicated by point
C. The corresponding “nominal” pull-in torque at
point D is 63%.

This illustrates two applications, each having
load pull-in torques of 50%, one requiring 135%
“nominal” pull-in torque and the other 63%
“nominal.” The difference is due to the connected
inertia load.
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Figure 23 Curves show the relationship belween rated horsepower,
speed and normal load WK for synchronons motors,

[Inertia Factor)

Type of Load Load WK?/Normal Load®
Ball Mill 3
Band Saw 100
Centrifugal Fan 12-60
Chipper 30100
Pump, Centrifugal 1
Air Compressor 10
Hammer Mill 25
Figure 24
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Figure 25 Relation of load and “nominal” pull-in torgue, which is
the torque required at 95% speed of pulling into step.




Figure 26 1 2 3 4 B B 74

Ball Mill 1000 180 4 4.3 100 115
Fan 1000 1200 20 1.8 50 138
Pump 1000 1200 1 4.0 50 63
Centrifugal

Compressor 2500 900 15 1.8 50 138
Chipper 1500 277 50 1.0 10 50
1. Type of load

2. Horsepower

3. RPM

4. Assumed inertia factor

5. Maximum slip from which mator will pulin, in percent

6. Load torque required at pulkin

7. Nominal pulkin torque

Figure 26 shows various common loads
having typical horsepower and speed values,
typical inertia factors and corresponding values of
maximum permissible slip for synchronizing, with

FREQUENCY OF FIELD-DISCHARGE CURRENT MOTOR SYNCHRONIZED typical load pull-in torque values, and
60 CYCLES 30 CYCLES BCYCLES 3CYCLES \ corresponding nominal pull-in torques.

The load pull-in torque value (indicated in
column 6) for chippers is merely friction and
X . s
windage as chippers must be started, accelerated,
b e FIELD EXCITATION 34nd synchronized unloaded.

In some cases, in order to obtain an adequate
rate of acceleration, it will be desirable to design

L] 50%
CORRESPONDING MOTOR SPEED

Figure 27 Frequency of the current induced in the field
winding of a synchronous motor declines as the motor comes

up to speed. for higher nominal pull-in torque values than
those shown in column 7 of Figure 26.
INDUCED FIELD CURRENT Frequently, where it has been difficult for the

motor to pull into step on application of excitation,
raising the applied excitation voltage will facilitate
1 ” pull-in.

During the starting interval, the field winding
is short-circuited through the field discharge
resistor. As shown in Figure 27, the frequency of
the field discharge current is line frequency (60
Hertz on a 60 Hertz system) at standstill, declining
to 3 Hertz at 95% speed. The time constant of the
field winding is quite long. The excitation current
builds up relatively slowly when excitation

Excitation applied here

voltage is applied. As shown in Figure 28, if the
H o m;;f:;z:;;m excitation is applied at the proper interval of the
without pole slippage field discharge current wave, it will readily build
up to a maximum value, being assisted by the field
TIME (seconds) discharge current, thus pulling the rotor into step

Figure 28a Oscillogram shows synchronizing of the motor by promptly and with a minimum of line
application of dc excitation. If the point of application anticipates disturbance. Imprnved s_vnchmni'z.atiﬂn can be

the interval before synchironizing as shown, the excitation will in i r timing of fiel lication.
readily biild wp to pull the rotor into step smoathly. obtained by proper t CRUELD d application.

Induced Excitation Rotor pulls promptly inta
feld applied synchronism witkoul
current here pode slippage
v ,'-l,r-\;_,'- _'_I“‘r'l._ Ay L e s b e e e R il
2.5

Figure 28b Stator Current. Rotor pulls into synchromism with minimum stator curvent. (Note: Pulsations of current after
synchronism are oscillations due to very large flyneheel effect of the load.)



Synchronous Torque

The unlike poles of the stator rotating
magnetic field and of the rotor lock together and
operate simultaneously. Figure 29 represents
conditions of a typical motor at no load, rotating in
a counter-clockwise direction. The South pole, S,
of the rotor is directly opposite the North pole, N,
of the stator. At that point all torques are zero.
However, at any displacement from that position,
as with the rotor pole dropping back to the
position §', a resultant torque along curve C will
be developed. This is the resultant of torque
curves A and B.

The torque curve A is due to magnetic
reluctance. It becomes zero at 90° displacement
and is negative from that point to 180°. Torque
curve B is that due to definite polarity from the
excited poles. It becomes a maximum at 90° and
zero at 180°.

The resultant C curve is the synchronous
torque. It reaches a maximum at approximately
707 lag of the rotor behind the rotating stator
magnetic field and is unstable from that point to

180°. If the load suddenly increases, the rotor will
pull back and oscillate at its natural frequency
about the next load point. There will be a slight
variance in the speed for a moment.
Synchronizing power is measured in kilowatts
along the line d-m. The angle of lag is the angular
distance between Sand 5. In this case we assume
it to be 0.56 radian (32°) at full load. Then
synchronizing power Pr is defined as:

w

Pr‘=d

Pr = Synchronizing power in kilowatts per
radian at full load displacement
kW = Power measured at motor shaft
d = Displacement in electrical radians

Pris important because it is a factor of the
stiffness of magnetic coupling between the stator
and the rotor. It affects the pull-out torque and
also the neutral frequency. Pris approximately
HP x 1.35 for unity power factor, and HP x 1.8 for
0.8 leading power factor motors.

Figure 29 Diagram shows conditions in a synchronous motor when operating in synclropism and at no load. When the motar

is loaded the rotor will drop back along the red curve C, the curve of synclironous torgue, sufficiently to develop the load torque, C
is the resullanl of magnetic reluctance torque, A, and the definite polarily torque, B. The maxinuon synchronous torque is reached
at about 70 electrical degrees lag of the rotor.




Pull-out Torque

NEMA defines pull-out torque of a
synchronous motor as the maximum sustained
torque which the motor will develop at synchronous
speed for one minute at rated frequency and normal
excitation. Normal pull-out torque is usually 150%
of full load torque for unity power factor motors
and 200% to 225% for 0.8 leading power factor
motors. It can be increased by increasing the field
strength, which generally means increasing the air-
gap and flux density. This usually means increasing
the physical size of the motor.

As shown in Figure 29, any sudden increase in
load is accompanied by an increased angle position
of the rotor and stator and a corresponding increase
in line current. Due to transformer action, there is a
transient increase in excitation and pull-out torque.
This increased value disappears in a few cycles so it
can pe effective only on instantaneous peaks.
However, the change in excitation can be used to
“trigger” an increase in excitation voltage, thus
tending to maintain the value of excitation
established by transformer action.

The reactance of the motor windings will
determine the amount of increase in excitation
current and pull-out torque for a typical motor.
The effect is shown in Figure 30.

s TRANSIENT TOROUE

T S S DI ST R G (S T T S
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Figure 30 Trausient pull-out torque of a syuchronons
motor, This torque is influenced by reactance of the motor
windings.
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Pulsating Torque

Since the rotor of a salient pole synchronous
motor has poles and interpole spaces, its magnetic
circuit varies from point to point around the rotor.
The instantaneous starting or accelerating torque
is greater when the flux set up by the stator passes
a rotor position where the poles provide a good
flux path. Less torque is developed when passing
between poles. It is common to show a torque
curve as a smooth curve from zero to 95% speed;
this is really the average torque. Ata given speed,
the torque varies from maximum to minimum at
twice slip frequency. At standstill, the torque
pulses at 120 Hz. As shown in Figure 31, the
torque at 95% speed has a pulsating component at
2 x 60 x (1.00-0.95) = 6 Hz; one cycle every 0.167
second. At 80% speed this is 2 x 60 x (1.00-0.80) =
24 Hz, or 0.042 second per cycle. Figure 32
demonstrates torque pulsation at 80% speed.

