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ABSTRACT

The ultimate goal of this project is to develop software and circuit design for battery
management system (BMS) in electric vehicle, controls the charging and discharging cycles of the
NCR18650 lithium-on battery. With balanced control of electrostatic charge in the lithium-ion
batteries, high performance in battery life. By regulating the charger module in a battery, used an
Arduino board for programming, was a software designed for control module. Which can efficiently
control the voltage levels if the voltage decreases and lower than standard, starting and charging
systems in a battery. But if the voltage increases and the battery has been fully charged, the cut-
off voltage. Therefore, the result suggested that this project can control for optimizing the charge

and discharge of battery.
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(Balancing circuit system)
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® Luuw1adw (Passive Balancing method)
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fis: “Battery Cell Balancine” 1ae Robert Tan IFAP ATV SMD SAE
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2.5 NCR18650 Lithium lon

NCR18650 Lithium lon iuuumineivinaiBexlonsu Tns NCR18650 Lithium lon dinnsua

AneeAanalull
A
Specifications Dimensions
Rated capacity!? | Min. 2700mAh Max. 18.5 mm
Capacity(2 Min. 2750mAh : £
Typ. 2900mAh ~- : 5
~4 w
Nominal Vo[tage 3.6V *With tube (*)
Charging CC-CV, Std. 1925mA, 4.20V, 3.0 hrs i T
Weight (max.) 46.5g i ’ E
I
Temperature Charge*: 0to +45°C i o
I
Discharge: -20 to +60°C i ‘;
Storage: -20 to +50°C - 2
Energy density®) | Volumetric: 577 Whyl o
= - b WSS SRS A
Gravimetric: 214 Wh/kg [
1) At 20°C 12 At 25°C 3} Energy density based on bare cell dimensions For Reference Only

sU#i 2.7 AruandRAlasuuinues NCR18650 Lithium lon

#lan: “NCR 18650 Lithium lon” Tns PANASONICBATTERY [Panasonic Battery Group]
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2.6 weAnssuvaINIsTIsINSEUalduAAeaS NCR18650 Lithium lon

Charge Characteristics . Cycle Life Characteristics
' i
) . ] ‘ Charge:  CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C
. |charge. CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C l ; NN (o calpoesio i
\
45 - 7 ‘ 3000 \
+ 3000 }
] =T | —20 —
543 1 VOLTAGE i % -i i 'g '-"-—-.-'ﬁ-.-
w s |
g 35 - T : E | ENW
9 1 €z | Fmw
> 30 1 g 3 a
[ : ’ CURRENT |40 3 1000
25 | CAPACITY
| 500
20 ; . . - = {
0 50 100 150 200 0
TIME (minutes) 0 100 20 300 200 500 500
‘ CYCLE COUNT
Discharge Characteristics (by temperature) Discharge Characteristics (by rate of discharge)
Charge:  CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C ! Charge:  CC-CV'0.5C (max) 4.20V, 65mA cut-off at 25°C
45 Discharge: CC 1C, 2.50V cut-off at eachtemperature ' 45 Discharge: CC, 2.50V cut-off at 25°C

g

VOLTAGE (V)
w
in

VOLTAGE (V)
t

w
o

15

| s

0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
DISCHARGE CAPACITY (mAh) DISCHARGE CAPACITY (mAh)
|
20" 10" € ===0" € =25  ——40" C -8 05 —1C ~—2C

The data in this document is for descriptive purposes only and is not intended to make or imply any guarantee or warranty.

1
=

5U# 2.8 nlEn Mg ANTINVEIN A ID LN DS

#ian: “NCR 18650 Lithium lon” Tne PANASONICBATTERY [Panasonic Battery Group]
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Charge Characteristics

Charge: CC-CV 0.5C {max) 4.20V, 65mA cut-off at 25°C

50 1

&
n

-
(=)

VOLTAGE

VOLTAGE (V)
w w
Q Sl
CURRENT (mA)
CAPACITY (mAh)

~N
n

CURRENT o
CAPACITY

b 50 _ﬂ LE’ 150 20})

' TIME [min Y

Fast charge slow charge

M
o

5U# 2.9 nsmluanangfinssureimsysaliidnuunines

fia: “NCR 18650 Lithium lon” Tne PANASONICBATTERY [Panasonic Battery Group]

INFUN 2.9 azuiuldinlunstsalnasudeeniduanstig. Aa fast charge uag slow charge ng
1 [~ ] a v s = o o 174 d a g [ = =]
%24 fast charge A=uUT195UA UTDINI IS0 N5EAUTINULHAN L UR LA BT L RLT URE 19TRL529 2 LT
¥ o i g = P ' '
AnnTNCEUFWRD Tugrslinszualiiraziinnash (Constant current) d@auludag slow charge a1y
1 Ao Qs o 8 = V@ 73 1 ar sal 1 = — 1
12498159 AL TR UL MUA LRI INAIALT gARNAIILTIAUE AL UA IR (Constant voltage) waz A

nsznalnihazisudiananas

2.1 Ei':mlsznawaﬁz‘uuﬂ'm@sm'mn‘immmmaé NCR18650 Lithium lon
SEUUAUANNSINSIYRIIUAIRTUTEnRURY 4 daumdnTug/ldin vasaauaunisn$a @
wasdtyayiod DAC uunwed uazszuvamadanisvsa Ineflseasdunvosnsyhnul uudasdiused
2.7.1 vefamuaumsm$e vimthiauaumssgliduunneiauteulafisimun
2.7.2 fudasdnyeyias DAC (Digital to analog converter) uthilulasdygiaminianeann
veinmunulududiygneudontoudhuunined
2.7.3 uumne’ vwmihiisunseudlarnuesaruauiivianstels
2.7.4 sruunsnsdamsunia vihiinsadassiunssudlniluiugddoyaludiy
JUuuuredygraendendiludueinnmunuiladassiuusulii-lununmeiin

P o o o o = 1
agluNaulvraswdsisiuuavseld
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2.8 Arduino Mega 2560

'gll‘ﬁ[ 2.10 Arduino Mega

fian: “Arduino Mega 2560” 1) https://www.arduino.cc

Arduino Mega 2560 uainjulnailurewszna Arduino dRuautfsiage N0 Arduino
Uno R3 148 ATmega2560 7iintiaonnusiunay 256 KB usu 8 KB 1#lwians 7 fs 12 V useduvas
ssuuagjﬁ 5V il Digital Input / Output a1ndie 54 41 (Ju PWM 16 14 97) i Analog Input 16 41 Serial
UART 4 9 12C 1 90 SPI 1 90 Weulusunsuuu Arduino IDE wazlusunsusag USB tisnzdm3ugi
au‘L%L?uﬁuﬁaui’miﬁmmiﬂﬂmau’lﬁwsmaa%ﬁﬁmmiua%ﬂ Arduino #ifinihamnuduazdeyy

#1499 Isaldaunndu

Arduino Mega 2560 Wuuesalulasrsulnsaaesminuuuiugiuues ATmega2560 39

Usenaunae

- 54 digital input/output pins ( 15 pin gunsnladu PWM output 161 )

- 16 analog inputs

- 4 UARTs

- 16 MHz crystal oscillator ( [dmsunsasmnudlviuvesalulasreulnsawes )

- USB connection

- Jain reset

- YRAFULKERE

- ICSP header :In-Circuit Serial Programming (@il AVR suaidndnsunisiusunsy
Arduino ZaUsznausag MOSI, MISO, SCK, RESET, VCC,GND)



ik

Tntuedn Arduino Leonardo #iynsiilulasaeulnsanessniufeddedamrelnides
anunsavilgamsileusiodiu USB cable wie s1elwidae AC-DC adapter w30 mslduunaes 34
Mega WuvasafidhAuldiu shield fieenuuusiile Arduino Duemilanove e Diecimila

Mega 2560 iiiannuuansnsainuasarounthaselalld FTDI USB-to-serial driver chip usazd

ATmegal16U2 Wandulusunsuudas USB-to-serial

Arduino Mega2560 Revision 2 i ATmega8U2 vilidwian firmware #1u USB protocal i

138171 DFU( Device Firmware Update ) lefdnadu

8

Arduino Mega Revision 3 i featurelv qintuninsil

- 1.0 pinout: iy SDA W@y SCL (aglnafiu AREF pin) uazdnaes pins lwife IOREF U pin
fldlun1sdousioriu shields ilenuaiBuussiuiildanuesn dadn 1 pin fwdeillidmiuldmiu
AVR Tuaunan

- 2999 Reset MRay

-4 ATmega 16U2 unu 8U2

Memory

ATmega2560 fimiheA211E1 256 KB (8 KB lddwisu bootloader) uanainiiddisn 8 KB dwdu
SRAM u@ag 4 KB dvi3u EEPROM

Input and Qutput
luwsiae digital pins 14 54 pins unuuasA- Arduino Uno aansaiduldvia input uay output Tae

o l:‘ L o
ENINIUNLTIAU 5V LLEﬂWﬂ'ﬁ%LLﬁ%GE}ﬂ 40 mA

Power

Arduino Mega @111301 %93 5UNF191UlAEN1518UsE micro USB connector 38 211 power

supply 9nneuenla lagunamdnuazgnidentagdnlulf
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WAAINEAINAEUBNAINITOUTADIN AC-to-DC adapter 1381NUUAWMBS Lagsaldfiu
2.1mm center-positive plug lUSstpudsuLMaang Lasmsaadfulunwmesaiuisavildlnenisae

WU GND wag Vin pin header 983 power connecter

vasaamnsayinulalugiawswy 6 89 20 volts 61 unasdieiiAiingt 7V envdwaldd 5 v
pin Aus3iunAInd1 5V uar vesaoravrliiaios uwadminussiuiAigendn 12V envdwmaliuedn

Overheat wazanwvilvuasadomeld Fulumaussuiimnsauiuvedede 7V aa12V
- VIN i input voltage wesuada Arduino Taeldunasinearnaieuan
- 5v 1l output pin finuRu 5V Taveia
- 3v3 {u 3.3 volt supply Hadisuain regulator vuuein kaglinseualagsan 50 mA
- GND {u groud pin

- IOREF \flu pin #il3% voltage reference fulalasasulnsaass iisidenA1ussiuliiy
shield Nueusaduuase

NN Tud U AR

Serial: 0 (Rx) wag 1(Tx); Serial 1: 19(Rx) way 18 (Tx); Serial 2: 17 (R) way 16(Tx); Serial
3:15 (R¥) waw 14 (Tx) Wdwisuiu (RY) uavda(Tx) TTL serial data 1a pin 0 uay 1 azgnideusaludls

corresponding pins U84 ATmegal6U2 USB-to-TTL serial chip

External Interrupts: 2 (interrupt 0), 3 (interrupt 1), 18 (interrupt 5), 19 (interrupt 4), 20
(interrupt 3), 21 (interrupt 2). Pins aHAMNIONALAMUARTAREN interrupt TurnA19, veur ey
a4 WiaAsuLUasn

PWM: 2 B3 13 wag 44 i3 46 191 output PWM output 8-bits

SPI: 50 (MISO), 51 (MOSI), 52 (SCK), 53 (5S) 14815 usesdunisdealsuuy SPl Inedilyl

