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ADC Analog-to-digital conversion
BMS Battery management system

CcC Constant current

CCC Compensated Coulomb counting
cv Constant voltage

DAQ Data acquisition

DEKF Dual extended Kalman filter
DFT Discrete Fourier transform

DWT Discrete wavelet transform

EIS Electrochemical impedance spectroscopy
EKF Extended Kalman filter

ESR Equivalent series resistance

ESS Energy storage system

EV Electric vehicle

FFT Fast Fourier transform

FTV Filtered terminal voltage

GPIB General purpose interface bus
HEV Hybrid electric vehicle

HPF High pass filter

LCO Lithium cobalt oxide
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LIB
LFP
LMO
LPF
LTO
NCA
NMC
MRA
OCP
ocV
oTP
OVP
socC
SOH
SOP
SPKF
UKF

UVP

An

Cir

Lithium-ion battery

Lithium iron phosphate

Lithium manganese oxide

Low pass filter

Lithium titanate oxide

Lithium nickel cobalt aluminum oxide
Lithium nickel manganese cobalt oxide
Multi-resolution analysis

Over current protection

Open-circuit voltage

Over temperature protection

Over voltage protection
State-of-charge

State-of-health

State-of-power

Sigma-point Kalman filter

Unscented Kalman filter

Under voltage protection

Approximation components of the DWT

Equivalent capacitance in simple RC battery model [F]

Diffusion capacitance in simplified equivalent circuit model [F]
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Qi

Rt
Ri

Rin

Ts
Ve
Vit
Vr

Vi

C of i-th cell in series battery pack [F]

Battery capacity (discharge capacity) [As]

Detail components of the DWT

SOC estimation error

Sampling frequency [Hz]

Relative proportion of i-th cell’s equivalent capacitance
Relative proportion of i-th cell’s equivalent resistor

Estimated current [A]

i-th cell in series-connected battery pack

Derivative of SOC with respect to time

Remaining charge of i-th cell in series battery pack [As]
Equivalent resistance in simple RC battery model [Q]
Diffusion resistance in simplified equivalent circuit model [Q]
Equivalent resistance of i-th cell in series battery pack [Q2]
Internal resistance in simplified equivalent circuit model [Q]
Operation period of the estimated current equalizer

Sampling period [S]

\oltage of equivalent capacitance in simple RC battery model [V]
\oltage of diffusion resistance [V]

\oltage of equivalent resistance in simple RC battery model [V]
Battery terminal voltage [V]

Smoothing factor of LPF and HPF
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7|8kl B8] = As2HEVIHEV, electric/hybrid electric  vehicle), 21 A28
uAlead #A4k A AAEe] &= oluA] A AIABIESS, energy
storage system)7HA] 71 =27} F7FEl oW, o]2fdt =8 FUH= o n
A&E Aow oy Qlud [1-3]. olHE B ol HiHZE &7
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U= 5ol AAHEE wiHZE a8dox AR flEiAe
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5o A vl 9] WE8-3KSOC, state-of-charge), =3} A}E(SOH, state-of-
health) 42> ARE 7Fsst oux|e} Azks Axtshz H AREHE
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HiE2] Aded(screening) #HE= EE A ko] 5A Aolrb v
7Pdeitt [13-15]. shARE wiE e #o] 3 S [16], W = v
[17], =3} #ol2 sk A 2+ ey &
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e Tl 2 owiEY BEe 57 A, wiEE] 8 Akele] dthA

o

7N SHOCV,  open-circuit-voltage)©] 3] ~H|2] Al A~ (hysteresis) 577
7P middle SOC FielM FARE e 7H= 2l AHE(LFR,
lithium iron phosphate, LiFePOs) AlA 2] HiEIZ]:= %2 SOC e ZA
HiEfg] w2k debgho]l Al WA okt [32]. =, diEE] wAb dst
AR 7L wiE o] MR AlolE Hasedls sHAI7E A g

e, e stetlE WA wAshs ASelE Y Riowt

W
o

A i E|e] WA Ao daElge] agAow FAeA] X
TE Stk [33]. 7 m=welA] AjkeE Aol Ui 5A xols sk
daEFe vjElE #o] mE Al e hdskAl 4T ¢