32 )
Synchronous motor 1750 HP at 240 RPM with Paper Mill
Dripproof™ enclosure and double shaft extensions driving
vacuim pumps in a paper mill,

The pulsating component of torque needs to be
carefully evaluated as to its effect on the combined
motor driven equipment. A typical pulsating
torque is approximately 20% of rated torque.
Typically, we have the mass of the motor, the gear
and the load (i.e. compressor) all connected by the
shaft. Each individual part has a natural frequency
as well as the combinations. The responsibility to
avoid a torsional natural frequency that is near
running speed is that of the system designer.
Further, special consideration has to be given to the
pulsating torque in certain applications. For
example, large 6 pole motors driving compressors
frequently have a resonance between 60 and 80%
speed. Fortunately, it is only present during
starting. If the start-up is fast, the resonance has
little time to build up. The motor manufacturer
provides curves of the average and the pulsating
torque so that an overall system analysis can be
made. Figure 33 is a representation of a torque vs.
speed curve. Shaft sizes may be adjusted or the
coupling changed, but the pulsating torque will
still be there.
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Figure 31

Pulsations in total torgue
due to reluctance
vartations in magnelic
circuit al 95% speed; 6 H=.
or 167 secfeycle.

Figure 32

Pulsations in total
torgue due to reluctance
varialions in magnelic
circuit at 80% speed;

24 Hz. or 042 sec.feycle.

Figure 33
Typical speed-tarque curve
showing average torque,

19



=
;
5
]
O
=
>

Starting & excitation methods

Starting

As will be noted from the application section,
the starting (zero speed) torques required of
salient-pole industrial synchronous motors range
from 40% to 200%.

The required pull-in torque depends upon the
load torque and the total inertia. As covered in the
previous section, the nominal pull-in torque is the
actual torque the motor develops at 95% speed.

The starting kVA depends on both the starting
torque and the nominal pull-in torque. For a given
starting torque, the starting kVA of a synchronous
motor in percent of the full-load kVA will increase
with an increase in the ratio of nominal pull-in
torque to starting torque. Figure 34 shows some
typical values.

% Starting % Nominal % Starting
Torque Pulkin Torque Kva
80 60 355
80 80 410
80 100 470
Figure 34

The starting kVA of synchronous motors often
taxes the capacity of the generating or distributing

FULL-VOLTAGE

e O% =

Fullvoltage starting should always be
used unless (1) limited capacity of
power system makes reduced kVA
starting necessary, or (2] torque
increments are required in starting.

transition switching.

Figure 35 Common starting methods for synchronous motors,

AUTOTRANSFORMER

Line kWA is reduced approximately as
the square of the motor terminal
voltage, as is the motor torgue.
Closed transition auto-transformer
starters avoid the line surges
experienced with earlier open-

system to which it is connected. Extreme care
must then be taken in analysis of the system's
capacity, torque requirements, starting kVA, and
starting method.

Full-voltage starting, due to its simplicity,
should be used wherever possible. Most systems
can stand dips of up to 20%. System capacities are
usually expressed as MV A short circuit capacity.
A quick approximation of the voltage dip during
starting can be made by converting the motor
inrush to MVA as follows:

SCMVA = System short circuit capacity
in MVA

MMVA = (% motor inrush,/100] x
(motor kVA,/1000)

MMVA = motor starting kVA
Motor kVA = HP x 0.746/(P.F. x Eff.]
% dip = MMVA x 100/(SCVIVA + MIVIVA)

In some cases a reduction in starting kVA is
necessary to limit voltage dip. Line diagrams for
various reduced kVA starting methods are
illustrated in Figure 35.

Figure 36 shows motor voltage, line kVA and
motor torque relationships for various methods of

REACTOR

©

Line kVA is reduced approximately
directly as the motor terminal voltage,
but torque is reduced as the square
of the voltage. The starter has the
advantage of simplicity and closed
transition switching.

_l

OUOL
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©

Motor Voltage Line VA Motor Torque
Type of in % of in % of in % of Ful
Starting Full Voltage Full Voltage kWA Voltage Torque
Full Voltage 100 100 100
Reduced
Voltage 78 60 60
Reactor 5]8] 60 36
Figure 36



starting, Figure 37 shows full voltage starting
kVAs for 1.0 P.F. motors at high and low speeds.

It is important that sufficient torque be
developed to start and accelerate the load
properly. In some applications, incremental
starting which employs part winding, reactor,
resistor, or autotransformer is used. The motor
need not start on the first step, but additional
torque increments are successively applied until
the motor starts and accelerates. This method
eases the mechanical shock on driven equipment
and, on regulated systems, permits restoration of
normal voltage before application of the next
torque and kVA step.

The motor pulls into step on application of
excitation to the rotor field winding. The starting
method applies excitation at the proper speed and
phase angle to assure proper synchronizing.

Excitation

All synchronous motors need a source of
direct current for their field winding. Historically,
this was supplied by an exciter, a specialized dc
generator which may have been direct-connected
to the shaft of the motor so that if the motor is
running, dc is available. In the past, conventional

Collector ring
aitd brushes

are not required
or used with
brashless
excitation.

exciters were small dc generators with
commutators to convert the generated voltage to
dc. Brushes allow the current to come from the
exciter to the stationary control center. The current
is then routed back through slip-rings and brushes
to the motor field. This system works very well
except for a minor nuisance, the brushes. Brushes
can last as long as a year, but there is the carbon
dust to clean up and continual operator visual
inspection is required. Occasionally conditions will
change and brushes will wear rapidly. The
selection of the proper grade of brush depends on
current density, ring material, ring speed,
humidity, brush pressure, and many other factors.
It may take a long time to find the right brush. Put
this together with the brush and ring maintenance
and there’s an opportunity for a better method.

APPROXIMATE FULL-VOLTAGE STARTING kVA OF UNITY POWER FACTOR* SYNCHRONOUS MOTORS
[in % of fulload kVA of motor; for various starting, pulkin and pullout torques; for 50 and B0 Hertz motors)

High-Speed Motors (S00 to 1800 rpm)

Low-Speed Motors (450 rpm and Lower)

% Torques % Starting kVA % Torques % Starting kVA
Starting | PulbHn** Pullout at Full Voltage Starting Pulkin* * Pullout at Full Voltage
50 50 | 150175 375 40 40 | 180 250325
50 75 150175 400 a0 73 150 350-375
73 75 150175 400 75 110 150 500
75 110 150175 500 100 | 50 150 375-400
110 110 150175 500 180 | 110 150 575
125 110 200250 550600 00 | me 200-250 600-650
=] 1 D A ¢ | O [ = 0 s 77 550 128 | 910 200-250 600-650
175 | 110 | 200250 600650 125 | 125 200-250 600-650

*For 0.8 power factor motors the percent starting kVA will be approximately B0 % of the values shown.

** The above pulkin torques are based on normal load WK,

MNOTE: The percent starting kVA in the tables above are approximate for estimating purposes only.

Specific values for particular motors can be furnished.
Figure 37
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Brushless excitation is more reliable with
no brush or collector ring maintenance

By the 1960s, solid state diodes and thyristors
had advanced to where they could carry the
current and block the voltages as required. It was
then that Electric Machinery Manufacturing
Company developed the brushless exciter (see
Figure 38). The exciter is physically direct
connected as before. The rotor has a three phase
ac armature winding. The stationary field
winding is on poles on the stator and is connected
to a variac and rectifier or equivalent source of
variable dc. The generated ac current is directly
connected along the shaft to a rotating diode
wheel, where it is rectified to dc before going to
the motor field. The magnitude of the motor field
current is adjusted by changing the current to the
stationary exciter field.

The most amazing part of this design was the
mounting of the control on the rotor. Starting a
synchronous motor requires shorting the field
with a discharge resistor and blocking the dc
current until the rotor is near full speed. The dc
current is then applied and the discharge resistor
is removed. For the brush type machines this was
in a control cabinet the size of a four drawer file
cabinet. Now it is a small package on the rotor.

To show what is required of the control,
consider the starting of a synchronous motor. The
ac breaker closes, applying three phase voltage to
the stator winding. The stator winding has been
wound to form a number of magnetic poles

Control module

L

_ Ll
UJ Figure 38 Shaft mounted brushless exciter.

depending on the rated speed of the motor. These
poles on the stator cause a magnetic field to rotate
at rated speed. The rotor has not started to move,
so the field winding and cage are swept by the
rotating magnetic field. This will induce a very
high voltage (thousands of volts) in the field
winding. To avoid this, the field is shorted by a
discharge resistor. In addition, this resistor is
designed to give additional pull-in torque. As the
rotor accelerates, the frequency of the discharge
current is proportional to the difference in speed
between the stator flux and the rotor winding (slip).
At synchronous speed there is no slip, so no voltage
is induced and no torque is produced by the cage.
Since there is some load torque, the speed never
reaches synchronous speed but reaches equilibrium
where the decreasing cage torque matches the load
torque. At this point, dc is applied to the field,
creating strong magnetic North and South poles.
These are attracted to the opposite magnetic poles
on the stator. If the attraction is great enough, the
rotor with its inertia will be pulled up to synchronous
speed. The rotor is thereafter locked to the rotating
stator magnetic field.