WNYIVDNUAY ICSP header Faasilanwaiyadneiu Uno, Duemilanove Wag Diecimila
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LED 13: 18w build-in LED ideunaiu digital pin 13 Wle pin Sy HIGH LED azfin , us
e pin Wlu LOW LED qwsiu
TWI : 20 (SDA) and 21 (SCL). sasunisidausiauuu TWI(I2C)
UD3n Mega2560 & 16 analog inputs W#az pins WAazEYA 10 bits
AREF. u39Auen983 sy analog input
Reset 14lums reset lulasaaulnsataes Tasviluazldlngniaiiutu reset 1uu sheild iito

o oy oA &
i’]aanuﬂwaquuuaim

Communication

Arduino Uno @ansadeansiunsufiames, Arduino #19uq w3e microcontroller 1 Taed
lulasmeulvsaiaesuuuesa Aa ATmega32U4 a¢l9innsdeaisuvvaunsy UART TTL (5 V) dsftaglu
pins 0 (R) wa 1 (Tx) uenani 32U4 ansinsaldnisdaansuuveynsusn USB uavasdsingidu com
port tafiauluds Software usiagnglsinaudasld Iwd inf vuszuLU{URNS Windows s OSX uay

Linux @a190 recognize alagsnludf

Programming
Arduino Uno @1115058495Un151U50N54A78  Arduino Software Laganuisaldlanely

SEUUUHUAMS Windows, Mac OS X Waz Linux

2.9 Analog to Digital Converter (nsulasduaaiauraen-nanaa)

dygraildlugunsalBiaansetind i 2 viia Ao dyyiveuiden wasdyy undnea dygyim

suden agldly gunsaling WU uazldlunismvauuuuidr ludagduilulasiuswaises uas

lulasmeulnsaaes idhundielunisaivaugunsalaneg u1nuie Feirlinnsaauauduinldde way

v o

2 a = I b o [ £ an a oW &l
5899 uslunisauaniu L ududesls dyarmiinealunisinsedululasiuswaiees vie

Ve

lulaspoulnsaiaes ualuauduaieiu ld ayremnaenlunsmuny sy desdimg

Wasudygrmeurden \ludyyraunines udrfuhdygradudwiglulaslusivaisss wie

9/
= o ol

d‘ 174 1 1 ot 1 [} o !
lulasreulnsaiaes iieldaruauszuuseluulhdyameundeniuiianuntueu wasusiugig us

s 1

o & 3 = v i o 1
dyaueudentduimuaulisin Wewnluanmuinden Tdyarasumuatinn wagmsiaeyia T

<o 1]

nsmUANLUUBUIAeN flanuamnsaniuny wiiunsmuguuuuiineaiu vhlden owiniees

ATUANUUU BtdenszAadnududouge edlsin dyarnfineaibiswisavauuauasiden
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voedgygrmeurfentdedivauysal wavialinisaivquidusiiliineg wavazaindaduy
CountingConverter

Counting Converter \Ju3sMineAgnveinisudasdynrueurden iiudyyruiinea lngld

o

v e

o o af L I a =‘; < 2 o M 2 s ={ = a |y qlul:v
ANDINIH NITUUANNUTULIDE S LLﬁ'JU’]NﬁVId’LG]"\ﬂﬂﬂTiuUVLULUiElULWEJUﬂUﬂ’W]F\@QﬂTS”VM\‘11’2 ANWEN1T

aomududsgy

LYA -, Counter |Cutput

Fiag

sUfl 2.11 1993 Counting Converter A/D

U

i “Analog to Digital Converter ” lag www.cpe ku.ac.th

99m93  Counter Wugunsalfumiliismuiiaswils udidarfilali D/A 91 Reset Sudyayros
Reset \ilanasnisviizutiulul D/A Waduarfivuiiuiuiiazuilsanndatu Audasalhidudygiu

< a1 L W el = At 1l e = ¢ w a -l
awndeniidiaranundindeny wils wandwioiilungunsalia3auifisu(Comparator)

Comparator 3udugunsalfadieuifisuanurdng veedunn wazgAtnidiiu dmnnm
oty auiiAvinAudsrimnuiising 0 laadesnua(aein 0) dliwintufissdsmnudisdngdlalld o
ndesnun@edn 1) Banuatsdndfieenyt sxdimidiaednng "uay’ fu Fygraunin wglde

a v Y o e a I w v w & 1 dw [y a
aedneenun araswseenuLludymianinmuansinddadlinadwoivinidesnis dyarauinifegly
ilsiduiuiiutunely wazilloldamadnifinoandeinisud afildein dulieudisuasliamm
aafngldu 0 (aedn 0) Fauflevhwndrasdninm "way" fudumiauniniuda Aeglasin 0 Fuilwdiu

Lituiudn Aegldrfdnaaandtiunaesnsainatesuiedsiuasldnsinves VO aall
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V ri

flag '
/a g

S |
35U 2.12 n91Muand output voltage A/D converter

fian: “Analog to Digital Converter ” Iag www.cpe.ku.ac.th

(g '
=) Lo =

Toiduveaisil fie metfudesSutiuil 0 aue wasiuiiniudons ylvdn oviwaiiléaed delay
= P a v 1 = v e v o ) v v =4 Y a ) Y I e i
Jsliireeliouldiviniinag Faladdsudniuiduwuuivaclae T99sdredesziuainsesuini vinlila

o & v w oA A a - | VY A w v €a o Y W & d &
Inudeiu 0 Tval Welnsiwduudunalni usligrsdsiunaansiia viililanadwsisdu

Successive Approximation

ldudnnsves "binary search” Tunismidmey lagihAkaansynUIouiis ufuA1Ana v e
14 Welimsu Ay wnndy wiseteenia laeazUiutdaliiauamaEes s udiuSeuiilaunadng
s 1 n:e' 1 dl 8/ s tai o 1 =l [~ o & (] ] a:
AuAnenasvesdaelliseny ulanaansidesns iy weiiludinauda 3 31n919Ua9RImauUsl 0-7
o ' 9 1 o v ' | o ' Y o -
ATWIALEIAT (047)/2 =4 uwdIsuieu lenaan mmawmmmsaﬁumqﬁuaaafm 4 % 2 Aldan
A1 (0+4)/2 = 2 ywUSeuiiiegy IananAmeuninesnTeglutiaiiuinnia 2 witesnin 4 3 3 Aden
A (2+4)/2 = 3 yUSyuiieU Maalienauniaaanis
v aad a P o 1 ° @ . =2 v oa v
Y9AVDI0U AB LIANTILELUAITUIAIABY N 58U WUUDY (F115U n bit converter F991484L4
Y] o : o o, ot o I i 3 , i 1 = o W ; i
2n 591U WaIEAU Vin M) Asldantiesniuuu "Counting Algorithm" uwsildaide Aada Vin wWasu
v e A o ' o 2 15 o ¥ - o 1 1 4=I -
unviule aauEmania binary search LU Amaudildasianain fegaty Wasy Vin 990 5 Volt
W 2 Volt
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N v
V=65, N=7 » &
7 65 | i
g ——— GaVasr | ' s
5 45 i i ==
i
8 e 35 - v ¥
3 —— 25 / :
2 1.5 l
05
' V<05, N0 / Y
"IJH:EUU . fanrch Bpace
ol mikpan
Try 1 Try2 Try 2
{!&‘SB'J (L%a}
1%X 10x% 101

31]“7; 2.13 Binary Search

fis: “Analog to Digital Converter ” lag www.cpe.ku.ac.th

129U Vin Ao 1-7 14 n=3 (51231 23=8)

adausn 19 4 1Wisuisudu Vin (Baviiu 5 Thad) wuia agfluging lower el 1xx

adaii 2 14 2 Wisuiieuiiu Vin @uviniu 5 Taas) wun glua upper ¢ 10x
afat 3 14 3 Wiguisuiy Vin @aviiiu 5 Taa) wuin nadwsnildasinwann 16 100
Dual-Slope ADC

ldnann15ue1935 Integrator vi9 U TURY Comparator fsgy

swa
- 5
'l*llll
T R ‘ v,
R . -
Ve swi Comp

Ow

Eﬂ'ﬁl 2.14 1935 Dual Slope A/D converter

]
=

#1311: “Analog to Digital Converter ” Tng www.cpe. ku.ac.th

o =l 1 2/

Input Voltage i1 2 1 Ao ArmusAsdngeundonfidesmsulandufdnea (-vin) waganud1adndi

o = A a € ) v Vo a ¥ a o« ° v o
AINAINUS (Vref) Wazddiny SW1 %\quﬁuq'ﬂl,g@ﬂﬂ'] EUEUNEAINTINAINDULIUAUAINY SW2 Mmuuang
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@ v = oA & a o = - o ¢
Uszquaaialiuuszy C uidada Sw2 ooniliealnd SW1 §unnii -vin 9102995 Intergrater zfiga ]

aunsie

1199910 Vref Uag tn fifasi ygraeundenTuiuan tn iwsiznisaruaunsiUasudoy oo

Adnea Nufudl tn nsuvandudygruidneassvitlaedugan tn fulendyaaiq uils auAw

v}
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5U1 2.15 2495 Dual Slope A/D converter — Full Circuit

U

flain: “Analog to Digital Converter ” Tpg www.cpe.ku.ac.th
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Mmasiananvililansnasgy

A
N vl
V;J
Slope = V.. /RC Slope = -V, /RC
) "'.u-y‘[..:':‘v
" Mt (fixod) o ViR
AV e don o oo mv. its wn o0 o de i S G we =
o - D5
Y Comps Gt t

g

U7 2.16 7995 Dual Slope A/D converter — Zero Offset

U

fiun: “Analog to Digital Converter ” Ta® www.cpe ku.ac.th

Flash Converter

Vo n =

fee g M

b—

A "Flash "converter.
gﬂﬁ 2.17 A “Flash” converter

iy “Analog to Digital Converter ” lag www.cpeku.ac.th

%anN383 Flash Converter Aonstmsuususeduidiu Voltage waes) A wdiuSouifisuiu
Vin 18ugq wieufiu udansyyiimms logic angull Voltage wWisuiiieu 8 bit
A RAndasRNTuEen A nArAuFuLTideIRNTY mussdndild WehluSsudieu
LY . o 12 ' a [ =] v a v I = I a 1Y a ada
flu Vin uaannnitfissdasrasineanun dwnnaitiagldasin 1 ddesnivsewinnunayliaein 0 3%

Flash Converter fagi5a7ign ualdaunsaivng Hardware 1annauuuL
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unagy
@ & 2w aa ~ I3 ¢ A A =& o
nMsuUasdygraeunien Wudyauidnes dustleninnlumsamuaugunsalainf Fail
dnwgnswUasdyyalivaneds usardtasiidansiiu aruniadilunsyihaou wasmisldgunsalinga
€ w o 8 - Y Y v v oA Ly o i 2
Wasiiunae yilduunn wagsiataieiu Juiuauneansvesdlinasdeadeonliivunzauiuvauild

wagauUsTnunilegd1AureInI T uavAuanBavesdane’ fiuse Wudsy

Successive

Speed

Approximation

Delta-Sigma
e, S

Voltage-frequency

Dual-siope

Resolution

J

Y

gﬂ‘ff’i 2.18 @34 Analog to digital converter
flun: “Analog to Digital Converter ” latl www.cpe ku.ac.th
ADC Architecture LWUUANE
ADC uriazvilnasiiainuaaneaunndsiulufeenwuusnlusesadonld ADC imnzauiu
anwazU

o a e =l d'd! 1 =
1. Delta-Sigma Lﬂummﬂmﬁmmmwummamaaﬂqa Wunmswasited ndugeued (Ideal)

