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On Discharging Modeling and Capacity Estimation of Li-lon Battery

Student: Shih-Jen Lin Advisor: Lan-Rong Dung

Degree Program of Electrical Engineering and Computer Engineering

National Chiao Tung University

ABSTRACT

High-energy density solid-state lithium-ion batteries are
increasingly used in many application from low-power mobile telephones
to high-power traction. Low power dissipation and maximum battery
runtime are crucial in portable.€lectronics .With accurate and efficient
circuit and battery models~in thand ; circuit designers can predict and
optimize battery circuit performance: In this thesis , an accurate, intuitive ,
and comprehensive electrical battery'model is proposed and implemented
in a Matlab environment. This "“model accounts for all dynamic
Characteristics of the battery, using pulse discharge manner to get
nonlinear open-circuit voltage and impedance of the battery . A simplified
model neglecting the effects of self-discharge, cycle number, and
temperature, which are non consequential in low-power Li-ion-supplied
applications, is validated with experimental data on C-LiFePO4 and
polymer Li-ion batteries. Proposed model predicts the battery -V
performance accurately. The model can also be easily extended to other

battery and power sourcing technologies.
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3.1.1 BT o oA M2
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HAEREL R A 55 < 384 4eB)3.1 » % Chroma 6304 Smart Load -~
PCI-1710 e @ B > o B mamd At o™

- Relay

Battery NOKIA 8210
BLB-2

l‘v’oltage lCurrent ‘l‘gm}érlllz
PCI-1710
100KS/s 12- bit Multifunction

]

CPU( Data collecting & Control)

W31 FHAMT 5 BE
(1) Chroma 6304 Smart Load[20]
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(2) PCI-17T10 Fafe~—+ R4 4o [21]

a. PCI-bus mastering for data transfer

b. 16 single-ended or 8 differential or combination analog input
c. 12-bit A/D converter ,with up to 100KHz sampling rate

d. Programmable gain (0.5,1,2,4,8) for each analog inputchannel

e. Free combination of single-ended and differential inputs

f.  On board 4k samples FIFO buffer
g. 16 digital input and 16 digital outputs
h. Programmable pacer/counter

(3) & B(Charger)

FRAPAPEY D T Rprigd LT TR T S o iR
LT RRRFERE  BVIRERFAR  LREL AR
PEod RS R RBREFAM AAGE S LR R E S B R
Tt P ENTARERE LA AL ERYE ’J'lifi,%fﬁ‘f@?'}*"L%
o ¥t - LR R AN O RELT B2 A K EHF R E

8“‘34
e

fiamkyta AR R 0 s S A ROURT R S RN A
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3.1.1.2 #ick-L 5
R P

PR T4 5 4oB) 3.3 41 * Visual Basic #7% & 374
ﬂia‘%ﬁﬁw’?a&*wﬂ% ’e%%ﬁ"ﬁﬂé«?,@irs*“,ﬂ&fifﬁﬁ%

. Battexy Measurement 1

AD Calibriation| Card Open | Card Close |
Timer Base
_ms Start Date Start Time
‘Timer Disable Date Time

T < - > 200112720 =i osaea

I | Adaptive Measurment
— — AINO

Al
e an

Bl 3.3 F %ol v L o
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3.2 FHFE FEER
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TR &R el T4 £ T 2 3% NOKIABLB 2 423
# 0 B 1C(T00mA) "2 f 0 R T RRA PR R 0 LE
g P18 @ﬁ?'*@am?w%h’@ﬁﬁﬁma%ﬁ?ﬁ

(o)

3.2.1 B3 & Open Circuit Voltage (OCV) #

B34 27 HBL RTRHREHTERTR, RAfrERY R
[3] ) *~%~ 1“’55'9?']’* 7% e g sn Rest Time #7w 32_ § /& > #-w 38 2 2t
METLBFRTR BRY .wﬂ TR 25 Vo H Bk 2
TR SREFACE 35