Field Application System
Functions of Field Application System:

1. Provide a discharge path for the current
induced in the field of the motor during
starting, and open this circuit when excitation
is applied.

2. Apply field excitation positively when the
motor reaches an adequate speed. This
excitation should be applied with such
polarity that maximum torque will be
obtained at the time of pull-in.

3. Remove excitation and reapply the field
discharge resistor immediately if the motor
pulls out of step.

The circuit for accomplishing this is shown in
Figure 39. The field discharge resistor protects the
motor field winding from the high voltage
induced in starting and provides the voltage
source for the control circuit. The ac output of the
exciter is converted to dc by the rofating rectifier
diodes. This output is switched on or off to the
motor field winding by silicon controlled rectifier
SCR-1, which is gated by the control circuit.
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Control circuit

The control circuit keeps the SCR-1 from firing
until the induced field current frequency is very
low, representing a close approach to synchronous
speed, and then fires the rectifier SCR-1 at the
proper time and applies excitation to the
synchronous motor field. At the same time, the
field discharge resistor is removed from the circuit.
This is done by the inherent operating
characteristics of silicon controlled rectifier SCR-2.
This frequency sensitive part of the control circuit
assures that field excitation is applied at the proper
pull-in speed for successful synchronizing and at
the proper polarity to give maximum pull-in torque
with minimum line disturbance.

The control circuit operates to remove excitation
should the motor pull out of step due to a voltage
step or excessive mechanical load. On the first half
cycle after pull-out, the induced field voltage causes
the net field current to pass through zero, turning
SCR-1 off, automatically removing excitation. SCR-2
operates to connect the field discharge resistor back
in to the circuit. During this time the motor
operates as an induction motor. When conditions
permit, field is then re-applied as during starting.

In Figure 39, the voltage from the exciter-
rectifier is blocked by SCR-1 until the point of
synchronization. The field has an alternating
voltage causing current to flow first through SCR-2
and the discharge resistor. On the next half cycle,
current flows through the diode and discharge
resistor. The control circuit waits until the
frequency drops to the preset value, indicating the
rotor is at an adequate speed. Then, after a North
pole on the stator is in the right position to be
attracted to what will be a South pole on the rotor, it
triggers SCR-1 to apply excitation. If the rotor does
not synchronize, it will slip a pole, the induced field
voltage will oppose the exciter voltage causing the
current to go to zero, turning SCR-1 off. SCR-2 is

ROTATING HEAT I
SINK ASSEMBLY

turned on only at a voltage higher than the exciter
voltage so it will not be on when SCR-1 is on.

QOccasionally a lightly loaded motor will
synchronize without excitation being applied. This
is due to the reluctance torque. Reluctance torque
results from the magnetic circuit having less
reluctance when the poles line up with the stator
flux. The EM design includes a “zero slip” circuit to
apply excitation in these situations.

While this may seem complex, it has proven to
be a highly reliable system.

Features of the brushless exciter

1. No brushes, no carbon dust problems, no
brush maintenance.

2. No commutator or slip rings to resurface.

3. Completely automatic field application at the
best angle for sure synchronization.

4. Removal of excitation and application of field
discharge resistor in the event of out of step
operation and automatic resynchronization.

5. Nosparking. Can be used in hazardous areas.

6. No field cubicle with FDR and field contactor
to maintain.

SYNCHRONOUS
MOTOR

Figure 39
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Where synchronous motors

should be applied

Synchronous motors can handle any load
which can be driven by a NEMA design B
squirrel-cage motor. Whether they should be used
for any specific application is a matter of some
investigation. A rough rule of thumb is that
synchronous motors are less expensive than
squirrel-cage motors if the rating exceeds 1 HP per
rpm. However, that considers only initial cost
and does not take into account:

1. Higher efficiency of the synchronous motor.

2. Power factor improvement of the synchronous
motor.,

These two factors become important at speeds
below 500 rpm where induction motor
characteristics leave much to be desired. On the
other side of the balance are these:

3. Necessity for excitation source and field control
means for the synchronous motors.

4. Relatively low torque/kVA efficiency in
starting.

5. Slightly greater maintenance cost, especially
with motors with slip rings and brushes.

Synchronous molor 2500 HP al 327 RPM with WPII enclosure
driving a reciprocating compressor in a refinery.

A few general rules may be established as a
preliminary guide in selection of synchronous vs.
induction motors, but specific local conditions
must govern:

1. If especially low starting kV A, controllable torque
or adjustable speed are desired, a synchronous
motor and slip coupling may be used.

2. At 3600 rpm, synchronous motors are
sometimes used from 10,000 - 20,000 HP.
Above that range they are the only choice.

3. At 1800 rpm, motors show an advantage above
1000 HP. From 2000 to 10,000 HP, synchronous
motors are used if power factor improvement is
especially important. Above 15,000 HP, they are
the only choice.

4. Induction motors for operation below 500 rpm
have lower efficiency and a lower power factor.
Synchronous motors are built at unity or
leading power factor and with good efficiencies
at speeds as low as 72 rpm. For direct
connection in ratings above 1000 HP and in
speeds below 500 rpm, the synchronous motor
should be the first choice for compressors,
grinders, mixers, chippers, etc.

Figure 40 is a general sizing chart for
synchronous and induction motors.

Leading power factor motors are slightly less
efficient than unity power factor motors, but they
do double duty. Their application depends on the
necessity for power factor correction.

Induction motors require from 0.3 to 0.6
reactive magnetizing kVA per HP of operating
load. (1.8 leading power factor synchronous
motors will deliver from 0.4 to (.6 corrective
magnetizing kVA per HP depending on the
mechanical load carried. Equal amounts of
connected HP in induction motors and 0.8 leading
power factor synchronous motors will result in
approximate unity power factor.



20,000 SYNCHRONOUS

15'“”“ ..
[2=4
=

7,500
g H INDUCT
==
S 5,000
= =4

o ..“

3600 1800 1200 900 600 514 450 400 360 327
RPM

Figure 40 General areas of application of synchronous and induction motors,

Synchronous motors for air and gas
compressors and vacuum pumps

Air and gas compressors and vacuum pumps
may be reciprocating, rotary or centrifugal.
Synchronous motors may be used with any of
these types. Detailed application information
follows:

Reciprocating compressors and vacuum pumps

Many more synchronous motors are direct
connected to reciprocating compressors than are
applied to all other types of loads combined.
Factors contributing to this are:

. Low starting and pull-in torque requirement of

Motors designed for direct connection to
reciprocating compressors are usually engine type
or single bearing construction. The stator is
mounted on soleplates set in the foundation. A
special case is the flange-mounted motor in which
the stator frame is mounted on a flange on the
compressor frame. In either case, torque
requirements are usually within the range of
normal design, low speed motors. See Figure 41.

The torque values may be exceeded, for certain
compressors and vacuum pumps, the manufacturer
should be checked for specific values.

300

Torques in % of
Full-load Torque

NEMA Recommended

unloaded reciprocating compressors.
Torques for

2. Elimination of belt, chain and gear drives. BECEFFOBE&HQ Compressors Startin_g_ Pull-in Pull-out
Air or Gas -
3. High efficiency of low speed synchronous Starting Unloaded 40 30 150
motors direct connected to compressors. Vacuurm Pumps -
Starting Unloaded 40 60 150
4. Power factor of low speed synchronous motors
direct connected to compressors. Figurs. &
5. Minimum floor space requirement. @

6. Low maintenance cost. ﬁ



Figure 42

Oscillogram of
synchronous moter
driving a reciprocating
compressor. Line A is
envelope of current wave,
B-C is current pulsation.
B-C divided by rated
full-load molor current is
percent pulsation = 55.2%.

