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ABSTRACT

Nowadays, the desire to reduce fuel consumption which cause the
greenhouse effect is increased. Electric car is a good option to reduce air pollution
but as the time goes by is the electric car is limited by battery. However, technology
has developed batteries to have more energy. So this project is about battery
management systems, in order to make a high-performance batteries and long
lifetime. The display will show an accurately values for voltage, current and state of

charge of battery by LCD that processed by microcontroller which control battery.
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1.1 Internal battery parameter
WusuwusiAaanalssnusdnuunme? fasznoudie fulsaglu

- winfimasitinainian (Material parameter) wu Collector alloy,
Electrolyte, separator “1a“ _

- wniwesiiiinnnmsosnuuy (Design parameter)

- Dimension parameter U AMUUUITIWAR, ANLANTUSNIIUINLES
AU TauAees lunsldaiu

- welaladeauuAnesd Wy mumur IRy, nslaein “a4

- walulagdnisnan

1.2 External battery parameter
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1.3 JTUUTANITUUALADS (Battery Management Systems)
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- ¥y (misaUszunana : CPU)
- mihEAEHAT (RAM)
- EATNEIRIT (ROM)
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Data
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Serial Port

T = x '
3U# 2.2 anUmenssuiugiures Microcontroller

2

1 o d =3 1 e/ «©y 1 a el EJ = C‘l) 1 waren e
ATUNAYDU) L TUBYNUNTTUIUNTINARYDILAAS UI BN LHERTULN T.E‘EF]E?JEUUNWLFTU

a

adluiaiuy

@

- ADC (Analog to Digital) drumaiudyaraeudsnudaduidudun aufines

as

- DAC (Digital to Analog) daunmadsdyauiissawdasluiludymiaeundan

- 12C (inter Integrate Circuit Bus) LfJumﬁaMmqmmmU%d‘[ﬂ'ﬁﬂ’ﬁ (Synchronous)
wiald Aedodaans sznine lulasneulvsaass (MCU) ffugunsalneuen Fagaimuniulng
U3En Philips Semiconductors Tngldaedmaaniies 2 @uwindu de seral data (SDA) uas
18 serial clock (SCL) @@y eureaunsal S1numannq é Wdaiuld vy Mcu 14
wesniRes 2 wasamniy |

- SPI (Serial Peripheral Interface) LﬂUHﬁL%aMﬁ{aﬁUQUﬂiEﬂLﬁa‘%}UEﬁ‘ﬁalﬂa WUy
Falasiia (Synchronize) fidymiauinuduniisdesssuinlulnsmeulnsaass

L 7

(Microcontroller) wisaxiiugunsainigueniifimsiudedayauuy P gunsaliivinuthiuin
#inas (Master) Ingunfudrazidululasreulnsaaes wisenandnldiraunsal Master sz
AaurugUnsal Slave 1o lasundsh Slave dinaunduled (10) winitfivesieg wy ladgamad,
la@gunaiuniininds (Real-Tme Clock) wiearaiululasneulnsaaesiviivtiilulyue

Slave Alsaiuiy
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- PWM (Pulse Width Modulation) nsasadygaiaduuvauaisig faiuiso
as < o I 1 '
Usuwagunuduay Duty Cycle laviatiluaugunsaldnaquaiy ueimed
- - - o v EIIU 1 v
- UART(Universal Asynchronous Receiver Transmitter) YU UAIUaYa

wuvazdalasia dwmiuiasgrunisiudstiayauuy RS-23

2.1.1 Usunnvadlulasaaulvsaiaas(Microcontroller)
lulpsreulnsaiaad datuvasussinmudminanidnenssu(nisuanuas

o d‘ ) a i g J
nIEUIUM M UTEUUNSUssnana) Nildlutagiuondiediadai

UV a

- lulesreulnsatassnszna PIC (USdenan Microchip lalasdv)

i
v

lulas roulnsaiaoinszna MCS51 (US¥MEER Atmel, Phillips)

u

- lulasnaulvsaaasaszna AVR (USdiuan Atmel)

lulesreulnsaansassga ARM7,ARMY (USimean Atmel, Phillips,Analog
Device, Sumsung, STMicroelectronics)
- lilasnaulnsaaadnszna Basic Stamp (UTEWEwEN Parallax)

lulasaoulnsaaaingyna PSOC (U3WmEnan CYPRESS)

1

1 'L:JIﬂ'mauImaLaa%mzqa MSP (U3tnenam Texas Intruments)

- lilasreulnsamainszna 68HC (UT¥WENAR MOTOROLA)

Lilas reulvsaiaainsena H8 (U3WMEHAR Renesas)
- lulas moulnsawaadaszga RABBIT (UIWEHER RABBIT SEMICONDUCTOR)

lulas paulvsaiansnzna Z80 (USEHAR Zilog)

1

2.1.2 lulnsaaulvsaiaasnszga PIC
PIC Aa microcontroller é’ﬂizqawﬁq dauna1nAIn Peripheral Interface
Controller &1 concept waa microcontroller asenabinAe nergwsuemnedinoililusali
F19zu PROGRAM MEMROY, RAM, EEPROM, SERIAL, 12C, PWM, A/D 1a% Tnglsiswilufossia
gunsaliaiunnnnieuen Tuiwes PIC axiiflsiduiildlunisussmana sauiaianiusi e

Tviuwmiiauiu CPU fauda



1. A7NNFIYae PIC
mmaammﬁﬁmmwmmﬁm Hagiuaursaviduanaunidnilén
20 MHz Savilivilsirdswas PIC Tiaauites 0.25u Sec udagilsfnulativsonauladeduans
PIC 91 microchipwagldains chip ffaudaldunninduiuluan
2. WUIBAIUTIYB4 PIC
lusdimvtisnnudiwes PIC avAeudnation Aaagsewing 512 words fa
4K words willuthagiu ui¥m microchip Fafiudwes PIC T8l memory was PIC
twnedunmeduilalud  wasdidhasaseldlnaiuden Tudswssnmstiununaves
wierudes PIC aniulimilouund Taedl wisddwes PIC asilvuin 14 bits dafy 7
591 1 word 184 PIC 3xdivung 14 bits 19y PICL6FBIA sruriivibinainsn 1 K @wanois
1K word dmnadilunuy 1 byte azwiniu 8 bit 9glén 1 x 1,024 x 14 = 14,336 bits
fafufile 14,336/(8 x 1,024) = 1.75K bytes
3. darnenssuvas PIC
Aauilll 3 awwdnqAetudumey 1600 17x0 waglmidanfia 18xxx
AuasiRmvilenidominlesgaluinngafifie 16 > 17 -> 18 Ards assembly vs 17 wavil
18 swilinntr 16 viliideulusunsulddenis mmfesgeinitvhe widduilisufdenszqa
16xxx
4. Concept an1Unenssuvas PIC
PIC azdafiamseenuuuitinsumnedislily chip dudadlaglisosa
gunsaflaq sy wivaansasiiuiaidn waveunsaiillderlinnn vnawataesiiud PIC s
dndelaglidsiodld chip Sunndiaianas dfepuautafames PIC Fatlaqiuvanauidni wi
microcontroller fAidsaginundoukuuLuIMal wAvnatsdeniideide Liasnn concept ay
sumnedelily chip Wua villfprogram memory uag data memory Lifasnsnvenolagld
AU memory meuanldl PIC Fawmnzdwivanudng Lildewluglq Adaddnisdun was

memory LJos9)



2.2 Analog-to-Digital Converter (ADC)
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Wasuwlas sdwsaiies Sendyqraiindyaiueuiaen (analog signal)  gnfed gy
fryaandos Aol lusluuuresnssuauasusdu arunawadudygrueuiasnuny

v
@r

viedu urluifagtuadeaile uazgunsaiutsUszan Mredlddya adnguuuunisitliannsedu
Suwnilidudyaaeuasnlnons Aeguasaiiiu microprocessor, microcontroler Fastants
dyqralusluuuadnaaminy lunsiluvssnanaindudesdiasiulasdyaramis
awaen ludygrauvaiinea Bonwessingndn 1935 AD (Analog to Digital Converter -

ADC)
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o ) . o o 1 v v 4
AU analog input zgALUIBUIBUNUATLTINUB19E(Vrel) T19A
FI199 MR input W84993T comparator W3eNITUTBUTEULTIRY SRSy input TieEes
L | a o o ot ow 5% v o1 a8 o 1 ) = o s
WINNU 91 output ¥892995WWSBUMEY NsliAAY 1 waa1liwidsgdiawindu 0 daduszay

dyyrunnadiinea lngsasencoder galdlumsiSasdduresdyaiuandauTouiio ol

JUaialaugwaeaBniinis 19ansauds ADC sanaunsldaulduareismetuia

2.2.1 Dual-Slope (Integrating) ADC

o w o as & &4 ° o
Wy ADC AilFauneriundasdiataauiinn 19asneludsenauseiees

o aa as o a
nlukvvewasnuaridneasiudusglulediiien

analog
input

I integrator

controf,

circui

counter
control

voltage &
comparatar binany
couniafp
F—{CLK
N 11 binary
CLOCK St

7Ui1 2.5 uans Block diagram a3 ADC Kuu Dual-Slope
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leteudtymyn analog input Tugai3an t1 1§unds ADC W15 intesrator
W output ¥BNIsintegrator axilAniuaudie ussduauiililewimanassuisudy
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231U uainsABLUNNYBNRT integrator TUeAULSILE9EY JaaTTuas LUl
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2.2.2 Successive Approximation ADC
i AN o I a a
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o d a s 1 a o o P
LUALABILLUY Al123 wmamaanmmuuw’iu{]aﬂuu QBZJ“ZIU'W]F‘]THJQLWENFHL@EJ?

= asa v o ' W <
fv 2.3 Ah Tﬂﬂhﬂmauum uasYaNIMUANILY (paecameter) AINITINA 2.2
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AN 2.2 AaiauURuLUAmeT A123

Specification

Nominal Voltage

33V

Nominal Capacity

2.3 Ah

Nominal dimension

26 mm x 66.5 mm ht

Maximum allowable cell temperature

Nominal cell weight 70 ¢

Cell charging parameters : CC-CV

Recommended charge current (0°C to 60°C ambient temp) 3A

Recommended charge voltage 36V

Recommended float charge voltage 345V

Recommended cut-off current for CV hold (indicating 100% SOC): 0.05 A

Maximum continuous charge current (ZOOC to 60°C ambient) 10 A

Maximum allowable charge voltage 4.2 V MAX

Fast charege time 15 minutes

Cell discharging parameters (-3ODC to +60°C ambient

temperature)

Recommended discharge cut-off voltage 20V

Maximum continuous discharge current 60 A

Cell temperature parameters (skin temperature)

Maximum recommended cell temperature 70°C
85°C

Allowable storage temperature range

50°C to +60°C
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Fp = qFE
B = Ay (2.8.3)
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oot Load 23 A Load 4.6 A
Voltage(V) Voltage(V)
100 3.347 3.344
95 3.283 3.263
90 3.273 3.242
85 3.265 358
80 3.258 3.224
75 5.251 3.218
70 3.245 5.21 1l
65 3.239 3.204
60 o k) er
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85 3.192 3.163
30 3.181 3.154
25 SHES 3.142
20 3.143 3.127
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10 2971 3.078
L 2672 2.983
0 2.526 2.731
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4.2 asindauzdsryvasuuainailagfienszudasil Naaneqedielaidaiiias

A15197 4.2 Han1mAaeIN1IAgUsYITedLUawesiagviinslnanliseies

. Load 23 A | Load 345A | Load 1.15A Aade
Voltage(V) Voltage(V) Voltage(V) (%)

100 3.523 3,546 3.53 3.533
95 3.33025 3.34 3.345 3,33975
90 3.3195 3,325 3,329 3.3245
85 33115 3.315 3.317 3.3145
80 3.30075 3.309 3,302 3.303917
75 3.2925 3.296 3.291 3.293167
70 3,286 3.288 3.286 3.286667
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15 2.9045 2.798 2,875 2.859167
10 2.5890 2.556 2.5745 2.57316
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#include <p30f4011.h>
#include <adc10.h>
#include <stdio.h>
#include <uart.h>
#include <ports.h>

Hinclude <math.h>

_FOSC(CSW_FSCM _OFF & XT_PLL16); // Disable Clock Switching

// Enable Fail-Salf Clock

// Clock Source=Primary XT + (PLLx16)
_FWDT(WDT _OFF); // Disable Watchdog
_FBORPOR(PBOR_OFF & MCLR_EN); // Disable Brown-Out ,Enable MCLR

_FGS(CODE_PROT_OFF); // Code Protect OFF

// Character LCD Interface Pins

#define TRIS_DATA PIN 4  TRISEbits. TRISEQ // Direction D4
#tdefine TRIS_DATA PIN 5  TRISEbits. TRISE1 // Direction D5
#define TRIS_DATA PIN_ 6  TRISEbits. TRISE2 // Direction Dé
#define TRIS_DATA PIN_ 7  TRISEbits. TRISE3 // Direction D7

#define TRIS_RS TRISEbits. TRISE4 // Direction RS



#define TRIS_E TRISEDits. TRISE5

fdefine DATA PIN 4 LATEDbits.LATEO

#define DATA PIN 5 LATEDbits.LATE1
#define DATA_PIN 6 LATEbits.LATE2
#define DATA PIN 7 LATEbits LATE3
#define RS_PIN LATEDbits.LATE4

#define E_PIN LATEDits.LATE5

/* Display ON/OFF Control */

#define DON OxOF
#define DOFF 0x0B
t#define CURSOR_ON 0x0F
#define CURSOR_OFF 0x0D
#define BLINK ON Ox0OF
#define BLINK OFF OXOE

/* Cursor or Display Shift */

#define SHIFT_CUR_LEFT  0x13
#define SHIFT_CUR RIGHT ~ Ox17
#define SHIFT_DISP_LEFT  0x1B

#define SHIFT_DISP_RIGHT  Ox1F

// Direction E

// RBO = D4 LCD
// RB1 = D5 LCD
// RB2 = D6 LCD
// RB3 = D7 LCD
// RB4 = RS LCD

% RBS =E LCD

// Display on
// Display off
// Cursor on
// Cursor off
// Cursor Blink

// Cursor No Blink

// Cursor shifts to the left
// Cursor shifts to the right
// Display shifts to the left

// Display shifts to the right



/* Function Prototypes */

void Initial_dbitLCD(void);

void SetCGRamAddr(unsigned char);
void SetDDRamAddr(unsigned char);
void WriteCmdLCD(unsigned char);
void WriteDataLCD(unsigned char);
void PutsLCD(unsiened char*);

void Delay_tW_LCD(void);

void Busy LCD(void);

void Delay(unsigned long int);

unsigned int inter=0;

void _ISR _INTOInterrupt(void)
{
inter++;
WriteCrdLCD(0x01);

iflinter==7)

inter=0;

/7 Initial LCD Interface

// Set Cursor Address
// Write Command

// Write Data

// Print Message

// Enable Pulse Delay
// Wait LCD Busy

// Delay Time Function



Delay(500000);
_INTOIF = 0;

}

int main(void)

{
unsigned int

resultl,result2 result3,resultd,results,result6,result? result8,result9,result10;
unsigned int n1=0,n2=0,n3=0,n4=0,n5=0,n6=0;
unsigned int current1=0,current2=0,current3=0,currentd=0;
unsigned int read1=0,read2=0,read3=0,read4=0;

float
voltagel,voltage?, voltage3,voltaged,voltage5,voltage6,voltage7 voltage8,voltage9,volt

agell;
float v1=0,v2=0,v3=0,v4=0,v5=0,v6=0,v7=0,v8=0,v9=0,v10=0;

float
sumv1=0,sumv2=0,sumv3=0,sumvéd=0,s5umv5=0,sumv6=0,sumv7=0,sumv8=0,sumv9=

0;
float avevl,avev2,avev3,avevd,avevs,avevb,avev’,avevd,avevy;
float ansl,ans2,ans3;
float x1,percl,x2,perc2,x3,perc3,x4,percs;

float ci,cfl,c2,cf2,c3,cf3,c4,cfd;



float readf1,readf2,readf3,readfd;
float rel,re2,re3 red;
char Vol1[16],Vol2[16],Vol3[16],Vold[16],Vol5[16],Vol6[16];

char

uart_buf1[40],uart_buf2[40],uart_buf3[40]uart_bufd[40],uart_buf5[40],ua rt_buf6[40];
char Temp[16];

double t1,t,r=0,ln,3;

Initial_4bitLCD(); // Initial LCD 4 Bit Interface

unsigned int Channel, PinConfig, Scanselect, Adcon3 reg,

Adcon2_reg,Adconl reg;

ADCON1bits ADON = 0; /* turn off ADC */
Channel = ADC_CHO_POS_SAMPLEA ANO &
ADC_CHO_POS SAMPLEA AN1 &

ADC_CHO_NEG_SAMPLEA NVREF;

SetChanADC10(Channel);

ConfigntADC10(ADC_INT_DISABLE);

PinConfig = ENABLE_ANO_ANA &
ENABLE_AN1_ANA &

ENABLE_AN2_ANA &



ENABLE_AN3 ANA &
ENABLE_AN4_ANA &
ENABLE_AN5_ANA ;
Scanselect = SKIP_SCAN_ANé6 &
SKIP_SCAN ANT &
SKIP_SCAN_ANS ;
Adconl_reg = ADC_MODULE _ON &
ADC_IDLE_CONTINUE &
ADC_FORMAT _INTG &
ADC_CLK MANUAL &
ADC_SAMPLE_SIMULTANEOUS &
ADC_AUTO_SAMPLING ON &
ADC_SAMP ON ;
Adcon2_reg = ADC_VREF _AVDD AVSS &
ADC_SCAN ON &
ADC_ALT BUF OFF &
ADC_ALT INPUT OFF &
ADC_CONVERT_CHO &
ADC_SAMPLES PER INT_8;
Adcon3_reg = ADC_SAMPLE TIME_10 &

ADC_CONV_CLK SYSTEM &



ADC_CONV_CLK_10Tcy;

OpenADC10(Adcon1_reg, Adcon2_reg,

Adcon3 reg,PinConfig, Scanselect);

init_uart();
ConfigINTO(FALLING_EDGE_INT & EXT_INT _ENABLE & EXT INT PRI_7);

/1y = ((-18807.3291845895)*x5)+((285384.452985846)*xA 8 )+((-
1726307.02099573)*x"3)+((5203317.07603025)*x " 2)+((-
7814259.20259222)*x)+(4677282.20223927);

while(1)

ifinter==0) //cell 1

ADCON1bits.SAMP = 1;
while(!ADCON1bits.SAMP);

ConvertADC10();

while(ADCON1bits.SAMP);

while(!BusyADC100); //1 complete 0 operate

resultl = ReadADC10(0); // unsigned int



result2 = ReadADC10(1); // unsigned int

currentl = ReadADC10(4); // unsigned int
cl = ((float)current1);

cf1 = ((0.0264%c1)-13.39);

voltagel = ((float)result1)*15.0;
voltage2 = ((float)result2)*15.0;
vl = voltage1/1023;

v2 = voltage2/1023;

ifiln1<50000)

sumvil=sumvi+vi;
sumv2=sumv2+vz;

if(n1==49998)

avevl = sumv1/4999¢;
avegv2 = sumv2/49998;

ansl = avevl-avev2 ;



X1 = ansl;

percl = ((-
18807.3291845895)*x1*x1*x1*x1*x1)+((285384.452985846)*x1*x1*x1*x1)+((-
1726307.02099573)*x1*x1*x1)+((5203317.07603025)*x1*x1)+((-
7814259.20259222)*x1)+(4677282.20223927);

if(perc1>100) perc1=100;

sprintf(Voll,"%.3f V 9%.0f Per',ans1,percl);

SetDDRamAddr(0x00);

PutsLCD((unsigned char *)'Battery Cell 1%;

SetDDRamAddr{0x40); // Start Cursor Line-2

PutsLCD((unsigned char *)Vol1);

sprintfluart_buf1,"%MA\n\r',ans1); // Print Message String
putsUART 1((unsigned int *)uart_buf1);
¥

ifln1==49999)

n1=0;
sumv1=0;

sumv2=0;



avev1=0;
avgv2=0;

ans1=0;

N1++;

Vi Delay(25) ;

if(inter==1) //cell 2

ADCON1bits.SAMP = 1;
while(lADCON 1bits.SAMP);
ConvertADC10();

while(ADCON1bits.SAMP);

while(lBusyADC100), //1 complete 0 operate

result3 = ReadADC10(1); // unsigned int

resultd = ReadADC10(2); // unsigned int

current2 = ReadADC10(4); // unsigned int

c2 = ((loat)current2);



cf2 = ((0.0264*c2)-13.39);
voltage3 = ((float)result3)*15.0;
voltaged = ((float)resultd)*15.0;
v3 = voltage3/1023;

vd = voltaged/1023;

if(n2<50000)

sumv3=sumyv3+v3;
sumvid=sumvid+vd;

if(n2==49998)

avgv3 = sumv3/49998;
avevd = sumv4/49998,;

ans2 = avegv3-avevd,

X2 = ansZ;

perc2 = ((-
18807.3291845895)*x2*x2*x2*x2*x2)+((285384.452985846)*x2*x2*x 2*x2)+((-
1726307.02099573)*x2*x2*x2)+((5203317.07603025)*x2*x2)+((-
7814259.20259222)*x2)+(4677282.20223927);

if(perc2>100) perc2=100;



sprintf(Vol2,"%.3f V %.0f Per",ans2,perc2);

