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Integrated Cell Voltage Equalizer Suitable for
Simplification of Energy Storage Systems Consisting
Series-Connected Electric Double-Layer Capacitors

Abstract—In the battery systems consisting series connected electric double-layer capacitors
(EDLC:s), the over-charging/-discharging may be triggered with charging/discharging under the
voltages of the series-connected cells imbalanced condition. In addition, the chargeable and
dischargeable energy of the system as a whole is significantly decreased. To address the voltage
imbalance issues, a cell voltage equalizer has been proposed. Not only the cell voltage equalizer
but the charge-discharge regulator is required in the traditional energy storage systems.
Furthermore, in the systems using multiple modules consisting series-connection of cells, module
voltage equalizer is also necessary. Since the cell voltage equalizer and the charge-discharge
regulator/module voltage equalizer in the energy storage systems are required, the systems are
prone to be complex.

To overcome these problems, this research proposed two integrated converters offering two
functions by sharing the switch in each converter (i.e., the cell voltage equalizer and charge-
discharge regulator/module voltage equalizer). One of the proposed converters integrates the
charge-discharge regulator and the cell voltage equalizer based the bidirectional PWM converter
and the voltage multiplier. Another one based on the switched capacitor converter and the voltage
multiplier offers the module voltage equalizer and the cell voltage equalizer. Thanks to sharing
the switch for derivation, the proposed converters can be achieved not only the system-level
simplification but also a circuit-level simplification.

The voltage equalization test was performed using the prototype of the proposed converters for
series-connected EDLCs under voltage-imbalanced condition. The results demonstrated the initial
voltage imbalance was gradually eliminated, while charge-discharge regulator/module voltage

equalizer functions were implemented.
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Fig. 1. Charge-discharge cycling under the voltage-imbalanced condition.
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Fig. 2. Conventional energy storage systems using two converters, (a) bidirectional PWM

converter and cell voltage equalizer, (b) module voltage equalizer and cell voltage equalizer.
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Fig. 3. Key elements for proposed integrated converter: (a) bidirectional PWM converter

with inductor-based voltage divider, (b) voltage multiplier.
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Fig. 4. Proposed voltage equalizer integrating charge-discharge regulator for nine cells

connected in series.
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——Switched Capacitor Converter

' Qsp : ﬂ_
;E} Cell Voltage Equalizer 3 —3 erlg
' A ] S mod3
. CSCZJE—}’: (Module-to-Cell) 3—);;14
T Qa1 ﬂ_
HE} Cell Voltage Equalizer 2 — jyﬁ
Q_H'E} (Module-to-Cell) Ly, Tm
: | Cs %D A
UCsci ”6 6%011'[6-[- BT 7s
T ; EDg T /
| eE S
| C, *Dm J_ ga
| —i—3 € =1 BLw,
(jbﬂc L, L, XD, ;
00 = .—*u_,ﬁ_ﬁ Veear
! Vi1 L1|L2 Vi ED,, X
i —i— Couﬂ-h BT 7
ol I Ll f
EE e o
| Choxp, )
| 4' |7 mnI:': Blir "
- -iCell Voltage Equalizer lleLP: Dy /
77777 (Module-to-Cell)

Fig. 6. Proposed cell voltage equalizer integrating module voltage equalizer.



222 %¥#H

SCC ¢ EEBFEEBEEIIENENEY 2 — VATV RAEK E BT o A L
LCEMET 2, ETHMAMEY 27—\ T U ARIKITH AT ER & RIS E
JEREREIEE 2 AT L T D72 AL v FEOEMEHL Z & 72 < 2 OEE
DEAMARETH S, LIRS T, VAT AL-ULR 5 NCEIEK L~ L T FE % &
T 5,

Fig. 2(0)CR LIZHERDE Y 2 — VN T U R[EE & BT o AR A ERIZ
Tk BDEY 2a—ANERD VAT LTI, BRIT 4 DAL v FRUEIZIR D DI
LT, MAEMEY 2T —RT U REE T 2k HOAL v T DR TEY 2—/LNT
ARELVNNRT U AONGHZERTHI ENTX D,

SCC DEET SR U (5B EHEGRIE I XBRE) ST 5720, 2 TOR/LVELENNT
VALTREBICB W T O AT ER & [FERICA T Y 2 — /VNIZN T o A BTN
et 5, LinL, 212 HTHBAR7Z X ) ICAMEBEERICHSRTEEY 2 —LNDNT
VABRII TN EL TEDID, NTUAEBRICERNT HHEKITEHRTE D,