Current pulsation

A reciprocating compressor has a varying
torque requirement per revolution, depending on
number of cylinders, crank angle, etc. As discussed
previously, the angle of rotor lag and the amount of
stator current vary with torque. There will be a
cyclic pulsation of the load current during each
revolution. This in itself is not too objectionable,
but excessive current pulsation may result in
appreciable voltage variation and thus affect lights
or other devices sensitive to voltage change.

Present standards limit current pulsation to 66%
of rated full-load current, corresponding to an
angular deviation of approximately 5% from a
uniform rotative speed. The current pulsation is the
difference between maximum and minimum values
expressed in percent of full-load current. Figure 42
shows an actual oscillogram of current input to a
synchronous motor driving an ammonia compressor.

In some cases, step unloading of compressors
involving successive unloading of various cylinder
ends is used. This introduces additional
irregularity into the crank effort and usually
increases the current pulsation.

Natural frequency

Any system having mass in equilibrium and
having a force tending to return this mass to its
initial position, if displaced, will tend to have a

Figure 43

Crank effort diagram for a one
cylinder, double-acting
compressor, or twae eylinder,
single-acling compressor,
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natural period of oscillation. The common
pendulum is a good example.

The natural frequency of this oscillation in a
synchronous motor is determined by the formula:

_ 35200 [PrxHz

hEE N WWIKE

NF = Natural frequency in oscillations per minute
N = Synchronous speed in revolutions per minute
Pr = Synchronizing power
Hz = Line frequency [CPS)
WK? = Flywheel effect in foot pounds squared

It is assumed there is no effective damping
and the motor is connected to an infinite system.
This natural frequency should differ from any
forcing frequency by at least 20%

Compressor factor

Neglecting inertia and damping forces, a
single cylinder, double acting or a two cylinder,
single acting compressor will have a crank effort
diagram similar to Figure 43. A two cylinder,
double acting or a four cylinder, single acting
crank effort diagram is illustrated in Figure 44.

Various factors may tend to disturb the
symmetry of the torque effort diagrams
illustrated. For instance, on the two cylinder,

~——— 0ONE REVOLUTION——

180 360

DEGREES



double acting compressor with 90° cranks, a 240
“galloping” effect due to acceleration of the
unbalanced reciprocating parts is introduced once
per revolution.

Two-stage compressors usually do not have
exactly equal loading on all cylinder ends. In some
cases, reciprication compressors operate on two or
more suction systems operating at different
temperatures and at different pressures. Various
arrangements to secure part-load operation such as
lifting suction valves, opening clearance pockets,
cutting in partial by-pass systems, etc., may
introduce various degrees of unbalance. Most
types of compressors are covered by a NEMA table
in which each common application is assigned an
application number and “Compressor Factor.”
Figure 45 illustrates percent current pulsation for 0 0 2 4 6 8 10 12 14 16
NEMA application No. 5 covering a single stage, COMPRESSOR FACTOR “X”
two cylinder, double acting compressor with 90°
cranks, plotted against “Compressor Factor” “X" as  Figure 45 X-Y curve for determining flysoheel requirements,
the abscissa. This curve shows that with “X"”
values of 2.0 to 6.0 or above 12.0 the current
pulsation will not exceed 66%.

160

120

CURRENT PULSATION “Y"

3
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Centrifugal compressors and vacuwm pumps

Flywheel effect Various types of centrifugal, positive
The required flywheel effect to limit current displacement compressors are used to compress
pulsation is proportional to the compressor factor air or various gas or to serve as vacuum pumps.
“X" shown in this formula: The Hytor, or water seal type, is frequently used
as a vacuum pump in paper mills, and NEMA
WIK? = XxHzxPrxG recommends special torque consideration. See
WIK* = Total flywheel effect in foot pounds Figure 46.
squared
X = Compressor factor NEMA Recommended Torques in % of FulHoad Torque
Hz = Line frequency in CPS Torques for Compressors Starting Pulin  Pull-out
Pr = Synchranizing power - —
Compressors, centrifugal — starting with:
B =134 x (oor a. Inlet or discharge valve closed 30 4080 150
rpm? b. Inlet or discharge valve open 30 100 150
Compressors, Fuller Company
n a. Starting unloaded (by-pass open) B0 B0 150
Flywheel effect values calculated by the above b. Starting loaded (by-pass closed) B0 100 150

formula and using compressor factors established Compressors, Nash-Hytor - starting unlcaded 40 80 150

E} ill satisfy th ition that the > - :
by NEMA will satisfy the condition that the Compressars, reciprocating - starting unloaded

natural and forcing frequencies differ sufficiently &. Air and gas 10 o5 150
to meet allowable pulsation. b. Ammoania (discharge pressure 100250 psi) 30 25 150
c. Freon 30 40 150
Figure 46
Figure 44
Crank effort diagram for a two
N - _—— cylinder, double-acting
= ONE REVOLUTION compressor, or four cylinder,
= single-acting compressor,
wa
20
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o
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Centrifugal fans, blowers, compressors,
and exhausters

Centrifugal fans, blowers and compressors
differ from reciprocating units in that the pressure
developed is a function of the density of the air or
gas handled, the speed of the impeller, and of
restriction to flow. The gas is accelerated in
passing through the rapidly rotating impeller, this
velocity being converted into pressure in the
volute casing surrounding the impeller.

Units operating at pressures above 30 psi are
called compressors. For pressures above 10 psi,
multi-stage compression is commonly used. These
units are especially suited for high volume at low
pressure. NEMA recommended torques are
shown in Figure 47.

Many of these applications have substantially
more than normal load WK The actual value
should be taken into account in applying and
designing motors for such loads. Care should also
be taken in applying motors to fans normally
handling hot gases. The load, when handling cold
air, as in starting, will be substantially higher.

NEMA Recommended Torques  Torques in % of FulHoad Torque

Starting Pullin  Pull-out

Blower, Centrifugal -
Inlet or discharge valve closed 30 4080 150
Inlet and discharge valve open 30 100 150
Compressor, Centrifugal
Inlet or discharge valve closed 40 4060 150
Inlet and discharge valve open 40 100 150
Fans, Centrifugal (Except Sintering)
Inlet and discharge valve open 30 40-50 150
Inlet and discharge valve open 30 100 150
Fan, Sintering -
Inlet gates open or closed 40 100 150
Fan Propeller —
Discharge open 30 100 150
Figure 47
Type Specific Speed % Torque at Shut-off
Radial-flow 500 45

1000 50

2000 B0
3000 70
Mixed-flow 5000 120
Axial-flow 10000 220

Figure 48

Synchronous motors for centrifugal pumps

The term “centrifugal” may be applied to
radial-flow, mixed-flow or axial-flow pumps. In
all cases, energy is added to the flowing liquid by
means of pressure differences created by vanes of
a rotating impeller or propeller. The radial-flow
pump discharges the liquid at right angles to the
shaft, the mixed-flow discharges it at an angle, and
the axial-flow propels the liquid in an axial
direction.

Hydraulically, the difference is fundamentally
one of the “specific speed” used in the design.
Mathematically, it is shown by this formula:

NG
Be = \/H“/a
Ns = Specific speed
N = rpm
G = gpm
H = Total head in feet where @ and H

correspond to conditions at which
maximum efficiency is obtained

These differences are important in the
application of synchronous motors, as can be seen
in Figure 48.

The important factor is the torque required at
full speed and closed discharge. In the radial-flow
centrifugal pump this is usually about 55% of full
load torque. In the axial-flow it may reach 220%.
Obviously, no attempt should be made to
synchronize a motor driving a mixed-flow or
axial-flow pump under shut-off conditions.
However, the inertia of the water column alone
simulates a partially closed discharge in case of
attempted rapid acceleration, as in the case of
pulling into step. See Figure 49.

The pull-in torques given above are
inadequate where mixed-flow or axial-flow
pumps are concerned. In some cases it is possible
to start these pumps with partially empty casings,
thus reducing pull-in requirements.

On vertical pump motors, additional thrust
capacity is usually required where rigid couplings or
hollow shafts are used, and the motor thrust bearing
must support all rotating parts plus hydraulic load.
Where thrust loads are unusually high, the break-
away or starting torque required may be
considerably in excess of values in Figure 49. In such
cases hydraulic lift bearings should be considered.