SetDDRamAddr(0x00);

PutsLCD((unsigned char *)'Battery Cell 2");

SetDDRamAddr(0x40);
// Start Cursor Line-2

PutsLCD((unsigned char *Vol2);
sprintfluart_buf2,"%f\n\r",ans2); // Print Message String
putsUART1((unsigned int *uart_buf2);

}

if(n2==49999)

{
n2=0;

sumv3=0;
sumva=0;
avev3=0;
avgva=0;
ans2=0;

}

NZ2++;

// Delay(25) ;



iflinter==2) //cell 3

ADCON1bits.SAMP = 1;
while(lADCON1bits.SAMP);

ConvertADC10();

while(ADCON1bits.SAMP);

while(iBusyADC10()); //1 complete 0 operate
results = ReadADC10(2); // unsigned int

resulté = ReadADC10(3); // unsigned int

current3 = ReadADC10(4); // unsigned int
c3 = ((Roat)current3);

cf3 = ((0.0264*c3)-13.39);

voltage5 = ((float)result5)*15.0;
voltageé = ((float)result6)*15.0;
v5 = voltage5/1023;

v6 = voltage6/1023;

ifin3<50000)



sumvh=sumvbs+v5;
sumvé=sumvo+veé;

if(n3==49998)

avgvh = sumv5/49998;
avevé = sumvé/49998;

ans3 = (avev5-avgve)*-1;

X3 = ans3;

perc3 = ((-
18807.3291845895)*x3*x3*x3*x3*x3)+((285384.452985846)*x3*x3*x3*x3)+((-
1726307.02099573)*x3*x3*x3)+((5203317.07603025)*x3*x3)+((-
7814259.20259222)*x3)+(4677282.20223927);

if(perc3>100) perc3=100;

sprintf(Vol3,"%.3f V 9%.0f Per",ans3,perc3);

SetDDRamAddr(0x00);

PutsLCD((unsigned char *)"Battery Cell 3");

SetDDRamAddr(0x40);
// Start Cursor Line-2



PutsLCD((unsigned char *)Vol3);

sprintfluart_buf3,"%MA\n\r",ans3); // Print
Message String

putsUART1((unsigned int *Juart_buf3);
}

iftn3==49999)

n3=0;
sumv5=0;
sumvé=0;
avevs=0;

aveve=0;

ans3=0;

N3++;

} // Delay(25) ;

iflinter==3) //cell &

ADCON1bits.SAMP = 1;

while(!ADCON1bits. SAMP);

ConvertADC10():



while(ADCON1bits.SAMP);
while(IBusyADC100); //1 complete 0 operate

result? = ReadADC10(3); // unsigned int

currentd = ReadADC10(4);  // unsigned int
c4 = ((float)currentd);

cfd = ((0.0264*c4)-13.39):

voltage7 = ((loat)result?)*5.0;

vl = voltage7/1023;

ifin4<50000)

sumv7=sumv7+vT;

if(nd==49998)

avgv’ = sumv7/49998;
x4 = avgv’,;

percd = ((-
18807.3291845895)*x4*xd4*xa*x4*x4)+((285384.452985846)*x4*xA*xd*xA)+((-
1726307.02099573)*x4*x4*x4)+((5203317.07603025)*x4*xd)+((-
7814259.20259222)*x4)+(4677282.20223927);



ADCON1bits.SAMP = 1;
while('TADCON1bits. SAMP);
ConvertADC100();
while(ADCON1bits.SAMP);
while(!BusyADC10());
result8 = ReadADC10(0);
readl = ReadADC10(1);
read2 = ReadADC10(2);
read3 = ReadADC10(3);

readd = ReadADC10(4);

readf1 = ((float)read1)*15.0;
readf2 = ((float)read2)*15.0;

readf3 = ((float)read3)*5.0;

readfd = ((float)readd);
rel = readf1/1023;
re2 = readf2/1023;

re3 = readf3/1023;

red = ((0.0264%*readfd)-13.39);

//1 complete 0 operate

// unsigned int

voltage8 = ((float)result8)*15.0;



if(perc4>100) percd=100;
sprintf(Vold,"%.3f V %.0f Per",avgv7,percd);

SetDDRamAddr(0x00);

PutsLCD((unsigned char *)'Battery Cell 4");

SetDDRamAddr(0x40);
// Start Cursor Line-2

PutsLCD((unsigned char *)Vol4);

sprintfluart_bufd,"%M\n\r",avev7); // Print Message String

putsUART1((unsigned int *Juart_bufd);

}
iflnd==49999)
{
nd=0;
sumv7=0;
avev7=0;
}
Nd++;
} // Delay(25) ;
} // TOTAL VOLTAGE 4 CELL

iflinter==4)



v8 = voltage8/1023;

/ sprintfluart_buf5,"%M\t%M\t%M\t%MA\t%AN\",v8,rel,re2,re3,red);
// Print Message String

// putsUART1((unsigned int *Juart_buf5);

if(n5<50000)

sumMv8=sumva8+va;

if(n5==49998)

avev8 = sumv8/49998;
sprintf(Vol5,"%.3f VOLT",avev8);

SetDDRamAddr(0x00);

PutsLCD((unsigned char *)"Total 4 Battery");
SetDDRamAddr{0x40); // Start Cursor Line-2
PutsLCD((unsigned char *)Vol5);

sprintfluart_buf5, %M\t9%6M\t96MA\t%MAL9%AN\" v8,rel,re2,re3,red);
// Print Message String

putsUARTL((unsigned int *Juart_buf5);
}

if(n5==49999)



n5=0;
sumv8=0;

avgv8=0;

n5++;
} H Delay(25) ;
} // CURRENT BATT (.0264 * analogRead(A0) -13.51)

ifinter==5)

ADCON1bits.SAMP = 1;

while(lADCON1bits. SAMP);

ConvertADC10();

while(ADCON1bits. SAMP);

while(IBusyADC10()): //1 complete 0 operate
result9 = ReadADC10(4); // unsigned int

voltage9 = ((float)result9);

v9 = ((0.0264*voltage9)-13.39);

if(n6<50000)

suMv9=sumv9+v9;



ifn6==49998)

avev9 = sumv9/49998;
sprintf(Vol6,"%.3f AMP" avev9);

SetDDRamAddr(0x00);

PutsLCD((unsigned char *)"Current Battery");
SetDDRamAddr(0x40); // Start Cursor Line-2

PutsLCD((unsigned char *)Volé);

sprintfluart_buf6,"%MA\n\r",avev9); // Print Message String
putsUART1((unsigned int *Juart_buf6);
}

if(n6==49999)

{
n6=0;
sumv9=0;
avev9=0;
}
N6++;

} // Delay(25) ;



//thermistor

iflinter==6)

ADCON1bits. SAMP = 1;

while(!ADCON1bits.SAMP);

ConvertADC10();

while(ADCON1bits.SAMPY);

while('BusyADC100)); //1 complete 0 operate
result10 = ReadADC10(5); // unsigned int

voltage10 = ((float)result10)*5;
v10 = voltage10/1023;

r = 100/((5/v10)-1);

n = log(r/100);

a = ((1/45.29)*\n);

t1 = ((1/298.15)+(a*0.01));

t = (1/t1)-272.15;

//display na ja

SetDDRamAddr(0x00); // Start Cursor Line-1



PutsLCD((unsigned char *)'Temperature : );

sprintf(Temp,"%.2f C"t);

SetDDRamAddr(0x40); // Start Cursor Line-1
PutsLCD((unsigned char *)Temp);

Delay(500000) ;

return 0;

void Initial_4bitL CD(void)

{
TRIS_DATA PIN 4 = 0; // Set Port Direction = Qutput
TRIS_DATA PIN 5=0;
TRIS_DATA PIN_6 =0;

TRIS_DATA PIN_7 = 0

TRIS RS = 0;

TRIS E = 0;

RS PIN = (; // Instruction Select
E_PIN = 0; // Disable Strobe

Delay(50000); // Power-ON Delay (minimum of 15ms)



WriteCmdLCD(0x33); // Initial 4 Bit Interface Format
WriteCmdLCD(0x32);
WriteCmdLCD(0x28); // Function Set (DL=0 4-Bit,N=1 2 Line,F=0 5X7)

WriteCmdLCD(0x0C);
// Display on/off Control (Entry Display,Cursor off,Cursor not Blink)

WriteCmdLCD(0x06); // Entry Mode Set (I/D=1 Increment,S=0 Cursor Shift)
WriteCmdLCD(0x01); //
Clear Display (Clear Display,Set DD RAM Address=0)
}
void SetCGRamAddr(unsigned char address)

{

RS PIN = 0; // Select Instruction
DATA PIN_7 = 0; // DBT Must be 0 For Setting CGRam ADDR
DATA PIN 6 = 1; /7 DB6 Must be 1 For Setting CGRam ADDR

DATA_PIN_5 = ((address & 0x20)>>5);

DATA_PIN 4 = ((address & 0x10)>>4);

E PIN = 1; // Strobe High Nibble
Delay tW_LCD(); // Enable Pulse Delay
E_PIN = 0;

Busy LCD();



RS_PIN = 0; // Select Instruction
DATA_PIN_7 = ((address & 0x08)>>3);
DATA_PIN_6 = ((address & 0x04)>>2);
DATA_PIN_5 = ((address & 0x02)>>1);

DATA_PIN_4 = ((address & 0x01)>>0);

E PIN=1; // Strobe Low Nibble
Delay tw _LCD(); // Enable Pulse Delay
E_PIN = 0;

Busy LCD();

void SetDDRamAddr(unsigned char address)
{
RS_PIN = 0; // Select Instruction
DATA PIN 7= 1, // DBT Must be 1 For Setting DDRam ADDR
DATA_PIN_6 = ((address & 0x40)>>6);
DATA_PIN_5 = ((address & 0x20)>>5);

DATA_PIN_4 = ((address & 0x10)>>4);

E PIN =1 // Strobe High Nibble
Delay tW_LCD(); // Enable Pulse Delay
E PIN=0;

Busy LCD();



RS_PIN = 0;

Select Instruction

void WriteCmdLCD(unsigned char cmd)

{

DATA_PIN_7 = ((address & 0x08)>>3);
DATA_PIN_6 = ((address & 0x04)>>2);
DATA_PIN_5 = ((address & 0x02)>>1);
DATA_PIN_4 = ((address & 0x01)>>0);
E PIN=1;

Delay tw_LCD();

E_PIN =0;

Busy LCD();

RS _PIN = 0;

DATA_PIN_7 = ((cmd & 0x80)>>7);
DATA_PIN_6 = ((cmd & 0x40)>>6);
DATA_PIN_5 = ((cmd & 0x20)>>5);
DATA_PIN_4 = ((cmd & 0x10)>>4);
E_PIN = 1;

Delay tw LCDO);

E_PIN = 0;

W

// Strobe Low Nibble

// Enable Pulse Delay

// Select Instruction

// Strobe High Nibble

// Enable Pulse Delay



Busy_LCDO);

RS_PIN = 0;

Select Instruction

void WriteDataLCD(unsigned char data)

{

DATA_PIN_7 = ((cmd & 0x08)>>3);
DATA_PIN_6 = ((cmd & 0x04)>>2);
DATA_PIN_5 = ((cmd & 0x02)>>1);
DATA PIN 4 = (cmd & 0x01);
E_PIN = 1;

Delay twW_LCD();

E PIN= 0;

Busy LCD();

Delay(50000);

RS _PIN = 1;
DATA_PIN_7 = ((data & 0x80)>>7);
DATA_PIN_6 = ((data & 0x40)>>6);
DATA_PIN_5 = ((data & 0x20)>>5);
DATA PIN_4 = ((data & 0x10)>>4);
EPIN=1;

Delay tW LCD();

// Strobe Low Nibble

// Enable Pulse Delay

/7 1.64mS Delay

// Select Data

// Strobe High Nibble

// Enable Pulse Delay

/"



E_PIN = 0;

Busy LCD();

RS_PIN = 1;
DATA_PIN_7 = ((data & 0x08)>>3);
DATA_PIN_6 = ((data & 0x04)>>2);
DATA_PIN 5 = ((data & 0x02)>>1);
DATA_PIN_4 = (data & 0x01);
EPIN=T,;

Delay tW_LCD();

E_PIN = 0;

Busy LCD();

void PutsLCD(unsigned char* buffer)

{

while(*buffer 1= '\0"

WriteDataLCD(*buffer);

buffer++;

// Select Data

// Strobe Low Nibble

// Enable Pulse Delay

// Loop Until End of Message

// Write Character to LCD



void Delay tW_LCD(void) // Enable Pulse Delay
{
int i;

for(i=0;i<18;i++);

void Busy_LCD(void) // 80uS Delay

{
unsigned int i;

for(i=0;i<1800;i++);

void Delay(unsigned long int count1)

{

while(countl > 0) {count1-;} // Loop Decrease Counter

void init_uart()

{

CloseUART1(); // Disable UART1 Before New Config

// Config UART1 Interrupt Controt



ConfigIntUART1(UART _RX_INT DIS & // Disable RX Interrupt

UART_RX_INT_PR2 & // RX Interrupt Priority = 2
UART TX_INT DIS & // Disable TX Interrupt
UART_TX_INT_PR3); // TX Interrupt Priority = 3

// Open UART1 = Mode,Status,Baudrate

OpenUART1(UART EN & // Enable UART(UART Mode)
UART _IDLE_STOP & // Disable UART in IDLE Mode
UART_ALTRX ALTTX & // Select U1TX=RC13,U1RX=RC14
UART_DIS_WAKE & // Disable Wake-Up

UART DIS LOOPBACK & // Disable Loop Back

UART_DIS_ABAUD & // Disable Auto Baudrate
UART_NO_PAR 8BIT & // UART = 8 Bit, No Parity
UART_1STOPBIT, /7 UART = 1 Stop Bit

// Config UART1 Status

UART_INT_TX & // Select Interrupt After TX Complete
UART_TX_PIN_NORMAL &  // Normal U1TX Mode
UART_TX_ENABLE & // Enable U1TX

UART_INT_RX BUF_FUL &  // Flasg Set After RX Complete
UART_ADR_DETECT DIS &  // Disable Check Address

UART_RX_OVERRUN_CLEAR, // Clear Overrun Flag



// ET-BASE dsPIC30F4011 Hardware Board
// XTAL = 7.3728MHz

// Fosc = 7.3728 MHz x 16 = 117.9648 MHz
// Fcy(UART) = Fosc / 4

EF =117.9648 / 4 = 29.4912 MHz

/7 U1BRG = [Fcy/(16xBaud)]-1

/Y = [29.4912 MHz / (16x9600)] - 1
// =191 = BFH
191);

// ET-BASE dsPIC30F4011 UART Baudrate = 9600 BPS



orithms for Advanced
attery-Management
Systems

MODELING, ESTIMATION, AND CONTROL
CHALLENGES FOR LITHIUM-ION BATTERIES

NALIN A. CHATURVEDI,

ithium-ion (Li-ion) batteries are ubiquitous sources of energy for portable elec-

REINHARDT KLEIN, tronic devices. Compared to alternative battery technologies [1], [2], Li-ion batter-
JAKE CHRISTENSEN, les provide one of the best energy-to-weight ratios, exhibit no memory effect, and
JASIM AHMED, and ,have low self-discharge when not in use. These beneficial properties, as well as
ALEKSANDAR KOJIC # decreasing costs, have established Li-ion batteries as a leading candidate for the

next generation of automotive and aerospace applications [2].

In the automotive sector, increasing demand for hybrid electric vehicles (HEVs),
plug-in HEVs (PHEVs), and EVs has pushed manufacturers to the limits of contemporary
automotive battery technology. This limitation is gradually forcing consideration of alter-
native battery technologies, such as Li-ion batteries, as a replacement for existing lead-
acid and nickel-metal-hydride batteries. Unfortunately, this replacement is a challenging
task since automotive applications demand large amounts of energy and power and must
operate safely, reliably, and durably at these s it = 3 ;




In most applications, a battery system consists of the
battery and the battery-management system (BMS). A
BMS is composed of hardware and software that control
the charging and discharging of the battery while guaran-
teeing reliable and safe operation [3]. The BMS also han-
dles additional functions, such as cell balancing and
thermal management of the battery pack. The design of a
sophisticated BMS is necessary to ensure longevity and
performance since battery behavior can change with time
[4], [5]. Additionally, the BMS is critical for safety since
Li-ion batteries can ignite and explode when overcharged
[3], [6] or due to abuse [7].

Designing and building BMS software algorithms for
Li-ion batteries require a model that can describe the bat-
tery dynamics. Indeed, one of the key tasks of the BMS
software is to observe the states of the battery and track
physical parameters as the battery ages. A typical BMS
uses an equivalent circuit model [8]-[11]; however, these
models have limited prediction capability compared to
physics-based electrochemical models. In contrast, a defin-
ing feature of an advanced BMS is that it uses a physics-
based electrochemical model instead of an equivalent
circuit model.

In this article, we present a detailed description and
model of a Li-ion battery. We begin the section “Intercala-
tion-Based Batteries” by providing an intuitive explanation
of the fundamentals behind storing energy in a Li-ion bat-
tery. In the sections “Modeling Approach” and “Li-lon Bat-
tery Model,” we present equations that describe a Li-ion
cell’s dynamic behavior. This modeling is based on using
electrochemical principles to develop a physics-based
model [12]-[17] in contrast to equivalent circuit models
[8]-[11]. A goal of this article is to present the electrochemi-
cal model [12]-{17] from a controls perspective.

The electrochemical model presented in [12]-[17] can
predict the spatially distributed behavior of the essential
states of the battery, such as concentration of lithium ions,
potentials in the electrolyte and the solid electrode mate-
rial, and various safety-relevant quantities as the battery
is cycled, that is, charged and discharged repeatedly.
Knowledge of these quantities helps to determine the
state of the battery as well as its ability to provide energy.
Although equivalent circuit-based models can describe
the behavior of some of these states, these models are
based on small ac-signal perturbations of the battery [18]
and thus have limited applicability. Ad hoc modifications
of the equivalent circuit, in which the circuit parameters
vary with the operating region, are used in practice [8],
[11]. However, these models usually neglect mass-transfer
limitations due to solid-phase diffusion, resulting in pre-
diction errors when used over a wide operating region. In
this article, we focus on electrochemical models.

In the section “Control and Estimation Challenges for
Li-lon Batteries,” we describe technical challenges that
arise in ensuring safe and reliable operation of Li-ion

50 IEEE CONTROL SYSTEMS MAGAZINE » JUNE 2010

batteries. The goal is to convey the role of estimation and
control algorithms for BMS in Li-ion battery technology.
Simulation results for a simplified case illustrate how per-
formance can be improved with knowledge of the states of
the model. In the section “Framework for the Li-ion Bat-
tery Model,” we develop a reformulation of this model,
which can be used to study the full Li-ion battery model
and obtain reduced-order models. Note that the literature
on modeling of Li-ion batteries [12]-[17] avoids these
detailed constructions since their primary aim is to
numerically simulate the behavior of Li-ion batteries
to gain further understanding. However, if the intention is
to build control or estimation algorithms for BMS, then a
control-oriented understanding of the Li-ion battery model
becomes imperative. Next, we use this framework to
approximate the electrochemical Li-ion battery model.
This approximation is also studied in [19] and [20].

In the section “Experimental and Simulation Results,”
the full and approximate models are compared in both
simulations and experiments. The simulation results are
presented for both high-power and high-energy cell
configurations. Based on the application and domain of
operation, we identify the domains in which the approxi-
mate model, instead of the full model, can be used for BMS
problems. In the last section, we review the status of research
on BMS and the current solutions to estimation and control
problems along with their advantages and disadvantages.
We conclude by mentioning directions for future research.

INTERCALATION-BASED BATTERIES

The process of moving ions in and out of an interstitial site
in a lattice is called intercalation. The commonly available
Li-ion cell is a dual-intercalation cell, which means that
both electrodes have lattice sites that can store lithium.
Charging (discharging) a dual-intercalation cell causes the
Li ions to leave the lattice sites in the positive (negative)
electrode and enter the lattice sites of the negative (posi-
tive) electrode. The difference in energy states of the inter-
calated lithium in the positive and negative electrodes
governs the energy stored in the Li-ion cell.