10



3 EiEfEMT

3.1 MEERMESR

311 EKXEME

R T OSBRI, FOER & MER TIENENEEa A —F L/ Ea
W= UCTEET 2, REICIEFREBRFOBIEICS L CTOLFEMENT 21T 9 23, HFERF
DENES FERICHT FIRE T d D,

BB OELE VA<i<nPiRBIEWGAEIZEIT 5 FEREERE L i=1 12817 5&E
TR 2 TN E N Fig. 7 & 81”7,

1) Mode 1 (To<t<T)): Quid ¥ —> A2 L, FEEERRBIENO T —VA K& A 4—
R Dy BN EET 5, BEHIA &7 2 Ly & Ly OFSEIIE Vi Ve OEBESEINES D (2
TV IIANY 7 EFE),

dly (1-d)Tg
Mode i
I' N 2 i3 4

=
o
3
b d"‘h-‘h
| G v——‘__.l.f—'—'_(_:_‘_# A e L ——
] e L2 ILlj BRI

—— ——
FEE TN A || 7T R ‘_-
-
- vz | Vo) Vizp L
i V120 3 S
o Lo 771
£ N =y vy, M Sy
i \\ -1/2 Ky B
L LA - —10F5 1 Pemetsstmucmmen /

._H____ I
VML
s : . .
_@ Tlf()-) | IDiH ‘-71372.. IDiL
.:'l e _—Tin
-9"‘ - \\‘ \ ’_“_&,,—" S
- .y “,ﬂ'

Fig. 7. Operation waveforms of proposed cell voltage equalizer integrating charge-discharge

regulator during charging when V; is the lowest in the string.

11



Q J
T ._(-6[—'&-\_‘ "'rak'r ’_’4-5!2.1-\‘_ '_‘HIZS-\‘
=i = L 1
i .'VMl I "\,'Ml h2 2D,
| .

5"5"

1l

b
L A
TFT

-~

5

!

1

TT

o O

_ii_ = Coun T By __I ? Cown By
¢ Xp, -|- | ‘DIL[& D, -|—
(©) (d)

Fig. 8. Operation modes during charging when V; is the lowest: (a) Mode 1, (b) Mode 2, (¢c)
Mode 3 and (d) Mode 4.

Li & LaOEE vy & v lZZFNFNIEEBADOWRMEE 720 A X7 ZEF v 13N L
i 395, EETIEFERIEEO ATVED iva & Do OEDE ipi 13 iu & i DFEITHY
T 57D, Mode 1 1281TF 5 il (1)TRIND,

(Ll +L2)(VL2 _Vci)
-1
LL I=lyg (1)

iVM—l ()=

ST, Valdhy TV T ard oW CGOBIE, Im iX Mode 11281 5 ivm ORIHIE
WA RT, ivm & o 25 0 12T D &, Mode 2 IZBATT 5,

2) Mode 2 (Ty <t < T»): ivm 1INA A RZ A F— K D lZHAEED D, vio DFRME & dvm
DOFENEISCHE U, i i XEBRAICHIM LA 5, — 5, in (35 EFEHEML L & L, Ol
SFEE v lE Mode 1 L[RIERCTH D, FREEMIZ L 2 LTA MY U7~ G, A
Z v AEFIL Fig8 OWIrRT X511 D i@ U CEEDOR LKWV BTG S,
Mode 2 (ZF1F % iwm TR TR I ND,

12



(L +L,)(V, =V, =V,)
L]LZ

Iy (1) = (t_Tl) (2)

3) Mode 3 (T3 <t< T4).‘ QL 73))&“—:/%‘:/'3—%) & Mode 3 ﬁ)ﬁéi 5 VL @ﬂ? i}iﬁl&
L. —Vy OFBJEVREIINEND, vio DFaPEIX Mode2 & RERICIETH D, /N7 o AEFIT
FlEHREE D2 U T BACHHE S D, Mode 3 1281F 5 ivmlZB)TRINS,

(Li+ L)V +V))
LILZ

iVM—3(t) == (t_T2)+]VMH (3)
Z 2T, IymulE Mode 3 1281F % ivu DIIIEIREZ R T,

4) <Mm4m<ﬂnmm@@$#ﬁ%?ékMwﬂﬁ%%ﬁéohkb@ﬁ%
IR E L T- Vst@%rﬁiﬁﬂj][léhéﬁi v IZiAd 5, L7223-> T, Mode 4 Tl
iL1 k le i?&@?é Mode 4 (T j’%) ivM it(4)(i‘%éﬂé