Synchronous motors for crushers,
grinders, and mills

Crushing, grinding or pulverizing is a
necessary step in separation of metal from ore,
preparation of crushed rock for the construction
industry, preparation of agricultural limestone,
and manufacture of portland cement.

Primary crushers, usually jaw, gyratory or
hammermill type, are fed the rock or ore directly
after blasting. The material next goes to the
secondary crusher where reduction to about 1/2"
may be accomplished. Secondary mills may be
gyratory, cone, hammermill, or roll type.

Rod mills may also be used as secondary
grinders. A rod mill consists of a steel shell lined
with wear-resistant material and rotated about a
horizontal cylinder axis. The mill uses steel rods 2
to 5 inches in diameter running the length of the
mill. As the mill rotates, the tumbling action of the
rods causes grinding.

Final grinding, possibly down to a material
which will pass through a 200 mesh screen or
finer, is usually done in a ball mill. This is similar
to a rod mill except that steel balls tumble over the
material to be crushed. Autogenous mills use the
crushed rock to grind itself to powder. See Figure
50 for NEMA recommended torques for the
various types of mills.

Synchronous motors for pulp and paper mills

One of the largest power consuming
industries is that of processing wood and wood
products in the manufacture of paper and pulp.

Although alternative fibers may be used in
relatively small quantities in the manufacture of
pulp and paper, by far the largest source is wood.
Paper may be made either by the groundwood or
chemical process. The application table and
recommended NEMA torques shown in Figure 51
cover the usual synchronous motor applications in
paper mills, most of which are common to both
processes.

Paper mills are large users of synchronous
motors for pumps, refiners, chippers and other
equipment.

NEMA Recommended Torques

Torques in % of FulHoad Torque

for Pumps Starting Pulkin Pullout
Pumps, axial flow, adjustable blade
- starting with:
a. Casing dry 5-40 15 150
b. Casing filled, blades feathered 5-40 40 150
Pumps, axial flow, fixed blade
- starting with:
a. Casing dry 5-40 15 150
b. Casing filled, discharge closed 540 175-250 150
c. Casing filed, discharge open 540 100 150
Pumps, centrifugal, Francis impeller
- starting with:
a. Casing dry 540 15 150
b. Casing filled, discharge closed 540 6080 150
c. Casing filled, discharge apen 5-40 100 150
Pumps, centrifugal, radial impeller
- starting with:
a. Casing dry 5-40 15 150
b. Casing filled, discharge closed 540 4080 150
c. Casing filed, discharge open 5-40 100 150
Pumps, mixed flow - starting with:
a. Casing dry 5-40 15 150
b. Casing filled, discharge closed 540 B2-125 150
c. Casing filed, discharge open 5-40 100 150
Pumps, reciprocating - starting with:
a. Cylinders dry 40 30 150
b. By-pass open 40 40 150
c. No by-pass [three cylinder) 150 100 180

Figure 48

Torques in % of FulHoad Torque

Application Starting Pulkin Pull-out
Gyratory (unloaded) 100 100 250
Cone (unloaded) 100 100 250
Hammer Mill (unloaded) 100 80 250
Roll Crusher [unloaded) 150 100 250
Rod Mill - Ore 160 120 175
Ball Mill - Ore 150 110 175
Ball Mill = Rock or Coal 150 110 175
Figure 50
NEMA Recommended Torques in % of
Torques Full-load Torque

Starting Pulkin Pull-out
Refiners [unloaded) 50 50100 150
Conical (Jordan] disc 50 50 1850
Chippers - Empty (1) 60 50 250
Grinders [unloaded)
Magazine 20 40 150
Pocket [unloaded) 40 30 150
Vacuum Pumps [Hytor) BO 100 150

(1) These are high-inertia loads and motor torque reguirements can not be determined from
load values alone. WHK? values must be known to permit proper motor application,

Figure 51



Adjustable Speed

Some applications have varying requirements.
For example, a process may at times require more
water or air. The pump or compressor and motor
are sized for the maximum, and a throttle is used
to reduce the flow. This does not reduce the
power used substantially, since the reduced
quantity is offset by the greater head caused by the
throttle. See Figure 52.

To overcome this, a slip clutch (eddy current
drive) is sometimes used. Electric Machinery
manufactures a magnetic drive for this use. Here
the motor runs at rated speed and the magnetic
drive slips, allowing the compressor to run at a
lower speed. At the lower speed the output and the
torque required are reduced. Although the torque
is reduced, the motor still runs at rated speed, so
the HP is down in proportion to the torque. There
is some slip loss in the slip clutch. This type of
variable speed drive is declining in use.
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Figure 52 System resistance and faw head characteristics.

Adjustable speed with synchronous motors

When one thinks of synchronous motors, the
idea of a motor running at an absolutely constant
speed comes to mind. While this mental picture is
correct, it is so only because the power line frequency
is a constant, and synchronous motors are “locked
in” to the line frequency.

As technology has advanced over the latter
third of the twentieth century, the ability to change
the frequency of the incoming line power - and thus,
to control of the speed of “constant speed” motors -
has become a reality. This has led to adjustable
speed drives for pumps, fans, compressors and
other loads, yielding higher operational efficiencies,
lower wear rates, softer starting, lower starting
currents, and even quieter operation as machines
run at reduced speeds. See Figure 54 and compare
it with Figure 53 to see potential efficiency
improvements with adjustable frequency vs. eddy
current drive.

A “tool” which has come out of development
efforts and is finding application is the Load
Commutated Inverter, or LCI. The LCl is
reminiscent of the “incher,” an array of six
contactors used to switch direct current in
sequence, first positive polarity and then negative,
to the three phases of a normally excited
synchronous motor, thus enabling it to slowly
“inch” its load around to position it for
maintenance reasons. The difference is that the
LCI can do this job at a wide variety of
frequencies, including frequencies higher than line
frequency, thus even enabling supersynchronous
(= synchronous speed) operation. The incher was
limited to one slow speed.

The LCI drive (also commonly referred to as
“VFD,” or variable frequency drive) consists of an
incoming section which supplies direct current via
a current-smoothing choke to an inverter section.
The inverter supplies dc power to the synchronous
motor by switching it between phases at the
desired frequency corresponding to speed.
Because of the functions being accomplished, the
inverter and motor together are sometimes referred
to as a brushless de motor. Refer to Figure 55.
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As with any thyristor circuit, once a thyristor is
turned on, the current must be reduced to zero
before the thyristor returns to the non-conducting
state. With an excited synchronous motor as the
load, the commutation is accomplished using the
open circuited winding to generate opposing
voltages in the machine. (Figures 56 and 57.) To
provide reliable operation at low speeds, encoders
are sometimes used to indicate the instantaneous
position of the rotor to the control so that
succeeding thyristors can be turned on at the proper
instant. Variations in technologies also exist which
use no encoders, but work by sensing the back
voltages from the machine. Whichever method is
used, a rotating magnetic field is established.

The simplest type of LCI uses a six-step
approach. Refer to Figure 59 and note the
progression of the resultant vector as dc is applied
in sequence and at alternating polarity to each phase
of the machine. The vector, representing the
magnetic field, progresses around the stator in one
complete cycle.

The six-step approach, while the simplest, is
not the smoothest. The pulsations associated with
the finite progression of magnetic fields around the
stator are reflected in torque pulsations and
magnetic noise. Care must be exercised to avoid
critical frequencies in the motor shaft and other
elements which could respond to pulsations set up
by the inverter action. In some cases, special
couplings must be applied to avoid premature
failures. The six-step approach is commonly used
for horsepower in the 500-2500 range, sometimes
up to 6000HP.

Figures 58 Back to back
test af 2-14200 HP 3200
RPM 2 pole synchronous
motors for VED application.
The shaft extensions are
conpled together, and with
their respective VFD's one
operaltes as a motor and the
other operates as a
generator, achicving
essentially full load
aperation of each machine.
In this type of test the local
wlility must only make up
the losses of the machines
and VFD's.