T @

wagsitulavateguanud dausdgygias DC Tuauiianan MHz A15¥in911v89 Delta-Sigma ADC

@

dyqrudunnazgn Oversample Lagsia Modulator wﬁammﬁu%ﬁ’aﬁ'@mmm nsesdniifielwldend
Qnﬁa&mﬂﬁu‘lmﬂ Digital Filter 39119 lsiAn ADC ﬁﬁmmamﬁamqa LM Ui 1137 Delta-
sigma ¥11N13 Oversample é’cy,cgm%uwm%’aﬁﬂﬂﬁﬁm@ﬂmﬁau‘ﬁu(Anti—aUasing) uazlunsasdiu Digital
Filter %ﬁﬁunuﬁﬁmdw Analog Filter lngunduiianuagidunganainnsiuuadiuy Delta-sigma 9¢l4
Tunudnudes (audio), numuaslugnanwnssy uaz nueiesilodn Tasunfudr Delta-sigma 9¥3u
fyaumuuAna1sEninge 2 Suyn wiuiiadunsialadifieunsnad nmsiadyaraninuws neng
(Differential) vosdunpanusathluinidueesuvuuind Wumesluduilals Delta-sigma lunisudas
Fyaaufiuand ety SAR nMsuUasdya Uy SAR Azvileufiumsinduan a aoutiu dau Delta-
sigma vsimiloufuAads vesdyqalilily 1 draaa1 Tnsdaunnn Delta-sigma axildwinlasuassn

Y818 (Programable gain amplifiers=PGA) aglui1 Tvinesaelidufiuaudaaislisonsaivudygy
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Iolagladfvinliwsiidndufiwaudlinfinl uannidiy fadu Delta-sigma Ssenunsnldindygramndvuin

Enlad wudygraminvesiudila msnedl PGA aglufamisauiua cain Tnannamnyas

UT 2.19 Tassa¥anieluves Delta-Sigma ADC
fian: “Analog to Digital Converter ” Tng) www.thaiembedded.com

2. Successive-approximation-register (SAR) analog-to-digital converters (ADCs) vJu

o o ) = 2 - )
ADC nilvelunainunfign anuasidendzeglussdunansdiafismiuasiBengs SAR ADCs Tansims

sampling fit 5 Msps innsagLoen 8-18 bits lassa1auuy SAR agliuszdninings iulwdes wazd
YPIALEN

s

wdnMsuas SAR aswiloundauuy balance Aoazdivwiinilsimsuaegiunis wasiminiinaiuen

v v = i H o o ' A & Y] A Ao a v
gandunis isasidisuimtninsualuGesgaunseimide balance lefidyaadunaidan

©

€

= = = w o & i 1 Y P
oy uazgn sample Liwuasgn hold LiieluSsuifleuiuuswiuiinaival uagszd wadnslud
LOIANA

9

| Digitai data out
| (serial or paraliel)

3Uf 2.20 Taseasanelures SAR ADC

flan: “Analog to Digital Converter ” Tng www.thaiembedded.com
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Y] a oA v )

3. Flash ADC (8ufismiludniiedn Parallel ADCs wiauwUaifulngldin nsulasdygneuiaen
JuAdmeauuuruiu ADC wliaiilu ADC fSafign Flash ADCs aeldlunuiitiuuiAsning aghalsiny
o v a 1 a o = & YY) = val
Tngluudraziunszuauinnia ADC viindu d51A1uns waglaemiluagddamuazidualinninu
avidun 8 U Flash ADCs @3143191n2995 Comparator aAelseaiu lag Comparator kaag@a9iian

| w a = g Y = P | w | o v -
wiriu 1 Je FaduradwsuiainnsiU3suifisuA1ueaees Comparator Maenanistdeulaunnisdoans

muAMEY, seadaladlay, ssuuUseulanalsans

v thavembeddad Caim

5U7 2.21 Taseadeneluves Flash ADC

Y

i “Analog to Digital Converter ” Tng www.thaiembedded.com
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2.10 uagwn (MOSFET)

Uoawn (metal-oxide-semiconductor field-effect transistor: MOSFET) iumsnudaines ot
avswaauulwihlunisaruaudyaalnin Teeldeenladvetlanslunmsvidu GATE deuldluneas

Ainea lagthluadrsaedninerieguwsedvunaian

2.10.1 la59a519999 MOSFET
MOSFET Usenausiuaudiu fie

1. GATE \Jududivhunaneenlesuadans TasadsliiAnnnuinsingnnasouseninunuaes
wiuite asaunulriiniensunumsidioonve Weyayailvih

2. SOURCE Juduvidvesdoyuin

3. DRAIN \Hudureenvesdiy el

Oxide
Source

Body

3Ui 2.22 1nssa319m99 MOSFET

flan: “MOSFET” Tag www. /th.wikipedia.org.com

2.10.2 Usznnues MOSFET

- NMOS (negative MOSFET) L unsuGainasuszian NPN iilefina1us1edngfuuan
(@l us9) dyqnalnihdearivasain source W drain e

- pMOS (positive MOSFET) L unstudainasuszian PNP Liadaanudrsdndinudeiduay

(@uulwihesw) dygralwihiaglnaain source W drain ¢
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2.10.3 deydinwalunu MOSFET

Fydnvallumeddnea MOSFET lunafdneagnussinduaind lns nMOS a1 duaindiiile
Foyeyrandudu 1" dindhasla dildaindidalnog (normal opened switch) @ pMOS asiliuaind
Adledyaandndu 1" dindfonde fliadndfazlney (normal closed switch) wazdnydnwaiialy
seilamun vinaradiu gate dwdnaeswfe sorce uag drain Tagldlu nMOS |Wundniitededudnval
\Aenfunsudaneivilufe e base lua 91 Collector asiefu Emittor @1 pMOS fagld bubble

71 gate

| 1
T N

uMOS pMOS
O
normally epened normally closed
switch switch

gﬂ'ﬁ 2.23 dydnuallun1eninea MOSFET

fis: “MOSFET” Tae www. /th.wikipedia.org.com
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2.10.4 N1519TUVB9 MOSFET

nMOS Lﬁaﬂéaammmqﬁﬂégq wiinauliiluiirasednuse Tealu p-type aggnudnasunag
fuans (mMugUiivsznavineun) Ussneufuiididnaseudassunsdugngaiuluduuy dwaliuiion
fuuilBidnnseudaszannaudy n-type 638anin channel dyaalwihiaylvaiiugis channel §
Gy n-type wiloufu drain wag sorce Idlnelddidnnseudasudunme

pMOS agviunduiu nMOS Taewflevsasainuasdndsn (asunndnazinau) axinaulyii
Tuiirtueghuse Bidnnsoudassly n-type LNNANAIWIDYATLA ﬂsznauﬁuﬂaamadmgﬂqmﬁu‘l,ﬂ
auuy dwaliusinanuuuileasnnaulu p-type li38n3n channel dyanadwihfasivasiiutag

channel {%au p-type inilounu drain Lag sorce alneldlaailunne

(5) (G) ()

MOSFET L

G Gate)
‘ g (m=channel)

(S: Source)

(D2 Drain)

5) () (D}

MOSFET

(G : Gae)
(p-channed)

(S : Source)

JU# 2.24 nsviieuves MOSFET

fiun: “MOSFET” Taie www. /th.wikipedia.org.com
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2.11 Multiplexer

v a < ¢ [ s

Tafwdndisas (Multiplexer : MUX) w3aienanteniliin sidendeya(Data Selector) Jaiuda

v o L o ey ) ]

nimihiaentesdyaruiiveyatomiaainuatgqtesdynraundudunauazsode sy yruid

L)
8/

1 LY v g o & = (3 = (Y]
may}auum'}muammmmmwmmemewmme F]&E‘U 2.15

L) 9 9

Dy °—_\q
- D‘
soyabuna Dyo o Souaioninn
{©ata tnput) . [™°Y Data Output)
|
R
t—,——*——--—n—«_-\{
1 i
Sy Sy Sn
@iiansoun
(©ata Seloct )

d = e~ ! 1 a = p— B ) L3
3UN 2.25 SULARITENINUB IR QY IUB UNAUAZ LB YINA

na: “Multiplexer” Tag http://ki kmultiplex.blogspot.com

ngunm g g dulaian Buwn UL n U1 Aews 00 fiv Dn nRdlddmuidendeoya
SO fl1 Sm uazvNeIANA Y dIuvIves SO 6 Sm Wdmiunisdentidunalnainduns DO fs Dnry
panlulendingm Y wasdiuauu1ved S dundsliannuduiusiviuauuivesduna D fie wu dilsuau

a = - ° a ° a o w A v | 2 v oo a ]
auwmw%gﬂﬂlﬁaﬂ"ﬂququ 4 DUNE QWUQUUm‘UEN‘U']ﬁ']WS‘ULaﬂﬂ”ﬂ@ﬁ‘.!a"ﬂglfﬂqﬂu A (2= Q)QI]N({]']N'JU@UWW%

U 1

o

< = J = Q [ | o/ - 3 = o
agniiend v 8 Buwn Iulavesdmiuiaentegavzwiiu 3 (2° = 8)lusiu
Fisnssintagadnnvaney 9n uardmiuluauaieduiissanewdeitu 1Send multiplex @9

annsauustlaeanidu 2 guuuuda

2.11.1 nssaRtwanduuuluaan (Time Division Multiplexing: TDM)

Wunsudaanunsldansdaieldadsdoya waneiudyyndoyauuuadnes Wewndyyia
= = 4

fInpalTInaLUUaLYaIUaALAarln S9viliauisadadmanduuuiuinanliiannugennae v

= 4 = (% a o s Al w o L] o
natvesdnld lnsoraAnludnsniivesinlife dyyiunisnsisimansq dyarmaiuisndmn
o a & ¢ ar [ @ e ] X v o<t W = -3 ¢ 1 [ 1 1=
ﬂJﬂCﬂLwaﬂ‘Ui’mﬂuLUUﬁEyJﬂQJﬂEUVIJJ@GIT]UﬂQ@’UUI@] PINVTUAR WA NYUU B UWIAT BsdusaluIaantUu

“mMadiafmdnduuuniiatlusuuddesifa” uay “nmsdafmanduuuntianiusUiuuadia”
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Ussinnvasnisiiafmanduuundaaan
nsdfafmdnduuuwusiatluguwuudelasida (Synchronous Time Division Multiplexing: Sync
TDM) Sync TOM azeygynlideyaninusasunasnuyuiisuiedsdoyaluvuaedoyan g
g9 Sync TOM aelifudiuvestoya 1w ludtoya Mngunsaldeinludmnvdsdoyarnuiigs aniy

v e o 0o W w | v 1 | w = [ -
AligunsaifiazBunaludwuinludduddeyarhumedidoyanuiiamyuioudeluGen

q

= 8 1

winaanigdsunsaniilinesmsdadeyalutinavngiu JuSenitegluaniuz Idle Safwmdn
o 1 & 2/ A 1 1 b4 13 & s 1 ﬂi!’
woifngvinsdeation (Slot) Teyavesanidit dle dumeddoyadonmiEigs Tnuadondananilay
[ 2] ' =4 ] ] 1 < 1 o as & = (Y 1 a v aa d
uatendng Bansdwadenineenluiiiiegadszasdlinsaumiloudy Tnadetamsddasiaiamdy
Pilauldiulutiaguu wu T-1 Multiplexing, ISDN Multiplexing uag SONET
n1sdadnanduuvudararluguuuuadf (Statistical Time Division Multiplexing: Stat
TDM) v3e adalasifaiifion (Asynchronous TOM) unsiafnans@eatinndeyaaunsadesiufuuy
aneludnuzluuuliamunuiedms (On-Demand) Wendnidesmsggdeadondnadawesanni

nlaifinmsdsdoya day Joyanidwzgnasludenanmszaniidosnsddoyaviniu Tnsaandi Idle as

U

=l

lifinsdeadaninadateanuiuuaieds %ﬂumiﬁﬁaga‘uauwﬁa vAnINozilnslaAddress vasanilds

vinldeng aawviidheSutiuiuilad deyaddentiunenaails

2.11.2 n1sdiaRwAnduUULUAMUE (Frequency Division Multiplexer %38 FDM)
ana) Yo W Aa A a = @ o A ¢ i oS
L%U’Jﬁm?fﬂuV]QiﬂUUWNaqﬂLLﬁgiﬁUUﬂauq‘V]q sﬁ\jﬁaﬂﬂqimaﬂﬂqiﬂamLW%ﬂ"ﬁLLUULLUQﬂ‘]T@Jﬂﬁﬂ@

o w 1 T s o di - o Al P a & P~
ANFUIREYUIUINUUDIA NG UITIUNY Iwagﬁtu@]aquﬁLﬂﬂaﬂumﬂqqil]ﬂfﬂ”lﬂe] LLa%ﬁ@mﬂmeaﬂﬁaWNﬂiaw

el umsiuiuldSenmnuuuusnitlalaunsoldsaumile

da =1 s o v .
2.12 \Va3UARDIHIDAINIUNIUAIINIDU (Thermal Resistor)
s 4 ai = 1 2/ a | U s P
Wudiumuiiausawasusdasaldnugmnginas uudasluarnudiuniui
t:l 1 = . . 1 r a s { o = v
wWasuwlasenabiidududu (Non - Linean uazunnarsiunmivlnvesianiianldngn Tassadauas
dlsgneuneludnimansiswesiudeuuazdanou wislaueas tnfa nowns uwaith wén
= [ o 1 P an!y 2/ = 1 u d‘e’ I as o 174
wazunamila Wudu guswindunldauidauus nisuluived fuprumanzanlumshlvlgau
WU JUI Wimsinszuen gnuseAmIosu juuarddnuniveanesiianes AuauRvesiames