9 #AE WAk 7= ARE 5 vk wiEE] #HE A Ol kA
HiElE] A3Eds Adgsrlel A 7ke] o] fAbst Aol wiEE
o] shte] A EAS AWE xR Fste] dEHE FAE 7 AW
[14, 15], 724 vl o= Qg vigeE] & e 2% o], A 11
A =3, A Y] =345 ZJolz Qlef wiAlskAl A 3t Et3o]
she A A9, oyAl "erh W wiEE] As VIEo® wiEd

deol AAECE [34, 35 o]Edt olfE Edst EAS
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%A 0w FASE duFel B el gk WE Bo) 45,
Abgake Azsgel g W, oA WEsk gow grIzkel AR
WEIR)E S-8eloF oh SHo Qe wiEl we) AlAwe] W Al

T4 Aol T8 Qioltk 7IE ATl olHd A7t HAsh=



A H(FTV, filtered terminal voltage) 5= IS = A 1+ 54 zfol& WHs=
dugFe AL o5 # wiE Y] we] AAEe] Agste] ArkE
7 HAistshs G841 vy e AAESE AlRFS

Y "E viEly] dxp AsE ARE ol &3 wiEy #E AAEe 1
T e A2 AL

= Arelde 1 540 =d g U Al 7 Rels AEsih

off

, daelEe] A, gdAdo] SAolnw

AAE  WEA(Randles) EES 7|EewE st HjEE S 3=

A B ek ey wale pdstel ekele male) A
wiEle] mEle] EF 9 steole el WE FY AE vad Agw
o1 gl 7t WiEEle U S Bk s FRE FA(es)

AEIC] ocv AHel AA =7det whd-8-2K(discharge capacity)S ©]-8-st
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¥ HHF AAH(CCC, compensated Coulomb counting)2 143191 SOC2]

4 dee ATs, wiEE #e] A ZF yE sRpulE RlEs A
7% b wladtth =g A v 5S4 daelSell ARSehs

2de] polE FEsh] Pl wiEEe skebuEe] €& <F(random
variable) = #-&3}1 7S 2 2 (Monte Carlo method)S ©]-&3to] @4}
HAE Aakeit) [36-38]. oW -5} 32 342(load profile) 78 %1 F-(constant
current), 4319 sfo]H ] = AsEHHEV, hybrid electric vehicle) 5, 2 A
g 71719 A ZEaAE o] §slith

npAEro 7 due|Fe] S FRlsh] S8l wiEgY] 2k =
soc 99, AF A7), ¥iEg FFel wE B9 devlE el WstE

Swna AgSRE ok TR Fug Syel BE duelFe B4

e g o] 54 ®iskE ey Edl whdslas e sal daelsl
&2 L7 ey B3 g ol e Be HE IEEl
el weEh g AgdE, oux Ui g S50 5Fo]
e PR ARE HAo wel wjEle] FR7F AgEnh gl e
rbde]  ElE  EEm(lithium-polymer) HiEIZ]= OCV SAo] =&
FHFEAFSHE(LCO, lithium cobalt oxide, LiCoO;) A€ e] 2% ol wiE ] 2}
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o|xk 3F2]o]l WSKDFT, discrete Fourier transform) [39]5}0] £yl A~FEFH S
Al o)Ak ¢lo]E-l HEHDWT, discrete wavelet transform) [40-42]2 53
At 9 37a JRowR Y AEE Falste] e Tk ol
AE7F e o] i el 71X G AuEES St A9 ow