A C-A
B
c
L
1 3 5
C-A

Figure 57 Load Current Path (C-B)

A smoother-acting system can be assembled
by taking advantage of the 30 difference between
the secondary voltages in wye and delta-
connected transformers. Using this motor and
transformer combination, a twelve-step inverter
can be applied.
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Refer to Figure 60. In Figure 61, the progression of
the vector can be followed as above, but the steps
now are at 30" intervals rather than at 607, as in the
six-step inverter. Another significant advantage is
a reduction in harmonics imposed on the
incoming line as well as torque harmonics to the
load. Figures 62 and 63 further illustrate the
differences between six and twelve-step inverter
actions. The fifth, seventh, seventeenth,
nineteenth, and many higher order harmonics
cancel in the wye and delta secondaries; they do
not appear in the incoming power to the twelve-
step converter. The result is smoother operation,
fewer concerns about torsional stresses, quieter
running, lower harmonics on the incoming line,
and a reduced output requirement from each
thyristor bridge.
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Figure 60 Top: 6 Pulse Single Winding.
Botten: 12 Pulse Dual Winding.

While two transformers could be used to feed
the twelve-step converter, a three-winding
transformer is frequently used (note in Figure 60).
Although this could be done with transformers
between the inverter and the motor, the motor,
rather, is frequently wound with a dual winding
to isolate the outputs of the two inverter sections.
The two separate windings are shifted 30 electrical
degrees. Each part of the motor stator actually
sees a six-step progression, but the rotor sees the
twelve-step sum of the two inputs to the machine.
The twelve step approach is typically used for
horsepowers of 2000 and larger, even up to 50,000.

Current-limiting functions are often employed
during starting, keeping currents to values
considerably under normal locked rotor values. The
current limit is adjustable and is set as a function of
the amount of torque required. Available starting
torque, when operating with an LCI, is more like the
maximum operating torque of the motor, since it is
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Figure 59 Single Winding 6 Pulse. Figure 81 Dual Winding 12 Pulse.
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B6-Pulse Converter With Delta/WYE Transformer
Fourier Series:

=243 | (cos 8 + Y5 cos 56 - ¥7 cos 76 - ¥ cos 116

+ Y cos 138 + Yircos 178 - Vo cos 198 —)
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B-Pulse Converter With Delta/Delta Transformer
Fourier Series:

fm eyl I (cos 8- cos 56 + ¥ cos 76 - ¥ cos 118
+ Yucos 130 - ¥ocos 170 + Vi cos 180 —)

(c)

Current in Delta/Delta and Delta/WYE Transformers
Fourier Series:

leotar = 21\3 l4 (cos 8- "4 cos 118 + a cos 136
" - s cos 230 + s cos 258 —)

Figure 83 Sine wave simulation of VED output.

synchronized with the very low frequency source.
Greater starting torques may be available at the
same time that lower starting currents are
demanded when compared with across-the-line
starting. Reduced speed operation is controlled at a
constant volts per hertz basis so the magnetic
structure is not saturated.

Occasionally, a by-pass contactor or circuit
breaker will be supplied to connect the line
directly to the machine. This will affect the cost of
the installation, but it may also be desired by the
user as a backup system. It is also possible to start
or operate multiple machines while using only one
LCIL For example, there may be two pumps; one
may be operating via the LCI, but its capacity has
been exceeded by the demand. This machine can
be transferred to across-the-line operation via the
by-pass contactor and the LCI transferred to the
second machine, which it can bring up to
operating speed, increasing the total capacity in a
very smooth and bumpless manner. Refer to
Figure 64.

Occasionally, it will be desired that voltage
will be increased to rated level at speeds over 80%
(of line frequency rating). For this condition, the
motor is built with enough iron so that magnetic
saturation does not become problematic. The
result is that the machine can run without a power
factor penalty. Low voltage means delayed firing
angles in the front (input) end of the converter,
and that translates into a low power factor. Since
it is common for large machines (forced draft and
induced draft fans) to run at speeds between 80%
and 100%, it is desirable to operate at 100% voltage
and realize the benefit of the improved power
factor (as seen by the line) available from 80 to
100% speed.

While unity or leading power factors are
generally associated with synchronous motors,
this feature does not hold true when the motor is
operated through an LCL. The motor will be
operating at a leading power factor, but the line
does not see the motor; it sees the input section of
the LCI, and that is always a lagging power factor
load. The lower the speed (voltage) the more
lagging the power factor, and the best power
factor is still only about 90% when output voltage
to the motor is at maximum.

Cooling the machine may be by use of an
integral fan if the load is variable torque and is not
expected to operate at speeds below about 50% for
extended periods. If a constant torque load is
being driven, however, and particularly if the
speed will be less than 50% rated, external cooling
fans must be employed. Often, the motor will be
oversized to lessen the effects of reduced cooling
at lower speeds.

Sometimes present in the output supplied to
the motor from the LCI are common mode
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voltages which may impose higher-than-usual
stresses to ground from the machine winding,.
Accordingly, it is necessary to provide groundwall
insulation with 1.3 to 1.8 times the normal
dielectric strength compared to ordinary machines
when the unit is to be operated from an inverter.

The exciter design must differ from
conventional designs in that conventional exciters
extract energy from the rotating shaft, whereas,
that source would be such a variable factor - even
approaching zero at very low speeds - the energy
must be transmitted to the rotor by another means.
Exciter designs for these motors use three-phase ac
excitation on the stator, applied so the rotating
field is counter-rotating to the rotor. In a very real
sense, it is a rotating transformer with an air gap
in the magnetic circuit, and all of the power
developed in the rotor comes from the excitation
source. The exciter may or may not have the same
number of poles as the motor; however, the
frequency in the rotor circuit is not critical, since it
is rectified anyhow.

An advantage of the LCI drive which has not
been discussed is the ability to run at
supersynchronous speed (higher than the
synchronous speed of a machine with the same
number of poles when connected to the line). If
this kind of operation is planned, it must be kept
in mind that centrifugal forces are a function of the
square of the speed and loads for centrifugal
pumps and fans are related to the cube of the
speed. Realizing this, it soon becomes apparent

LCI
CONTACTOR 1

LCI
CONTACTOR 2

that a small increase in speed results in much
larger changes in centrifugal stresses and in
loading; thus, these expectations must be known
by the machine designer so that proper
capabilities can be incorporated into the design.
Critical frequencies which, conceivably, might
otherwise occur at speeds only slightly above
normal synchronous speed could also be avoided.

We have seen that the motors used with
inverters are much the same as those which are
applied only at line voltages and frequencies; the
major differences being in two-winding stators for
the twelve-step inverter applications, possible
heavier ground-wall insulation, cooling, and three-
phase exciter stator windings, plus torsional
considerations and, possibly, provisions for
supersynchronous operation which affect the
mechanical facets of the design as well as the
electrical. However, these are but refinements to
the machine to adapt it to a special application.

Advances in technology, bringing about such
equipment as the Load Commutated Inverter,
continue to open new doors of opportunity for
application of that old, reliable workhorse of
industry, the Synchronous Motor.

Synchronous motors fill an important place in
industry. They are usually associated with loads of
major importance. A corresponding degree of care
in their application is well advised and worth the
extra effort.

g |



About the authors

Gerry Oscarson

Now deceased, Gerry Oscarson was the original author of this special issue of
the EM Synchronizer. He held Electrical Engineering degrees from the University of
Minnesota. Specializing in electric power apparatus, Mr. Oscarson was directly
associated with the industrial application of motors, generators, and controls. For
many years, he was Chief Application Engineer of the Electric Machinery Mfg.
Company. The ABC series of EM Synchronizers are Gerry’s work. These remain as
standard references for industrial plants around the world, and are often used as texts
by engineering schools.

Jack Imbertson

Jack Imberton holds an Electrical Engineering degree from the University of
Minnesota. While at EM, he held the positions of Design Engineer, Programmer,
Manager of Synchronous Machines, and Manager of Turbo Generators. He has been
active in IEEE and was a past chairman of the TAS section. He also served as a
member of the ANSI C50 standards committee on synchronous machines.

Since retirement, he has taught electro-mechanics at the University of Minnesota
and does some consulting,.

Ben Imbertson

Ben Imbertson holds a Bachelors Degree in Electrical Engineering from the
University of Minnesota and is a registered Professional Engineer. While at EM, he
worked as a Control Design Engineer, Control Engineering Section Head, and
Principal Engineer-Control Products.

His EM experience included applications in synchronous and induction motor
control, generator control, as well as adjustable-speed drives. His post EM experience
has been in similar areas.