Hawasnuanduunldeud 2 ¥8in As vila NTC uazeiln PTC
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- fsumuniledussavsvesauiununegamafiiuuan (PTC - Positive Temperature
- P o & i v N X a 4 o ) 1
Coefficient) 1agaumaiigetiu Aranuimumuiiatgaluniu dnultlunasaiesulnsied Inerseynsy
@ 5 1 [ o . P 1 & v .
flu AnaIRaUaNWLLMEN (demagnetizing coil) thedeunssualudianatdu q Tiiuunaialuvaside
INSYAY UaNINUULAT AIA1UNIUUsELANTTdniseanuuutanizifialdidu Wad (Fuse) a1uisn

YauuTuRLela 1Sun Inaaind (polyswitch)

- fafunmndedussansvesnnudu i egamgiiiduay (NTC - Negative Temperature

Coefficient) [Wuatinnunfaziininu AumuguiialasuauTeu AauuIuIratas Tnudunis
2 A L o 1 = Ei. 23 L7 v l:ll. o

ATIREAUAINTBU N EMIUANIEAUNISTNINY WU Twwsveeids Waldnsreduauiouiiiinainns

o u o o v - € a I a E a
viundrtounduluan msvhemrenaslwiesas ivgunsaindnazldiinauiounnawiuly

Ul 2.26 (nesiiawnad wiln NTC JUT1 2.27 wesiiawnes vila PTC
u: “NTC” oy https:www.picclick.com ﬁ:.l'l: “PTC” 18 http:/Awww.pollin.de.com
-20 97.6037 17 14.3375 54 3.0862 S0 0.9086
-19 92.0947 18 13.6932 55 29733 91 0.8811
-18 86.9305 19 13.0815 56 2.8652 92 0.8545
-17 82.0877 20 12.5008 57 27616 93 0.8289
-16 77.5442 21 11.9485 58 26622 94 0.8042
-15 73.2798 2 11.4239 59 2.5669 95 0.7803
-14 69.2759 23 10,9252 60 2.4755 96 0.7572
-13 65.5149 24 10.4510 61 2.3879 97 0.7350
-12 61.9809 25 10.0000 62 2.3038 98 0.7135
-11 58.6587 26 9.5709 63 2.2231 99 0.6927
-10 55.5345 27 9.1626 64 2.1456 100 0.6727
9 52.5954 28 8.7738 65 2.0712 101 0.6533
-8 49.8294 29 8.4037 66 1.9998 102 0.6346
7 47.2253 30 8.0512 67 1.9312 103 0.6165
-6 44.7727 31 7.7154 68 1.8653 104 0.5990
5 42.4620 32 7.3954 69 1.8019 105 0.5821

4 40.2841 33 7.0904

JU7 2.28 JUunsauansnuduiussenine amafifiuussiuves NTC auin 10K Toviu

fin: “NTC” Tag http://www.electrodragon.com
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2.13 {2d3%amas (Fuse Resistor)

V) v o v o a g o o a A a

LUUW?W']u‘Vﬂum‘ﬁm']Wu’W]LLﬂuW?ﬂ LWﬂﬁaﬁﬂUﬂ']’mLaﬁlﬁ’lﬁlﬂaﬁﬁQﬂiLﬁJaﬁJﬂ'ﬁﬂiﬂﬁﬁﬂﬂﬁﬁLL'ﬁ‘l‘Wﬂ
1 = 1 d' o 14 q" -] Y v ) L2 = dy a1
NTU’J\TQ?N'IﬂLﬂUﬂ']Wﬂ']‘VTUﬂI? sN'i]EV]'ﬂfiﬂ?‘l')m']Uﬂqu’U'W]WUW IQEWI’J‘] 11Jmi)’lummmﬂm:mﬂ’lﬂizmm
0 - 200 oy

o—NW~+—0 o —

fol -3

3UM 2.29 UuansdyanvalvaWadidaines

flan: “Fuse Resistor” lng http://www.med.cmu.ac.th

2.14 OP-AMP

aaUuaul (Operation Amplifier, Op-Amp) #3a1935vB AL DUNNS WugunsuIws i
vi3eled Uszaniliaiay (Linear Integrated Circuit) @siimathlulelusszgnanis 4 egnananswans eey
waulgn panuuUASanIAluY 1948 Lﬁamaﬂﬁﬁ'ﬁmsmuﬂrﬁmmﬂmimﬁ%wmaaﬂﬂauﬁ'zsma%
(Analog Computer) At 34ldam Operational Amplifier Ssmsnedis 199suenesiums uenainil
saduanydila gniluleluamdsegnanie 9 uanune fatififiasa1nil 29959818Man 11 (Differential
Amplifier) Afigns mmaﬁqammmsmiaanLLUULLaﬁLﬂ‘ﬂsmwsﬁhaaﬂuawﬁmmiaﬁwlmwa NU
Uizqﬂwﬁ’tﬂaaﬂuamﬂ%wu“lmlmwm%ai’m, 1ITUARAIKE UBzsasBlannsedindlunismiu Au
N5EUIUNTT, 2199 TUSUE Y0, 1995R0a03, TEUUIEUAY, 2995V 5aTINA NI UNITUNTE , A1
Mumans uwarlussuuaeniimes WunuasiiularesUuendlagnilulenussisninewan Fahid

pasyneaUiauylain Wwsenaliauaunlsyasn
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2.14.1 anuinugrunerfivasduaudianiing
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) wizumpevien
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5U7 2.30 wanIM S INULaE IR TANYadvasenwan

fisn: “OP-AMP” Tae www.living-electronics.blogspot.com
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UM 2.31 uanan1sreeavuendlugauniiduisenauuulidnduty
f11: “OP-AMP” Taey www.living-electronics.blogspot.com
lugu#t 231 ¢ R1 = 1 Klevinuag R2 = 9 Kleviu duussuwendivugauniasasimunziisn 1
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32 fie e lviksaiueviviniu 10 Taad asldyaaidunmeiiauviniu 10 Wi Aamiaiu 0.1 V wiusediy

AdeunduaineminvnAnainnisuduseiu deddumugesinandu 1V duuuseiduwmvennas

fosile 1.1 V Seeshldussiuewindu 10 v fitlswandlilusuil 2.33
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il ™Y ov
" A urdifivh av —of
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iy 10 isdinod Rz
v 1
B iy u’to//l:. L o

s shne
™ 4y I"‘kl

: Eou R, +R,
ey G = o = RIRAK, = 909 v
x

walildur shusaniin 10V sxdestiur siiBunn 0.1V uiids
s soothes e kudounfian 1V Sohbidnmsesey-
wor{ifoimid 1.0V Smrmwretulu

SUT 2.32 uanawseiu o aneng T diedansssanaliivesyueu
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2.14.8 n15Useendldi99s op-amp

2999VYIBUUUNAUYT (Inverting Amplifiers)

o v &
JUN 2.53 2993U8ULUUNAUTY

fian: “OP-AMP” Tngl www.living-electronics.blogspot.com

KCL filun Y1 -
NS VM
=1, W >
1 F (2.5)
uit V2 =% =0 gulg
A\ O o/
1 S (2.6)
kD)
Vig— Ry
Ve R (2.7)
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2959818uuulinduya (Non-inverting Amplifiers)

i

B B
— 4l 58
—ANN—

=4

sU 2.54 219a5v8reunuulindutn

u
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Vg K (2.10)
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299IMULIIAU (Voltage Follower)
A 1 l 3 Gll L — s — = -7
nsaiasvenswuuliindutansaifidan 7 = 0 §an999) was 1 = 2 (Teas) azldnas
Judagun 2.42 Toenwstinelidnsveedu 1 §aide Yo = Vs fuies 1meiion 19938m9300

WSWUUTDIRTUNNWES (Buffer)

35U 2.55 1995013U596u

fis: “OP-AMP” Tag www.living-electronics.blogspot.com

2195VY18NEUIN (Summing Amplifiers)

3UM 2.56 2959818WaUIN

fis: “OP-AMP” Tng www.living-electronics.blogspot.com
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KCL luadunnavvatealuaud;

Iy =1 +5 +13 = = + +
Ry kR R R (211)
la
R R R
0= ——V - =V — ==y,
£ o Ry (2.12)
& I = Ry = Ra qulg
R
VG =__F(V1 +‘1?2+‘1-’3)
£ (2.13)

8/
U=

ENUITINTIEERawniiA e A dunauInveu IR uB uNAUsavAn Bxlidnsueneduaunidandug

AALA LT dluIses

29959818MasAN (Difference Amplifiers)

JUAN 2.57 219959818Na6S

fian: “OP-AMP” Tng www.living-electronics.blogspot.com
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2.15 Hysteresis
gawneida (hysteresis) LJunilslupudnvazainveauniosdiedn (static characteristics of
instruments) NlEEVSUBSUENTSIIAUTLINLSN1SMBUANeY (dead zone/ dead band) feufe 1110

]

\nseslanlasulvanuionise (load) asdndnuasanegaigluieiesiiedn (instrument) uaziiow
Ivaneonnull demslindnuuisdiuavanegnigly dedrudu insertwiaadis Welimhndnliiy
aus neliAnndanunssinfiausauisasuanhuinvesinglaamil uasideanhmidniinsgyitiu

aUis Andmiiniteuldenasialivingy wavesdaineiidauansdisgy

G &

\

o4

=
5U# 2.58 navesEsineiiia

a: “Hysteresis” T wadnsn waz nawa, 2555
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WA3auipda Wy AU ey MIINAINWAIIUABUDN LAY AIINEEANILTENINTUIUR

vauaIasdiedn wiaifnantagAdauufiluansuaimin Tnunavosdainessdaduiush uaAiaa1u

] " I ) 2 (% -
AATALAGELU (static error/error) LarAINuLLET (accuracy) veuAsediodn (instrument)
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2.16 siag(Relay)
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lunsevjsluniunthdudasenu