L+L,)V,
lyni_a (1) = _%(l‘_]}) )
IR E LTl v ORPET ive ORBMEICRISI 2, € REBICR T 2207030

SYJEFIX 0 TH A0, ipn & ipm DB ETIE B G éﬂf)/\7 v ABERNZA Y
T 5, IO I bRV /USSR S3L72 2 A 4 — R Dy & Dy DA DNE@T 5728
%%@ﬁ%ﬁﬁﬁ@%%%wtﬂﬁyx@%[%]p@&ﬂ% T o REFITHER
IZA MY U THNOBEBEDR BIEWEMIMGE SND, 2D, EEANT L ADTIZHD
74— RNy ZHIENIAETH Y . PWM = 2 — X EOHIHI O 4 T F B EE & BT
NG U AERED G H LT HZ LN TE D,

3.1.2 PWMa2/\—4

BRI AHGAMFEELRTIE. LI LTl DDA X IR LB T LN TXBHT-
B, FEARRZRENEIINERD PWM a2 X—H LERETH D, AHETHRRZX 910, wik
Vin— Vg E= Ve DI TIEN A 720, L1 & L, OEFRERE L 0 M T ER O EE
ik chEz 65,

V

—-=d (5)
::fdi@@?z~%4m?%é

vlZ L & Ly iz OIS T8 fE B R E ] 1 A BREN 3 5 H I BB E O RIE Vi
iﬁ@f%énéo

13



(6)

3.1.3 EEEEREK
Mode 1~2 & Mode 3~4 OEIEDXFRIEN S, Mode 1 & Mode 3 DHAR] Tho=T1 - Ty &
T30=T;— Ty DR TROBURD KR T D,
1-d
T, 27];—0 (7
vt (Tol X ivma(Ta) & F L W2

_(L+L)V,

VML — Lle (Ts _T3) (8)

H(DEY Lom 13

(Ll +L2)(VL2 _Vci)
= T-T
L (-1,) 9)

VML

G=dli+ T2, THDHZ EEHEETDHE, VIR, Q)L VW IR TEAZBNS,

_ VL2 10
T, d
L, OEEEFRBEN S Valt.
2d -1\T
v, =d(VL2—V,-)+(7j%Vi (11)

KA0) AN S TiolTX(12) TR N D,
—{7(1_[1)5”_1) v+ (2d 1) —V.)}—J{(I_d)fd_l) v+ (2d 1) —K)—V..z}z L

2
S(2d4-1Y V.
d )T

T‘:

-0

(12)
v [ IAEEEEEREIE I LV B S v, ERER m & L TEEORK bRV
RS ND, IwmliTSET— RO iv()DKRFRFETIZE D, RATREI N D,

14



1 ¢z,
Ly =2_TSL |lVM(t)|dt
2d -1 (13)
(l_d)(de _T10)(de _dTIOj(Ll +L2)
B 2TLL,
L0050, ViOHNE & HIZ ImIFIRZ IR TT 5, Vs Vi Il T+
phEnE & NI XAHTEPTHZENTE D,

(-a)ar,-1.,)( a2,
Iy, = V. 14
VM L n (14)
R(IHIZBNT I T EAVBEICEKfFETHY, 2 2 BAEEDN 0 TH-TH Iym
IMEBE DML FICHIR S5, Led o> T, IRERKIX PWM =2 2 S —Z IO 0 7
THRKER & AT o AEIROMEREZ FEBLTE D,

(VLz _Vz)

314 BENSVADRIE
LIRS OB/ T o A TS R A RS O B AR R 2 VD 2 &

TEGICIFET H 2 LN TE D, FEERERERE O B RFHERE I Fig. 9 12”3 K 912,
FATHIIE RT)TRENTVDHD ER—ThH D, LT TIEZEMHRIT Reg DEHZIT 5,

SEMGHSHTOBE T Fig. 8 [ORT X2, 1 BA R U v TR BARIREE % 41217
D, HFE'—RNIZBIT D CLOERE Ve~VaslFIRATER SN D,

1
Vera=Vera =V + Ve + V5 + EIVMF
(15)

1
Vera=Vers = Vsz +Ve =V =V _EIVMF

T 2T 3 EE R O BRI 3B 1T B EAE R, Vi & Vian (ZE T Vs
DAL T —L~ULDEIETHDH, 1 AL v F o TEBBE-0 O C, OELLEH

AV 1315 &0 .