B.D -
—First Cycla for Conditioning >t Second Cycla for Parameater Testing ——»
ED = - - =
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E 4.0 ‘ol St WA l\-‘_v_oltage HL"J""J'-L.LJ_J' r_,|(--—1— ‘._ "'_\_ \ “‘-d‘j__'__*_u
2 T i A
2 30 [ = g ! Pauses of One Minute Eac n_?
; JI ot <1 —
g 20 411 ——— T vl L1
- 114 ; I rdri )’: I
5 ‘ +— Current Temperature
T ‘ | |
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it Time [h]
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@
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S 3B 5 BhAe ] 3.6 917 [3]2. VI 48150 A% e T 2 B R
TR 4@ 3.7 0 ks SOD(State Of Discharge)8_#-pF ¥ fihik
B A P~igdc o £ 1% Matlab Curve fitting 45 51 B B 3 & 2. = 4250

do3V 31 o
45
L.
. iL‘Il‘ﬂ"=|l=—n pe fS S L I"-._.ll lL I|'|I |
3 =1
2.5
2z
13
1
n.;
0
I 430 B59 12BE 1717 2146 2575 30043473 3662 Time fsec)
Bl 3.5 "R TR RE
3.95 5
i
L Average of QCV Region i
3.85 . ‘l_'__ |
- / . _ e = - Exponential Best-Fit Curve
& e
Pl o memmem] >
3 |
»-— E:;ﬂhhraﬁl?hd—iliause of 1 Minute—m<——————{Discharging Current of 100 A Reapplied|———»
3.65 1
3.60 v s
355 o :.‘. oy =4 L i . L 5 n P |
0:06:29 T 0:07:29 / 0:08:29 0:09:29
ot t2 time [hemm:ss] t3
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Data and Fits

35

3r = wapen vs. 500D |7
fit 1

I 1 I 1 1 1 1 I 1 1
0.1 0.2 0.3 0.4 0.5 0.6 a.7 0.8 0.s 1

Residuals

0.03
0.02 - —

0.01 - * . —

-0.01 * —

-0.02

I 1 I 1 1 1 1 I 1 1
0.1 oz 03 0.4 s (NN =] 0.7 0.g g 1

] 3.7 Matlab:Curve fitting -/ §& 7 B 2 %4 & A

General model:

f(x) = a*exp(-b*x)+c+d*x+e*x. " 2+1*x.13 (3-1)

Coefficients (with 95% confidence bounds):

a= -0.5005 (-0.5488, -0.4522)

b= 17.77 (14.66, 20.88)

c= 3.064 (3.01,3.117)

d= 1.923 (1.637,2.209)

e= -2.768 (-3.241, -2.296)

f= 1.75 (1.505, 1.995)
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322 p R rE(RIiN)Y s

Yo 3.6 7 R 0~ 10 5 ATREET LA L PT
1C(700mA) > t0 ~ t1 § §* 5 0C(0mA) » & *T¥# B2 TR A B 5 VO,
VI (VI-VO)/ T v fedim e 2o 58 > st ghz e fd il
BoopRIEY AAeRB] 3.8 fF#hi: SOD(State Of  Discharge) 2 _#-pr
b i B Bpldc £ 4 Matlab Curve fitting 45 2 p 7 FE20 2 4250
4ozt 3-2 0

Data and Fits

T T T
RIM ws. SO0 (2 )
fit 4 B

] 3.8 Matlab Curve fitting p 7 [EZ 4 & 5

General model:

f(x) = a*exp(-b*x)+c*exp(d*x)+e (3-2)
Coefficients (with 95% confidence bounds):
a= 1.478 (-29.18, 32.14)
b= 0.267 (-5.014, 5.548)
c= 0.0153 (-0.2579, 0.2885)
d= 2.588 (-7.952, 13.13)
e= -1.061 (-32,29.88)
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33 %L AT Me M2 FY

d itz 3 NP~ NOKIABLB 242% 4 BT /RE N 7 [24p
2034258 0 dest 341, 32 I i3S B A5t 0 5d Matlab 231 E
NOKIABLB 2 427 # 2 % T o 5§ 3.9 -