2. dvemihduda (contact) vivimimileuadadirenseualnliivaunsaifiiandesns

2.16.3 YAABLLIUINATIY

3Afa NC 88311311 normal close niteAuIIUNAatn n3e windslidellvuaanuiian
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2.16.4 UssLanvessiad
wsoanaudnwansldauliidu 2 Yssande
1. 31a8Mas (power relay) wIstnisaniwinAsuLNNAeS (Contactor or Magnetic contactor) 1%
Tumsaruaulnihmegs Svunalngininsiadsssum
2. hadimums (control Relay) Svunadnidaluiiiit 1flurssmunuiiluididswiilaunniin
vdaiomsmundiadudonouunninasuunelg

*Fadniuay UIieniue 9 11 Sed"

2.16.5 ¥linvadsiag
AMswUsriinuadsiadaninsanuald 11 WU A9 INATaSEgUIRILENYULYUDIRDYE YID WURMIY
anwarm3sleeu (Application) leunitaganaluil
a o« P N o oA
1. S1adnseud (Current relay) Ae sagnyinnulaelonssuaiineeiinnssuauin (Under- current)
waznIzlaLiu (Over current)
2. 31agus9nu (Voltage relay) A 3iad fvinauleeldissnuiivesiianssiuuia (Under-voltage)

war UseuLAY (Over voltage)

3. 31ad778 (Auxiliary relay) Ao Sladnnanlgnuazsossznouldinuiiadelndy Jaagvinnuld

4. 31a8n1a4 (Power relay) Aa %LaéﬁsauLmqmauﬁ’ﬁ‘um'%l,aéﬂmm wazsladusamudaeiu
5. Jadian (Time relay) Ao Tiadfivmilaedinanduiieidedie %aﬁag'ﬁmﬁ’u 4 WUU Ao
“Siadnseuaiiuriiaamniufunsua (nverse time over current relay) fie Siad i
nawhaududunduiunssua
“Siadnseualiunfinyiansiud (Instantaneous over current relay) Aediadfivineu

L

nuriviuladafinseualvaruiiuninsvuannaly

- Saduuuiniifnlviidn Qefinite time lag relay) fie Siad Afan1svinaliduediu
1 A < o089 v a =3
ANNNTBEUBINIZUENIOAT WD LY NYIILARNUTY
- Saduuuduneafniiaiidunidién (Inverse definite time lag relay) fie S1ad N1vineu
InesauernaeauiAveuranwniuiunssud (Inverse time) uay wuuAnNADalvaiudn (Definite time lag
L al
relay) L91R28NU

A a  ed o

6. Latnsvuanis (Differential relay) Aa SadvivinnulauaAunasiswanssua

'
& o = s

7.3wa8d% (Directional relay) Anstadivinnuidlelinssualvafinfianie duuuiiagiaiifa

(Directional power relay) wag3lagnszuaiifia (Directional current relay)
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- & z P & = ' o
8. 3ladissEn (Distance relay) Ao Sladszazymafiuuunnee asil
=l €=l ¢
- Shankaugsiay (Reactance relay)
a =i sl L3
- BUNWAULSLRY (Impedance relay)
-Tuisiad (Mho relay)
- loviuaiad (Ohm relay)
- Inanlsdluvisiadl (Polaized mho relay)
- peviwvluisiag (Off set mho relay)
9. iadignumil (Temperature relay) fo Tiadilvinnumugunginasly
=l & = P = s o dl' = o' i ! oA 3.‘: v
10. S1adm3d (Frequency relay) A SLagNvNNWULaAMAv8ITEUUAINIMIDUINATINASL
11. yrleadiiag (Buchholz ‘s relay) Agsiadminnumeiiie Idfundeudasindeglutfiuile
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2.16.6 Uszlawilvassiad
1. lnszuudainasiiiedesniw (Stability) q\ﬂ.ﬂﬂ?La&Tﬁ]zﬁ’m’mimwwe{'suﬁﬁmﬁmﬂﬂﬁ sanuhii
Feoufunsanmmdemnaliuissuutiedign
2. analdanelumsdesusuduiiiniaUnd
3. anpmdemsliAngnanludeunsaidug

o o =y e e =
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3.1.2.2 d9U2935015 charge-discharge WUMLABS
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SU% 3.3 @1993M3 charge-discharge Wunlna3
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sU#l 3.5 PTC

fisn: “PTC” Tng http://wwwv.tme.eu.com

Ao 1w PN £ 1

4 2 wa w ow a g
aelutunngauinddl dsuvuniisdudsyansveninsiununegamgiiiiuuin (PTC -
g n T | -y d 1 el 1 = L8
Positive Temperature Coefficient) 110U #1d (fuse) fianunsageunaudiiestd 138071 Indaing

(polyswitch) fimaganluvaunineiudin

A 1 - s
A131N 3.1 UEAIANRUUNULAZNITLLE AN UATDY GV

Ambient Operating Temperature
23X 40°C 50°C
4.2A 3.6A 3.3A

Call Battery PTC Resettable
protection Fuses
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3.2 WAUASNISYII9UT9USTHASY
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unaLLYas LS uE
1 6 V1 G etc]
2 B B 6.85
3 3.27 1012
q 3.28 13.4
5 ) 16.7
6 33 20
7 3.5 28.5
8 3.5 A
9 3.58 30.58
10 3.67 34.25
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4.4 NSNAADEY 4 IAAILSIAU 7 Output VBY op-amp

dl 1 o dl 1 b2
AN 4.3 ATLTINULUALNDILARTNDU

Lunn ST ATLSIAY
1 2.51
2 1.15
5 1.17
a 1.20
5 121
6 1.23
7 1.24
8 1.245
g 1.28
10 1.262

4.5 M5NAaaW 5 21995UpINURAVYNIAY (over temperature)

MINA 4.4 HanInaasInsvinuvenslesivanmgi

Aafinnans ﬁ'ﬂamﬂmﬁ@quﬁ
AT (s @l d)
1 70
2 70
3 70
4 70
5 70
6 70




unil 5

dyUunan1inngau

5.1 d@3UNaN1IvA§aU
INNNSNAZBUTLUUMTIANISTITILALAFUNTIVDILUALADT BUTUNITIN80INISTYIIUTB9S S U
¢ a e ' Ve da o - @ o o
MsvsaveUAmed vinsauaunsRglWliuwunmeafisuleseuiinseynsuiusiuiu 10 Aeu
Tngn1suuanisvitnueandu 4 dulaun
1. @1UT99N159IILTALSIAUVDILUALADS AOILYABYNABA LIATLTUBIIIN WUALADS

a o

fSeulooau dvevinundnfiny o¢ 3 8138 overvolt , over current, over temperature F9N3N1S
RANAINB1AVN I NANTSSEL DA LA
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VISHAY, IRF740, SiHF740
Vishay Siliconix

Power MOSFET

FEATURES
PRODUCT SUMMARY ) .
Vos V) A e Dynamic dV/dt Rating
RI;Z( @ Vas= 10V Ty * Repetitive Avalanche Rated B ":‘I"‘ge*
on = . T o
Qg (Max.) (nC) 63 * Fast Switching COMPLIANT
Qgs (nC) 9.0 e Ease of Paralleling
Qgg (NC) 32 e Simple Drive Requirements
Configuration Single e Compliant to RoHS Directive 2002/95/EC
o DESCRIPTION
TO-220AB

Third generation Power MOSFETSs from Vishay provide the

designer with the best combination of fast switching,

oJ ruggedized device design, low on-resistance and
G cost-effectiveness.

The TO-220AB package is universally preferred for all

commercial-industrial applications at power dissipation

levels to approximately 50 W. The low thermal resistance

2 and low package cost of the TO-220AB contribute to its
N-Channel MOSFET wide acceptance throughout the industry.
ORDERING INFORMATION
Package TO-220AB
IRF740PbF
Lead (Pb)-
ead (Fh)-iee SIHF740-E3
IRF740
SnPb SiHF740
ABSOLUTE MAXIMUM RATINGS (T = 25 °C, unless otherwise noted)
PARAMETER SYMBOL LIMIT UNIT
Drain-Source Voltage Vps 400 V
Gate-Source Voltage Vas +20
) » Te=25°C 10
Continuous Drain Current Vgsat 10V Ip
Tec=100°C 6.3 A
Pulsed Drain Current? Iom 40
Linear Derating Factor 1.0 W/°C
Single Pulse Avalanche Energy? Eas 520 mJ
Repetitive Avalanche Current? lar 10 A
Repetitive Avalanche Energy? Ear 13 mJ
Maximum Power Dissipation | Te=25°C Pp 125 W
Peak Diode Recovery dV/dt°® dv/dt 4.0 V/ns
Operating Junction and Storage Temperature Range Tu Tstg -55to + 150 oG
Soldering Recommendations (Peak Temperature) for10s 300d
. 10 Ibf - in
Mounting Torque 6-32 or M3 screw
1. N-m
Notes
a. Repetitive rating; pulse width limited by maximum junction temperature (see fig. 11).
b. Vpp =50V, starting Ty = 25 °C, L = 9.1 mH, Rg = 25 Q, Ias = 10 A (see fig. 12).
c. lsp <10 A, dI/dt <120 A/us, Vpp < Vps, Ty < 150 °C.
d. 1.6 mm from case.

* Pb containing terminations are not RoHS compliant, exemptions may apply

Document Number: 91054 www.vishay.com
$11-0507-Rev. C, 21-Mar-11 1

This datasheet is subject to change without notice.
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IRF740, SiHF740
Vishay Siliconix

S
VISHAY.

THERMAL RESISTANCE RATINGS
PARAMETER SYMBOL TYP. MAX. UNIT
Maximum Junction-to-Ambient Rtha ks 62
Case-to-Sink, Flat, Greased Surface Rihcs 0.50 - °C/W
Maximum Junction-to-Case (Drain) Rinac - 1.0
SPECIFICATIONS (T, = 25 °C, unless otherwise noted)
PARAMETER sYmBOL | TEST CONDITIONS | miN. | TYp. [ max. | uniT
Static
Drain-Source Breakdown Voltage Vps Vas =0V, Ip =250 pA 400 - - v
Vps Temperature Coefficient AVps/T, Reference to 25 °C, Ip = 1 mA = 0.49 - V/°C
Gate-Source Threshold Voltage Vasiin) Vps = Vas, Ip =250 pA 2.0 - 4.0 v
Gate-Source Leakage lass Vgs=+20V - - +100 nA
Vpg =400V, Vgs =0V m = 25
Zero Gate Voltage Drain Current Ipss e A
Vps =320V, Vgs =0V, Ty=125°C - ™ 250
Drain-Source On-State Resistance Rosion) Ves=10V Ip = 6.0 AP & - 0.55 Q
Forward Transconductance s Vps =50V, Ip = 6.0 AP 5.8 - = S
Dynamic
Input Capacitance Giss Vgs =0V, - 1400 -
Output Capacitance |6, Vps =25V, - 330 - pF
Reverse Transfer Capacitance Clas f=1.0 MHz, see fig. 5 = 120 -
Total Gate Charge Qq - - 63
In=10A,Vps=320V,
Gate-Source Charge Qgs Vgs =10V - - 9.0 nC
see fig. 6 and 13°
Gate-Drain Charge Qgd - - 32
Turn-On Delay Time td(on) B 14 =
Rise Time t Vop =200V, Ig=10A - 27 - -
Turn-Off Delay Time tagory Rg = 9.1 Q, Rp =201, see fig. 10 - 50 .
Fall Time t - 24 -
Internal Drain Inductance Lp Between lead, i 4 4.5 -
6 mm (0.25") from B
package and center of k.
Internal Source Inductance Ls die.contact j - 7.5 -
Drain-Source Body Diode Characteristics
Continuous Source-Drain Diode Current Is MOSFET symbol 5 - - 10
showing the A
Pulsed Diode Forward Current? Ism integral reverse g = - 40
p - n junction diode s
Body Diode Voltage Vsp T;=25°C,lg=10A, Vgg =0 VP - - 2.0 %
Body Diode Reverse Recovery Time t - 370 790 ns
L4 = i Ty=25°C, I = 10 A, dl/dt = 100 A/usP
Body Diode Reverse Recovery Charge Qpr - 3.8 8.2 puC
Forward Turn-On Time ton Intrinsic turn-on time is negligible (turn-on is dominated by Lg and Lp)
Notes
a. Repetitive rating; pulse width limited by maximum junction temperature (see fig. 11).
b. Pulse width < 300 ps; duty cycle < 2 %.
www.vishay.com Document Number: 91054
2 S$11-0507-Rev. C, 21-Mar-11

This datashest is subject to change without notice.
THE PRODUCT DESCRIBED HEREIN AND THIS DATASHEET ARE SUBJEGT TO SPECIFIC DISCLAIMERS, SET FORTH AT www.vishay.com/doc?91000



B
VISHAY.