A7) SEslel T A AZYe] wAE FAlsh Rol mzuel Fol

B wRo] T thew 2,

g NS HASAE EEHoR AMEE] A% HE
P AAHe Ty eash o@g wE T4 Bl s
WlElE] TS 9] A WY el Mo RRsl] 7 pAe] mE

el e AR d 5RE rEste] avfekar a8l e

3gelM= ZE"HE g dxf At RS VNiew o] Ay
wjElE] Held AR Thse diEE] del AAES ARk Ak
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A 27 wiE 2 # A"

dlele] ge] AlaRle @l dEE AR 28w Z17|elANE
el SS ALgels ohg Z71k Qe AREE wElRlE ds
Glol TA ST AR TFeR Fe g T dge A
6l A7) Aeatel A9 a% 219 Zo] wiHy AL AWHE P
AR MEE o] uAe] g FYstuz o e e
AUAE AE7] el ARBSAY 9% F17], LT dode ANENE
ARgste] A adt o e} j8E AUAE wiEle] e AFs] = Stk
[43]. o]=Igt WWF FHIE WS ek Fdol AHHow
A Alotska, ARAE F2 Al Alolel AR Tbed FA,
ARGAIZE ARE AR feiMe wiEY de] AR o]

<9 Fatel |tk

D)
EV-ECU |,
EM ¥
(EM3) SOC, Capacity,
e Runtime, Fault
Power Info t
g ™\ r
Power Battery
»| Control Management
Unit System (BMS)
\ >,
y
4 \ 4
4 ™
AcC/DC ]—[ L?:k ]— DC/IDC  |— Charger
\ o .
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EEE gAow ARgelr] St A AR soC RS A9
Ao7lel ¢ FH oolyst FHRE V|E I ARE ARSKW
AFs A= 2 ARG S BAIShs AEAl(fuel gauge)el TUSH
NEo= olafd = it

HiElg] sOC F4 WS 1 217 o] AlAElY] wEbA 4
duelFe] 3t vEv Fulg 71719 B9 A 7INke] soC F+%

HiElE) 7 obd HlEle] Be o] g5k

golo] Age WEZ AR el BAZ oz

weh
| e e Eg
Ao AY zw), 73]
EVe}l ESSEo] wl

BT 74 2z Qg wjEe] AR

T glor, uiEe

o] Fyjof wls| didlEs @Ak ZRAAL Fu] H|Fo] A7
ot gk ARgE ¢ e RE ZRQ A, AR, 2% JERE
olg3te 4 5 ol o] ol Feslth
321 AR 71710l whE wiEE] dE Y daels 54
Target Portable device, mobile device EV/HEV/PHEV, ESS
Energy Low High
Configuration Single cell, Battery module(<10 cells) Series-parallel battery pack
Importance Simplicity, Algorithm complexity, Low cost, Estimation accuracy,
Low power consumption Estimation performance
Information \bltage, Temperature, (Current) \Wbltage, Current, Temperature

11



T M AR 7I71E W wiERe] duAE VIEew bt
o8 7171k o

aElE] e AAEe] A eaet A8 aviek adAl wiEd

oo
off

ZI71% s mEgh Zpzke] Al AHle] wet

21 %008 71719 viEjE) Be) AAH

21174 &4

T 7171 ol mESY o] A™ 52 2Y 722 wiEdE
TAeto] ARgshs A diEE we] AAEe] A e4s dlEY
HiElg] H3p fFAkeith 8RR 2 HoM= Fulg 717 TolAE
A 7eke] wjEle] de] AlAEe] G el disl el gtk

el Az AR ARFCIME v A AF, 2k AR o=

e

4% 4 glom o Fa Ao] g B4 Wl el 9eA

s
=

le]

1

o ma, e aeHos A dd wEge socs
FAes drelEol Bes g 48 Au,

7| AR Adalok Bk o] BE 24, B, B, 3L
Wah= o] I 220) wige] we] Asdelhn & & glow,
ge I 28w AZNE ® T Qe ol oled odug
o},

ali

o

R

4
e

12 A ‘“._, ‘_]l



- Report data

- CAN, RS232
- Data storage
- Calibration

- Voltage
- Current
- Temperature
(Cell)

Monitoring Communication

- OVP (charge)

- UVP (discharge) Protection COE:-‘OSI or T (State-of-charge)

- OCP (current)

-SOH
- OTP (Temp.) (State-of-health)
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- Report data
- CAN, RS232
- Data storage
- Calibration

- Voltage
- Current
- Temperature
(Cell, Module, Pack)

Monitoring Communication

- OVP (charge) BMS -S0ocC
- UVP (discharge) a r A (State-of-charge)
- OCP (current) Protection Controller Estimation _SOH

-OTP (Temp.) (State-of-health)