Working Principle of a Li-lon Battery

A typical Li-ion battery has four main components (Figure
1). The porous negative electrode of a Li-ion cell is connected
to the negative terminal of the cell. This electrode usually
contains graphite, which is an intercalation material. Simi-
larly, the porous positive electrode is connected to the positive
terminal of the cell. The positive electrode can have various
chemistries, but it is usually a metal oxide or a blend of
multiple metal oxides, such as Li,Mn,0, and Li,CoQ,. A
separator is a thin porous medium that separates the nega-
tive from the positive electrode. The separator is an electri-
cal insulator that does not allow electrons to flow between
the positive and negative electrodes. However, being
porous, the separator allows ions to pass through it by



means of the electrolyte. The electrolyte
is a concentrated solution that contains
charged species. These charged spe-
cies can move in response to an elec-
trochemical potential gradient. Note

that some Li-ion batteries have a solid @ e,
electrolyte, which serves both as an E : % Col}ecfor.
ionic conducting medium and an elec- iy Ao

tronically insulating separator. How-
ever, in both cases, the charged species
that intercalates in the battery is the

Current

Porous Negative Porous Positive

Eleclrode
T T SRR . i)
FEsy [

Separator

- Elecirolyte

Li" ion and hence the name Li-ion : Binder, Filler
battery. The negative electrode, posi- Negative Electrode B bty Positive Electrode
tive electrode, and separator are all Active Material 2 i Active Material

immersed in this electrolyte with the
electrolyte filling all the pores of the
solid material.

Electrodes of the Li-ion battery also
contain material that acts as a conduc-
tive filler agent in the electrodes, as
shown in Figure 1. While these materi-
als do not intercalate lithium, they hold the electrode struc-
ture together, which improves the electronic conductivity of
the electrodes. In addition, nonporous current collectors are
present at each side of the cell sandwich to electrically con-
nect the porous electrode structures to the cell terminals.

Open-Circuit Potentials

The key idea behind storing energy in a Li-ion cell is that
the free energy of lithium when placed in an interstitial site
of the positive electrode is different from the free energy
when placed in an interstitial site of the negative electrode.
In particular, compared to the positive electrode, lithium
has much higher energy when stored in the negative elec-
trode. For a given material, these free energies are known
and related to electrochemical potentials. By using these
values of the electrochemical potentials, we can express the
electrostatic potential of a positive or negative electrode as
a function of how much lithium is stored in the electrode.
The lithium concentration in the electrode normalized by
the maximum possible concentration is called the utilization
of the electrode. Thus, the electrostatic potential of an elec-
trode, referred to as the open-circuit potential (OCP) of the
electrode, can be expressed as a function of the utilization
of the electrode.

Note that both the negative and positive electrode have
an OCP. Let U~ (¢7) denote the OCP of the negative elec-
trode, and let U™ (¢") denote the OCP of positive electrode,
where the arguments ¢~ and ¢* represent the volume-
averaged concentration in the respective electrode. Then,
the difference U"(£%) — LI (£7) is the OCP of the com-
plete cell. The OCP of the cell is alternatively referred to as
the open-circuit voltage. The OCP of the cell corresponds to
the rest voltage measured across the current collectors,
assuming no currents.

FIGURE 1 Anatomy of an intercalation cell. The positive and negative electrodes are sep-
arated by an insulating material (separator), which does not allow electrons to pass but is
porous enough for lithium fons to flow. Also note the presence of additional conductive
and binder materials in the electrodes. These materials hold the electrode together and
improve its conductivity.

MODELING APPROACH

We now construct a dynamic model for a Li-ion battery
using electrochemical principles. The one-dimensional
(1D)-spatial model of a Li-ion battery considers dynamics
along only one axis (the horizontal X-axis) and neglects
the dynamics along the remaining two axes (Y-axis and
Z-axis) [12]-[18]. This approximation is applicable to most
cell structures with a large cross-sectional area and low
currents. For example, the characteristic length scale of a
typical Li-ion cell along the X-axis is on the order of 100
pm, whereas the characteristic length scale for the remain-
ing two axes is on the order of 100,000 wm or more.

In each domain of a Li-ion cell, namely, the negative
electrode, separator, and positive electrode, lithium can
be thought of as existing in two disjoint states, called
phases. The first phase represents the intercalated lithium
in the electrode material, whereas the second phase
involves the lithium in a dissolved state in the electrolyte.
Thus, for the Li-ion battery shown in Figure 1, lithium can
exist at every point along the X-axis either in the solid
phase in an interstitial site, or in the dissolved state in the
electrolyte phase. Hence, a 1D-spatial model of a Li-ion
battery can be represented as shown in Figure 2. In the
separator domain, however, lithium exists only in the elec-
trolyte phase. Equations are needed to describe the
dynamics of each phase of lithium in the Li-ion battery.

We model the Li-ion cell by assuming, as shown in Fig-
ure 2, that spherical solid particles, denoting an agglomeration
of lattice sites, exist everywhere along the X-axis. The interca-
lation process is then modeled by the insertion of lithium ions
inand out of these spherical solid particles. These particles are
immersed in the electrolyte as shown in Figure 2.

The state variables required to describe the 1D-spatial
model at the position x at time ¢ are the current i,(x, t) in the
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FIGURE 2 Simple schematic showing the modeling approach for an intercalation cell. In
the X-dimension (horizontal axis), the cell is divided into three physical domains, namely,
the positive electrode, the negative electrode, and the separator. Also, each electrode
and the separator have their own coordinates for spatial definition of their respective
domains given by [0, L*], [07, L™, and [0%", L*®] for the positive and negative elec-
trode, and the separator, respectively. In each electrode domain, lithium can exist either
in the solid phase in an interstitial site or in the electrolyte phase in a dissolved state.
Thus, the lattice structure of an electrode in a Li-ion cell can be visualized as small spher-
ical-solid particles that hold lithium ions in the solid phase; these solid spherical particles,
which denote a collection of interstitial sites, are immersed in the electrolyte. The interca-
lation process can then be visualized as lithium ions moving in and out of these solid
particles as the battery is charged or discharged. Note that the separator has lithium in
only the electrolyte phase. Thus is, representing the electronic current in the solid particle,
is zero in the separator, while the ionic current in the electrolyte, denoted by i, is equal to
the applied current / in the separator.

solid electrode, the current i,(x, {) in the electrolyte, the
electric potential ®,(x, t) in the solid electrode, the electric
potential ,(x, t) in the electrolyte, the molar flux j,(x, t) of
lithium at the surface of the spherical particle, the concen-
tration c.(x, ) of the electrolyte, and the concentration

note that all currents represent cur-
rent densities normalized by the
cross-sectional area of the separator.
The input to the model is the external
current density I(t) applied to the
battery, and the output of the model
is the corresponding output voltage
V(¢) given by

V(5) =@,(0%, 1) -0,07,8), (1)

where 0" and 0~ correspond to the
two ends of the electrode sandwich
shown in Figure 2.

Relationship Between
Potential and Currents

Paotential in the Solid Electrode
Combining Kirchoff’s law iit+i =1
with Ohm's law relating i, and &, we
obtain

ad,(x, t) (R 1(1)
dax ) a

' (2)

where o is the effective electronic
conductivity of the entire electrode.
Since the electrode is porous, only a
fraction of the electrode’s volume con-
tributes to its electronic conductivity.
Equation (2) has no explicit boundary
conditions. However, at the interface
between the electrode and current col-
lector, we have 7,(0*, ) = i,(07, ¢) =0,

whereas, at the electrode-separator interface, we have i, =1
As shown in the section “Framework for the Li-lon Battery
Model,” we can choose either i,(0*,f) =i, (0, 1) =0 or
i, = I at the separator as the boundary condition for (2).

c(x, r, £) of lithium in the solid phase at a distance r from
the center of a spherical particle located at x in the solid
electrode at time ¢ (see Figure 3).

In the following development, the superscripts “ +,” “ —
and “sep” imply that the variables are defined in the positive
electrode, negative electrode, and separator domain, respec-
tively. Each of these spatial domains spans [0*, L*], [0, L~ i,
and [0¢F, [*F], respectively, as shown in Figure 2. Thus,
¢ (x,t) denotes the concentration of lithium in the elec-
trolyte at each x € [0*, L] at time £. When not referring
to a specific domain or when it is clear from context, we
remove the superscript for simplicity of notation.

I

LI-ION BATTERY MODEL
We now present equations that describe the electrochemi-
cal behavior of a Li-ion battery. Before we proceed, we
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Potential in the Electrolyte
The relationship between ®, and i, in the electrolyte is
given by

ad,(x, t iyl 9
_( . )+£Z(1—r2)
ax K e
dinf,, dlne,(x, )
X i 9 3
(1 dlnc,.( ! ) ax @)

where F is Faraday’s constant, R is the universal gas con-
stant, T is the temperature of the cell, and S is the mean
molar activity coefficient in the electrolyte. The dimension-
less number f,,, which accounts for deviations of the
electrolyte solution from ideal behavior, is a function of the
electrolyte concentration. Also, « is the ionic conductivity of



the electrolyte, and t° is the transfer-
ence number of the cations with respect

to the solvent velocity. Both x and °
are usually functions of electrolyte con-

centration, but ] is typically app- s
roximated as a constant. Since we can
measure only potential differences,
the boundary condition of ®, is arbi-
trary. We set @,(0%,f) =0 at the
positive electrode-current collector
interface. For the remaining two do-
mains, it follows from continuity
of &, that @,(L*P, () =d,(L*, t) and
D(L7, 1) =D, (0P, ).

Relationship Between
Concenirations and Currents

Transport in the Electrolyte

The lithium concentration in the elec-
trolyte changes due to concentration-
gradient-induced diffusive flow of
ions and the current i, Thus, it can be
shown that
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where D, is the effective diffusion
coefficient, e, is the volume fraction
of the electrolyte, and t is the trans-
ference number for the anion. The
first term in (4) reflects the change in
concentration due to diffusion, while
the second term reflects the change
in concentration due to the current y
and its gradient. The boundary conditions for (4) cap-
ture the fact that the fluxes of the ions are zero for all
time at the current collectors. Since the flux is propor-
tional to the concentration gradient at the current
collectors, we obtain

dimension af time f.

dc, dc, 0 ®)
ok = — = 5
ax dx

x=0" x=0*

Since the battery has three spatial domains, we need four
additional boundary conditions at the electrode-separa-
tor interface. These boundary conditions are obtained
from continuity of the flux and concentration of the elec-
trolyte at the electrode-separator interface (shown in
Figure 2) as

FIGURE 3 Modeling of molar flux /,{x) and the concentration of solid-phase lithium in the
electrode. In this macro-homegeneous model, lithium concentration in the solid phase is
modeled by using a densely populated distribution of spherical solid particles along the X
-axis, each of which denotes a collection of interstitial sites. For each solid particle at x, the
function c.(x, r, ) represents the concentration of lithium in the particle in the radia!

e ﬁcg) . ﬁcu) .
&, l,(.‘).\.’ =& ?r'i.l' ’ ( )
r=le x=(e
- (D ('icc) B 3 au,_.) .
&; e oy =& ¢ ax # ( )

T x=L*
L= 007 1), (8)
eAL*P )y = (LY, 1), )

Transport in the Solid Phase

As explained in the section “Modeling Approach,” the
model in the solid phase associates a spherical particle of
radius R, with each spatial location x. The transport of the
lithium ions in these solid particles can be described in a
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fashion similar to the transport of ions in the electrolyte.
Thus solid phase transport of lithium can be described by
an equation similar to (4), where the diffusion gradient is
defined with respect to the spatial dimension of the spheri-
cal particle. However, for most battery materials of interest,
diffusion is the dominating phenomenon involved in solid
phase transport of lithium [15]. Thus, the transport of lith-
ium ions in the electrode material is described by

de v, & . e X2F. T
de(x, r, 8) | ]i(Dsrz _(’fr )), (10)

at  rrar ar

where r is the radial dimension of the particles in the elec-
trode, and D, is the diffusion coefficient. The boundary and
initial conditions are given by

Bl = 1

ar o an
r=0

ac, _ 1, 19

ar & D:,. jul ( )
r=R,

e(x, r,0) =¢. (13)

Equations (11} and (12) imply that, at the surface of the par-
ticles, the rate at which ions exit the particle and enter the
electrolyte is given by the pore-wall molar flux Jju{x), and
this rate is zero at the center (see Figure 3). The initial condi-
tion (13) fits the initial concentration profile in the solid par-
ticle. Note that we neglect diffusion between adjacent
particles. More precisely, we do not consider terms contain-
ing dc,/dx in (10) since they are negligible given the high
solid phase diffusive impedance between particles.

Conservation of Charge
At each x in the electrode, the net pore-wall molar flux is
related to the divergence of the current. Thus,

ai,(x, t)

ax ke

=alj,(x, 1),
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where the specific interfacial area a 2 e(47wR2) /[(4/3)
R = (3/R,) &, and &, is the volume fraction of the solid
electrode material in the porous electrode. The boundary
condition is i,=0 at the current collectors, that is,
(07,0 =i(0%,t)=0,and i(x,8) =1 for all x € [oeee, [2p],
Since the current in the separator is I, it follows that
(LY ) =i(L7,t) =1 This (14) has more than one
boundary condition in the two electrode domains, thereby
making it overconstrained. However, since 2) describing
@, does not have an explicit boundary condition, the total
number of boundary conditions for the system of partial
differential equations (PDEs) matches the required
number of boundary conditions.

Butler-Volmer Kinetics

The molar flux j, depends on the concentration ¢, of lith-
ium in the solid, the concentration ¢, of lithium in the
electrolyte, and the solid-phase intercalation overpotential
1, through the Butler-Volmer equation [18], [16]. The
overpotential 7, corresponds to the reaction of solid-
phase intercalation of lithium in the electrodes; see
“Overpotential of a Reaction” and figures 3 and 4 for
more details. The overpotential for the intercalation reac-
tion is described as

(0, ) =@ (x, £) =D (x, 1) — Ul (x,t) - FRsj,(x,t), (15)

eglortV 2 (R, t), (16)
for each t and x, where R_, is the film resistance of the solid-
electrolyte interphase (SEI).

The Butler-Volmer equation describing the relationship
between j, (x, t) and n.(x, t) [18], [16] is given by

jalx, £) = i) {exP(gm(x, t))

F

Lo r:F
—= exp( R(;“ n(x, t )},

where «, and a, are transport coefficients, and iy is the
exchange current density. Note that (17) for the molar
flux j, is algebraic. Equation (17) can be understood as

(7)



follows. The current Fj, corresponding to
the molar flux of lithium ions exiting the
solid particle can be expressed as Fj,=
loat — iin, Where i, and i, depend on the
overpotential n, as

; i o, " , —alr
Lout = Ip exp _R“',IT'I]‘S ; lin=1 exp RT T |-
The exchange current density i in (17) is
given by

io(x, t) = rgc.(x, t)™

ett

Xty e~ (30% (8

where 7. is a constant, and c, ,,,, is the maxi-
mum possible concentration of lithium in the
solid particles of the electrode based on mate-
rial properties. Thus, the term i, tends to zero
as ¢, tends to either zero or ¢, ., orc, tends
to zero.

In summary, the equations that need to
be solved are (2)-(4), (10), (14), and (17)
with applied current I as the input, and
the output given by the voltage V as
defined in (1). Thus, the battery model is a
system of nonlinear partial differential
algebraic equations.

CONTROL AND ESTIMATION
CHALLENGES FOR LI-ION BATTERIES
For automotive applications, a BMS is
expected to predict the maximum available
power and energy; safely charge and dis-
charge the battery to meet regenerative brak-
ing and load-bearing requirements; track
relevant parameters of the battery pack as it
ages; and update the BMS to meet the desired
performance criteria throughout its life.
“Aging” includes effects of both chronological
age and cycling [4], [5].

Prediction of the maximum available
energy and power is required by the elec-
tronic control unit (ECU) to compute the
vehicle’s all-battery range in miles, as well as
the power it can deliver to accelerate, if
demanded. For various applications it is
desirable to charge or discharge the battery
as quickly as possible. However, fast charg-
ing or discharging can dangerously stress the
electrodes of the battery as the lithium ions
move in and out of the insertion sites. Such
fast movement has several possible deterio-
rating effects. First, it stresses the lattice
structure of the electrodes, potentially caus-
ing the lattice to disorder or even fracture.

x 0° x 1P x
t N i i

f N’é.gativt_a 1~ Separator i+
i = 3]

Positive o+

. Solid Particles in
. ‘"Electrode

Lithium in

Electrolyte Phase Electrolyte

SEI Film \

Resistance Ry -

Lithitite in
Solid Phase

~ el

FIGURE 4 Schematic illustrating molar flux Ja(x), and associated transition of lithium
from solid phase to electrolyte phase in the electrode domains. For the reaction cor-
responding to solid-phase intercalation of lithium, the overpotential n. represents the
difference between the equilibrium thermodynamic potential difference at the exist-
ing surface concentration and the potential difference that a charged species would
go through as it passes through the solid-electrolyte interphase (SEI) between the
solid electrode and the electrolyte. Note that the electric potential in the particle is
®4(x), and the electric potential in the electrolyte is ®,(x). Furthermore, the ther-
modynamic potential difference at the existing surface concentration is given by
Ulcg(x, 1)), where U(-) represents the open-circuit potential of the intercalation
reaction, and c..(x, f) 2 ¢,(x, R, 1) is the surface concentration of lithium in the
solid particle. Additional potential drop at the SEl is due to the film resistance R
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This disorder or fracture might result in power and capac-
ity loss, thereby accelerating aging of the battery. Second,
since the fast movement of ions is accompanied by large
potential drops across the battery, these drops induce side
reactions that change the amount of available lithium and
produce components that may reduce the performance and
safety of the battery. Also, since the capacity of the battery
is related to the quantity of lithium cycled between the
electrodes, changes in the total available lithium might
cause further loss of capacity.

Finally, as the battery ages, we need to track parameters
that quantify aging of the battery pack. These changes are
reflected in the BMS for power and energy prediction
throughout the life of the battery pack. Additionally, this
information can be used by the ECU to identify modules in
the battery pack that need replacement. Each of these tasks
reflects an estimation or control problem.

Power and Energy Prediction

Power and energy prediction demands a sufficiently accu-
rate model that predicts voltage as a function of the input
current. Furthermore, knowledge of the bulk state of charge
(SOC) of the battery pack is often used by BMS algorithms
to estimate energy stored in the pack. The bulk SOC of a
cell is roughly the average utilization of either the positive
or negative electrode, where utilization is the ratio of
actual lithium concentration to the maximum possible
concentration in the solid particles of the electrode;
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see “Utilization and State of Charge.” The bulk SOC tells
us how much charge in the form of lithium is available in
the battery for discharge, thus yielding the energy content
of the battery for a prescribed discharge rate.

Two quantities are of interest for predicting power
output. fnstantaneous power output of a battery is directly
proportional to its instantaneous output voltage, where
the output voltage of the battery is a function of the sur-
face SOC. Thus, instantaneous power depends strongly
on the surface SOC through the OCP of the cell [21], [22].
In addition to instantaneous power, pulse power is also
relevant to automotive applications. Pulse poweris defined
as the maximum average power that can be delivered for
a specified time period (usually 2-10 s) [23]. Like instanta-
neous power, pulse power depends on the knowledge of
the surface SOC, in addition to the bulk SOC, as the bat-
tery is discharged.

Neither surface nor bulk SOC can be directly measured
in a battery. In practical applications, the bulk SOC is often
tracked by means of current integration, assuming precise
current measurements and correct initial conditions are
available; see “Utilization and State of Charge.” Since both
surface and bulk SOC are defined in terms of the lithium
concentration in the electrode, these immeasurable quanti-
ties can be computed from the states of the electrochemical
model (2)-(4), (10), (14), and (17). Thus, both surface and bulk
SOC can be tracked by observing the states of the electro-
chemical model; see the state estimator block in Figure 5. In



contrast, note that an equivalent circuit model has only bulk
SOC as a state of the model, and not surface SOC. This lack
of surface SOC information can result in reduced accuracy
of power and energy prediction compared to an electro-
chemical model. Predicting power and energy and identify-
ing feasible load currents based on demand and state of
battery can be posed as an optimal control problem.

Safe Charging and Discharging
In a conventional BMS, safe charging and discharging of
the battery pack is often realized by applying voltage and
current limits on the operation of the cell. By imposing con-
stant voltage bounds V|, and V4, a cell can be charged or
discharged as long as

Vlo = V(t) = ‘Zl\ir (19)
forall time t. While these constant bounds might limit elec-
tric potentials within the electrodes from reaching unsafe
values during operation, they are conservative, especially
at high currents, where it is possible for the cell voltage to
reach the voltage bounds in (19) even though the electrodes
are far from potentially dangerous operation. Thus, the
constant voltage-bound restriction can unnecessari ly limit
performance of the battery pack [21]. Additionally, these
bounds may not guarantee sa fety as the battery ages and its
characteristics change.