IRF740, SiHF740

TYPICAL CHARACTERISTICS (25 °C, unless otherwise noted)

Vas I I
Top 15V ’L
=

g W e
T
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e 10 4.5V
£

20 ps Pulse Width

Te=25°C

107 100 101

91054_01 Vps, Drain-to-Source Voltage (V)

Fig. 1 - Typical Output Characteristics, T¢ = 25 °C
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Fig. 2 - Typical Output Characteristics, T¢c = 150 °C
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Fig. 4 - Normalized On-Resistance vs. Temperature

Vishay Siliconix
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Vishay Siliconix
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91054_05 Vps. Drain-to-Source Voltage (V)

Fig. 5 - Typical Capacitance vs. Drain-to-Source Voltage
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Fig. 6 - Typical Gate Charge vs. Drain-to-Source Voltage

For test circuit
see figure 13
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Fig. 7 - Typical Source-Drain Diode Forward Voltage
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Fig. 8 - Maximum Safe Operating Area
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Fig. 9 - Maximum Drain Current vs. Case Temperature

Thermal Response (Z;,c)
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Fig. 10a - Switching Time Test Circuit
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Fig. 10b - Switching Time Waveforms

| == —==sms——
0-0.5 T
] pDMI
k0.2 =
0.1 s = EEEEEEEEEEEEE# t "1
1 1

BN —=— T =T | )

— =T —— EHHEE et
10.02 7 Single Pulse Notes:

_0_01-/ (Thermal Response) 1. Duty Factor, D = t,/t,

B 2. Peak T, = Py X Zynyo + To

105 10 103 0.1 1 10

ty, Rectangular Pulse Duration (S)

Fig. 11 - Maximum Effective Transient Thermal Impedance, Junction-to-Case

Document Number: 91054
S$11-0507-Rev. C, 21-Mar-11

This datasheet is subject to change without notice.
THE PRODUCT DESCRIBED HEREIN AND THIS DATASHEET ARE SUBJECT TO SPECIFIC DISCLAIMERS, SET FORTH AT www.vishay.com/doc?91000

www.vishay.com
5



IRF740, SiHF740

Ay
VISHAY.

Vishay Siliconix

L

Voo >

Vary t;, to obtain

required lpg
Rs D.U.T L,
T DD
| Vbs
I | AS
:_1 OV —»
tp 0.01 Q
lag i I
Fig. 12a - Unclamped Inductive Test Circuit Fig. 12b - Unclamped Inductive Waveforms
1200
Ip
=5 Top 45A
£ 1000 53A
;: Bottom 10 A
2
@ 800
hi NN
@
2 600 \\
(o b N
@
i) 400 \
< ™~
0 -
@ 200
i S
2 Vpp =50V
25 50 75 100 125 150
91054_120 Starting T, Junction Temperature (°C)
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VISHAY. IRF740, SiHF740
Vishay Siliconix

Peak Diode Recovery dV/dt Test Circuit

—+ Circuit layout considerations
» Low stray inductance

r ¢ ® « Ground plane
+ Low leakage inductance

current transformer

D.U.T.

—

| ~——

U

- dV/dt controlled by Ry L+
- Driver same type as D.U.T. T Voo
» lgp controlled by duty factor “D" .
+ D.U.T. - device under test

@ Driver gate drive

. P.W.
-—_P.w.—ls Ay B~ Barica
f
Veg=10V2
| '

@|ourT. lgp waveform

Reverse
recovery [\ Body diode forward
current current dl,’dt

D.U.T. Vg waveform

Diode recovery
/et &\ Ei
YDD
Re-applied N g ()(‘) hY.

voltage

Body diode forward drop

S\ st

Ripple <5 % lsp

@ Inductor current

Note
a. Vg =5V for logic level devices

Fig. 14 - For N-Channel

Vishay Siliconix maintains woridwide manufacturing capability. Products may be manufactured at one of several qualified locations. Reliability data for Silicon
Technology and Package Reliability represent a composite of all qualified locations. For related documents such as package/tape drawings, part marking, and
reliabllity data, see www.vishay.com/ppg?91054.
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VISHAY. Package Information

www.vishay.com

Vishay Siliconix

TO-220-1
. e A —] DIM. MILLIMETERS INCHES
e e MIN. MAX. MIN. MAX.
A 4.24 4.65 0.167 0.183
T I | —@P ] b 0.69 1.02 0.027 0.040
L3 ? /'1\/ b(1) 1.14 1.78 0.045 0.070
= c 0.36 0.61 0.014 0.024
l \-‘/ D 14.33 15.85 0.564 0.624
| E 9.96 10.52 0.392 0.414
9 ] e 2.41 2.67 0.095 0.105
e(1) 4.88 5.28 0.192 0.208
F 1.14 1.40 0.045 0.055
H(1) 6.10 6.71 0.240 0.264
B 8 - - Ji1) 2.41 2.92 0.095 0.115
] 1 13.36 14.40 0.526 0.567
§ B L(1) 3.33 4.04 0.131 0.159
i v B oP 3.53 3.94 0.139 0.155
| |__l | I; o Q 2.54 3.00 0.100 0.118
i ECN: X15-0364-Rev. C, 14-Dec-15
DWG: 6031
Note
e M* = 0.052 inches to 0.064 inches (dimension including
protrusion), heatsink hole for HVM
W MR
—=lit=—b
e
—{ J(1) [=—
—z— 9(1) —r
Package Picture
ASE Xi’an
Revison: 14-Dec-15 1 Document Number: 66542

For technical questions, contact: hvm@vishay.com
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vm Legal Disclaimer Notice
v www.vishay.com Vishay
Disclaimer

ALL PRODUCT, PRODUGCT 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 (jii) 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.

Revision: 13-Jun-16 1 Document Number: 91000
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INSTRUMENTS LM158-N, LM258-N, LM2904-N, LM358-N
SNOSBT3I -JANUARY 2000-REVISED DECEMBER 2014
LMx58-N Low-Power, Dual-Operational Amplifiers
1 Features 3 Description

* Available in 8-Bump DSBGA Chip-Sized Package,
(See AN-1112, SNVA009)

* Internally Frequency Compensated for Unity Gain

« Large DC Voltage Gain: 100 dB

*  Wide Bandwidth (Unity Gain): 1 MHz
(Temperature Compensated)

*  Wide Power Supply Range:
— Single Supply: 3V to 32V
— Or Dual Supplies: +1.5V to +16V

*  Very Low Supply Current Drain (500
pA)—Essentially Independent of Supply Voltage

* Low Input Offset Voltage: 2 mV

= Input Common-Mode Voltage Range Includes
Ground

» Differential Input Voltage Range Equal to the
Power Supply Voltage

« Large Output Voltage Swing
* Unique Characteristics:

— In the Linear Mode the Input Common-Mode
Voltage Range Includes Ground and the
Output Voltage Can Also Swing to Ground,
even though Operated from Only a Single
Power Supply Voltage.

— The Unity Gain Cross Frequency is
Temperature Compensated.

— The Input Bias Current is also Temperature
Compensated.

* Advantages:
— Two Internally Compensated Op Amps
— Eliminates Need for Dual Supplies

— Allows Direct Sensing Near GND and Vgyr
Also Goes to GND

— Compatible with All Forms of Logic
— Power Drain Suitable for Battery Operation

2 Applications

» Active Filters

» General Signal Conditioning and Amplification
* 4-to 20-mA Current Loop Transmitters

The LM158 series consists of two independent, high
gain, internally frequency compensated operational
amplifiers which were designed specifically to operate
from a single power supply over a wide range of
voltages. Operation from split power supplies is also
possible and the low power supply current drain is
independent of the magnitude of the power supply
voltage.

Application areas include transducer amplifiers, dc
gain blocks and all the conventional op-amp circuits
which now can be more easily implemented in single
power supply systems. For example, the LM158
series can be directly operated off of the standard
3.3-V power supply voltage which is used in digital
systems and will easily provide the required interface
electronics without requiring the additional 15V
power supplies.

The LM358 and LM2904 are available in a chip sized
package (8-Bump DSBGA) using Tl's DSBGA
package technology.

Device Information"

PART NUMBER | PACKAGE BODY SIZE (NOM)
TO-CAN (8) 9.08 mm x 9.09 mm
LM158-N
CDIP (8) 10.16 mm x 6.502 mm
LM258-N TO-CAN (8) |9.08 mm x 9.09 mm
DSBGA (8) 1.31 mm x 1.31 mm
LM2904-N SOIC (8) 4.90 mm x 3.91 mm
PDIP (8) 9.81 mm x 6.35 mm
TO-CAN (8) 9.08 mm x 9.09 mm
DSBGA (8) 1.31 mm x 1.31 mm
LM358-N
SOIC (8) 4.90 mm x 3.91 mm
PDIP (8) 9.81 mm x 6.35 mm

(1) For all available packages, see the orderable addendum at
the end of the datasheet.

Voltage Controlled Oscillator (VCO)

0.05.F

R
100k

iy 5y

1/2 LM3sg p—-=O OUTPUT 1

+Ve* 1/2 LM358 =

V' 5k

AA
2

%

100 ! /\/\/

=0 0UTPUT 2

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.
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5 Pin Configuration and Functions

D, P, and NAB Package
8-Pin SOIC, PDIP, and CDIP
Top View

8
OUTPUT A p— vt

2 7
INVERTING INPUT A = = OUTPUT B

NON-INVERTING _3

INFUT A INVERTING INFUT
s 5 NON-NVERTING
oo INPUT B
LMC Package
8-Pin TO-99
Top View
v+
TPT § ouTPUT
INVERTING INVERTING
INPUT A N

NON-INVERTING
INPUT A

NON-INVERTING
INPUT B

YPB Package

8-Pin DSBGA
Top View
Vit
I A2
e A3
OUTPUT A 1 OUTPUT B
INVERTING B1] | B3 INVERTING
INPUT A l INPUT B
NON=INVERTING C!] B | C5 NON-INVERTING
INPUT A INPUT B
| c2
GND
Pin Functions
PIN
TYPE DESCRIPTION
DIFMC | psBeaNO.|  NAME
1 A1 OUTA 0 Qutput , Channel A
2 B1 -INA | Inverting Input, Channel A
3 C1 +INA | Non-Inverting Input, Channel A
4 co GND / V- P Ground fo.r Single supply configurations. negative supply for dual supply
configurations
5 C3 +INB | Output, Channel B
6 B3 -INB | Inverting Input, Channel B
7 A3 ouTB o} Non-Inverting Input, Channel B
8 A2 V+ P Positive Supply
Copyright ® 2000-2014, Texas Instruments Incorporated Submit Documentation Feedback 3
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6 Specifications
6.1 Absolute Maximum Ratings
See N@E)
LM158, LM258,
LM358, LM158A, LM2904
LM258A, LM358A UNIT
MIN MAX MIN MAX
Supply Voltage, V* 32 26 Y
Differential Input Voltage 32 26 V
Input Voltage -0.3 32 -0.3 26 \
Power Dissipation® | PDIP (P) 830 830 mw
TO-99 (LMC) 550 mW
SQIC (D) 530 530 mW
DSBGA (YPB) 435 mwW
Output Short-Circuit to | V¥ <15 V and Ta = 25°C Continuous Continuou
GND (One s
Amplifier)®)
Input Current (Vi < -0.3V)(®) 50 50 mA
Temperature =55 125 °C
PDIP Package (P): Soldering (10 seconds) ) 260 260 *C
SOIC Package (D) Vapor Phase (60 215 215 °C
seconds)
Infrared (15 seconds) 220 220 °C
Lead Temperature PDIP (P): (Soldering, 10 seconds) 260 260 °Cc
TO-99 (LMC): (Soldering, 10 seconds) 300 300 °C
Storage temperature, Teyg -65 150 —65 150 °C

(1) Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. Recommended Operating Conditions indicate
conditions for which the device is intended to be functional, but specific performance is not ensured. For ensured specifications and the
test conditions, see the Electrical Characteristics.