Matlab Programming :

SOD= 0:0.001:1;
OCV=-0.5005*exp(-17.77*SOC1)+3.064+1.923*SOC1-2.768*SOC1.~2+1.75*SOC1."3
Rin=1.478*exp(-0.267*SOC1)+ 0.0153*exp( 2.588*SOC1)-1.061 ;

1=0.7;

Vload=VOCI1-IB1*(Rseries1)

figure(1)

plot(SOC,Vload,*")

title('Battery discharge curve')

xlabel('SOD')
ylabel('VOLTAGE))
al | SN e [
yi
S _FH——::.—";‘::-:/ -

P&
3/ FHEE

WmE

L 1 L 1 L 1 1 1 1 L 1
a a1 o2 0.3 0.4 0.5 0.8 .7 0.8 o9 1

B 3.9 1C(700mA )*cF & 41
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& Pulse Rest Time ¥ NOKIA BLB 2423 ¢ e T dgzf 4 B 5 {3+

R AN P HERBREH AT AT BREE €S HEEETF &
#
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% » & Pulse Cycle & MSE 2z 435

b BEAT S A EFEE RETR P T 2N P
Matlab Programming &35 = & {4 > i{} LA B o R R &
BRIRRT N S TH K R AR RRAT S T
AR R K e g B R IC -

BARE - &Y ¢ AL TR RN 2 Rest Cycle ¥t # &
PP 58 R Pl g R - = BRI 0 ¥ 2
&

3

2
A

G e - BEERT S Rl 2L R RE R S g
SENABTEHRE ) PR R MR -
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4.1 Pulse Rest Cycle Vs. MSE # /= 3

dOTE W ERG S MR BT O S et i
23 HU A5 LAFER B aod 2L R AN IR 0 G R A e
A E R RN TR SO N PR T Y T
RS o T A B2 Kok o £ BE R 2 AR HER 2

;\‘o@)}}%&]\)}?’mq‘{?}?/ﬁﬁﬁi\ L,_kr-]’l’}}l}b"%lz—aé‘f_;bhl.r
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;{;LF,.J"-T\ AR > AFTFEALT A RLTELE T G
T o LR FT S gty M2 LR >y MSE (Mean Square
mmg B 2 kT W e MSE B SRR R B iORE
BT A M 42V~25V LB 1000 BT RE - R IR oA E
RIS B-T 25 1000 BE2. B8 ris BA9EL B & 5 MSE ¥ 5 of
L A R

=i

B 4.1 B 42 45 2a b4z 5% ~ 2 1C 7 ¢ Pulse Rest
Cycle 7%t s 2. B B & B 2 PR [Ed & »Pulse Rest Cycle 4p B %30 2
ET LR 46 97w 0 el AP FEREFERED IC T Y M2
MSE(Mean Square Error)4- [ 4.3 > NOKIA BLB 2 427 # % &
TOOmAH > £ R 3.7 k> AT i 42 k> 2T R25K
Fo % A NOKIA & #9710 A A g 55?“}3’3 &Rz R # Model

“

fiﬂ
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Battery deschs ge Cures

4z . -
3 i
=B
28
S
3afl o5t *  1C Best cycle 5015 4
33 -F * 12 Best cycle 412
-
a1 *  1C Rest cycle 309 |
=1 * 1 Rest cycle 2J6
o L8 | oz L5 B | 04 _E_‘_!': b ar L1 ¥ (a8 1
B 4.1 7 F RestCycle 1ICOCV & 4t
- : : Blﬂ.m:.- dischaigs r_;um : : .
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A
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035
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i EEI ﬂll Dli ﬂ.3 I]l-l- L1 6 -DlE. I:l.]" ﬂlﬂ I]lB
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Romsttime | See Rest time 35e
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AT @ Ll 0.004 oe
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0o a s Oy,
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SRR Rest time 43ec
Dz 0.004
. B 4/14.
D2k, 0 O 4/10.
Cleak duty cycls
duty eyele