Since overpotentials determine the rate of a reaction, a
strategy that guarantees safety du ring charge/discharge
is to track overpotentials of reactions that can damage the
cell. Ina Li-ion battery, reactions that occur in addition to
the primary reaction of intercalation of lithium in the
electrode are called side reactions. One side reaction, which
is relevant for avoiding damage to the cell during charg-
ing or discharging, is the side reaction that consumes or
releases lithium and thus changes the capacity of the cell.
Anexample of such a side reaction that can create a poten-
tial safety hazard is the side reaction of lithium plating on
the surface of the electrodes [24]. Though additional con-
straints might have to be satisfied to guarantee safe oper-
ation of the battery pack, we focus on this side-reaction
overpotential for illustration.

As described in “Overpotential of a Reaction,” the over-
potential for a side reaction in a Li-ion battery can be
described as

Ner = q)a G d)r - usr(cﬁu) - Rf,,j.'l,,-’ (20)
where sr denotes quantities corresponding to the side reac-
tion. The term U,, denotes the equilibrium potential of the
side reaction and is assumed to be known. Since Jn, = 0, the
term R, j, can be assumed negligible. Thus, it usually suf-
fices to know &, d,, and ¢, in order to compute overpoten-
tials- of side reactions. For the side reaction of lithium
plating, U,, is zero [24], and hence the overpotential is
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FIGURES Architecture of an advanced battery management system
(BMS). Unlike a standard BMS, an advanced BMS uses a physics-
based electrochemical model instead of an ad hoc equivalent cir-
cuit model. In addition, the BMS has three blocks corresponding to
parameter estimation, state estimation, and control algorithms for
optimal utilization of the battery. The parameter and state estimator
together guarantee that the electrochemical model is sufficiently
accurate over its entire operational lifetime. The control algorithms
block uses the model information to compute the optimal charging
and discharging profile for the battery based on the desired refer-
ence input from the electronic control unit.

(2, 8) =D (x, 1) — @, (x, £). (21
Since @, and @, are state variables of the electrochemical
model, we can observe the states at all times during opera-
tion to compute the overpotentials, As long as the overpo-
tentials do not violate certain limits, it is safe to charge or
discharge the cell. As an example, to minimize the reaction
rate of lithium plating during charging, we need to con-
strain =, in the negative electrode such that, for all x and ¢,

na(x, 1) > 0. (22)
Similarly, if further side reactions need to be consid-
ered, then additional constraints on M, arise for each
side reaction.

Figure 6 compares two strategies for charging a fresh
cell starting from 2.9 V. The plots show the behavior of the
output voltage and overpotentials for a constant charging
current at approximately 1.5 C (see “C Rate of a Current”).
In the first strategy based on (19), charging is stopped
when the voltage limit of V,, = 4.2 V is reached, yielding a
charge capacity of 2.897 ampere-hours (A-h). In the second
strategy, the same cell is charged as long as 7,, satisfies (22)
everywhere in the cell. As shown in Figure 6, the cell can be
charged to the higher capacity of 3.09 A-h, yielding 6.7%
extra charge capacity, while the final voltage is 4.274 V.
Thus, since charging is stopped even though the overpo-
tential 7, is above 11 mV, the voltage constraint (19) is con-
servative, and hence it is safe to charge further.

On a similar note, as the cell ages, the constraint (19)
may change from being conservative to being potentially
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FIGURE 6 Comparison of charging strategies. (a) Shows the voltage
of the cell as it is charged, whereas (b) shows the side reaction over-
potential 5., = &, - P, corresponding to lithium plating in the nega-
tive electrode. In the first strategy marked by *A," the charging is
stopped when the voltage hits 4.2 V, yielding a charge capacity of
2.897 A-h. In (b), n, = 11 mV everywhere in the electrode, and
hence further charging is possible. In the second strategy, marked
by “B," the same cell is charged until Mg = Oy, — , = 0 somewhere
in the cell. The side reaction overpotential in (b) reaches zero first at
the separator shown by 7.(x=L"). Thus, we can charge to a
higher capacity of 3.09 A-h yielding 6.7% extra charge capacity
using strategy “B.”

unsafe due to age-induced behavior changes. One example
of an age-induced behavior change is an unfavorable
change in the capacity ratio of the individual electrodes
[25} or a decrease in the diffusion coefficient in the negative
electrode with age. Then, for the aged cell, while the volt-
age is less than V,; in (19), the overpotential n,, can be dan-
gerously low. Figure 7 compares the strategies for charging
an aged cell starting from 2.9 V. In the first strategy based
on (19), charging is stopped when the voltage limit of
Vi =4.2 Vis reached. In the second strategy, the same cell
is charged so that n,, = ®, — ®, satisfies (22). Figure 7 shows
that, in the first strategy, 7., is negative for the last portion
of charging between 2.872 A-h and 3.133 A-h, or between
4.11 V and 4.2 V. During this period, the cell can suffer
damage, reducing its performance or even exposing it to a
higher risk of explosion.

Note that using strategy “B” allows for aggressive
charging, while protecting the battery from damage. Addi-
tionally, strategy “B” allows for a less conservative design
and hence less expensive batteries. Since the overpotential
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M, 1s a function of states, estimating 7,. is an observer
design problem. Furthermore, utilizing model and state
information for optimal charging and discharging is a con-
trol problem, as indicated by the control algorithms block
in Figure 5. '

Parameter Estimation

As the battery pack ages, its physical characteristics, such as
film resistance, diffusion coefficients, and other electrochem-
ical model parameters, change. To predict power and energy,
as well as to track aging of the battery, we need to track the
parameters of the electrochemical model, as indicated by the
parameter estimator block in Figure 5. However, not all
parameters have to be tracked, since some have negligible
effect, while others do not vary significantly with age. Unlike
an equivalent circuit model, these electrochemical model
paramelers have a physical interpretation and thus are
directly correlated with aging of the pack. Knowledge of
these cell parameters can also be used to determine whether
any cell of the battery pack needs replacement.

FRAMEWORK FOR

THE LI-ION BATTERY MODEL

In this section, we reformulate the Li-ion battery model to
facilitate computation. This reformulation is exact but can
also be used to construct various approximations to the
electrochemical model.

Notational Background

Let C'(a, b) denote the set of real-valued, r-times continu-
ously differentiable functions with domain (g, b) € R.
Thus, C°(a, b) represents the set of functions that are con-
tinuous. By abuse of notation, C~'(a, b) denotes the set of
discontinuous functions whose integrals exist and are
continuous. More precisely, this function space is a subset
of the Sobolev space"H’( R) [26]. Thus, whereas piece-
wise-continuous functions belongs to €~ '(R), an impulse



function, usually described as the derivative of the Heavi-
side step function, does not belong to C™'(R) since its
integral is discontinuous. Note that C*(R) c C*(R)
C - CC(R) € (R), where C°(R) represents the space
of analytic functions.

A function map F takes an element of C'(a,b) to
C'(a,b), where r and g are integers. We write
F:C'(a, b) = Ci(a, b). Also, F(g)°(a) denotes the evalu-
ation of the function map, applied to a function g, at
a € R. For example, consider the function map given by
the differential operator D:C"(a, b) — C'"(a, b), where r
is a positive integer. Since D{sin) =cos, we have
D(sin)°(a) = (cos)<(a) = cos(a).

Next, let g:R X R — R. Then, the t-restriction of g is
defined as g'(x) 2 g(x,t). Hence, g': R — R denotes the
value of g for each fixed t. For example, if ¢,(x, t) denotes
the concentration of electrolyte at x at time ¢, then c!(x) is
the concentration profile in space at time t. Hence, ¢'(x)
denotes a snapshot of the concentration profile. In a similar
fashion, the x-restriction cf(t) of ¢,(x,t) denotes the time
evolution of the concentration at each x. Furthermore, if
h:R— R, then k' is the scalar given by h' = h(f) € R.

Reformulation of the PDE System
We begin by reducing the system of five PDEs (2)-(4), (10),
(14), and one algebraic equation (17) to two PDEs with time
derivatives and algebraic equations. We focus on either the
positive or negative electrode for this purpose. The spatial
domain is assumed to run from 0 to L. Thus, for the negative
and positive electrode, the corresponding domains are
[07, L7 ] and [0%, L*], respectively (see Figure 2). The key
idea is to solve the PDEs explicitly in the spatial variable as
function maps. Furthermore, we assume throughout this
analysis that the input current I(t) is such that solutions to
the battery model given by (2)—(4), (10), (14), and (17) exist
and belong to C™'[0,L] x ¢7'[0, L] x ¢7'[0, L] x ¢-[0, L]
X € M0,L] x ¢7'[0,L] for each time ¢ and each spatial
domain discussed above.

PDE in Spatial Variables

Consider (14). Given I(t) € R, we have ji(x) € ¢[0, L]
for each time t € R, where the integer g4 = ~1. Note
that I'=[(t) is a scalar for each t € R. Now, we can solve
(14) as

X

i) = | a6, e +1, 010,

0
or, equivalently, as
#(x) =f aFjL(€)de + i, (I,
0

where i,(-) is an integration constant independent of x,
which is fixed based on the boundary condition. Note that
i, is a function of ¢ through I(¢). Define the function map
F.:CM0, L] x R— €770, L] as
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FIGURE 7 Comparison of charging strategies applied to an aged
cell. Part (a) shows the voltage of the cell as it is charged, whereas
(b) shows the side reaction overpotential 75 = ©5 — &, corre-
sponding to lithium plating in the negative electrode. As in Figure
6, in the first strategy marked by *A,” charging is stopped when the
voltage reaches 4.2 V. In (b), the overpotential is negative for the
last portion of charging between 2.872 A-h and 3.133 A-h, or
between 4.11 V and 4.2 V. Thus, strategy “A” overcharges the cell,
which damages it and may increase the risk of explosion. Com-
pared to *A," strategy “B" stops charging at 4.11 V, where the over-
potential n,, = ®, — &, at the separator [shown by 7. (x=L") in
(b)] reaches zero since it is dangerous to continue charging.

1

aFg(£)deé + i (£).

=

Filg, D)o(x) 4 (23)

'

Then it follows that a solution of the PDE in (14) for each
tis
i(x, ) =i(x) = F, (f, o (x). (24)
Intuitively, (24) means that there exists an operator F i
such that, if we input the function /!, along with the value of
the current I(t) for some time ¢ into F,, then the output 7. is
the spatial profile of ionic current density in the electrolyte
at time ¢. Thus, if j, is known, i, can be computed explicitly.
Since the boundary condition of the PDE is known, we
absorb the constant of integration in F i~ Indeed, the con-
stant of integration is obtained by setting i, to either zero or
=I(t) at one of the boundaries (x=0 or x =L) of the
domain. Note that two boundary conditions must be satis-
fied since the value of i'(x) is known at both x =0 and
x = L. Depending on whether we consider the positive or
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negative electrode, or the separator, the boundary condi-
tions are given by

{i0), (L)} =

{0, 1) /{0,—1(6)} (for negative / positive electrode),
{I(t), - I(t)} (for separator). (25)

Since the PDE (14) is a first-order PDE, and thus
requires only one boundary condition, we obtain an
overconstrained problem. However, it turns out that the
additional boundary condition becomes a boundary con-
dition for (2) through the variable j, in the Butler-Volmer
kinetics given by (17). For now, we choose one of the
boundary conditions (at either x =0 or x = L) to deter-
mine i, in (23).

Next, we solve for the PDE (2) in a similar fashion as

D, (x, £) = ®x) = Fy (ji, [N°(x) + ¢, (1),  (26)

where Fy, : €0, L] X R — C7'2[0, L] is defined as
l x
Fo (g 0 2 2 (Blg Do) =D, (27)
0

and ¢, (t) is an integration constant. Note that, unlike 7 in
(23), we do not absorb the integration constant in Fy,. This
structure is chosen because we do not know the boundary
condition a priori, and thus, ¢ (f) is an unknown to
be determined.

Similarly, assuming a constant £, and performing some
manipulations, we can solve for the PDE in (3) for each

time t as
D (x, £) = BL(x) = Fg (i, ct, I o(x), (28)
where Fy, : C[0, L] X €70, L] X B — €7*2(0, L] is
t—Fi(g. {)e(w)
o) A — s
Folg. b )o(x) 2 JO < @) dw
2RT
+ (=) In(f () + ¢, (8, 1, ),
(29)

and f., is a known function of h. In this case, since the
boundary condition for this PDE is known, we absorb
the constant of integration in the definition of F,,. This
constant of integration is obtained by equating ®, to
zero at the current collector in the positive electrode.
Thus, Fy (ji, ¢, 11)°(0") = 0. Note that the constant of
integration ¢, depends on whether the domain under
consideration is the positive or negative electrode, or
the separator.

Summarizing, (24), (26), and (28) imply that if j,(x, t),
c.(x, £) and I(t) are given, then we obtain ®.(x, ), ®,(x, t),
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and i.(x, t) (and hence i,(x, t) since i,(x, t) +i,(x, ) = I(¢)
forall (x,¢) € [0,L] X R).

Butler-Volmer Kinetics

We now derive the expressions determining the remaining
unknowns, namely, j,(x, t) and ¢, (t). Consider (15) and
(17). Substituting for &, and @, from (27) and (29), respec-
tively, in (15) yields

2%, B) = Fg (jr, I'Vo(x) + ¢ — Fo (i, ¢!, 1) o)

~ el lal) <R ek, (30)

Equation (30) suggests that we can express 7, as a function
of j, €u € I, and &, for every x and t. Note that ¢}, = ¢, (1)
in (30) is the unknown boundary condition, described as
the constant of integration in (26). Similarly, the exchange
current density can be expressed as a function of ¢, and
from (18). Therefore, the Butler-Volmer kinetics in (17) can be
expressed as

fulx, B) = ji(x) = F, (ji, ci, ek, 't )2 (%), (31)

where 7, :C7[0,L] x C** 1[0, L]X ¢ [0, L] X Rx R—C7[0, L] is

i B
fj‘u(ﬁ gt hl {t B)n(x) é M[exp(%m(x))

P
Hexp( _R?Fns(x)ﬂ, (32)
ig(x) & 7egr(g(x)) (e, max — R (x) )5 (R(x))=,
(33)
ns(x) éfr.ps(f: ‘__‘.’)o(x) “Fq)‘,(frgf é‘)a(l)
= U(A(x)) — Ref(x)F + B. (34)

The algebraic equation (31) must be satisfied for every
x and time t. Given the electrolyte concentration c’(x),
the surface concentration of the solid particle ¢ (x)
=¢,(x, R, 1), and the current I, we need to find f;(x) and
&, that satisfy (31). However, there are two unknowns
jn{x, t) and ¢, (t), and only one equation, specifically, (31).
To solve for j, and ¢, together, we use the additional
boundary condition on i,. In the derivation of F,in(23), we
use the boundary condition i,(0, t) = 0. Since i, also satis-
fies i.(L,t) =I(t) at the separator-electrode interface,
substituting the boundary condition i,(L, t) = I(t) into
(24) yields
(L, ) =i{(L) =F,(j, I)°(L) =1(¢), (35)
which is an algebraic constraint on j.( -, 8). Then, for a
given electrolyte concentration c,(x, t), surface concentra-
tion of the electrode c,(x,t), and current [(t), (31) and
(35) are solved together to obtain the molar flux j,(x,t)
and the boundary condition on @, given by ¢, (¢). Thus,



the solutions of the full Li-ion battery model given by
(2)-(4), 10), (14), and (17) are equivalent to the solutions of
(4) and (10) involving dynamics in time, while satisfying
additional algebraic constraints in space given by (31) and
(35) at all times ¢.

The above analysis shows that the Li-ion battery model
(2)-(4), (10), (14), and (17) can be described by the two dif-
fusion equations (4) and (10), which capture the transport
of lithium in the electrolyte phase and solid phase, respec-
tively. The flux j,, which acts as the source and boundary
condition for (4) and (10), respectively, is obtained by solv-
ing the algebraic equations (31) and (35).

SIMPLE APPROXIMATION

OF THE REFORMULATED MODEL

Numerical techniques for solving (2)-(4), (10), (14), and (17)
involve discretizing the spatial domain to yield a system of
differential algebraic equations (DAEs). The algebraic
equations of the DAE are equivalent to the algebraic equa-
tions obtained by discretizing (31) and (35). However, these
equations are difficult to solve analytically without addi-
tional simplifying assumptions. We thus consider the spe-
cial case where no spatial variations are allowed. We use
the reformulated Li-ion battery model (4), (10), (31), and
(35) and demonstrate the generality of this form by deriv-
ing anapproximate model [19], [20], [27]. We use the coars-
est possible discretization for the spatial variable x in (4),
(10), (31), and (35), specifically, one node for the positive
and negative electrode each, and one node for the separator.

Electrochemical Model

This simplification yields the approximate model known
as the single particle model (SPM) [19], [20], [27].

Assumptions Involving

the Approximation

The SPM is illustrated in Figure 8, where quantities at the
nodes represent averages over the entire domain. Further-
more, we assume that dc,/dx =~ 0 and dc,/at = 0. This
approximation holds if I is small or « is large. Then
c.(x, t) = c. Also, (4) impliesi,(x, t) = i, (t), which implies
that, within each domain (positive electrode, negative elec-
trode, or separator), i, remains constant with respect to x.
Then we can express i, for the entire electrode by one value
in each spatial domain of the cell.

Solution for the Single Particle Model

Since each domain is represented by only one node, we
express the corresponding variables in the positive elec-
trode as scalar functions of time denoted as F Gy i ),
P (8), @1 (8), ¢/ (£), ¢/ (r,1), and similarly for the nega-
tive electrode, as shown in Figure 8. In this case, the
function maps can be directly solved for the reformu-
lated model (4), (10), (31), and (35). From (23) and (24),
we obtain

0=i(0%, 8) =i (t)=F (i, 1°(0*)

a*

=J At de + i, (I') =i, (1Y),
iy

Single Particle Model

x e x
; ! : f i i
0~  Negative L~ Separator L*  Positive o*
o i Elecirolyte ~ . i P Pl S S
B e N > - R Dy O DSP=] @f @}
Charging |~ ~ 28I 1 _
e W Coarse Spatial
53 = e o . q
R TR S @ . Discretization
-~ X ; ]
Co=6P=cf
Cs cs
Negative Positive
Electrode SePAMAOT £\ e

Solid Particles in
Electrode

Separator

Positive
Electrode

Negative
Electrode

FIGURE 8 Single particle model. Since only one node is chosen in the electrode, there is only one salid spherical particle. Furthermore,
we can consider the value at each node to be an averaged quantity over the electrode. This simplification holds only for small currents

or for an electrolyte with a high ionic conductance.
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Thus, i, (I') = 0 is obtained from the boundary condition
(0", £) =i'(t) =0. Next, substituting this boundary con-
dition in F,, and solving (35) implies that

=I{8) =iFP(t) = L(L*, £) = F (ji, [F)e(L*)
L
= j atFji*dE =ji'L*a*E,
=

where 3°P(t) is the current in the separator and hence,

I(t)

TRl

fu (8) = it = (36)
Continuing in the above fashion, it follows from (26) and
(27), that

it
D (t) = ﬂ (i (t) = H()dw + ¢/ (1) = ¢ (£). (37)
-

Similarly, since ¢, (t) =0 from the boundary condition
®, =0 at the current collector of the positive electrode, it
follows that . (t) = 0. Finally, we apply the last algebraic
constraint (31) to (36), and, choosing o, = o, = 1/2, it fol-
lows that

—-—2; {Etg = rcff\/ CBC; (t) (Cs",-max “J Ci: (t)} Si“n‘h(ni-)’ (38)
.4l L RII(t)
. =2—R?(¢"“(t) — U™ (ct (1) +W)r (39)

where U (") is the OCP of the positive electrode and is
assumed known.
Similarly, for the negative electrode, we obtain

0=i(07,8 =i (¢) =F, (j!, 1)(0)
ST

=j a By e+ i, (1) = i, ().
i
Thus, the boundary condition 7,07, £) =i, () =0 implies

i, (1(t)) = 0. Substituting this boundary condition into F,
and solving (35) implies

I(8) =P (1) =i (L, t) = F (i, TTeLY
o
= f a b e = ik
-
where " (t) is the current in the separator and hence,

T

TR A

Equations (26) and {27) imply that
147
a0 =1 GO~ 10w+ 6,60 =41, @)
aly-

Furthermore, (29) with the boundary condition &, =0 at
the current collector of the positive electrode yields
. () =0. Hence,
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0

(0 = =+ ilx, 0,

or

where the limits of integration denote that the integration
is from the positive current collector to the negative current
collector. Following the assumption for the SPM that () is
small, orthe conductance kislarge, we obtain 1 1(8) | /<< 1.
Since [7,(x, t) | = |I(£)] in the cell, it follows that

i
@ () =~ il 0dx =0, (42)
Lastly, since a, = a, = 1/2, (31) yields
I(t) = 2 = . _
o= et CeCes (1) (Comax — € (£)) sinh(n ), (43)
(&7 N Ry I(t)
3 _2—}5(¢sﬂ(t) - U (e () - ) ()

where U7 ("} is the OCP of the negative electrode and is
assumed known. We can solve (38) and (39) for ¢4 (), and
(43) and (44) for ¢, (t), yielding @, (¢) from (37) and
®; () from (41). Note that &' () and ®, () are equal to
their boundary values ¢! (¢) and ¢ (¢), respectively. Also,
weneed tocomputec] () = ¢ (RP, t)andcg (8) = ¢ (R, 1)
by solving the PDE (4), where j,(x,¢) =j, (t) and
Julx, B) =, (), respectively. Then, the output voltage
V(E) = ¢ (t) — ¢ (t).