(2) Refer to RETS158AX for LM158A military specifications and to RETS158X for LM158 military specifications.

(3) If Military/Aerospace specified devices are required, please contact the Tl Sales Office/Distributors for availability and specifications.

(4) For operating at high temperatures, the LM358/LM358A, LM2904 must be derated based on a 125°C maximum junction temperature
and a thermal resistance of 120°C/W for PDIP, 182°C/W for TO-99, 189°C/W for SOIC package, and 230°C/W for DSBGA, which
applies for the device soldered in a printed circuit board, operating in a still air ambient. The LM258/LM258A and LM158/LM158A can be
derated based on a +150°C maximum junction temperature. The dissipation is the total of both amplifiers—use external resistors, where
possible, to allow the amplifier to saturate or to reduce the power which is dissipated in the integrated circuit.

(5) Short circuits from the output to V' can cause excessive heating and eventual destruction. When considering short circuits to ground,
the maximum output current is approximately 40 mA independent of the magnitude of VV*. At values of supply voltage in excess of +15
V, continuous short-circuits can exceed the power dissipation ratings and cause eventual destruction. Destructive dissipation can result
from simultaneous shorts on all amplifiers.

(6) This input current will only exist when the voltage at any of the input leads is driven negative. It is due to the collector-base junction of
the input PNP transistors becoming forward biased and thereby acting as input diode clamps. In addition to this diode action, there is
also lateral NPN parasitic transistor action on the IC chip. This transistor action can cause the output voltages of the op amps to go to
the V'voltage level (or to ground for a large overdrive) for the time duration that an input is driven negative. This is not destructive and
normal output states will re-establish when the input voltage, which was negative, again returns to a value greater than -0.3 V (at 25°C).

6.2 ESD Ratings

VALUE UNIT
Vesp)  Electrostatic discharge Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001(") 250 \v

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.

4 Submit Documentation Feedback Copyright © 2000-2014, Texas Instruments Incorporated
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6.3 Recommended Operating Conditions

over operating free-air temperature range (unless otherwise noted)

MIN MAX UNIT

Supply Voltage (V+ - V-):.LM158. LM258, LM358 3 (+1.5) 32 (+16) \'
Supply Voltage (V+ - V-):LM2904 3 (x1.5) 26 (£13) \
Operating Temperature: LM158 -55 125 °Cc
Operating Temperature: LM258 -25 85 °C
Operating Temperature: LM358 0 70 °C
Operating Temperature: LM2304 -40 85 °C
6.4 Thermal Information

LM158-N, | LM158-N LM2904-N, LM358-N

LM258-N,

THERMAL METRIC(® e UNIT
LMC NAB PR oD [ CE
8 PINS

Reja  Junction-to-ambient thermal resistance 155 | 132 | 230 | 189 | 120 |[-cw

(1) For more information about fraditional and new thermal metrics, see the /IC Package Thermal Mefrics application report, SPRA953.

6.5 Electrical Characteristics: LM158A, LM358A, LM158, LM258

V' =+5.0V, See!", unless otherwise stated

LM158A LM358A LM158, LM258
PARAMETER TEST CONDITIONS 3 : UNIT
MIN ‘TYP = MAX| MIN. TYP MAX|" MIN TYP MAX
Input Offset Voltage See?, T, =25°C 1 2 2 3 2 5| mV
Input Bias Current lings) Or Iy, Ta = 25°C, 20 50 45 100 45 1501 nA
Ve =0V, @
Input Offset Current J‘NH) 3 IIN(-)= Vem =0V, Ta = 2 10 & 30 3 30
b nA
25°C
Input Common-Mode Vi=30Vv,®@ B
Voltage Range (LM2904, V* = 26V), T = 0 5 0 V'-1.5 0 V=15V
25°C
Supply Current Over Full Temperature
Range
Ry = = on All Op Amps
V=30V (LM2904 \I* = 26V) 1 1 2| mA
Vt=5V 0.5 1.2 0.5 12 0.5 12| mA
Large Signal Voltage Gain | V" =15V, T, = 25°C,
R 22 kQ, (ForVo=1Vto 50 100 25 100 50 100 VimV
11V)
Common-Mode Ta =25°C,
e : 70 85 65 85 70 85 dB
Rejection Ratio Vem=0Vto V=15V
Power Supply Vi=5Vio30V
Rejection Ratio (LM2904, V* =5 V to 26 V), 65 100 65 100 65 100 dB
Ta=25°C

(1) These specifications are limited to —55°C < T < +125°C for the LM158/LM158A. With the LM258/LM258A, all temperature specifications

are limited to —25°C = Tp < 85°C, the LM358/LM358A temperature specifications are limited to 0°C < T, < 70°C, and the LM2904

specifications are limited to —40°C < T, < 85°C.

)
3

from 5V to 26 V.

state of the output so no loading change exists on the input lines.

#)

Vo = 1.4V, Rg = 0 Q with V" from 5 V to 30 V; and over the full input common-mode range (0 V to V' =1.5 V) at 25°C. For LM2904, V*
The direction of the input current is out of the IC due to the PNP input stage. This current is essentially constant, independent of the

The input common-mode voltage of either input signal voltage should not be allowed to go negative by more than 0.3 V (at 25°C). The

upper end of the common-mode voltage range is V" =1.5 V (at 25°C), but either or both inputs ¢an go to 32 V without damage (26 V for
LM2904), independent of the magnitude of V*.

Copyright © 2000-2014, Texas Instruments Incorporated
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Electrical Characteristics: LM158A, LM358A, LM158, LM258 (continued)

V* = +5.0 V, See!"), unless otherwise stated

LM158A LM358A LM158, LM258
PARAMETER TEST CONDITIONS UNIT
MIN TYP MAX| MIN TYP MAX| MIN TYP MAX
Power Supply VI=5Vto30V
Rejection Ratio (LM2904, V* =5 V to 26 V), 65 100 65 100 65 100 dB
Ta=25°C
Amplifier-to-Amplifier f=1kHz to 20 kHz, Tp = " _ -
Coupling 25°C (Input Referred), See® 120 i 120 o
Output Current | Source Vit =1V,
ViN =0V,
20 40 20 40 20 40 mA
vt=15V,
Vo =2V, Ty =25C
Sink V|N_ =1V, V3N+ =0V
V=15V, Ty=25°C, 10 20 10 20 10 20 mA
Vo=2V
ViN =1V,
V||'~,|+ =0V
12 50 12 50 12 50 HA
Ta = 25°C, Vg = 200 mV,
W15 v
Short Circuit to Ground Ta=25°C, Seel®, v =15V 40 60 40 60 40 60| mA
Input Offset Voltage See® 4 5 7| mv
Input Offset Voltage Drift |Rg =00Q 7 15 " 20 7 pv/ieC
Input Offset Current IIN(+) = IIN(-) 30 75 100 nA
Input Offset Current Drift | Rg = 0Q 10 200 10 300 10 pA/°C
Input Bias Current Iing or liNg-) 40 100 40 200 40 300| nA
Input Common-Mode V=30V, See'® (LM2904, \ i x
Voltage Range V" =26 V) o N NLD 9, el vi-2| v
Large Signal Voltage Gain | V' =+15
(Mo=1Vio11V) 25 45 25 Vimv
R, 22 kQ
Qutput Vou Vi =430V R =2 26 26 26 \Y
kQ
Voltage (LM2904, V" = 26 V) Ry = 27 28 27 28 27 28 \
10 kQ
Swing VoL V¥ =5V, R =10kQ 5 20 5 20 5 200 mv
Output Current | Source |V =+1V, V" =0V,
10 20 10 20 10 20 mA
V*=15V, V=2V
Sink Vi =+1V, Vg =0V,
= 10 18 5 8 5 8 mA
V=15V, Vg=2V

(5)

Due to proximity of external components, insure that coupling is not originating via stray capacitance between these external parts. This
typically can be detected as this type of capacitance increases at higher frequencies.
Short circuits from the output to V" can cause excessive heating and eventual destruction. When considering short circuits to ground,

the maximum output current is approximately 40 mA independent of the magnitude of V*. At values of supply voltage in excess of +15
V, continuous short-circuits can exceed the power dissipation ratings and cause eventual destruction. Destructive dissipation can result
from simultaneous shorts on all amplifiers.

6 Submit Documentation Feedback

Copyright © 2000-2014, Texas Instruments Incorporated
Product Folder Links: LM158-N  LM258-N LM2904-N [LM358-N



I3 TEXAS
INSTRUMENTS

www.ti.com

LM158-N, LM258-N, LM2904-N, LM358-N
SNOSBT3| —JANUARY 2000—REVISED DECEMBER 2014

6.6 Electrical Characteristics: LM358, LM2904
V*=+50V, See!”, unless otherwise stated

LM358 LM2904
PARAMETER TEST CONDITIONS UNIT
MIN TYP MAX | MIN TYP MAX
Input Offset Voltage See@ T, =25°C 7 2 7] mv
Input Bias Current {1;:}(;2 21})||{q/g‘-)s.;'e ; 25°C, 45 250 45 250 Fik
Input Offset Current N — lingy Vom =0V, T = 25°C 50 5 50 nA
Input Common-Mode Vvt =30V, See™ V-1, V15 Y
Voltage Range (LM2904, V" =26 V), T4 = 25°C 5
Supply Current Over Full Temperature Range
Ry == on All Op Amps
V* =30V (LM2904 V* = 26 V) 1 2 1 mA
Vvi=5V 0.5 1.2 0.5 1.2 mA
Large Signal Voltage V* =15V, T, = 25°C,
Gain R, 2 2kQ, (For Vg =1 Vto 11 V) 25 100 25 100 VimV
Common-Mode Ta = 25°C,
Rejection Ratio Ven =0 Vo V'=1.5V 65 85 50 70 dB
Power Supply Vi=5Vio 30V 65 100 50 100 dB
Rejection Rata (LM2904, V* =5/ to 26 V), T, = 25°C
Amplifier-to-Amplifier Coupling Ilnr:u:(:zftgrri?j )ITHSzéeT( 25°0 -120 -120 4B
QOutput Current Source |Viy" =1V,
Vin =0V,
y 20 40 20 40 mA
VT=15V,
Vo =2V, Ta=25°C
Sink Vi =1V, V' =0V
W 3 15VANT A |225°Cy 10 20 10 20 mA
Vo=2V
Vi =1V,
ViN' =0V
12 50 12 50 HA
Ta = 25°C, Vig = 200 mV,
V=15V
Short Circuit to Ground Ta=25°C, See® V=15V 40 60 40 60 mA
Input Offset Voltage See? 9 10 mV
Input Offset Voltage Drift Rg=00Q 7 7 pvIeC
Input Offset Current Iing = lings 150 45 200 nA
Input Offset Current Drift Rs=00Q 10 10 pA/°C
Input Bias Current Iing Or ling B 40 500 40 500 nA

(1)

@)
®3)
(4)

5)
(6)

These specifications are limited to -55°C < T < +125°C for the LM158/LM158A. With the LM258/LM258A, all temperature specifications
are limited to =25°C = T, < 85°C, the LM358/LM358A temperature specifications are limited to 0°C < T < 70°C, and the LM2904
specifications are limited to —40°C < T, < 85°C.