- Cell balancing Cell - Cell-to-cell
- Thermal Balancing . . variance
management Dlagn05|s - Dominant cell

% 24 AlQHE wlEe B wiEe) fe) AsY PR

T9 24 wiEE] #e] e #e] AAES vERA PRtk WA,
wiElg] Aol o Azl B g le A, AR 2E 575
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—

AqAog 1 A4S #Ho] F= HIE 3] Z(protection circuit) 7} 3101

19 229 vEA wiEE e A 3 A Zpo|rh @A ekA] oAl 11 AfolE

Zo] F= WPA 3] Z(cell balancing circuit)?} =L FrlE B
rollA ARESE Al ek dye]s A 2 HAaks zhor) wiEz] 29
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min(SOC; -C,, ;) + min((1-SOC;)-C, ;) w/o balancing

Cpack = min(C,,;) Passive balancing (21)
mean(C, ;) Active balancing
min(SOC, -C,,,)
SOC, ek = : (2.2)
n,pack
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ARgEhRE AIAES] AY i, e, oyA] ARE VFoR WEEE
AR olE S8l wiE e dHoly AEE st 3% 3.1 Samsung
SDI9] 24 o] HiElg] HolH AlEolt} [47]. HlolE AEx= HiE <]
A A, AR Thset WA ouA, elElRe] EEE A7]e] dis
ARE 7] ulio] AAE o A FF HES 8T S ik
HlE 2] 9] OCVi= 719~ E](capacitor) &} FAFSHAl HiE 2]2] ALR- 7Fs&t
dabgo]l WSS Fi AR s dakel ASTs 1 gl
Zopxink. 7ol g e 545 Fetsbr] flsids dAT ARE
A7kste] e Ashgel wE AYge] WIE AFEI o] B A
wele] 2E seEE FEshs o] Fesith mmdh I7kshs
Aol Azl webA 54
s AAske el sk 319 o AEAM 7Y

G2 AFEE C Crael] A2 1C+= g2 S5 (nominal capacity)?!

3% 3.1Samsung SDI®] ICR18650-26F & ©l< HiE|2] dlo]E] AE [47].

Nominal capacity [mAh] 2600
Nominal voltage [V] 37
Charge method CC—CV (constant current-constant voltage)
Charge voltage [V] 42
Max. charge current [C] 1
Max. discharge voltage [V] 2.75
Max. discharge current [C] 2
Max. dimension [mm] Diameter : 18.40 mm, Height : 65.00 mm
Max weight [g] 4709
. Charge: 0to 45
Operating temperature [C] .
Discharge : -20 to 60
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2600 mAhS] 2600 mMAZS <u|3ht}, TejP 8 1CE Whdsh= A9 oF 147+
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A Ao AFhE frolof &de A i $AE ¢ ok IR
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ol A|EE 7]FC R S131S ul, charge current® U A% 9k HFE

A7 SHs7) charge voltageoll Slldshs Al TEsiAl =W
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79N (constant voltage) &S F3all AF7F 005C olstz E#Eo] 7H
ol olulE ¢Fo® AFosity. ew eFyt nsEAl wiE st
EFEA e WelA WA Tt Heke BT ulEs AR Yo
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3.4 : :
0 01 02 03 04 05 06 07 08 09 1

SOC

13 3.2 Samsung B600OBK HIE]2] 2] OCV-SOC #H.

313182 Ay FE

wEEe] 57b slm wde] Aghde wE Wy soce] webd 1
Agro] ehick AwH ARAE A A APsE sl
HlEs WA gl AFEAW, wElele A% Id 329 @l 1

AZE BPAEAQ S4e A dnk olx Qlal HiEgE 9%, bt

Aok 2wl 1Y 337 ¢S EY $3 29 3% sehy
TES 9% AF ZEuag ksl 1Y 349k 2o A wEe
dvkz ggon ol olgs e S/ sz walel Ak
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Capacity measurement
—

0.5

Current [A]
o

>
>

OCV-SOC measurement

0.5 (10% SOC discharge & 1h rest)
—>
1 CC-CV charge i !
) 5 10 15 20 25 30
Time [h]