Summary of the Approximate Mode!

Summarizing, the approximate model (SPM [19], [20], [27])
is given as follows. Let I{t) be the input current to the bat-
tery. Then, the output voltage of the battery is computed
as V(t) = ¢\ (t) — ¢ (1), where ¢, (£) and ¢/ (t) are
obtained by solving (43), (44), and (38), (39), respectively,
and are given as

2RT 1(¢)
be, (f) = =——sinh l( —)
({'l F o 2"'7 £ L i reff\/‘:gc:; (!} (Cs:ma‘\' - C;s (f ))

+ U ez (1) + ifi(f), (45)
b (1) =2R—Tsinh"( 1®) )
£ 20" L 1 V82 (8) (clm — o2 (1)
i RF1(¢)
+u*(c£(r))+w, (46)

where ¢ (£) 2 ¢/ (R, t) and ¢ (t) & ¢l (R}, t). The con-
centrations ¢; (R, t) and ¢ (R, t) are obtained by solv-
ing the PDEs

(47)

8 ar

de (rnt) 14 D"rlac;(r’ t)
at 2 ar %



where the boundary and initial conditions are given by

ar =0, (48)
r=0
deg I(t)
ar © D;FaL™’ t2
r=Ry
¢ (r,0) = (r), (50)
and
e (rt) _1af _, o (r,t))
. _ D25 ,
at ar\ T ar (o1)
where boundary and initial conditions are given by
| N
ari f4 &)
r=0
ey 1(6)
B 75 )
r=R}
ci(#, 0= o (4. (54)

The reformulated model (4), (10), (31), and (35) can also
be used to approximate the electrochemical model using
approaches such as proper orthogonal decomposition
(POD) [28], spectral methods [22], and model reformulation
methods [29].

EXPERIMENTAL AND SIMULATION RESULTS

We now compare the electrochemical model for Li-ion cells
given by (4) and (10), along with the algebraic constraints (31)
and (35), with experiments. We also present results that com-
pare the SPM given by (45)-(47), and (51) with the same exper-
imental data and also with the electrochemical model (4), (10),
(31), and (35).

Various tests can be performed to obtain experimental
data for validating a cell model. Some examples of these
tests include constant-current charge and discharge at dif-
ferent C rates, hybrid pulse-power characterization (HPPC)
[30], and various drive cycles. For validation purposes rel-
evant to automotive applications, we present experimental
results for a measured drive cycle of a hybrid electric vehi-
cle. Experiments are carried out on a commercial 18650
Li-ion cell, where the input current to the cell is based on a
HEV power profile measurement. For the experiments on
the commercial 18650 Li-ion cell, all measurements are per-
formed on an Arbin BT2000 battery tester.

To obtain the parameters of the cell model, we either
directly measure the physical parameters, or fit them to data
obtained from experiments. In this case, the OCPs of the
individual materials are measured in half-cell experiments.
The key parameters fitted to the 18650 cell are the individual

volume fractions and the total lithium content in the solid
electrode. Of the remaining model parameters, most are
either measured directly or adopted from the literature [24].

The current applied to the 18650 cell, as calculated from a
measured power profile of an HEV driving aggressively in the
city and on a German highway, is depicted in Figure 9. Also
shown in Figure 9 is the bulk SOC swing computed for the
applied current; see “Utilization and State of Charge” for more
details on how to compute bulk SOC. The initial value of the
bulk SOC is normalized to have a value of one at a rest voltage
of 4.2V, and the nominal capacity is defined as the capacity
discharged between 4.2 Vand 2.8V quasi-statically. The nom-
inal capacity is measured to be about 1.5 A-h.

The resulting output voltage from the electrochemical
model and the SPM is shown in Figure 10, along with
the experimental results. Figure 10(b) and (c) shows a
zoomed-in version of Figure 10(a) for several time win-
dows. As shown in Figure 10, the electrochemical model has
a measured mean error of about 13 mV. Furthermore, as
shown in Figure 10, the SPM captures the trends of the
experimental data. However, the SPM has a mean error of
28 mV. Comparing the plots in Figure 10 with the plot for
the applied input current in Figure 9(a), we see that the
errors in the SPM occur for either large values of applied
current or during relaxation after applying a current pulse
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FIGURE S (a) Applied current and (b) time evolution of the bulk state
of charge (SOC) of the 18650 cell. The current applied to the 18650
cell, as calculated from a measured power profile of a hybrid elec-
tric vehicle driving aggressively in the city and on a German high-
way, is depicted in (a). As shown in (a), the applied current is as
high as 10 A in discharge and more than 4 A in charge. The 18650
cell has a nominal capacity of around 1.5 A-h. In (b}, we present the
corresponding bulk SOC swing (from a maximum of 0.76 to a mini-
mum of 0.35) for the applied current, where the initial bulk SOC is
normalized to be one at the rest voltage 4.2 V and zero at the rest
voltage 2.8 V.
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e

The design of a sophisticated BMS is necessary to ensure longevity
and performance since battery behavior can change with time,

b s o

with a longer duration. This behavior is expected since the
SPM does not model spatial variation of the states in the
cell, including the variation of the electrolyte concentration.
These spatial variations become more prominent in the cell
for either large currents or for long-duration pulses.

Depending on accuracy requirements, these experimen-
tal results suggest that SPM might not be valid for the oper-
ating region encountered for EV applications. We next
simulate the SPM for several rates of constant discharge
currents to investigate its limitations as an approximation to
the electrochemical model. A related comparison presented
in [20] is based on only output voltage error for a high-
power application cell, and error in states such as solid-
phase concentration are not studied.

We next consider two sets of cells that include a high-
power configuration with applications in HEVs, as well as a
high-energy cell with applications in EVs and PHEVs. We
compare output voltages computed from the two models,
and also compare surface concentrations c,, in the solid elec-
trode. The comparison of surface concentration c,, can then
be used as an indicator of when the approximate model
starts to fail.

High-Power Cell

We consider a high-power cell configuration with thin elec-

trodes and separator. The nominal capacity of the cell is 1.5

A-h, and constant currents at C/5,1 C, 5 C, and 10 C are

applied (see “C Rate of a Current” for more details). The
corresponding voltages for the full
electrochemical model and the SPM

Voltage [V]

are shown in Figure 11, where the
discharge curves are almost indistin-
guishable until 1 C. A similar result is
reported in [20].

As shown in Figure 12, until 1 C
the surface concentrations in the
negative electrode are uniform, that
is, ¢ (x=0") =c (x) =c (x=L"),
with some transient deviations at

Time (min)
{(a)

mid-capacity discharge points. The
surface concentration in SPM is
the average surface concentration in

4 VL-,'N,"%‘~41 "if?{,ﬁrh“ r‘lﬁ ,j"j‘j' 4 A ;ﬁ'i'f‘t P = the electrode. Since each electrode has
< JE !‘r i 11 & e~ Py ;1 E” H only one node, the respective quanti-
538 S | . Lj U 'Hf ties at these nodes represent the aver-
g é 4l ft;i ¢ § e " ;b !W age over the electrodes. At 5 C and 10
E B 4 % R ? HP C, the uniformity in the concentration

4 L\ - is lost, and the SPM is no longer valid.
i 3 This failure of the approximation is
19 19.5 20 20.5 54 55 56 57 58 noted in the corresponding rate plots
Time (o) Time (min) in Figure 11. The difference between

®) (©) the surface concentrations at the two

Experiment ----- Full Model ----- SPM ends of the electrode (x =0~ and

FIGURE 10 Comparison of the experimentally observed voltage response of a commercial
18650 cell with the full model and the single particle model (SPM). The full model matches
the voltage response with a mean error of 13 mV. Compared to the full model, the SPM has
a mean error of 28 mV, which is more than twice that of the fult model. As shown in (a}, (b),
and (c), the errors in the SPM increase in magnitude for either large values of appiied cur-
rent, or during relaxation after applying a current pulse with a longer duration. These results
suggest that the SPM is not able to model spatial variation of the states in the cell including
those of electrolyte concentration. These spatial variations in the electrode become more

prominent for either large currents or long-duration pulses.
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x=L"), in addition to being a func-
tion of the current density, is related
to the slope of the OCP.

Finally, for a typical high-power
application such as HEV or a power
tool, the currents can be as high as 50 C
for short durations. Thus, in these situ-
ations, a better approximation than
SPM might be required.



High-Energy Cell

Similar to the high-power configura-
tion case, we now compare the SPM
with the full model for a high-energy
cell configuration. Compared to the
high-power cell, the electrodes of the
high-energy cell are almost three times
as thick, resulting in a cell with a nom-
inal capacity of 3.5 A-h.

Similar to figures 11 and 12, the
corresponding plots for the high-
energy cell are given in figures 13
and 14, respectively. The applied cur-
rents are C/25, C/2, 1 C, and 2 C.
The C rates of the applied currents
for the high-energy cell are chosen
lower compared to high-power cells.
This choice of currents follows from
the fact that, for high-energy appli-
cations such as in EVs, the C rates of
the operating currents are usually
lower compared to the high-power
cell applications. Also, the cell capac-
ity is larger, further reducing C rates
of the current. However, transient
currents may be expected to be as
high as 4-5 C.

The plots for the high-energy cell
in figures 13 and 14 show behavior
similar to the high-power cell, ex-
cept that the SPM model fails at cur-
rents above C/2. In fact, even at
C /2, the variance in the surface con-
centrations shown in Figure 14 is
large, suggesting that the SPM has
significant errors in its prediction of
cell states.

CURRENT STATUS

AND FUTURE CHALLENGES

FOR ADVANCED BMS

The design of a BMS for a Li-ion bat-
tery pack must address the complex-
ity of the model of a Li-ion cell as
well as the requirements for estimat-
ing states and parameters. A key fea-
ture of an advanced BMS is that it
uses a physics-based electrochemi-
cal model instead of an equivalent
circuit model. In contrast to equiva-
lent circuit models (see “Equivalent
Circuit Models in BMS”), alternative
models are considered in [22], [27]-
[29], [31], and [32], including electro-
chemical models. These models can
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FIGURE 11 Comparison of the full model and the single particle model (SPM) for a high-power
cell configuration. As shown in (a) and (b), the SPM performs acceptably until 1 C, after which

. the deviation between the full mode! and the SPM increases drastically. This deviation is

expected since the SPM is based on the assumption that currents are small, and the electro-
lyte conductivity is large enough to avoid buildup of concentration gradients. Note that the
SPM fails for higher currents in (¢) and (d) since the concentration profiles in the electrode are
no longer uniform, and hence the approximation of using a single particle is no longer valid.
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FIGURE 12 Surface concentrations computed from the electrochemical model and from
the single particle model (SPM) for a high-power cell. As shown in (a) and (b), untit 1 C
current, the surface concentrations are uniform, thatis, ce(x=07") = ¢ (x = L), and the
concentration computed from the SPM represents the mean of the value. However, for
higher rates the uniformity breaks down, and the SPM is no longer a useful approximation,
since the average concentration from the SPM does not capture the variation in kinetics in
the electrode. As seenin (¢} and (d), this breakdown of the approximation appears in the
form of a large deviation in surface concentration over the electrode. Therefore, the SPM
fails to predict the correct voltage for the rates 5 C and 10 C as shown in Figure 11.
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FIGURE 13 Comparison of the electrochemical model and the single particle model (SPM)
for a high-energy cell. As seen in (a) and (b), the SPM is a useful approximation until C/2,
above which the deviation between the electrochemical model and the SPM increases
drastically. The failure observed in (c) and (d), at low C rates compared to high-power
cells, is due to thicker electrodes in the high-energy cells yielding less nonuniform con-
centration profiles in the electrodes.
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FIGURE 14 Surface concentrations computed from the electrochemical model and from
the single particle model (SPM) for a high-energy cell. As shown in {a) and (b), the sur-
face concentrations of the electrochemical model start to become nonuniform at G 12
and the concentration computed from the SPM represents the mean of the value. How-
ever, the large deviations between c,(x=0"} and c.(x=L") suggest that the state
information predicted by the SPM might be incorrect. As shown in (c) and (d), at higher
rates (1 C and 2 C}, the deviation in concentration compared to the mean concentration
is large. Thus, the SPM fails to predict the correct voltage as shown in Figure 13.
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be an empirical model with some
electrochemical modeling informa-
tion [31], [32], Laplace transform of
the linearized electrochemical model
[22], the single particle model [27],
or an approximation based on either
a modal deconstruction or model
reformulation technique [28], [29].
Empirical models that include hys-
teresis are developed in [31] and [32].
As pointed out in [27], although
empirical models can be used [31],
[32], they suffer from the same limita-
tion as equivalent circuits in that
physical significance of the parame-
ters is lost. Hence, physical insight
into the battery is lost. In [22], Laplace
transform methods in conjunction
with linearization of Butler-Volmer
kinetics (17) about a fixed SOC are
used to identify approximate linear
models. As expected, this model is
less accurate over a large range of
operation than the electrochemical
model since it linearizes the Butler-
Volmer kinetics and the QCP func-
tion. In [22], this problem is tackled
by identifying the linear models at
different operating points. While this
nonlinear modification improves the
performance of the model, it is sub-
jected to the same limitations as those
observed for equivalent circuit
models, in that the physical signifi-
cance of parameters is lost. In [27], a
Kalman filter is designed for an
approximate model based on SPM.
This model is based on solving the
PDE in the r-spatial domain given by
(10) using an approximate polyno-
mial expansion [33]. This approxima-
tion yields a further simplification of
the SPM. As shown above, the SPM
model itself is valid up to only 1 C
current for high-power cells. Even for
lower C rates, especially in high
energy cells, this estimation approach
might fail since, as shown in Figure
13, the SPM is no longer a useful
approximation of the electrochemical
model. POD or model reformulation
methods are used in [28] and [29] to
obtain cell models. However, com-
pared to the SPM, models obtained
by these methods are described by a



large set of differential algebraic equations that need to be
solved in real time for the BMS and require high-fidelity
numerical solutions to capture the dynamics of the bat-
tery as it ages.

Independent of the scope of the work, [22], [27]-[29],
[31], and [32] suggest using approximations of electro-
chemical models, or alternative physics-based models, to
improve the accuracy of estimation algorithms for the
BMS. As shown in the section “Framework for the Li-lon
Battery Model,” the Li-ion battery model consists of the
diffusion equations (4) and (10) with flux j, as the source
and boundary condition, respectively. Thus, estimation
or control techniques developed for parabolic PDEs [34]
can potentially address these problems for the Li-ion bat-
tery. However, the coupling between the two PDEs
through j, inhibits the straightforward implementation
of techniques studied in [34].

With this picture in mind, we mention future work that
needs to be addressed for the design of improved and
sophisticated BMS. Referring to the section “Control and
Estimation Challenges for Li-lon Batteries,” the future chal-
lenges are characterization of an approximation, that is,
reduction of the full electrochemical model given by PDEs
(4) and (10), and the algebraic equations (31) and (35), such
that the model is simple enough to be analytically tractable
and, yet, is as accurate as the electrochemical model. Retain-
ing the physical significance of the parameters is critically
essential since it helps in characterizing aging phenomena in
batteries. Since the electrochemical model has physical
parameters that are difficult and time consuming to identify,
a quick offline estimation strategy to identify these parame-
ters for new cell chemistries is required. Next, the design of
simple algorithms for observing states of this model is an
open problem, especially when applied to a battery pack

and not just one cell. Finally, real-time estimation of all
parameters of the model and online identification of the
state of health of the pack by tracking relevant physical
parameters is an open problem.
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Maximum centinuous discharge 70A

Pulse discharge at 10 sec 120A

Cycle life at 10C discharge, 100% DOD Over 1,000 cycles
Recommended pulse charge/discharge cutoff  3.8V1to 1.6V
Operating temperature range -36°C to +60°C
Storage temperature range -50°C to +60°C
Core cell weight 70 grams
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i ACS714

| MicroSystems., Inc.

Automotive Grade, Fully Integrated, Hall E Jfect-Based Linear Current Sensor IC
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

Features and Benefits Description

* Low-noise analog signal path The Allegro® ACS714 provides economical and precise
*  Device bandwidth is set via the FILTER pin solutions for AC or DC current sensing in automotive systems.
* 3 Ksoutput risc lime in response to step input current The device package allows for easy implementation by the
" 8OLHz bandwidth customer. Typical applications include motor control, load

* Total output error 1.5% typical, at T,= 25°C
= Small footprint, low-profile SOICS package
= 1.2 mQ intemal conductor resistance

- g(‘} l\‘/VRM]S mmml“_"“ isolation voltage from pins 1-4 to pins 5-8 The device consists of a precise, low-offset, linear Hall circuit
v el LiE ppY ofettian with a copper conduction path located near the surface of the
= 6610 185 mV/A output sensitivity dis \ ALl f flowing th b thi diieite

* Qutput voltage proportional to AC or DC currents S \DPP L et FINE R - copper-con RcHol
" path generates amagnetic field which the Hall IC convertsintoa

Factory-trimmed for accuracy . ) ; k.
Extremely stable output offset voltage proportional voltage. Device accuracy is optimized through the

detection and management, switch-mode power supplies, and
overcurrent fault protection.

= Nearly zero magnetic hysteresis close proximity of the magnetic signal to the Hall transducer.
= Ratiometric output from supply voltage A precise, proportional voltage is provided by the low-offset,
= Operating temperature range. -40°C to 150°C chopper-stabilized BiICMOS Hall IC, which is programmed

tor accuracy after packaging.

M TUV America (]
Certifi Number: i H i1
‘ E % b e o8 ol cm us The output of the device has a positive slope (>V10UT(Q))
c us

when an increasing current flows through the primary copper
conduction path (from pins 1 and 2, to pins 3 and 4), which is
the path used for current sampling. The internal resistance of
this conductive path is 1.2 mQ typical, providing low power
loss. The thickness of the copper conductor allows survival of
the device at up to 5x overcurrent conditions. The terminals of

Package: 8 pin SOIC (suffix LC)

Continued on the next page...

Approximate Scale 1:] ﬁ

Typical Application

1 8
IP+ VCCﬂ
2ips VIOUTE—o -
I 0.1 uF
ACS714 ..

ip_ FILTER

P il |1nF

Application 1. The ACS714 outputs an analog signal, V.
that varies linearly with the uni- or bi-directional AC or DC
primary sampled current, I, within the range specified. Cg
is recommended for noise management, with values that
depend on the application.

o
A jw
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ACS71 4 Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor IC
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

Jescription (continued)

he conductive path are electrically isolated from the signal leads ~ The leadframe is plated with 100% matte tin, which is compatible
pins 5 through8). This allows the ACS714tobe usedinapplications  withstandard lead (Pb) free printed circuitboard assembly processes,
*quiring electrical isolation without the use of opto-isolators or Internally, the deviceis Pb-free, except for flip-chip high-temperature
ther costly isolation techniques. Pb-based solder balls, currently exempt from RoHS. The device is

he ACS7141is providedin a small, surface mount SOIC8 package.  fully calibrated prior to shipment from the factory.

Selection Guide

Optimized Range, Ip Sensitivity, Sens Ta o j
Part Number (A) (Typ) (mVIA) ©C) Packing

ACST14ELCTR-05B-T +5 185

ACST14ELCTR-20A-T +20 100 —40 to 85

ACS714ELCTR-30A-T 130 66

Tape and reel, 3000 pieces/reel

ACST14LLCTR-05B-T £5 185

ACS714LLCTR-20A-T +20 100 —40 to 150 ‘

ACS714LLCTR-30A-T +30 66

*Contact Allegro for additional packing options.