Ben's writing has appeared in several EM publications including the
Synchronizer, “The ABC's of Motor Control.”

| Steve Moll

Steve Moll is presently Senior Marketing Representative with Electric Machinery.
He holds a Bachelor of Electrical Engineering degree from the University of Minnesota.

His experience at EM includes Senior Design Engineer where he worked with
motor and generator controls, as well as high voltage switchgear and controls for gas
turbine driven generators. In his present position, his area of specialty is application
and marketing of 2-pole turbine driven generators. He has significant experience with
synchronous and induction motors as well.

Several of Steve's articles have appeared in trade as well as company publications.

- 800 Central Avenue; Minneapolis, MN 55413
< l p» | Electric Machinery Company | Business: (612) 378-8000 Fax: (612) 378-8054
] www.electricmachinery.com

Z00-5YN-12



	12.pdf
	Features
	Pin Configurations
	Overview
	Block Diagram
	Disclaimer
	Pin Descriptions
	VCC
	GND
	Port B (PB7..PB0) XTAL1/XTAL2/TOSC1/ TOSC2
	Port C (PC5..PC0)
	PC6/RESET
	Port D (PD7..PD0)
	RESET
	AVCC
	AREF
	ADC7..6 (TQFP and QFN/MLF Package Only)


	Resources
	Data Retention
	About Code Examples
	Atmel AVR CPU Core
	Introduction
	Architectural Overview
	Arithmetic Logic Unit – ALU
	Status Register
	General Purpose Register File
	The X-register, Y- register and Z-register

	Stack Pointer
	Instruction Execution Timing
	Reset and Interrupt Handling
	Interrupt Response Time


	AVR ATmega8 Memories
	In-System Reprogrammable Flash Program Memory
	SRAM Data Memory
	Data Memory Access Times
	EEPROM Data Memory
	EEPROM Read/Write Access
	The EEPROM Address Register – EEARH and EEARL
	The EEPROM Data Register – EEDR
	The EEPROM Control Register – EECR
	EEPROM Write during Power-down Sleep Mode
	Preventing EEPROM Corruption

	I/O Memory

	System Clock and Clock Options
	Clock Systems and their Distribution
	CPU Clock – clkCPU
	I/O Clock – clkI/O
	Flash Clock – clkFLASH
	Asynchronous Timer Clock – clkASY
	ADC Clock – clkADC

	Clock Sources
	Crystal Oscillator
	Low-frequency Crystal Oscillator
	External RC Oscillator
	Calibrated Internal RC Oscillator
	Oscillator Calibration Register – OSCCAL

	External Clock
	Timer/Counter Oscillator

	Power Management and Sleep Modes
	MCU Control Register – MCUCR
	Idle Mode
	ADC Noise Reduction Mode
	Power-down Mode
	Power-save Mode
	Standby Mode
	Minimizing Power Consumption
	Analog-to-Digital Converter (ADC)
	Analog Comparator
	Brown-out Detector
	Internal Voltage Reference
	Watchdog Timer
	Port Pins


	System Control and Reset
	Resetting the AVR
	Reset Sources
	Power-on Reset
	External Reset
	Brown-out Detection
	Watchdog Reset
	MCU Control and Status Register – MCUCSR
	Internal Voltage Reference
	Voltage Reference Enable Signals and Start-up Time

	Watchdog Timer
	Watchdog Timer Control Register – WDTCR

	Timed Sequences for Changing the Configuration of the Watchdog Timer
	Safety Level 1 (WDTON Fuse Unprogrammed)
	Safety Level 2 (WDTON Fuse Programmed)


	Interrupts
	Interrupt Vectors in ATmega8
	Moving Interrupts Between Application and Boot Space
	General Interrupt Control Register – GICR


	I/O Ports
	Introduction
	Ports as General Digital I/O
	Configuring the Pin
	Reading the Pin Value
	Digital Input Enable and Sleep Modes
	Unconnected pins

	Alternate Port Functions
	Special Function IO Register – SFIOR
	Alternate Functions of Port B
	Alternate Functions of Port C
	Alternate Functions of Port D

	Register Description for I/O Ports
	The Port B Data Register – PORTB
	The Port B Data Direction Register – DDRB
	The Port B Input Pins Address – PINB
	The Port C Data Register – PORTC
	The Port C Data Direction Register – DDRC
	The Port C Input Pins Address – PINC
	The Port D Data Register – PORTD
	The Port D Data Direction Register – DDRD
	The Port D Input Pins Address – PIND


	External Interrupts
	MCU Control Register – MCUCR
	General Interrupt Control Register – GICR
	General Interrupt Flag Register – GIFR

	8-bit Timer/Counter0
	Overview
	Registers
	Definitions

	Timer/Counter Clock Sources
	Counter Unit
	Operation
	Timer/Counter Timing Diagrams
	8-bit Timer/Counter Register Description
	Timer/Counter Control Register – TCCR0
	Timer/Counter Register – TCNT0
	Timer/Counter Interrupt Mask Register – TIMSK
	Timer/Counter Interrupt Flag Register – TIFR


	Timer/Counter0 and Timer/Counter1 Prescalers
	Internal Clock Source
	Prescaler Reset
	External Clock Source
	Special Function IO Register – SFIOR

	16-bit Timer/Counter1
	Overview
	Registers
	Definitions
	Compatibility

	Accessing 16-bit Registers
	Reusing the Temporary High Byte Register

	Timer/Counter Clock Sources
	Counter Unit
	Input Capture Unit
	Input Capture Pin Source
	Noise Canceler
	Using the Input Capture Unit

	Output Compare Units
	Force Output Compare
	Compare Match Blocking by TCNT1 Write
	Using the Output Compare Unit

	Compare Match Output Unit
	Compare Output Mode and Waveform Generation

	Modes of Operation
	Normal Mode
	Clear Timer on Compare Match (CTC) Mode
	Fast PWM Mode
	Phase Correct PWM Mode
	Phase and Frequency Correct PWM Mode

	Timer/Counter Timing Diagrams
	16-bit Timer/Counter Register Description
	Timer/Counter 1 Control Register A – TCCR1A
	Timer/Counter 1 Control Register B – TCCR1B
	Timer/Counter 1 – TCNT1H and TCNT1L
	Output Compare Register 1 A – OCR1AH and OCR1AL
	Output Compare Register 1 B – OCR1BH and OCR1BL
	Input Capture Register 1 – ICR1H and ICR1L
	Timer/Counter Interrupt Mask Register – TIMSK(1)
	Timer/Counter Interrupt Flag Register – TIFR(1)


	8-bit Timer/Counter2 with PWM and Asynchronous Operation
	Overview
	Registers
	Definitions

	Timer/Counter Clock Sources
	Counter Unit
	Output Compare Unit
	Force Output Compare
	Compare Match Blocking by TCNT2 Write
	Using the Output Compare Unit

	Compare Match Output Unit
	Compare Output Mode and Waveform Generation

	Modes of Operation
	Normal Mode
	Clear Timer on Compare Match (CTC) Mode
	Fast PWM Mode
	Phase Correct PWM Mode

	Timer/Counter Timing Diagrams
	8-bit Timer/Counter Register Description
	Timer/Counter Control Register – TCCR2
	Timer/Counter Register – TCNT2
	Output Compare Register – OCR2

	Asynchronous Operation of the Timer/Counter
	Asynchronous Status Register – ASSR
	Asynchronous Operation of Timer/Counter2
	Timer/Counter Interrupt Mask Register – TIMSK
	Timer/Counter Interrupt Flag Register – TIFR

	Timer/Counter Prescaler
	Special Function IO Register – SFIOR


	Serial Peripheral Interface – SPI
	SS Pin Functionality
	Slave Mode
	Master Mode
	SPI Control Register – SPCR
	SPI Status Register – SPSR
	SPI Data Register – SPDR

	Data Modes

	USART
	Overview
	AVR USART vs. AVR UART – Compatibility

	Clock Generation
	Internal Clock Generation – The Baud Rate Generator
	Double Speed Operation (U2X)
	External Clock
	Synchronous Clock Operation

	Frame Formats
	Parity Bit Calculation

	USART Initialization
	Data Transmission – The USART Transmitter
	Sending Frames with 5 to 8 Data Bits
	Sending Frames with 9 Data Bits
	Transmitter Flags and Interrupts
	Parity Generator
	Disabling the Transmitter