7% 33 HiEE] €2 U OCV-SOC ] £&& 23t A Zeukel
4.5

1 OCV @ SOC=0.8
' / S0C=0.5
—LF'G-L
g FuIIy-charge\ .
% 3.3 soc=p OCV-SOC measurement
> 7 (10% SOC discharge & 1h rest)
Fully-discharge
(SOC=0)
29 \\
25
0 5 10 15 20 25 30

Time [h]
% 34 wiEE debelE B Z2uke] QI7F Al At 9.
wolz=rt EAltER ¥ 339 HiEE HARE wol=rt F7hE

UeRAl ok wiE ] sEE BE Adeld s H2 T

24 273 B 20 DAl ZolT IFNE FAH 34 £w
%710] B3] Qa0 17]e] vjEele) AR ARe] WES olgalo]

ZRAIRE o= E AASFAL o) E Sl dAR ARl o] edud
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Measured Cell
Voltage

Measured Cell
Voltage

ASOC=0.1

A Vrlif/=1 ° Rdiff

A l/in=I .Rin

(b) * Estimated Voltage
: (Simplified Randles model)

Discharge
Current
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CC discharge Rest Period
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Agzoletd wige] S7F 329 AYds ARbHQl Al g

FdeAl= a2 EASHESR, equivalent series resistance)= 7HAIL Q=
ARAE]  F7F Edy sty tE #elx] HW RC
A= E|(LPF, low pass filter) =2, RC 11953 E|(HPF, high pass
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OCV-SOCAIE ol-&-ahz ¥t viElgel] Ql7bel WFg #iste] A
S v AR 7 d e mIE Bl Akele A Aabio] Stk &
oM wiEe]el Be JRE olgsto] wiE e Ak A9k FEe)
ocv, & HiEf2] 9] dwele] BAE 3kl o5 v o R 3k sOC F74l
sl =2 gttt

18 36014 HiEE]e] |AE AFEE ARAEE AR 52X
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21 (32), (33)°IA &7F AMAIY Ad 571 A A F4ol IS

2

A4 @k R, C gk wiEE F5A B seeHE SAleks
g7 SoC, =%, w3} T SAOE WA Hi= RC #e sl
oA wslTE s Bl AAuelop stk ol tieket Wsl
QRlell disl] yebad 7 Sl @bl #siA 4delA ApAlE] A=

rr
flo

T RC A<= @holar o] e A-gt Aee] 4 Aee

skl dollM= dAS Ry C #hs 7RInkar 7Pg stk

21 (32)Z A7} Z(time domain) A15E AT thSol] S7F AAE 9
n| & g A o)aksl(discretization) A 7] 2] (34)F o]-gsld 2] (35)9 &
HiElE] @2 Ask JRE wjEE 29 FE FAIA ocve Fsks
HAE IS & ok 9714 T AEH AlZFo]ar LPFS] smoothing factor
a= 2] (36)7 Tk

AV VeIk]-Velk—1]

dt T, 34)

V. [K]=Vo[k —1]- 1—a) +V,[K]- @ (35)
a= LE

“T.+RC (36)

2 (33)0lM Vel 2= el 571 Aol sigshs BAE o8t

2 @7 2ol W] 22= A

= Y 5 3laL LPFellA FE

%
Zolsl ¥A-S HPFAlY| A3l w4 ](3.8)3'/]‘ Fdam
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V, 1+sRC 37)
I[k]=(1—a)~£l[k—1]—(V‘[k]_\R/t[k_l])j 38)
A4 wjElg]e] OCV-SOC #Al= 1% 328} o] vjAdgA EAS

7L vk E7]el ¥ 3604 ekto] OCVE Wt ZTiAEIR
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b ARNEE e S vy @ 5 ook
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WS FdshdA ozl wxF A adEZES FAF A
OCV-SOCE FEdh= W% =Ast} [52].