Absolute Maximum Ratings

Characteristic Symbol Notes Rating Units
Supply Voltage Vee 8 \Y
Reverse Supply Voltage Vree -0.1 \
Output Voltage Viour 8 \
Reverse Output Voltage VR8iout -0.1 \
Pins 1-4 and 5-8; 60 Hz, 1 minute, T,=25°C 2100 VAC
Reinforced Isolation Voltage Viso Eximum working voltage according to 184 Vv
UL60950-1 pesk
Pins 1-4 and 5-8; 60 Hz, 1 minute, Ta=25°C 1500 VAC
Basic Isolation Voitage Visobse) Maximum working voltage according to 354 ”
UL60950-1 peak
Output Current Source hiouT(source) 3 mA
Qutput Current Sink liouT(sink 10 mA
Overcurrent Transient Tolerance Ip 1 pulse, 100 ms 100 A
Range E —-40 to 85 °c
Nominal Operating Ambient Temperature Ta
Range L —40 to 150 °C
Maximum Junction Temperature T (max) 165 "G
Storage Temperature Torg —65to 170 °C

TOV America Parameter Specification
Certificate Number: CAN/CSA-C22.2 No. 60950-1-03
U8V 06 05 54214 010 Fire and Electric Shock UL 60950-1:2003

C us : EN 60950-1:2001

Allegro MicroSystems, Inc. 2

Ll f Ik 0*;“ 115 Northeast Cutoff, Box 15036
o HalF Worcester, Massachusetts 01615-0036 (508) 853-5000

- MicroSystems, Inc. wwaw.allegromicro.com




ACST‘I 4 Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor |C
with 2.1 KVRMS Voltage Isolation and a Low-Resistance Current Conductor

Functional Block Diagram

45V
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(Pin 8)
i '""""“'""""""""""""""'""""""""_"""""""'"'"""'"7
1 1
] ]
] 1
H Hall Current !
! nve ]
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1P+ !
. Sensa Temperature
{Pin 1) ! Cnefﬁfi:m Trim i
P+ 1 . o ———AWW— :
(Pin 2} . s !
1: § % RSignal \ TS il VvIOUT
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! Trim = | O1pF
1P -L
(Pin 4) 0 Ampera AN T
! Offset Adjust !
i - | i
1 = 1
1 1
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SN Y SR W) o WA A0SR - BWPVY PN o [N T
GND FILTER
(Pin 5) (Pin 6)
Pin-out Diagram
P+ [T 8] vce
P+ [Z2] [7] viouT
1P- [3] [6] FILTER
iP- [4] 5] GND
Terminal List Table
Number Name Description
1and2 1P+ Terminals for current being sampled; fused internally
Jand4 IP- Terminals for current being sampled; fused internally
5 GND Signal ground terminal
6 FILTER Terminal for external capacitor that sets bandwidth
7 VIOUT Analog output signal
8 VCC Device power supply terminal
Allegro MicroSystems, Inc. 3
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AC 871 4 Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor IC’
with 2.1 kKVRMS Voltage Isolation and a Low-Resistance Current Conductor

COMMON OPERATING CHARACTERISTICS! over full range of T, Cg = 1 nF, and V¢ = 5 V, unless otherwise specified

Characteristic | Symbol Test Conditions | Min. | Typ. [ Max. | Units
ELECTRICAL CHARACTERISTICS
Supply Voltage Vee 45 5.0 5.5 "
Supply Current lee Vee = 5.0V, output open - 10 13 mA
Output Capacitance Load Cloap |VIOUT to GND - = 10 nF
Output Resistive Load Rioap |VIOUT to GND 47 - - ko
Primary Conductor Resistance | Rpryary | Ta = 25°C = 12 - mQ
Rise Time t, Ip = Ip(max), T = 25°C, Coyr = open - 5 - us
Frequency Bandwidth f —-3dB, Ty = 25°C; Ip is 10 A peak-to-peak - 80 - kHz
Nonlinearity Eun Over full range of Ip - 15 - %
Symmetry Esvm Over full range of Ip 98 100 102 %
Zero Current Output Voltage Vioury |Bidirectional; Iz =0 A, T, = 25°C - Vg%x - v
Power-On Time ; g:;:;;;; ;:;a;:es 90% of steady-state level, T J=25°C, 20 A present - a5 _ ™
Magnetic Coupling? - 12 - G/A
internal Filter Resistance3 Rranm : 17 kQ

“ 1Device may be operated at higher primary current levels, I, and ambient, Ta. and internal leadframe temperatures, Ty, provided that the Maximum

Junction Temperature, T (max), is not exceeded.

2{G=0.1 mT.
3Rran, forms an RC circuit via the FILTER pin.

COMMON THERMAL CHARACTERISTICS!

Min. Typ. Max. Units
Operating Internal Leadframe Temperature Ta g = — 85 ©
L range —40 - 150 °C
Value Units
Junction-to-Lead Thermal Resistance? Rgy. |Mounted on the Allegro ASEK 714 evaluation board 5 °CIW
Junction-to-Ambient Thermal Resistance B ?I‘jlijc:::;egyo&?soglizgro 85-0322 evaluation board, includes the power con- 23 CIW

"Additional thermal information is available on the Allegro website.

2The Allegro evaluation board has 1500 mm?2 of 2 oz. copper on each side, connected to pins 1 and 2, and to pins 3 and 4, with thermal vias connect-
ing the layers. Performance values include the power consumed by the PCB. Further details on the board are available from the Frequently Asked
Questions document on our website. Further information about board design and thermal performance also can be found in the Applications Informa-
tion section of this datasheet.

Allegro MicroSystems, Inc.

lk o‘i = 115 Northeast Catofr, Box 15036
& .g 2 ] ; Worcester, Massachusetts 01615-0036 (508) 853-5000

MicroSystems, Inc, www.allegromicro.com
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ACS714

Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor IC
with 2.1 kKVRMS Voltage Isolation and a Low-Resistance Current Conductor

- x05B PERFORMANCE CHARACTERISTICS! over Range E: 1, =

—40°C 10 85°C, Cr = 1 nF, and V¢ = 5 V, unless otherwise specified

Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range lp -5 - 5 A
Sensitivity Sens Over full range of [ T, = 25°C 180 185 190 mV/A

F Peak-to-peak, Ty = 25°C, 185 mV/A programmed Sensitivity,
. VNOISE®P) | C, = 47 nF, C o1y = open, 2 kHz bandwidth = 21 - my
Ta=—40°C to 25°C - -0.26 = mV/°C
Zero Current Output Slope Al
| fput Slop U [7,=25°C o 150°C - | 008 | - mVI°C
Tpo=—40°C to 25°C - 0.054 - mV/APC
Sensitivity Slope ASens

ty Slop Ta=25°C fo 150°C — [ o008 = mVIAFC
Electrical Output Voltage Voe lp=0A —40 - 40 mV
Total Output Error? Eror lp=t5A, Ty = 25°C - +1.5 - %

1Device may be operated at higher primary current levels, |

is not exceeded.
2Percentage of I, with Ip = 5 A. Output filtered.

x0SB PERFORMANCE CHARACTERISTICS' over Range L: Ta = —40°C to 150°C, C¢ = 1 nF, and V.

p and ambient temperatures, T, provided that the Maximum Junction Temperature, Tinay,

=35V, unless otherwise specified

Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range Ip -5 - 5 A
Sensitivity Sens Over full range of Ip Ty =25°C - 185 - mV/A
o T e e s [ N |~ |
Zero Current Output Slope Aoyt ARG U T ol s g m — mvre

1 Ty =25°C to 150°C - -0.08 - mV/°C
. T4=-40°C to 25°C - 0.054 - mV/A/°C
Sensitivity Slope ASens
Ta=25°C to 150°C - -0.008 - mV/A/°C
Electrical Qutput Voltage Voe lb=0A 60 - 60 mV
lp=t5A, Ty = 25°C - +1.5 - %
RPOREE A Bror A T, 40°C B 150°C =7 = 7 %

1Device may be operated at higher primary current levels, |

is not exceeded.
2Percentage of Ip, with I = 5 A. Output filtered.

p. and ambient temperatures, Ty, provided that the Maximum Junction Temperature, T a0,

Allegro MicroSystems, Inc,

115 Northeast Cutoff, Box 15036
Worcester, Massachusetts 01615-0036 (508) 853-5000
wvaw allegromicro.com
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ACS714

Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor IC
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

x20A PERFORMANCE CHARACTERISTICS over Range E: Ta=—40°C 10 85°C", Cr- = 1 n1F, and Vi = 5V, unless otherwise spedified

Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range Ip -20 - 20 A
Sensitivity Sens Over full range of Ip, T, = 25°C 96 100 104 mV/A
oo |67 oy - e 0| - | | - |
Zero Current Output Slope AlouT@) TaZ 0G0 258 = i - o
: Ta=25°C to 150°C - -0.07 - mV/°C
Sensitivity Slope P Ta =—40°C to 25°C - 0.017 - mV/AFC

Ta=25°C to 150°C - -0.004 - mVW/A/rC
Electrical Output Voltage Voe lp=0A -30 - 30 mV
Total Output Error? Eror Ip=+20A T, =25°C - +1.5 ~ %

1Device may be operated at higher primary current levels, I, and ambient temperatures, Ta, provided that the Maximum Junction Temperature,

Ty(max), is not exceeded.

2Percentage of I, with I = 20 A. Output filtered.

x20A PERFORMANCE CHARACTERISTICS over Range L: Ta=—40°C to 150°C!

. Ce=1nF, and V3¢ = 5 V, unless otherwise specified

Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range lp —20 - 20 A
Sensitivity e Over full range of I, Ty = 25°C - 100 = mV/A

" Qver full range of Ip, T, = —40°C to 150°C 94 - 104 mV/A
A e T VAR
1Zero Current Output Slope Aloyry gl the = ) - i)
Ts =25°C to 150°C - -0.07 - mv/°C
Sensitivity Slope — Tp = —40°C to 25°C - 0.017 - mV/A/°C
T4 =25°C to 150°C - —-0.004 - mV/IA/FC
Electrical Output Voltage Voe lp=0A —40 - 40 mV
Total Qutput Error2 Eror lp=20A Ty 220 S _ =14 = =
Ip=+20A T, = —40°C to 150°C -5 - 5 %
"Device may be operated at higher primary current levels, Ip, and ambient temperatures, T,, provided that the Maximum Junction Temperature,
T (max), is not exceeded.
2Percentage of Ip, with I = 20 A. Qutput filtered.
Allegro MicroSystems, Inc. 6
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A C S 71 4 Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor IC
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

. 'x30A PERFORMANCE CHARACTERISTICS over Range E: To = -40°C t0 85°C', Cr= 1 nF, and V. = 5V, unless otherwise specified

Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range Ip ~-30 - 30 A
Sensitivity Sens  |Over full range of lp, T, = 25°C 64 66 68 mV/A

. Peak-to-peak, Ty = 25°C, 66 mV/A programmed Sensitivity,
Nekse VNOISE®P) |G, = 47 nF, Gy = open, 2 kHz bandwidth - 4 - o
Ta = —40°C to 25°C - -0.35 - mv/°C
Zero Current Output Slope Al
it Slop OUT@ 132355 to 150°C = [ 008 | - | mvrC
Ty =-40°C to 25°C - 0.007 - mV/A/FC
Sensitivity Slope ASens o °
Ta = 25°C to 150°C - -0.002 - mV/ASC
Electrical Oufput Voltage Voe lp=0A -30 - 30 mV
Total Output Error2 Eror |{lp=%30A,Ta=25°C - - +1.5 - %

1Device may be operated at higher primary current levels, Ip, and ambient temperatures, Ta, provided that the Maximum Junction Temperature,
Ty(max), is not exceeded.
2Percentage of I, with Ip = 30 A. Output filtered.

x30A PERFORMANCE CHARACTERISTICS over Range L: Ta=—40°C to 150°C, Ce=1 nF, and V¢ = 5 V, unless otherwise specified

Characteristic Symbol Test Conditions Min. Typ. Manx. Units
Optimized Accuracy Range Ip -30 - 30 A
L sensitivity - Over full range of I, Ty = 25°C - 66 = mV/A
Over full range of Ip, T, = —40°C to 150°C 63 - 69 mV/A
Nase VADSEER) |Co 2 47 1. G = apsn. 2 kit bancrat e R
‘ Zero Current Output Slope AlgyT, Lt il bt = = - b
@ 7, =25°Cto 150°C - —0.08 = mVI°C
Sensitivity Slope s Ta=—40°C to 25°C - 0.007 - mV/AI°C
Ta = 25°C to 150°C - -0.002 - mV/AIC
Electrical Output Voltage Voe lp=0A —40 - 40 mV
Total Output Error? Eyor o Sl i - £l - L
lp=%30A, Ty = —40°C to 150°C -5 - 5 %

"Device may be operated at higher primary current levels, Ip, and ambient temperatures, Ty, provided that the Maximum Junction Temperature,
T,(max), is not exceeded.
2Percentage of I, with Ip = 30 A. Output filtered.

Allegro MicroSystems, Inc. 7
115 Northeast Cutoff, Box 15036

Worcester, Massachusetts 01615-0036 (508) 853-5000
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ACST‘I 4 Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor [C
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

Characteristic Performance
Ip =5 A, unless otherwise specified

Mean Supply Current versus Ambient Temperature Supply Current versus Supply Voltage
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ACS 71 4 Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor IC
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

Characteristic Performance
Ip = 20 A, unless otherwise specified

Mean Supply Current versus Ambient Temperature Supply Current versus Supply Voltage
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AC S71 4 Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor IC
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

Characteristic Performance
Ip = 30 A, unless otherwise specified

Mean Supply Current versus Ambient Temperature Supply Current versus Supply Voltage
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ACS714

Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor i
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

Definitions of Accuracy Characteristics

Sensitivity (Sens). The change in device output in response to a
1 A change through the primary conductor. The sensitivity is the
product of the magnetic circuit sensitivity (G/A) and the linear
IC amplifier gain (mV/G). The linear IC amplifier gain is pro-
grammed at the factory to optimize the sensitivity (mV/A) for the
full-scale current of the device.

Noise (Vnopsg): The product of the linear IC amplifier gain
{mV/G) and the noise floor for the Allegro Hall effect linear iC
(=1 G). The noise floor is derived from the thermal and shot
noise observed in Hall elements. Dividing the noise (mV) by the
sensitivity (mV/A) provides the smallest current that the device is
able to resolve.

Linearity (Ey ;v). The degree to which the voltage output from
the IC varies in direct proportion to the primary current through
its full-scale amplitude. Nonlinearity in the output can be attrib-
uted to the saturation of the flux concentrator approaching the
full-scale current. The following equation is used to derive the
linearity:

- | ito { o [A gain x % sat (Viout_full-scale amperes - Fiout(q)) ] }
2 (Mout_half-scale amperes = Yiourq))

where Hourt full-scale amperes — the output voltage (V) when the
- sampled current approximates full-scale +1Ip .

Symmetry (Egypg). The degree to which the absolute voltage
cutput from the IC varies in proportion to either a positive or
negative full-scale primary current. The following formula is
used to derive symmetry:

100 Viout_+ full-scale amperes — ¥iout(o)

Viour@) ~ ¥iour_full-scale amperes

Quiescent output voltage (VIOUT(Q)). The output of the device
when the primary current is zero. For a unipolar supply voltage,
itnominally remains at Vo/2. Thus, Ve = 5 V translates into
ViouTg) = 2.5 V. Variation in Vioutg) can be attributed to the
resolution of the Allegro linear IC quiescent voltage trim and
thermal drift.

Electrical offset voltage (V). The deviation of the device out-
put from its ideal quiescent value of Vi.¢/ 2 due to nonmagnetic
causes. To convert this voltage to amperes, divide by the device
sensitivity, Sens.

Accuracy (Eqgr). The accuracy represents the maximum devia-
tion of the actual output from its ideal value. This is also known
as the total output error. The accuracy is illustrated graphically in
the output voltage versus current chart at right.

Accuracy is divided into four areas:

e 0 A at 25°C, Accuracy at the zero current flow at 25°C, with-
out the effects of temperature.

¢ 0 A over A temperature. Accuracy at the zero current flow
including temperature effects.

* Full-scale current at 25°C. Accuracy at the the full-scale current
at 25°C, without the effects of temperature.

* Full-scale current over A temperature. Accuracy at the full-
scale current flow including temperature effects.

Ratiometry. The ratiometric feature means that its 0 A output,
Viout(q)y (nominally equal to Vo/2) and sensitivity, Sens, are
proportional to its supply voltage, Vi The following formula is
used to derive the ratiometric change in 0 A output voltage,

AViourgrar (%)-
14 </ VioutQpsv
33 ( utQvee ! Viour)ys )
Vee! 5V
The ratiometric change in sensitivity, ASensg o1 (%), is defined as:

( SEHSvccl' Senssv )

Vec!5V

Output Voltage versus Sampled Current
Accuracy at 0 A and at Full-Scale Current

A
Incraasing Vi, (V)
Accuracy
Over ATemp erature
L s
Accuracy : 1
25°C Only - .

Average
Vour B

Accuracy ——,
Over aATemp erature A
A
]
-
|

Accuracy
25°C Only ; i

Ip(min}

ERTY) HelA)
FulScale
Ip{max)
P e Accuracy
!‘—*'—'*\'—‘—b‘ 25T Only
N
\
—— Accuracy
Over aTemp erature
Decreasing Vo, (V}
Y
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A C S 71 4 Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor Ic
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

- Definitions of Dynamic Res ponse Characteristics
a \'

Veeltyp)— L Veg

Power-On Time (tpg). When the supply is ramped to its operat- 90% Voyr—|— = .

]
ing voltage, the device requires a finite time to power its internal ;’
components before responding to an input magnetic field. /
Power-On Time, tpq, , is defined as the time it takes for the output
voltage to settle within £10% of its steady state value under an
applied magnetic field, after the power supply has reached its
minimum specified operating voltage, V(min), as shown in the
chart at right.

Vour

Veo{min.) —]

= time at which power supply reaches
minimum specified operating voltage

1= time at which cutput voltage settles
within +10% of its steady state value
under an applied magnetic field

+

-

Rise time (t,). The time interval between a) when the device
reaches 10% of its full scale value, and b) when it reaches 90%
of its full scale value. The rise time to a step response is used to

- derive the bandwidth of the device, in which f(-3 dB) = 0.35/ ts
Both t; and tppgpongg are detrimentally affected by eddy current
losses observed in the conductive IC ground plane.

Power on Time versus Extemal Fiter Capacitance Step Response
T T T ‘,_"“‘u

i ‘Z‘H Ta=25°C
i 1 T : .
{

88Eazs

teg (ps)

oB538

Output (mV)

0 10 20 40 50

30
Ce (nF)

- Noise vs. Filter Cap
I5A

Noise versus External Filter Capacitance
3 = Eriseem g e S . - - . o
= 2 Excitation Signal

N 4 Dy 125MS5 Bl
A s 2
Rise Time versus Extemal Filter Capacitance Rise Time versus External Filter Capacitance
1200 CF (nF) tr (l-'5l 400
1000]% P 0 66 350 —r
1 7.7 300
= 800 4.7 174 & 250
a 10 32.1 izl
= 600 2 68.2 =
4P0f====m o 47 88.2 130
! 100 2913 100
200 : } Expanded in chart at right 220 623.0 50 "
ome_ s . 470 11200 owe” )
s 100 200 300 400 500 o 25 50 75 100 125 150
Cr (nF) Ce (nF)
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ACS714

with 2.1 kVRMS

Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor IC

Voltage Isolation and a Low-Resistance Current Conductor

Chopper Stabilization Technique

Chopper Stabilization is an innovative circuit technique that is
used to minimize the offset voltage of a Hall element and an asso-
ciated on-chip amplifier. Allegro patented a Chopper Stabiliza-
tion technique that nearly eliminates Hall IC output drift induced
by temperature or package stress effects. This offset reduction
technique is based on a signal modulation-demodulation process.
Modulation is used to separate the undesired DC offset signal
from the magnetically induced signal in the frequency domain.
Then, using a low-pass filter, the modulated DC offset is sup-
pressed while the magnetically induced signal passes through
the filter. As a result of this chopper stabilization approach, the
output voltage from the Hall IC is desensitized to the effects

of temperature and mechanical stress. This technique produces
devices that have an extremely stable Electrical Offset Voltage,
are immune to thermal stress, and have precise recoverability
after temperature cycling.

This technique is made possible through the use of a BICMOS
process that allows the use of low-offset and low-noise amplifiers
in combination with high-density logic integration and sample
and hold circuits.

[

| Low-Pass
Hall Element -t = b

| I w2 - Fitter
ot

1 S g

>< Amp 53 %

i S —

1]

Typical Applications

+5V

8
.

1P+ VIOUT

ACST14
i FILTER]
iP-

GND

+5V

3 ACST14
3l \p_ FILTER
A GND

Application 4. Rectified Output. 3.3 \/ scaling and rectification application
for A-to-D converters. Replaces current transformer solutions with simpler
ACS circuit. C1 is a function of the load resistance and filtering desired.
R1 can be omitted if the full range is desired.

P+ VIOUT

ACS714
\p— FILTER 7

"= 6o

Application 3. This configuration increases gain to 610 mV/A
(tested using the ACS714ELC-05A).

45V
B
Ly
R1
0.1 pF I 33 k0
— <
=
R2 100 k0
100 kQ
8
U, VEC L
7 Vour
2P+ VIOUT ouT s ; ~ T
3
|p} ACST14 . ‘% :
3 e FILTER=— L LMvT7235
4o & TnE -
GND Pt
L D1
= N9 14

Application 5. 10 A Overcurrent Fault Latch. Fault threshold set by R1 and
R2. This circuit latches an overcurrent fault and holds it until the 5 V rail is
powered down.

2 o
w0 wP aasyien I
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ACS714

Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor IC
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

Improving Sensing System Accuracy Using the FILTER Pin

In low-frequency sensing applications, it is often advantageous
to add a simple RC filter to the output of the device. Such a low-
pass filter improves the signal-to-noise ratio, and therefore the
resolution, of the device output signal. However, the addition of
an RC filter to the output of a sensor IC can result in undesirable
device output attenuation — even for DC signals.