Bl 4.3 49 & Rest Cycle (1,2,3,4 # )IC %% & %2 MSE
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W 12Sec
55ec O 14Sec
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Rest Time
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3
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d 9 EBRT 2 4p e Pulse Rest Cycle FF > Pulse Rest time
AL > MSE ¢ MM Jc&i & Rest Cycle 7 1/3 vt ] > ZR{S L % o

*+ g 3= Rest Cycle % 1/3 i Pulse Rest time 7 F 77 Dischrge curve i

K12 4o 4.7 - {8 3] Pulse Rest Cycle Time 9 ) > Pulse Rest Time 3 #;

& B i it MSE=0.001262 -

al
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MEE
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Pulse Rest Cycle Time 9 ;> Pulse Rest Time 3 #; 1C 75 total MSE
Bzt 28 CABIATVRERIBPAFIHEET F FhRPy ARG
& &9 Pulse Rest Cycle Time ° Pulse Rest Time & % % | » ¥ % 3t <
de TRQO) e E R B - 5 G 4cB 480 FIH S k2 B
5o T REITAGFL B oAt d AR S % Rest Time 4%
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VEN RS2 R RS

SOD 1~0.88 - Cycle Time 8 #; > Rest Time3 #) °
SOD 0.87~0.22 » Cycle Time 12 ) » Rest Time 4 §; °
SOD 0.21~0 - Cycle Time 4 #; » RestTime 2 #) -

F% gz w7 2 OCV 2 Rin A % & k535 1C % T & SR4cF]
411 7 B3

7

A

MG R A2 G o T AP B ARE T2 4R 4.12 0
BrH UL R B AL 0L I8 4B 413 0 T HEE D IC 22T o
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Battery discharge curve
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B 4.12 38 ®ipiTi(T B wK)

Battery discharge curve Battery discharge curve
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AFEN P EELY > FERE- 2R 0 oP I TRE

£ H

# 12 SOD 1~0.88 2 SOD 0.22~0 # j* - :'zﬁ;'] »iE 5 ez

STOLH- L ] 410 2 B 421 TR I AT % MSE 4p i 4 ) i

7

rid 4147 »Recipe | 2 L Fl2hizE

RS 4 A )

e 58 AT REAEF 2R % T I AP H T Recipe 1 1F &

RAp 2L S e

SOD 1~0.88
MSE Recipe 1 Recipe 2 Recipe 3 Reciped
0.005~0.006 0.005617(3/8) 0.00566(2/4) 0.00583(3/9) 0.00598(3/10)
0.006~0.008 0.00619(2/4) 0.00645(4/10) 0.00737(2/12) 0.00744(3/12)
0.008~0.01 0.008204(5/15) 0.0091(2/10) 0.00953(1/3)
0.01~ 0.010915(1/4) 0.0113(1/7) 0.0233(1/11)
SOD 0.88~0.21
MSE Recipe 1 g Recipe 2 Recipe 3 Reciped
0.001~0.003 0.001661(4/12) 0.00217(4/10) 0.00232(8/4) 0.002498(3/10)
0.003~0.004 0.003034(3/12) 0.003048(2/6) 0.003607(3/6) 0.003067(3/8)
0.004~0.005 0.004094(2/10) 0.004019(5/15) 0.004158(4/14) 0.004568(5/10)
0.006~0.008 0.006809(6/12) 0.00745(1/6) 0.00741(1/8) 0.00889(1/4)
0.008~ 0.00889(1/4) 0.00889(1/3)
SOD 0.21~0
MSE Recipe 1 Recipe 2 Recipe 3 Recipe4
0.002~0.003 0.00281(2/4) 0.00287(2/6) 0.00298(3/10)
0.003~0.004 0.003329(1/3) 0.0033(2/8) 0.00385(3/12) 0.003298(5/15)
0.004~0.005 0.00401(1/4) 0.0047(1/5) 0.00428(2/10) 0.004868(4/14)
0.005~ 0.005622(2/12) 0.00571(1/7) 0.0065(4/12)

3041 Z %17 A5 NSE H B 4
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