HeDyp Ry Dig

Fig. 9. DC equivalent circuit of voltage multiplier.

15



AVCl = _2VCH + 2Vc172

(16)
=2(Viyy + Vi )= 2V =4V, = 2U 1
I IS EFEERFEIRRIC LV ER SN D2, AV i,
AV, = Lo (17)

ZIZTRIEFTAA Y TF UV, Gy TV TarTFoh CORERE TH D,
2 (16) & A1) 5,

+V (18)

eql

(Vsz +VL2n): Vi, =2V +IVTMR
Z 2T Req 1INT U ZERPIRN DB BT 2SN G TH Y, kel TREND,

1
R, = °C +2r (19)

1Js

ARIETIL, Req DHDOEHEAT S T2M, MOFAMEIT Req b FERIZK(19)TERIND,
Fig. 9 (R T HEFEMEIK IV T, FB/MILER N7 AL SRS b
720, b T UATRMAE O HEE SN D NT v RERITEEAIEEORK IR L~ L

HERICHIN 5.

32 MEMED2A5—N\FTURXEK

321 EAXEE

RETDHHAAEY 27— T U ARBEOBEIZEARIZ SCC & BRI RO
BEAMAGDETZ LD TH D, ARHITIE, 4 BLVEY 2—/L % 2 BANZ L7kl
RERR 2B & U CEIEFRERDO R 21T 9, Fig. 10 12 Viod1 < Vinoar 7>, &V B DEE Vi(1
<i<HNRE YV 2 — LN TR HBEWGAICE T 2 ETEALBMENRE 42857, Fig 1112i=1
DL E OB ZRT, FEEEREKE IOV TTEARMIZ 3.1.1 IHT/RLEZH)
EERI—TdH B8, LLFTIXEIC SCC iy OB #2179,

1)Mode 1 (To<t<T)): HEY 2a—NVHNONAYV A RAL VT Qum & Quin ¥ —r 4
5L Mode 1 WERIET 5, Y 2—/L 2—=Csci=F TV 2—/L 1| ORKETEY 22—/
T U ABWRMIA, T TA T XX /R H Csat NFREIND, Mode 1 IZB1F5H7 74
VX v UK Cset DEBEIF veer, BV 2 —ILNT 0 REFR isce. BIVRNT 2 ZEFR ivu X
FnEnX20), (21), 22)TEREND,

1
-—t

Vee 1 (1) =V poan — (VmodZ —Ver ) e " (20)
VooV, “m
lse.i(f) =t e e @1

16



Mode! Mode

1. Mode2 |3 | Moded
5 < > < >
o
N
& I g 5oy .

- s i)
= o e i
B R P e
e Sber | it e >
WV
o~ I— L2
,;1 1’}1 ¥ VL?. —_——
= i f
i
s *LVL:"JlJFVLz
fffff 1

z —~——_
2 . A [VM]_
Nl Ipi, g

\
\\ .

""" VsaL
Q |
Time

Fig. 10. Operation waveforms of proposed cell voltage equalizer integrating module voltage
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Fig. 12. DC equivalent circuit of SCC.
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Fig. 13. DC equivalent circuit of cell voltage equalizer integrating charge-discharge regulator.
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Fig. 14. DC equivalent circuit of voltage equalizer integrating module voltage equalizer.
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FRET— 2 IR 7110 17T, BIELTCERKRES 25 W @ 9 B LA i %
Fig. 151277, RAERIBEICHEH L72%& 1% Table 1 127" 9, Cin & Cout~Cow 1ZZIE L
PWM =t R —=Z D AT & | EEEREREEE OA 2 W HNTEE L T2 Fig= v
TUHThD,

2,12 TR L 912, BAEBEORXL DX HICSLE v /NT o RERIT T
BB 1/100 F2E L& I TWD [30],[31], LoxL7Zen s, /3T o A FEERIFR o 55HE &
BRIZ, 1 A OFREERIZH LT 150 mA FREDO AT U AERM NS L 9 R (13)IZ

Fig. 15. Photograph of 25-W prototype of cell voltage equalizer integrating charge-discharge

regulator for nine cells connected in series.

Table 1. Component values.