Tk olyfst WS ARgSHAl HW 2¥ 39%F o] wiEEe] =d
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OCV-SOC
curve
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Power on

Consider initial terminal
voltage as initial OCV
OCV=V,

v

Obtain initial SOC
SOC=f(0CV)

» <&
» <

Measure terminal
voltage (V)

v

Obtain SOC
using Ampere counting
SOCI[k]=SOC[k-1]+dSOC/dt

Calculate equivalent
capacitance (C)

Obtain SOC
SOC[k]=f"(0CV)

T

v

T

Obtain estimated current

(1K

Calculate smoothing
factor (o)

\4

Obatin estimated OCV
(OCV=Vk])

9 310 wiEE w9k At ArnE

A&

M

Az

N

3]

HlElg]e] ocvE 9n|
FAEE T7F A%l dule A9
Yt 4 ANE
el wielze] ocv, HiElle] F4 7o ol e
ok
rest AlFollA wiE ] ©Ab ko] U mEe] F

2 sl v 5

F4 el i)

WS A

ocvsh obd @ #4247 02

FAsPI e A%

Ko 571 AR
o ol wiEe

7HAYE

o] gk HiE g

gk

@x SOC .7T:?H

FAE AF=E

Hgtol v g

w3k OCV F4 Wo] LPFE AREs7| ufiol



Zo] okl oCV ARE Bl 4 AR wAHel et

m]I.
s
ol
F{F

al
jall)
ol
FIF

=48 77 e,
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wiElg]e] 7 s SAS AT AP FviE 47
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Aojah, o2 Fal weele] gL AYah w3t Weele] Fu
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m
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N
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N
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AT = g 2] 2] Aleke] w2l 8V/20A, 20V/I0A =S o] g3},

2L

b Foks AAFE 60A HelolA st wiEze] S GPIB
FAE Fal AFEOlA FeEe BEUEE ZEIHORE AojEm NIg
DAQ(data acquisition) X =% &3l THE FE@Q kSk)T HAE U=
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Abstract

Current Sensor-less Battery Internal
State Estimation Using Cell Voltage

Chang Yoon Chun
Department of Electrical Engineering and Computer Science
The Graduate School

Seoul National University

The basic element of battery management system (BMS) is to estimate battery state-of-
charge (SOC) and state-of-health (SOH) based on measured information such as voltage,
current, and temperature. Precise SOC and SOH information indicates the battery
charge/discharge condition and even affects the energy management strategy in a safe
operating area. Especially in portable devices such as mobile phones and laptop
computers, a single cell or a battery module composed of several cells is used as their
power source. Due to the limited amount of energy and space, extending the battery
runtime through reducing energy consumption and minimizing the BMS circuit area are
challenging tasks. On the other hand, in electric vehicles (EVS) and energy storage
systems (ESS) with a battery pack, estimation accuracy is one of the most important
factors to ensure the safe and optimum use of the energy stored in the battery pack. In
such high power and high energy applications, a sophisticated algorithm and elaborate
battery model intended to improve the estimation performance of the internal state might

be the answer, but they increase computational burden in general and, as a result, affect
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the feasibility of the implementation due to the large number of batteries. Hence, the
trade-off between complexity and performance is inevitable in the conventional methods.

To achieve these objectives, a current sensor-less SOC estimation method utilizing
the filtered terminal voltage is adopted in this dissertation. The proposed method shows
not only a SOC estimation method for a cell but also a cell diagnosis algorithm for a
battery pack. From the results of the battery equivalent circuit model-based filter, applied
current and SOC of the target cell are estimated. In addition, cell-to-cell variation can be
recognized through the battery parameter calibration process which equalizes the
estimated cell currents in a series-connected battery pack.

To verify the validity of the proposed method, constant current and scaled-down
hybrid-EV (HEV) profiles are used. In addition, this dissertation conducts three analyses
to observe the limitation of the algorithm and discuss its supplement. First, a Monte
Carlo method analyze the SOC estimation error along with the battery parameter
tolerance. Second, simplified models are elaborated through the battery parameter for
considering battery aging, temperature, and chemicals. Last, discrete wavelet transform
(DWT) multi-resolution analysis (MRA), which decomposes original input signal into
low and high frequency signals, is adopted to analyze the impact of different frequency

component on the state estimation performance.

Keywords : battery management system, state-of-charge, current sensor-less, cell-
to-cell variation, statistical analysis, lithium-ion battery pack

Student Number : 2011-30252
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