	Data Reception – The USART Receiver
	Receiving Frames with 5 to 8 Data Bits
	Receiving Frames with 9 Data Bits
	Receive Compete Flag and Interrupt
	Receiver Error Flags
	Parity Checker
	Disabling the Receiver
	Flushing the Receive Buffer

	Asynchronous Data Reception
	Asynchronous Clock Recovery
	Asynchronous Data Recovery
	Asynchronous Operational Range

	Multi-processor Communication Mode
	Using MPCM

	Accessing UBRRH/UCSRC Registers
	Write Access
	Read Access

	USART Register Description
	USART I/O Data Register – UDR
	USART Control and Status Register A – UCSRA
	USART Control and Status Register B – UCSRB
	USART Control and Status Register C – UCSRC
	USART Baud Rate Registers – UBRRL and UBRRHs

	Examples of Baud Rate Setting

	Two-wire Serial Interface
	Features
	Two-wire Serial Interface Bus Definition
	TWI Terminology
	Electrical Interconnection

	Data Transfer and Frame Format
	Transferring Bits
	START and STOP Conditions
	Address Packet Format
	Data Packet Format
	Combining Address and Data Packets into a Transmission

	Multi-master Bus Systems, Arbitration and Synchronization
	Overview of the TWI Module
	SCL and SDA Pins
	Bit Rate Generator Unit
	Bus Interface Unit
	Address Match Unit
	Control Unit

	TWI Register Description
	TWI Bit Rate Register – TWBR
	TWI Control Register – TWCR
	TWI Status Register – TWSR
	TWI Data Register – TWDR
	TWI (Slave) Address Register – TWAR

	Using the TWI
	Transmission Modes
	Master Transmitter Mode
	Master Receiver Mode
	Slave Receiver Mode
	Slave Transmitter Mode
	Miscellaneous States
	Combining Several TWI Modes

	Multi-master Systems and Arbitration

	Analog Comparator
	Special Function IO Register – SFIOR
	Analog Comparator Control and Status Register – ACSR
	Analog Comparator Multiplexed Input

	Analog-to- Digital Converter
	Features
	Starting a Conversion
	Prescaling and Conversion Timing
	Changing Channel or Reference Selection
	ADC Input Channels
	ADC Voltage Reference

	ADC Noise Canceler
	Analog Input Circuitry
	Analog Noise Canceling Techniques
	ADC Accuracy Definitions

	ADC Conversion Result
	ADC Multiplexer Selection Register – ADMUX
	ADC Control and Status Register A – ADCSRA
	The ADC Data Register – ADCL and ADCH


	Boot Loader Support – Read- While-Write Self- Programming
	Boot Loader Features
	Application and Boot Loader Flash Sections
	Application Section
	BLS – Boot Loader Section

	Read-While-Write and No Read- While-Write Flash Sections
	RWW – Read-While- Write Section
	NRWW – No Read- While-Write Section

	Boot Loader Lock Bits
	Entering the Boot Loader Program
	Store Program Memory Control Register – SPMCR

	Addressing the Flash During Self- Programming
	Self-Programming the Flash
	Performing Page Erase by SPM
	Filling the Temporary Buffer (Page Loading)
	Performing a Page Write
	Using the SPM Interrupt
	Consideration While Updating BLS
	Prevent Reading the RWW Section During Self-Programming
	Setting the Boot Loader Lock Bits by SPM
	EEPROM Write Prevents Writing to SPMCR
	Reading the Fuse and Lock Bits from Software
	Preventing Flash Corruption
	Programming Time for Flash when using SPM
	Simple Assembly Code Example for a Boot Loader
	ATmega8 Boot Loader Parameters


	Memory Programming
	Program And Data Memory Lock Bits
	Fuse Bits
	Latching of Fuses

	Signature Bytes
	Calibration Byte
	Page Size
	Parallel Programming Parameters, Pin Mapping, and Commands
	Signal Names

	Parallel Programming
	Enter Programming Mode
	Considerations for Efficient Programming
	Chip Erase
	Programming the Flash
	Programming the EEPROM
	Reading the Flash
	Reading the EEPROM
	Programming the Fuse Low Bits
	Programming the Fuse High Bits
	Programming the Lock Bits
	Reading the Fuse and Lock Bits
	Reading the Signature Bytes
	Reading the Calibration Byte
	Parallel Programming Characteristics

	Serial Downloading
	Serial Programming Pin Mapping
	Serial Programming Algorithm
	Data Polling Flash
	Data Polling EEPROM
	SPI Serial Programming Characteristics


	Electrical Characteristics – TA = -40°C to 85°C
	Absolute Maximum Ratings*
	DC Characteristics
	External Clock Drive Waveforms
	External Clock Drive
	Two-wire Serial Interface Characteristics
	SPI Timing Characteristics
	ADC Characteristics

	Electrical Characteristics – TA = -40°C to 105°C
	Absolute Maximum Ratings*
	DC Characteristics TA = -40°C to 105°C, VCC = 2.7V to 5.5V (unless otherwise noted)

	ATmega8 Typical Characteristics – TA = -40°C to 85°C
	Active Supply Current
	Idle Supply Current
	Power-down Supply Current
	Power-save Supply Current
	Standby Supply Current
	Pin Pull-up
	Pin Driver Strength
	Pin Thresholds and Hysteresis
	Bod Thresholds and Analog Comparator Offset
	Internal Oscillator Speed
	Current Consumption of Peripheral Units
	Current Consumption in Reset and Reset Pulsewidth

	ATmega8 Typical Characteristics – TA = -40°C to 105°C
	Active Supply Current
	Idle Supply Current
	Power-down Supply Current
	Pin Pull-up
	Pin Driver Strength
	Pin Thresholds and Hysteresis
	Bod Thresholds and Analog Comparator Offset
	Internal Oscillator Speed
	Current Consumption of Peripheral Units
	Current Consumption in Reset and Reset Pulsewidth

	Register Summary
	Instruction Set Summary
	Ordering Information
	Packaging Information
	32A
	28P3
	32M1-A

	Errata
	ATmega8 Rev. D to I, M

	Datasheet Revision History
	Changes from Rev. 2486Z- 02/11 to Rev. 2486AA- 02/2013
	Changes from Rev. 2486Y- 10/10 to Rev. 2486Z- 02/11
	Changes from Rev. 2486X- 06/10 to Rev. 2486Y- 10/10
	Changes from Rev. 2486W- 02/10 to Rev. 2486X- 06/10
	Changes from Rev. 2486V- 05/09 to Rev. 2486W- 02/10
	Changes from Rev. 2486U- 08/08 to Rev. 2486V- 05/09
	Changes from Rev. 2486T- 05/08 to Rev. 2486U- 08/08
	Changes from Rev. 2486S- 08/07 to Rev. 2486T- 05/08
	Changes from Rev. 2486R- 07/07 to Rev. 2486S- 08/07
	Changes from Rev. 2486Q- 10/06 to Rev. 2486R- 07/07
	Changes from Rev. 2486P- 02/06 to Rev. 2486Q- 10/06
	Changes from Rev. 2486O-10/04 to Rev. 2486P- 02/06
	Changes from Rev. 2486N-09/04 to Rev. 2486O-10/04
	Changes from Rev. 2486M-12/03 to Rev. 2486N-09/04
	Changes from Rev. 2486L-10/03 to Rev. 2486M-12/03
	Changes from Rev. 2486K-08/03 to Rev. 2486L-10/03
	Changes from Rev. 2486J-02/03 to Rev. 2486K-08/03
	Changes from Rev. 2486I-12/02 to Rev. 2486J-02/03
	Changes from Rev. 2486H-09/02 to Rev. 2486I-12/02
	Changes from Rev. 2486G-09/02 to Rev. 2486H-09/02
	Changes from Rev. 2486F-07/02 to Rev. 2486G-09/02
	Changes from Rev. 2486E-06/02 to Rev. 2486F-07/02
	Changes from Rev. 2486D-03/02 to Rev. 2486E-06/02
	Changes from Rev. 2486C-03/02 to Rev. 2486D-03/02
	Changes from Rev. 2486B-12/01 to Rev. 2486C-03/02

	Table of Contents