Signal attenuation, AV,r, is a result of the resistive divider
effect between the resistance of the external filter, Ry (see
Application 6), and the input impedance and resistance of the
customer interface circuit, Ryyype. The transfer function of this
resistive divider is given by:

i / Rintre
T PO\ Re+ Rpafes
Even if Ry and Ryype are designed to match, the two individual
- resistance values will most likely drift by different amounts over

3V

temperature. Therefore, signal attenuation will vary as a function
of temperature. Note that, in many cases, the input impedance,
Rpyrre., of a typical analog-to-digital converter (ADC) can be as
low as 10 kQ.

The ACS714 contains an internal resistor, a FILTER pin connec-
tion to the printed circuit board, and an internal buffer amplifier.
With this circuit architecture, users can implement a simple

RC filter via the addition of a capacitor, Cy (see Application 7)
from the FILTER pin to ground. The buffer amplifier inside of
the ACS714 (located after the internal resistor and FILTER pin
connection) eliminates the attenuation caused by the resistive
divider effect described in the equation for AV,rt. Therefore, the
ACS714 device is ideal for use in high-accuracy applications
that cannot afford the signal attenuation associated with the use
of an external RC low-pass filter.

Application 6. When a low pass filter is constructed
externally to a standard Hall effect device, a resistive
divider may exist between the filter resistor, Rg and
the resistance of the customer interface circuit, Rjyrc-

This resistive divider will cause excessive attenuation, i
as given by the transfer function for AV Appiication
0 pF] Interface
b= Circuit
+ <
TN §Rvnr-;
sy K
VCC
L) S .
A i . : AlegroACST14 1
Application 7. Using the FILTER pin : !
provided on the ACS714 eliminates the : Ml Dot !
attenuation effects of the resistor divider ! !
between Rg and Ryyrrc, shown in Appli- o1 !
d T ]
cation 6. s g 2 Suffer Amplifier !
w : p 2 § ~ and Resistor |
i . i 22 Sgnal :
=, l| E.E, Recovery L _—
! &° Application
Pin3 Interface
: Cireuit
P g o Ampere
Offset Adjust
: 2
! < Rurrc
i
Allegro MicroSystems, Inc. 14

_amnn
n

matE
£ o
HER EEB
1L

e

¥ MicroSystems, Inc.

115 Northeast Cutoff, Box 15036
Worcester, Massachusetts 01615-0036 (508) 853-5000
ww\v_allegromicro.com

50"



A C S 7 1 4 Automotive Grade, Fully Integrated, Hall Effect-Based Linear Current Sensor i
with 2.1 kVRMS Voltage Isolation and a Low-Resistance Current Conductor

Package LC, 8-pin SOIC

. 4901010

3201010

—

A PCB Lavoul Reference View

y Branded Face e iy g 'ER N

, Y !
[Sosw]c] PEANE i

TPP-AAA
L 175 max il
051 '
031 025

iR 1T T
1.27 BSC
A\ Standard Branding Reference View

For Reference Only: not for tooling use {reference MS-01244)
Dimensions in millimeters

Dimensions exciusive of mold flash, gate burrs, and dambar profrusions
Exact case and lead configuration at supplier discretion within fimits shown

N = Device part number
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MAX3222/MAX3232/
MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

General Description

The MAX3222/MAX3232/MAX3237/MAX3241 trans-
ceivers have a proprietary low-dropout transmitter out-
put stage enabling true RS-232 performance from a
3.0V to 5.5V supply with a dual charge pump. The
devices require only four small 0.1pF external charge-
pump capacitors. The MAX3222, MAX3232, and
MAX3241 are guaranteed to run at data rates of
120kbps while maintaining RS-232 output levels. The
MAX3237 is guaranteed to run at data rates of 250kbps
in the normal operating mode and 1Mbps in the
MegaBaud™ operating mode, while maintaining RS-232
output levels.

The MAX3222/MAX3232 have 2 receivers and 2
drivers. The MAX3222 features a 1A shutdown mode
that reduces power consumption and extends battery
life in portable systems. lts receivers remain active in
shutdown mode, allowing external devices such as
modems to be monitored using only 1pA supply cur-
rent. The MAX3222 and MAX3232 are pin, package,
and functionally compatible with the industry-standard
MAX242 and MAX232, respectively.

The MAX3241 is a complete serial port (3 drivers/
5 receivers) designed for notebook and subnotebook
computers. The MAX3237 (5 drivers/3 receivers) is ideal
for fast modem applications. Both these devices feature
a shutdown mode in which all receivers can remain
active while using only 1uA supply current. Receivers R1
(MAX3237/MAX3241) and R2 (MAX3241) have extra out-
puts in addition to their standard outputs. These extra
outputs are always active, allowing external devices
such as a modem to be monitored without forward bias-
ing the protection diodes in circuitry that may have Voo
completely removed.

The MAX3222, MAX3237, and MAX3241 are available
in space-saving TSSOP and SSOP packages.

Applications
Notebook, Subnotebook, and Palmtop Computers

High-Speed Modems
Battery-Powered Equipment
Hand-Held Equipment
Peripherals

Printers

Typical Operating Circuits appear at end of data sheet.

MegaBaud and UCSP are trademarks of Maxim Integrated Products, Inc.

__Next Generation Device Features

¢ For Smaller Packaging:
MAX3228E/MAX3229E: +2.5V to +5.5V RS-232
Transceivers in UCSP™

¢ For Integrated ESD Protection:
MAX3222E/MAX3232E/MAX3237E/MAX3241E/
MAX3246E: +15kV ESD-Protected, Down to 10nA,
3.0V to 5.5V, Up to 1Mbps, True RS-232
Transceivers

¢ For Low-Voltage or Data Cable Applications:
MAX3380E/MAX3381E: +2.35V to +5.5V, 1pA,
2 Tx/2 Rx RS-232 Transceivers with +15kV
ESD-Protected I/O and Logic Pins

Ordering Information

PKG

PART TEMP RANGE  PIN-PACKAGE CODE
MAX3222CUP+  0°Cto +70°C 20 TSSOP U20+2
MAX3222CAP+  0°Cto+70°C 20 SSOP A20+1
MAX3222CWN+  0°C to +70°C 18 SO W18+1
MAX3222CPN+  0°C to +70°C 18 Plastic Dip  P18+5

+Denotes lead-free package.

Ordering Information continued at end of data sheet.

Pin Configurations

TOP VIEW

& [1] - 18] SHON

Cl+ E _1_1| Voo

v [5] 16] GND
o-[a] M2 B oun

c2+ [ 5] 14] R1IN
c2- 6] 13] R1oUT

v-[7] i2] TN

T20UT {8 1] T2
R2iN [ 9] 10] Ro0UT

DIP/SO
Pin Configurations continued at end of data sheet.

For pricing, delivery, and ordering information, please contact Maxim Direct

at 1-888-629-4642, or visit Maxim’s website at www.maximintegrated.com.

19-0273; Rev 7; 1/07



MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

ABSOLUTE MAXIMUM RATINGS

N BB rmonmmonmomswnwossumens mssss e oo s S SR TS -0.3V to +6V Continuous Power Dissipation (Ta = +70°C)
B o L -0.3Vio +7V 16-Pin TSSOP (derate 8.7mW/°C above +70°C)............. 533mw
V= (NGB 1) it +0.3Vto -7V 16-Pin Narrow SO (derate 8.70mW/°C above +70°C) ....696mwW
Ve N N BB e s e s +13V 16-Pin Wide SO (derate 9.52mW/°C above +70°C)........ 762mw
Input Voltages 16-Pin Plastic DIP (derate 10.53mW/°C above +70°C)...842mW
T_IN, SHDON, EN ..o -0.3V to +6V 18-Pin SO (derate 8.52mW/°C above +70°C) e, 762mwW
MBBUIB. oy muassssissmar s -0.3V to (Voo + 0.3V) 18-Pin Plastic DIP (derate 11.11mW/°C above +70°C) ..889mW
RiiN ................................................................................. 125\/ ZO_P“—] SSOP (dera[e 7'00mWIOC abOVe +7ODC} ......... 559mW
OUTIPSTUVTO‘EQBS - 20-Pin TSSOP (derate 8.0mW/°C above +70°C)............. 640mwW
_OUT ..................................................... _OSVtO(VCCjBBSV) 28-Pin TSSOP (derate BTmW[‘“C above +70°C) Sgamw
Short-Circuit Duration e . ' 28-Pin SSOP (derate 9.52mW/°C above +70°C) ......... 762mw
T_OUT oraeerrerssrsamspsnssrnseresriorsnsernsnrasoadons cosssnniss Continuous 28-Pin SO (derate 12.50mW/°C above +70°C).................... w

Operating Temperature Ranges

WAKB2"T i s 0°C to +70°C
MAX32_ _E _ i -40°C to +85°C
Storage Temperature Range -65°C to +150°C
Lead Temperature (soldering, 108) ...c..coooovvvvoerennn +300°C

Note 1: V+ and V- can have a maximum magnitude of 7V, but their absolute difference cannot exceed 13V.

Stresses beyond those listed under “Absolute Maximum Ratings” may cause permanent damage lo the device. These are siress ratings only, and functional
operation of the device at these or any other conditions beyond those indicated in the operational sections of the specifications is nat implied. Exposure to
absolute maximum rating conditions for extended periods may affect device reliability.

ELECTRICAL CHARACTERISTICS

(Vce = +3.0V to +5.5V, C1-C4 = 0.1pF (Note 2), TA = TMiN to Tmax, unless otherwise noted. Typical values are at Ta = +25°C.)
PARAMETER | CONDITIONS MIN  TYP  MAX | UNITS |

DC CHARACTERISTICS ]

~— e S5 MAX3222/MAX3232/ 03 10
" od0ad, Vo= J. or a. 3 MAX3241 % -
Vee Power-Supply Current TA = +25° mA
; MAX3237 0.5 2.0
Shutdown Supply Current SHDN = GND, Ta = +25°C 1.0 10 pA
LOGIC INPUTS AND RECEIVER OUTPUTS
Input Logic Threshold Low T_IN, EN. SHON, MBAUD 0.8 v
(Note 3)
Input Logic Threshold High Vee = 3.3V 2.0 i
(Note 3) Voo = 5.0V 24
Input Leakage Current T_IN, EN, SHDN, MBAUD +001 210 LA
Output Leakage Current Receivers disabled +0.05 +10 pA
Output Voltage Low lout = 1.6mA 0.4 \
Output Voltage High louT = -1.0mA Vcc-0.6 Veo-0.1 v
RECEIVER INPUTS |
Input Voltage Range -25 25 V
Veeo = 3.3V 0.6 1.2
Input Threshold Low Ta = +25°C \
Veeo = 5.0V 0.8 1.5
: Vce = 3.3V 1:5 2.4
Input Threshold High Ta = +25°C Y
Voo = 5.0V 1.8 2.4

.
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MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

ELECTRICAL CHARACTERISTICS (continued)

(Vcc = +3.0V to +5.5V, C1-C4 = 0.1pF (Note 2), Ta = TMiN to Tmax, unless otherwise noted. Typical values are at Ta = +25°C.)

PARAMETER CONDITIONS MIN TYP  MAX UNITS
Input Hysteresis 0.3 v
Input Resistance Ta=+25°C 3 5 7 kQ
TRANSMITTER OUTPUTS
Output Voltage Swing All transmitter outputs loaded with 3k to ground +5.0 +5.4 \
Cutput Resistance Voo =V+=V-=0V, Toyr = £2V 300 10M Q
Output Short-Circuit Current +35 +60 mA
Output Leakage Current :j/ggg I-—‘;dﬂzv, Vee = 0V oor 3V to 5.5V, transmitters +95 UA
MOUSE DRIVEABILITY (MAX3241)
T1IN = T2IN = GND, T3IN = Vg,
Transmitter Output Voltage T30UT loaded with 3k£2 to GND, +5.0 \
T10UT and T20UT loaded with 2.5mA each

TIMING CHARACTERISTICS—MAX3222/MAX3232/MAX3241

(Vce = +3.0V to +5.5V, C1-C4 = 0.1F (Note 2), TA = TMIN to Tmax, unless otherwise noted. Typical values are at Ta = +25°C.)

PARAMETER CONDITIONS MIN TYP  MAX UNITS
Maximum Data Rate RL = 3kQ, Cp. = 1000pF, one transmitter switching 120 235 kbps
y ; tPHL 0.3
Receiver Propagation Delay R_IN to R_OUT, C = 150pF ps
PLH 0.3
Receiver Output Enable Time | Normal operation 200 ns
Receiver Qutput Disable Time | Normal operation 200 ns
Transmitter Skew L tPHL -t | 300 ns
Receiver Skew [ tPHL - tpLH | 300 ns
Vee = 3.3V, Ry = 3k to 7k, CL = 150pF to 6 20
Transition-Region Slew Rate | +oV 023V 0r -8V to +3V, ik Vips
S 9 Ta = +25°C, one transmitter Cr = 150pF to '
switching 2500pF L =R J

Maxim Integrated




MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

TIMING CHARACTERISTICS—MAX3237

(Ve = +3.0V to +5.5V, C1-C4 = 0.1pF (Note 2), Ta = TMIN to Tumax, unless otherwise noted. Typical values are at Ta = +25°C.)

PARAMETER CONDITIONS MIN TYP  MAX UNITS
RL = 3kQ, CL = 1000pF, one transmitter switching, 250
MBAUD = GND
; n Vee = 3.0V to 4.5V, Rl = 3kQ, CL = 250pF, i .
Maximum Data Rate one transmitter switching, MBAUD = Veg HGE kops
Vee = 4.5V t0 5.5V, RL = 3k, C = 1000pF, 1000
one fransmitter switching, MBAUD = V¢
. ) tPHL 0.15
Receiver Propagation Delay | R_IN to R_OUT, C = 150pF us
tPLH 0.15
Receiver Output Enable Time | Normal operation 200 ns
Receiver Qutput Disable Time | Normat operation 200 ns
) [ tPHL - tPLH |, MBAUD = GND 100 ns
Transmitter Skew
I'tPHL - teLH |, MBAUD = Voo 25 ns
Receiver Skew ItPHL - triH | 50 ns
CL = 150pF
Ve = 3.3V, RL = 3Q to 7kS), to 1000pF MBAUD =
Transition-Region Slew Rate | +3V to -3V or -3V to +3V, v = 24 150 Vius
Ta=+25°C %
CL = 150pF to 2500pF, 4 30
MBAUD = GND

Note 2: MAX3222/MAX3232/MAX3241: C1-C4 = 0.1uF tested at 3.3V +10%; C1 = 0.047uF, C2-C4 = 0.33pF tested at 5.0V +10%.
MAX3237: C1-C4 = 0.1pF tested at 3.3V £5%; C1-C4 = 0.22)F tested at 3.3V £10%; C1 = 0.047uF, C2-C4 = 0.33yF tested

at 5.0V £10%.
Note 3: Transmitter input hysteresis is typically 250mV.,

Typical Operating Characteristics
(Vcc = +3.3V, 235kbps data rate, 0.1uF capacitors, all transmitters loaded with 3k, Ta = +25°C, unless otherwise noted.)

MAX3222/MAX3232 MAX3222/MAX3232 MAX3222/MAX3232
TRANSMITTER QUTPUT VOLTAGE SLEW RATE SUPPLY CURRENT vs. LOAD CAPACITANCE
vs. LOAD CAPACITANCE vs. LOAD CAPACITANCE WHEN TRANSMITTING DATA
6 1 5 22 L g £ 40 5
s 5 Voyrs+—{3 20 FOR DATA RATES UP TO 235kbps {3 = e
G4 18 T 235kbps 47 | |
& 3 _ 15 |\ T '
§ ? ::::i 14 \\\\\.\_ SLEW :'JE: 25 I/ =
= = :
E 4 e \\\ £ o /// Ll P
o
e - z "; SLEW | N % ) ]
E = & T ok
= ps
é 5 6 > 10 7
I 4 4
E & Vour- 5 5
3 , 0 0
0 1000 2000 3000 4000 5000 150 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
LOAD CAPACITANCE (oF) LOAD CAPACITANCE (pF) LOAD CAPACITANCE (pF)
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MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

Typical Operating Characteristics (continued)
(Vce = +3.3V, 235kbps data rate, 0.1pF capacitors, all transmitters loaded with 3kQ, Ta = +25°C. unless otherwise noted.)

MAX3241 MAX3241 MAX3241
TRANSMITTER OUTPUT VOLTAGE SLEW RATE SUPPLY CURRENT vs. LOAD
vs. LOAD CAPACITANCE vs. LOAD CAPACITANCE CAPACITANCE WHEN TRANSMITTING DATA

75 T 3 24 2 45 T 2
s Vour+ |} o 235kbps ] 5
w 50 3 2 L’ =
2 20 = 35
b \\ z
g 25 g 18 N\ -SLEW e 30 A 120kbps | =
= 1 TRANSMITTER AT 235kbps S N = A s
E . 2 TRANSMITTERS AT 30Kkbps w z 2 v P
8 § 14 \ 3 20 / //

%5 Z 1 S > LA 20kbps

E 25 @ WA £ 15 A

= N~

= Vout- 8 N “ 10

= 5.0 "‘\\

= 6 ] 5

7.5 4 0
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
LOAD CAPAGITANCE (pF} ) LOAD GAPACITANCE (pF) LOAD CAPACITANGE (pF)
MAX3237 MAX3237 MAX3237
TRANSMITTER OUTPUT VOLTAGE TRANSMITTER OUTPUT VOLTAGE SLEW RATE vs. LOAD CAPACITANCE

vs. LOAD CAPACITANCE (MBAUD = GND) vs. LOAD CAPACITANCE (MBAUD = Vcg) (MBAUD = GND)

7.5 5 7.8 T 2 12 8
= 5.0 § T m?hm : 10 By o £
w5 w50 — -SLEW
[} «© S o
: : A S B S
o o s
e 25 e 25 ! ! 2 8 ¥
5 1 TRANSMITTER AT 240kbps 5 1 TRANSMITTER AT FULL DATA RATE = S
& 4 TRANSMITTERS AT 15kbps = 4 TRANSMITTERS AT 1/16 DATA RATE E
3 0 f3ka+CLLOADS 2 0 [3k0 +C LOAD, EACH OUTPUT T it Ll
= Veg=3.3V = Veo =3.3V l E
E -25 E 25 i el 4
= = 1 TRANSMITTER AT 240kbps
2 50 el 2Mbps|_— | 1.3Mbes 5 |4 TRANSMITTERS AT 15kbps
=™ = TMbps 3k + C¢ LOADS

5 Vep=3.3V
75 75 7 & 2a
0 1000 2000 3000 4000 5000 0 500 1000 1500 2000 0 1000 2000 3000 4000 5000
LOAD CAPACITANCE (pF) LOAD CAPACITANCE (pF) LOAD GAPACITANCE {pF)
MAX3237 MAX3237 MAX3237
SLEW RATE vs. LOAD CAPACITANCE SUPPLY CURRENT vs. SKEW vs. LOAD CAPACITANCE
(MBAUD = Vgg) LOAD CAPACITANCE (MBAUD = GND) (tpLH - tpHL)
70 2 60 z 70 | R O P M S =
\ i |1 1 TRANSMITTER AT 512kbps §
- 5 1l : g0 | 4 TRANSMITTERS AT 32kbps g
\ -SLEW, 1Mops = P 2d0kbps 1~ Ja + Gy LOADS
<< =
= & +SLEW, tMbps || E 50 |- MBaLD -
g \% g -SLEw. 2vops = e e
w40 N £ +SLEW, 2Mbps _ 2 . P L~ |4 40 MAX
= il 3 A 20kbps a0 RNL_AVERAGE; 10 PARTS L/
z . z et - N il
A B . NN |
20 ! @ 1 TRANSMITTER AT FULL DATA RATE 20 —~
l Eﬁﬁgﬂ:g&gﬂi l{#&'}%ﬁfg& 10 |4 TRANSMITTERS AT 1/16 DATA RATE__| - 7"“‘*\
10 I 30 + G, LOAD EACH OUTPUT Tl 3ka + €y LOADS MIN AN
ey ] 11 MM o] |
0
0 500 1000 1500 2000 0 1000 2000 3000 4000 5000 0 500 1000 1500 2000 2500
LOAD CAPACITANCE (pF) LOAD CAPACITANCE (pF) LOAD CAPACITANGE (pF)
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MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

Pin Description

B PIN
MAX3222 NAME FUNCTION
MAX3232 MAX3237 MAX3241
DIP/SO | SSOP
1 1 — 13 23 EN Receiver Enable. Active low.
Positive Terminal of Voltage-Doubler Charge-Pump
2 2 1 28 28 Cl+ Copaeit
3 3 2 27 27 V+ +5.5V Generated by the Charge Pump
4 4 3 o5 24 ci- Negatlye Terminal of Voltage-Doubler Charge-Pump
Capacitor
5 5 4 ’ i Cos F’osmw_s Terminal of Inverting Charge-Pump
Capacitor
A Negative Terminal of Inverting Charge-Pump
8 6 4 . Z o5 Capacitor
7 7 6 4 3 V- -5.5V Generated by the Charge Pump
815 | 817 7,14 227 | 910,11 | TLOUT | RS-282 Transmitter Outputs
9, 14 9, 16 8, 13 8,9, 11 4-8 R_IN RS-232 Receiver Inputs
10, 13 10,15 9, 12 18, 20, 21 15-19 R_OUT | TTL/CMOS Receiver Qutputs
11,12 | 12,13 | 1o, 11 ”éggéfz‘ 12,13,14 | TIN | TTL/CMOS Transmitter Inputs
F 16 18 5] 2 25 GND Ground
17 19 16 26 26 Vce +3.0V to +5.5V Supply Voltage
18 20 — 14 22 SHDN Shutdown Control. Active low.
— 11, 14 — — - N.C. No Connection
o o - 15 9 MBAUD MegaBaud Control Input. Connect to GND for normal
operation; connect to Ve for 1Mbps transmission rates.
Noninverting Complementary Receiver Qutputs.
o o o » otV bl Always active.