Component Value
Ci Aluminum Electrolytic Capacitor 100 pF
Bidirectional | Qg Q N-Ch MOSFET, FDS86240, R, = 19.7 mQ
Converter L, 100 pH, 220 mQ
L, 100 pH, 220 mQ
Voltage C,-C, Ceramic Capacitor 20 pF
Multiplier D;-Dy; | Schottky Diode, PMEG1030EH, ¥V, =020V
Couti—Couto Ceramic Capacitor 200 uF

HOXL L LEEBIZI00pH & Lz, ULTIORTHERTIE, e ES L EE
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Fig. 16. Experimental setup for measuring the characteristic of the voltage multiplier.
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Fig. 17. Measured characteristics of voltage multiplier under (a) voltage balanced and (b)

voltage-imbalanced conditions.
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Fig. 18. Power conversion efficiency of cell voltage equalizer integrating charge-discharge regulator.
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Fig. 19. Experimental setup for equalization test with charging and discharging.
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Fig. 20. Screen shot of PSIM for code generation.

Xx2;
x3;

float VU
float VL
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static Mode = 0;
Mode = (Vbus>VU)?1:((Vbus<VL)?0:Mode);//1 7¢ H &= 0 72 & il FE#
y1 = Mode;

Feed Forward--------ememmmmem-

float Vref=0.0;

float Vbat = 0.0;
float Duty = 0.0;
Vref =x1;
Vbat = x2;

Duty = 1-Vbat/Vref;

y1 = Duty*10;

80
60

20 r

VoL [V]

-20

el T TR gL L L LY o o aa tpyanms s

iy, o [Al

vy [V]

v [V]

2 .05 |

e

-1.0 '
Time [5 ps/div]

Fig. 21. Measured operation waveforms of proposed cell voltage equalizer integrating

charge-discharge regulator during charging.
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Fig. 22. Resultant voltage equalization test with charging-discharging cycling.
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Fig.23. DC equivalent circuit configuration for simulation of voltage equalization using cell

voltage equalizer integrating charge-discharge regulator.

%o ZIUT XY CC-CV BENHBIND, Fig. 13 1R T EBIRIR Ln vm 1Z(I3NWTHED
X9 PSIMNIZH A5 C T a7 2HANWCTa I AL, idab L= 0 7T L%&LL
TR,

double L1 = 100*pow(10,-6); //inductance of L1
double L2 = 100*pow(10,-6); //inductance of L2
double fs = 100000; //switching frequency
double Vin = 48; //input voltage

double VVM = L2/(L1+L2)*Vin; //voltage of L2
double Ts = 1/fs;

double Vo = x1;// string voltage

double d = Vo/Vin;// duty of QH

double Vcell = x2;// least charged cell voltage
double a = pow((2*d-1)/d,2)*fs*Vcell;
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double b = ((1-d)*(2*d-1))/d*Vcell + (2*d-1)*(VVM-Vcell) - VVM,;

double ¢ = d*Ts*(1-d)*(VVM - Vcell);

double t21 = (-b - sqrt((pow(b,2)-(4*a*c))))/(2*a);//

double L = (L1*L2)/(L1+L2);

double iVM = (pow(d,2)*Ts+(1-2*d)*t21)/(2*d*Ts*L)*(1-d)*(VVM-Vcell)*(d*Ts-t21);
yl =121;

y2=1VM;

NI UAY I ab—a UFER%E Fig 24 17T, BIEIDR LTNT v AFEERGER &
FREIZ, BEOR HIRVE/L B ITIFEEMICHREI L, BEEL S ITRHRE L &
HITHRIE S T,

Fig. 24 725, /NT 2 RN Leqideqo 1TEB/VEENA N TN THRHILL 7222 L[H
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Fig. 24. Simulation voltage equalization profiles of nine cells connected in series with

charge-discharge cycling.
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REOAR—BUZL Y NT o AERTIITAFERAED 5.5 mV BEKRAF LI—F, Ay =
L—a UCIEEEREDS ImVUTETIR T L, 2L LT, ¥ Iab—Ta s d4f
RIL Fig. 22 (ITRITANT U RAERLE IS K L2 &b, B U EREMERE O 2%
BRI LTz,

(b)
Fig. 25. Photograph of 2.5-W prototype integrated module voltage equalizer for six cells

connected in series: (a) component mounting surface, (b) EDLC mounting surface.

Table 2. Component values.

Component Value
Switched @y Ceramic Capacitor 47 uF

Capacitor
Converter Qu, Quy | Dual MOSFET,IRF7341, R, = 0.05 Q

L, 4.7 uH, 16 mQ
Voltage L, 8.2 utl, 60 mQ
Multiplier C—Cq Ceramic Capacitor 94 pF

D,-D;, Schottky Barrier Dual Diode, V=03V

Couti—Couts Ceramic Capacitor 720 pF
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