Vo = 1.4V, Rg =0 Q with V" from 5 V to 30 V; and over the full input common-mode range (0 V to V' =1.5 V) at 25°C. For LM2904, VV*
from 5 V to 26 V.

The direction of the input current is out of the IC due to the PNP input stage. This current is essentially constant, independent of the
state of the output so no loading change exists on the input lines.

The input common-mode voltage of either input signal voltage should not be allowed to go negative by more than 0.3 V (at 25°C). The
upper end of the common-mode voltage range is V* =1.5 V (at 25°C), but either or both inputs can go to 32 V without damage (26 V for
LM2904), independent of the magnitude of \/*.

Due to proximity of external components, insure that coupling is not originating via stray capacitance between these external parts. This
typically can be detected as this type of capacitance increases at higher frequencies.

Short circuits from the output to V' can cause excessive heating and eventual destruction. When considering short circuits to ground,
the maximum output current is approximately 40 mA independent of the magnitude of V*. At values of supply voltage in excess of +15
V, continuous short-circuits can exceed the power dissipation ratings and cause eventual destruction. Destructive dissipation can result
from simultaneous shorts on all amplifiers.
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Electrical Characteristics: LM358, LM2904 (continued)
VvVt =+5.0V, Seel'), unless otherwise stated
LM358 LM2904
PARAMETER TEST CONDITIONS UNIT
MIN TYP MAX | MIN TYP MAX
s = 4) =
Input Common-Mode V=30V, See'” (LM2904, V' = 26 V) 0 Va2 0 V* =2 v
Voltage Range
Large Signal Voltage Gain Vi=+15V
(Vo=1Vto 11V) 15 15 VimV
R, 2 2kQ
Output Von V=30V R =2kQ 26 22 v
Voltage (LM2904, V* =26 V) R, =10 kQ 27 28 23 24 vV
Swing VoL VF=5V, R .=10kQ 5 20 5 100 mV
Qutput Current Source |ViN"'=1V, Vi =0V,
10 20 10 20 mA
VF=15V,Vg=2V
Sink V|NA =1V, V|N+ =0V,
. 5 8 5 8 mA
Vi=15V, Vg=2V
8 Submit Documentation Feedback Copyright © 2000-2014, Texas Instruments Incorporated
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6.7 Typical Characteristics

f = FREQUENCY (Hz)
Figure 5. Open Loop Frequency Response

15 90
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o _. 80
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> e +
= 8 4o VE o= 415V,
2 POSITIVE =
= 5 / T 30
- 120 Vo= 45V,
3 / = 10
0
0 5 10 15 -55-35-15 5 25 45 65 85 105125
V¥ OR V™ POWER SUPPLY VOLTAGE (Vy) T, - TEMPERATURE (°C)
Figure 1. Input Voltage Range Figure 2. Input Current
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Figure 6. Common-Mode Rejection Ratio
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Typical Characteristics (continued)
4 — 500 T
B e R = 2.0k \
g 2 ¥ =15 Vig | =
g s 2 - DC 5 450 —0 ee
<
- / \ w &n == 50pf
22 i - 2wt T
0 = = I
34,. -, § 5 ! INPUT
»é = % \OUTPUT I
=g Z ' 300 N
- & T, = +25°C
=3 VF =430V,
250 . :
0 10 20 30 40 0 1 2 3 4 5 6 7 8
t = TIME (us) t - TIME (us)
Figure 7. Voltage Follower Pulse Response Figure 8. Voltage Follower Pulse Response (Small Signal)
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Figure 9. Large Signal Frequency Response Figure 10. Output Characteristics Current Sourcing
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Figure 11. Output Characteristics Current Sinking Figure 12. Current Limiting
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Typical Characteristics (continued)
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Figure 13. Input Current (LM2902 Only)
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Figure 14. Voltage Gain (LM2902 Only)
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7 Detailed Description

7.1 Overview

The LM158 series are operational amplifiers which can operate with only a single power supply voltage, have
true-differential inputs, and remain in the linear mode with an input common-mode voltage of 0 Vpe. These
amplifiers operate over a wide range of power supply voltage with little change in performance characteristics. At
25°C amplifier operation is possible down to a minimum supply voltage of 2.3 Vpc.

Large differential input voltages can be easily accommodated and, as input differential voltage protection diodes
are not needed, no large input currents result from large differential input voltages. The differential input voltage
may be larger than V* without damaging the device. Protection should be provided to prevent the input voltages
from going negative more than —0.3 Vp¢ (at 25°C). An input clamp diode with a resistor to the IC input terminal
can be used.

7.2 Functional Block Diagram

IN =
ouT
IN +

3

Figure 15. (Each Amplifier)

7.3 Feature Description

The amplifier's differential inputs consist of a non-inverting input (+IN) and an inverting input (-=IN). The amplifer
amplifies only the difference in voltage between the two inpus, which is called the differential input voltage. The
output voltage of the op-amp Vout is given by Equation 1:

VOUT = AOL (IN# - IN-)

where
« AOL is the open-loop gain of the amplifier, typically around 100dB (100,000x, or 10uV per Volt). (1)

To reduce the power supply current drain, the amplifiers have a class A output stage for small signal levels which
converts to class B in a large signal mode. This allows the amplifiers to both source and sink large output
currents. Therefore both NPN and PNP external current boost transistors can be used to extend the power
capability of the basic amplifiers. The output voltage needs to raise approximately 1 diode drop above ground to
bias the on-chip vertical PNP transistor for output current sinking applications.

For ac applications, where the load is capacitively coupled to the output of the amplifier, a resistor should be
used, from the output of the amplifier to ground to increase the class A bias current and prevent crossover
distortion. Where the load is directly coupled, as in dc applications, there is no crossover distortion.

Capacitive loads which are applied directly to the output of the amplifier reduce the loop stability margin. Values
of 50 pF can be accommodated using the worst-case non-inverting unity gain connection. Large closed loop
gains or resistive isolation should be used if larger load capacitance must be driven by the amplifier.

The bias network of the LM158 establishes a drain current which is independent of the magnitude of the power
supply voltage over the range of 3 Vpe to 30 Vpe.

Output short circuits either to ground or to the positive power supply should be of short time duration. Units can
be destroyed, not as a result of the short circuit current causing metal fusing, but rather due to the large increase
in IC chip power dissipation which will cause eventual failure due to excessive junction temperatures. Putting
direct short-circuits on more than one amplifier at a time will increase the total IC power dissipation to destructive
levels, if not properly protected with external dissipation limiting resistors in series with the output leads of the
amplifiers. The larger value of output source current which is available at 25°C provides a larger output current
capability at elevated temperatures (see Typical Characteristics) than a standard IC op amp.
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7.4 Device Functional Modes

INPUTS

Figure 16. Schematic Diagram

The circuits presented in the Typical Single-Supply Applications emphasize operation on only a single power
supply voltage. If complementary power supplies are available, all of the standard op-amp circuits can be used.
In general, introducing a pseudo-ground (a bias voltage reference of V*/2) will allow operation above and below
this value in single power supply systems. Many application circuits are shown which take advantage of the wide
input common-mode voltage range which includes ground. In most cases, input biasing is not required and input
voltages which range to ground can easily be accommodated.
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Inspection Report

BV10S1P-29TD

Cell Battery Pack (10S1P) 37.04V 399mQ
Battery Capacity
NCR18650TD 2900mAh 2755mAh

Battery protection

Ambient Operating Temperature
Cg'fsgﬁfnry PTC Resettable Fuses 23°C 40°C 50°C
P 4.2A 3.6A 3.3A

Battery Pack Dimension

Side view

74.4mm. £2mm

|

T

38.5mm. £2mm

v

300mm. £5mm

Qutput B+ Red Color, 1IBAWG —
Output B- Black Color, 18AWG ——
Tab1-9 (T1-19) Black Color, 20AWG

Weight

Battery Pack : 0.53Kg.

E—
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Lithium lon

Panasonic NCR18650B

(/ \
Features & Benefits Specifications Dimensions
* High energy density Rated capacity® Min. 3200mAh Max. 18.5 mm
| = Long stable power and - -
| Ionggrun tim?—:‘ Capacity? Min. 3250mAh : E
; Ah - ke
= Ideal for notebook PCs, Typ. 3330m <
boosters, portable devices, | Nominal voltage 3.6V *With tube  (+)
etc. Charging CC-CV, Std. 1625mA, 4.20V, 4.0 hrs S T
Weight (max.) 485¢g i E
Temperature Charge*: 0to +45°C 9 ™
Discharge: -20 to +60°C : ': l
Storage: -20 to +50°C I g "
1
Energy density® | Volumetric: 676 Wh/I ‘ | :‘
" At temperatures below 10°C, Gravimetric: 243 Wh/kg (_‘_)
charge at a 0.25C rate.
| WAE20°C @ At 25°C BlEnergy density based on bare cell dimensions For Reference Only
Charge Characteristics | Cycle Life Characteristics
. I b | Charge: CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C
50 Charge: CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C : 1500 | Discharge: CC1C, 2.50V cut-off at 25°C -
as /”— | | 3000 =i, ‘T T |
+ 3000 1
540 | VOLTAGE 4 E %' %' = Ul fe To——
o] 2000 £ > = 2000 Il | '
| E 3.5 1 E E | z ‘
5] i € g g 1500 ——
> 3 | o 3 | % ‘
CURRENT 54 ‘ 1000 G 4 + ‘ = e
e A W O6)) = RFLT 1
0 50 100 150 200 0 T
TIME (minutes) 0 100 200 300 400 500 600
CYCLE COUNT
R M —_— N D) o~ _ PN W« | o : e e E
Discharge Characteristics (by temperature) Discharge Characteristics (by rate of discharge) |
Charge:  CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C ! Charge:  CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C
4.5 1 Discharge: CC 1C, 2.50V cut-off at each temperature — a5 Discharge: CC, 2.50V cut-off at 25°C —
4.0 4.0
= =
E 35 g £
E g
3.0 3.0
25 2.5
0 500 1000 1500 2000 2500 3000 3500 ] 500 1000 1500 2000 2500 3000 3500
DISCHARGE CAPACITY (mAh) DISCHARGE CAPACITY (mAh)
—-20° ¢ —-10° ¢ =—0" ¢ —25" ¢ —40° C ()20 () w—C w—DC
The data in this document is for descriptive purposes only and is not intended to make or imply any guarantee or warranty.

For more information on how Panasonic can assist you with your battery power solution needs, visit us at
www.panasonic.com/industrial/batteries-oem, e-mail secsales@us.panasonic.com, or call (469) 362-5600. ’