6 Maxim Integrated



MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

Detailed Description

Dual Charge-Pump Voltage Converter
The MAX3222/MAX3232/MAX3237/MAX3241's internal
power supply consists of a regulated dual charge pump
that provides output voltages of +5.5V (doubling charge
pump) and -5.5V (inverting charge pump), regardless of
the input voltage (Vcc) over the 3.0V to 5.5V range. The
charge pumps operate in a discontinuous mode: if the
output voltages are less than 5.5V, the charge pumps
are enabled, and if the output voltages exceed 5.5V, the
charge pumps are disabled. Each charge pump
requires a flying capacitor (C1, C2) and a reservoir
capacitor (C3, C4) to generate the V+ and V- supplies.

RS-232 Transmitters
The transmitters are inverting level translators that con-
vert CMOS-logic levels to 5.0V EIA/TIA-232 levels.

The MAX3222/MAX3232/MAX3241 transmitters guaran-
tee a 120kbps data rate with worst-case loads of 3kQ in
parallel with 1000pF, providing compatibility with PC-to-
PC communication software (such as LapLink™).
Typically, these three devices can operate at data rates
of 235kbps. Transmitters can be paralleled to drive multi-
ple receivers or mice.

Laplink is a frademark of Traveling Software, Inc.

The MAX3222/MAX3237/MAX3241's output stage is
turned off (high impedance) when the device is in shut-
down mode. When the power is off, the MAX3222/
MAX3232/MAX3237/MAX3241 permit the outputs to be
driven up to +12V.

The transmitter inputs do not have pullup resistors.
Connect unused inputs to GND or V¢,

MAX3237 MegaBaud Operation
In normal operating mode (MBAUD = GND), the
MAX3237 transmitters guarantee a 250kbps data rate
with worst-case loads of 3kQ in parallel with 1000pF.
This provides compatibility with PC-to-PC communica-
tion software, such as Laplink.

For higher speed serial communications, the MAX3237
teatures MegaBaud operation. In MegaBaud operating
mode (MBAUD = Vce), the MAX3237 transmitters guar-
antee a 1Mbps data rate with worst-case loads of 3kQ in
parallel with 250pF for 3.0V < Voo < 4.5V. For 5V +10%
operation, the MAX3237 transmitters guarantee a 1Mbps
data rate into worst-case loads of 3kQ in parallel with
1000pF.

i
0.1uF T
Cl+ Veo v
] T+
o c3
T o ).
o MAX3222 -
T R MAX3232 N—
2 MAX3237 — 4
o NE
U N T_0UT -
R_OUT R_IN
550 —
Voo SHON" i *o 25000F
T v L
* MAX32Z2ZMAX3241 ONLY
MINIMUM SLEW-RATE TEST CIRCUIT

I ¢
0.1pF ::L
l__ Cl+ L Vi
il . [ 3
24 ( n i i
& MAX3222 =
"
V,
o + MAX3232 T -
T3 ), MAX3237 <
MAX3241 it
S R T_0uT =
R_OUT R R_IN
it B P
Voo SHON® GND 7 I 150pF

=+

MAXIMUM SLEW-RATE TEST CIRCUIT

Figure 1. Slew-Rate Test Circuits
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MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

Vee

PREVIOUS

Voo RS-232
Rx

PROTECTION
DIODE Q)

UART

Tx

GND SHON = GND ——]

1v||— Y

a) OLDER RS-232: POWERED-DOWN UART DRAWS CURRENT FROM
ACTIVE RECEIVER OUTPUT IN SHUTDOWN.

_ _ Vee
1
rg LOGIC
K TRANSITION
DETECTOR
ke - MAX3237
MAX3241
R10UTB
VCC# B
R N
X R10UT Rl
PROTECTION _
DIODE EN=Vee 5K0)
UART
S THOUT
% THIN >
GND SHON = GND
1 T

b) NEW MAX3237/MAX3241: EN SHUTS DOWN RECEIVER QUTPUTS (EXCEPT FOR
B QUTPUTS), SO NO CURRENT FLOWS TO UART IN SHUTCOWN. B OUTPUTS
INDICATE RECEIVER ACTIVITY DURING SHUTDOWN WITH EN HIGH.

Figure 2. Detection of RS-232 Activity when the UART and
Interface are Shut Down; Comparison of MAX3237/MAX3241
(b) with Previous Transceivers (a).

RS-232 Reccivers
The receivers convert RS-232 signals to CMOS-logic out-
put levels. The MAX3222/MAX3237/MAX3241 receivers
have inverting three-state outputs. In shutdown, the
receivers can be active or inactive (Table 1).

The complementary outputs on the MAX3237 (R10UTB)
and the MAX3241 (R10UTB, R20UTB) are always active,
regardless of the state of EN or SHDN. This allows for
Ring Indicator applications without forward biasing other
devices connected to the receiver outputs. This is ideal
for systems where Vcg is set to 0V in shutdown to
accommodate peripherals, such as UARTs (Figure 2).

MAX3222/MAX3237/MAX3241

Shutdown Mode

Supply current falls to less than 1uA in shutdown mode

(SHON = low). When shut down, the device's charge

pumps are turned off, V+ is pulled down to Ve, V- is

pulled to ground, and the transmitter outputs are dis-

abled (high impedance). The time required to exit shut-

down is typically 100us, as shown in Figure 3. Connect

SHDN to Ve if the shutdown mode is not used. SHDN
has no effect on R_OUT or R_OUTB.

MAX3222/MAX3237/MAX3241

Enable Control

The inverting receiver outputs (R_OUT) are put into a

high-impedance state when EN is high. The complemen-

tary outputs R10UTB and R20UTB are always active,

regardless of the state of EN and SHDN (Table 1). EN
has no effect on T_OUT.

Applications Information

Capacitor Selection
The capacitor type used for C1-C4 is not critical for
proper operation; polarized or nonpolarized capacitors
can be used. The charge pump requires 0.1uF capaci-
tors for 3.3V operation. For other supply voltages, refer to
Table 2 for required capacitor values. Do not use values
lower than those listed in Table 2. Increasing the capagci-
tor values (e.g., by a factor of 2) reduces ripple on the
transmitter outputs and slightly reduces power consump-
tion. C2, C3, and C4 can be increased without changing
C1's vaiue. However, do not increase C1 without also
increasing the values of C2, C3, and C4, to maintain the
proper ratios (C1 to the other capacitors).

When using the minimum required capacitor values,
make sure the capacitor value does not degrade exces-
sively with temperature. If in doubt, use capacitors with a
higher nominal value. The capacitor's equivalent series
resistance (ESR), which usually rises at low tempera-
tures, influences the amount of ripple on V+ and V-,

Maxim Integrated



MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

Table 1. MAX3222/MAX3237/MAX3241
Shutdown and Enable Control Truth Table

R_OUTB
SHDN EN T_OUT R_OUT | (MAX3237/
MAX3241)
0 0 High-Z Active Active
0 1 High-Z High-Z Active
1 o] Active Active Active
1 1 Active High-Z Active

Table 2. Required Minimum Capacitor Values

Vce Ci C2,C3,C4
V) (HF) (HF)
MAX3222/MAX3232/MAX3241
30t03.6 0.1 0.1
451055 0.047 0.33
3.0tob5.5 0.1 0.47
MAX3237
3.0t0 3.6 0.22 0.22
3.1510 3.6 0.1 0.1
451t05.5 0.047 0.33
3.0t05.5 0.22 1.0
5V/div Food i ' 1
2Vfdiv l———h—-—-«—-wJL s —‘E—ﬂ -t
~
50us/div
Vee =33V
C1-C4=0.1pF

Figure 3. Transmitter Outputs when Exiting Shutdown or

Powering Up

Maxim Integrated

Power-Supply Decoupling
In most circumstances, a 0.1uF bypass capacitor is
adequate. In applications that are sensitive to power-
supply noise, decouple Vcc to ground with a capacitor
of the same value as charge-pump capacitor C1. Connect
bypass capacitors as close to the IC as possible.

Operation Down to 2.7V
Transmitter outputs will meet EIA/TIA-562 levels of
3.7V with supply voltages as low as 2.7V.

Transmitter Outputs when
Exiting Shutdown
Figure 3 shows two transmitter outputs when exiting
shutdown mode. As they become active, the two trans-
mitter outputs are shown going to opposite RS-232 lev-
els (one transmitter input is high, the other is low).
Each transmitter is loaded with 3kQ in parallel with
2500pF. The transmitter outputs display no ringing or
undesirable transients as they come out of shutdown.
Note that the transmitters are enabled only when the
magnitude of V- exceeds approximately 3V.

Mouse Driveability
The MAX3241 has been specifically designed to power
serial mice while operating from low-voltage power sup-
plies. It has been tested with leading mouse brands from
manufacturers such as Microsoft and Logitech. The
MAX3241 successfully drove all serial mice tested and
met their respective current and voltage requirements.
Figure 4a shows the transmitter output voltages under
increasing load current at 3.0V. Figure 4b shows a typical
mouse connection using the MAX3241.



MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors
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Figure 4a. MAX3241 Transmitter Output Voltage vs. [.oad Current per Transmitter
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Figure 4b. Mouse Driver Test Circuit
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MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors
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C2+ MAX3222 V-
c2 L+ MAX3232 3—’04
T e MAX3237 T
MAX3241
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SHDN™

Vee

o
—
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xlf—

* MAX3222/MAX3241 ONLY

Figure 5. Loopback Test Circuit

High Data Rates
The MAX3222/MAX3232/MAX3241 maintain the RS-232
+5.0V minimum transmitter output voltage even at high
data rates. Figure 5 shows a transmitter loopback test
circuit. Figure 6 shows a loopback test result at
120kbps, and Figure 7 shows the same test at 235kbps.
For Figure 6, all transmitters were driven simultaneously
at 120kbps into RS-232 loads in parallel with 1000pF.
For Figure 7, a single transmitter was driven at 235kbps,
and all transmitters were loaded with an RS-232 receiver
in paraliel with 1000pF.

The MAX3237 maintains the RS-232 5.0V minimum
transmitter output voltage at data rates up to 1Mbps.
Figure 8 shows a loopback test result at 1Mbps with
MBAUD = Vcc. For Figure 8, all transmitters were
loaded with an RS-232 receiver in paralle! with 250pF.

Maxim Integrated

T R W s
TouT et SVidiv
R1OUT 5V/div
i
Sus/div
Voo =33V

Figure 6. MAX3241 Loopback Test Result at 120kbps

TN 5V/div
10Ut SV/div
RtOUT L 5V/div

2us/div
Vep=33v

Figure 7. MAX3241 Loopback Test Result at 235kbps

-
!
L g e S ,
T . P IN
v L™ . ; - L_'—M L
+5V i o 2 : —
P X I : /
OV oo i oo s oy | T_0UT=R_N
5 i ' 3k + 250pF
SVt 2 S PO RO
+5V . RO .. < i)
L : [ 1 ] roout
: ; : 150pF
200ns/div
Ve =33V

Figure 8. MAX3237 Loopback Test Result at 1000kbps
(MBAUD = Vge)
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MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

Interconnection with 3V and 5V Logic
The MAX3222/MAX3232/MAX3237/MAX3241 can
directly interface with various 5V logic families, includ-

Table 3. Logic-Family Compatibility

with Various Supply Voltages

ing ACT and HCT CMOS. See Table 3 for more informa- SYSTEM MAX32_ _
tion on possible combinations of interconnections. POWER- Vee
SUPPLY SUPPLY COMPATIBILITY
VOLTAGE VOLTAGE
V) V)
33 33 Com_patrble with all CMOS
families.
5 5 Compatible with all TTL
and CMQOS-logic families.
Compatible with ACT and
5 33 HCT CMOS, and with TTL.
- Incompatible with AC, HC,
L and CD4000 CMOS.
Typical Operating Circuits
+3.3V +3.3V
i 1 V¥l
0.1uF :Jé = 0.1uF % 3 1 ¢
1 YR w 3 ¢ O g~ 2
cr+l I o o1 ( b
0pF T 4] C1- ; 0.1pF H Ml 8 C1- I_&mF
5 a2 Y, 4 MAX3232 b
C2+ i < y
o _[* X L ¢4 01 F—E = / L ¢
0uf T 64e, TIF oipF IR A TF 0.1pF
( 12|TIN > T10UT | 15 o T ]TiN > Tout fra
TTL/CMOS ‘ RS-232 TTL/CMOS RS-232
INPUTS ouTPUTS INPLTS OUTPUTS
1) Tem D° T20UT§8 ' ]2 > T20UT | 7
L™ P | -
— 13} r1our < _ RINJ14 _12] R10OUT RINJ 13
TTL/CMOS ) RS-232 TTL/CMOS 5k RS-232
OUTPUTS INPUTS OUTPUTS INPUTS
10| R20UT = R2IN| 9
L -+ —=
il EN b 5kQ2
[ 18
GND SN GhiD
L s

PIN NUMBERS REFER TO DIF/SO PACKAGES.
¥ £3 CAN BE RETURNED TO EITHER Vec OR GROUND

* G3 CAN BE RETURNED TO EITHER Ve OR GROUND.

SEE TABLE 2 FOR CAPACITOR SELECTION
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MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

Typical Operating Circuits (continued)

[J
0.1uF j:+
1 B3V _,
= i L 0.1uF %u.mF 1%
Ve g = v
28 Cls v 27 28 Ci+ cc 2T
0.1uFI* d 0.1pF-% Vs +or
'[“_25 52 M C1- :_I.:U-H-LF
1 4 1 3
pEE ] €2+ MAX3237 V- L i = C2+ MAX3241 V- o
T 3. . T 20c. TFoipr

F—A T1IN TOUT §5 ~ 14} TN Dc rour Jg -
» 23§ T2IN T2ouTge TLcMos 4 mt3 ] T2N T20UT §10 L o3
INPUTS OUTPUTS

22 | T3IN 747 . T3IN 11
e B D 3 ot 3 R 1
21 | R1OUTB <’
19 | T4IN b T40UT § 10 F

R20UTR _

o 17| TSN 15007 |12 > T ’_
h 19 JR10UT R1IN | 4
— 16 J R10UTB <I

21 §RI10UT e RIN §8 = ﬂ
< 5kQ) TILEMOS

OUTPUTS 1 47 Jmsour

LOGIC | 204 R20UT fole_z RANJ9 [ RS-232

OUTPUTS é INPUTS
5k

okQ

_ 18 | R20UT R2IN | 5

R3IN § 6 RS-232
INPUTS

5kQ

1 FAAAA 'II-J\U{\/\AIIFMN*
5
4

A4IN 37

: _ 16 J R40UT
_ 18] Raou @ RN | 11 J -

5k€2

) ska 1 é
— <19} RsouT S Reinje
e
o MBAUD §15_o 5k
13 JEN -

SR 14 . 23 [ EN =5 | %

GND L GND SHON 22
2 15
* 3 GAN BE RETURNED TO EITHER Vg OR GROUND. * £3 CAN BE RETURNED TO EITHER Yo OR GROUND
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MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

Pin Configurations (continued)

TOP VIEW
_ 1+ e
& 1] 20] SFON
7
C“‘Z E vee Cl+ E EVCC
Vi E E GND
v [2] [15] GND
s Ly ct- [3] 1] T10UT
coe[5]  MAX3222 [ig] mim
coe [4]  MAX3232  [13]Rim
c2- [ 6] 5] R10UT
c2- [5] [12] Riout
v-[7] 14] NC.
12007 8 13] TiN L] ] i
o ey reour [7] 10] Ty
Ron [ 9 2] 12
. R2IN [8 9 | Roour
R20UT [1g E NC 8 R
DIP/SO/TSSOP
SSOP/TSSOP
e [1] El Cle c2: [1 28] 1,
aND [2] 27] vs c2. G 27] v
Ce- E E Voo V- E Z_—GI Ve
v- 4] 25] C:1- rin [ 4] 25] GND
TH0UT 4] T : ct-
i MAX3237 24 " e =
12007 [ 6] 23] o Rain 6 23] &
13007 [ 7] [22] Tam Rain [7] 22] SHON
RiN [ 8] 21 RiguT RIN [ | 21] Ri0uTs
Rain [ 9] 20] RoouT TouT [ 9] 20] R20UTB
TaguT [10} 18] T4 T20UT [10} 19] RiouT
RaIN [11] 18] R3ouT 130U [11] 18] RoouT
15007 [12] [17] 15N T3 [12] 17] R3out
& [13] 16] miouTs T2 [13] 16] RaoUT
SHON [14] 15] MBauD Ti [14] 15] RsouT
SSOP SO/SSOP/TSSOP
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MAX3222/MAX3232/MAX3237/MAX3241

3.0V to 5.5V, Low-Power, up to 1Mbps, True RS-232
Transceivers Using Four 0.1uF External Capacitors

Ordering Information (continued)

+Denotes lead-free package.

3V-Powered EIA/TIA-232 and EIA/TIA-562 Transceivers from Maxim

PKG PKG

PART TEMP RANGE  PIN-PACKAGE CODE PART TEMP RANGE  PIN-PACKAGE CODE
MAX3222EUP+  -40°Cto +85°C 20 TSSOP U20+2 MAX3232EWE+ -40°C to +85°C 16 Wide SO W16+1
MAX3222EAP+  -40°C to +85°C 20 SSOP A20+1 MAX3232EPE+  -40°Cto +85°C 16 Plastic DIP  P16+1
MAX3222EWN+ -40°C to +85°C 18 SO W18+1 MAX3232CAl+ 0°Cto +70°C 28 SSOP A28+2
MAX3222EPN+  -40°Cto +85°C 18 Plastic Dip  P18+5 MAX3237EAl+  -40°C to +85°C 28 SSOP A28+2
MAX3222C/D 0°Cto +70°C__ Dice* — MAX3237CUI+ 0°Cto +70°C 28 TSSOP Uz28+1
MAX3232CUE+  0°Cto +70°C 16 TSSOP U16+1 MAX3241CAl+ 0°Cto +70°C 28 SSOP A28+1
MAX3232CSE+  0°Cto +70°C 16 Narrow SO S16+1 MAX3241CWI+ 0°Cto +70°C_ 28 SO W28+1
MAX3232CWE+  0°Cto +70°C 16 Wide SO N16+1 MAX3241EUI+  -40°Cto +85°C 28 TSSOP U28+1
MAX3232CPE+ 0°Cto +70°C 16 Plastic DIP  P16+1 MAX3241EAl+  -40°Cto +85°C 28 SSOP A28+2
MAX3232EUE+  -40°Cto +85°C 16 TSSOP U16+1 MAX3241EWI+  -40°Cto +85°C 28 SO W28+1
MAX3232ESE+ -40°Cto +85°C 16 Narrow SO S16+1 *Dice are tested at TA = +25°C, DC parameters only.

GUAR-
SUPPLY No.OF | peerivens | ANTEED | Ew
PART TRANSMITTERS/ DATA TIA-232 FEATURES
¥OLgpE RECEIVERS | 2 CUVE N RATE | ORS62
v SHUTDOWN
W (kbps)
MAX212 30t036 3/5 5 120 232 Drives mice
MAX218 1.8104.95 o2 5 120 239 O.penates directly from batteries
without a voltage regulator
MAX562 2710525 3/5 5 230 562 Wide supply range
MAX563 3.0t0 36 2/2 2 230 562 0.1uF capacitors
AutoShutdown, complementary
MAX3212 271036 3/5 5 235 232 receiver, drives mice, transient
detection
MAX3222 3.0to 5.5 2/2 2 120 232 0.1pF capacitors
MAX3223 3.0t05.5 2/2 2 120 232 0.1pF capacitors, AutoShutdown
MAX3232 30055 202 N/A 120 232 0.1pF capacitors
0.1pF capacitors, 1 complemen-
MAX3237 3.0t055 5/3 3 250/1000 232 tary receiver, MegaBaud
operation
0.1pF capacitors, 2 complemen-
Maaagan SO Sl 3 124 e tary receivers, drives mice
0.1pF capacitors, AutoShutdown,
MAX3243 3.0to55 3/5 1 120 232 complementary receiver,
drives mice
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