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Optimization Strategy for Modular CPC Balanced Charging
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Abstract: Along with the widespread applications of lithium batteries in industry and daily life, the efficiency and
speed under balanced charging strategies for lithium battery packs have become increasingly important. A modular cell-
to-pack-to-cell (CPC) balanced charging system is constructed to solve the problem of fast equalization charging for lithium
battery packs. First, the equalization system is modularized, and the equalization circuits within and between modules are
established. Then, an optimization strategy for balanced charging is proposed, under which the proposed model is solved
hierarchically, i.e., the charging time is calculated using the binary method in the top layer, and the charging current is
optimized using the gradient descent method in the bottom layer. Finally, through a comparison with the charging time,
equalization time, cell terminal voltage and equalizer voltage under the non-modular balanced charging strategy, the

feasibility and effectiveness of the proposed strategy are verified.
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hierarchical manner

3.1 REGEKRR

T DUZKRME: 5% 1A ST E
(To, Ty) , FFAELG I ]G R A X 50 AL I (] 2%, B
ALE TR R A= (T T2, H A fENE
HEACASE 2 T,

HR] 2 RJERIE . th TR E S SOC H K
EEIERAR, NI e f AL FE R SR | LASFEk
AL LD B R A AT IR, X SOC Y i

ZARPEATIRA, TR SRR 540 SOC Y4
Ko, BRI T 2H 5 L 45 R 6 SOC 4T R
AURISE T, SOC MY/ | 70 i IR [ e, DA T k2>
PR A e, ek (D) R/ METER
IFIH] ¢ Sy F AR R e 4 o DL fe /K SOC 36 K4
N EARBORRY | a5 B B T PR 0 HaEA T 3K A
PR EHAfT HL R X (k) BRI AT IR R
min X(k+1)-X(0)

A
st. X(k+1) =X (k) +—1
st. X(k+1) ()36000

0.99<X(k+1)<1.05

Y(k+1) 4R (k )+ (k)] =Y.,
Y, <Y

Lo(k+1) <D

N-1

D (k) ()] R (5 H () A S o

k=1

Lo (K )+ (k)]

(3)

FEHE HL AR ()RR VE AR i SOC i T

Mg R A E B, R AR A 2 AR

i, DIFSH IR ¢ AFEE s IR A IR A i, 45 A5
IPIRZS BTS2 B H AR R SOC B4 K i/ IME

$®3 \lﬁ X (k) =X (0) 11 3 Wi A 3|

n

E— 24/ IN S0 R IR T L o T A A<, UL A AR
B T A6 RS, Wi A AU T, 4k 220K (0] 2=
IR 1R, RN R IT- T <€, (& R BB [R] A
22)  Eerf ity A 9T ]
32 HETHEEE

KB T Rk ok o (3) , FER A H s s L
(R f/IMELI , AT AGE i — 2528 R AR A A 21 Iy
L FAR BRI TS S

R B2 AR SR A 5 4 SR A5G T B b R
BREE MR, B AR IR (B ) BB M SR i pR
2, H

_ nA
F[Ip.m<k)]—X(k>+3 600

0 Lo () +1qu(k ) ]-X(0)

(4)
AR A E I L0a(0) B AR ZRAE . AR
IR R BRI TT AR DT AT IEA



246 5 T

o i 5522 %

Xt FAR R F KT SRAGHEIETT MVEF

vr=_"1 (5)
3 6000
Lo(k) s%““”—zﬁm (6)

N-1

D () H o ()T RU g (b )+ () IV < o

(8)
WG AE i L, (0) IR & ORI M LUK o
AR Ak e AR AR e [ B AR 3 (6) ~2X (8) H i 24
WERBNFH] L, (1), ISR BARPREL F o BB EETT
[IVF ¥ 0 i), Bbr R E0EE T i ME, W
B &, 2IVFISE BF RS2 1T 2R AR, 75 WK A% o
AkSEUTBRBE 7 10 A2k K R — A FIU(N+D) JEE B
FREEE(T(N+1) it N ARG B FE L),
AWIEAR HIVRI<E B 45 IR RAR fi i i 19 58
B, EARE AN 5 s, St i A e A kAR
A,

BCEARREX A K o
&Xﬂ&"%ﬂl{ﬁ L..(0)
—
KA PRBUBRIE AR TR B
IR ESO BRI K o S48

FRAZEABREL F(L) ,
152 R

e T L

l%
R IEFEA it FE
HLI 2 SOC 3R el

Iz

B 5 HETHEERE
Fig. 5 Flow chart of gradient descent method

4 {HEWIE

4.1 RBSEKAE
Tt MATLAB 3456 0E FIT #5224 75 L 1) e £
FEIR I, 25 FE 31 BB G L /D HE R TC VR B A AL

A5 7 FEL SR W AR O, T 8 RS 4 VAR DL
BH 6 IE T B 22 4 70 i SR, DRI IR D 8 - B4R Fi i
FR I T A R LA BN 5 B E] CPC
P 22000 2 A, T BB B U b LI 2 A
P41 2 e FASEH ) 14 3R 0 ( BLARARAE, | e Pt
2 ABAPREHAE R | ARG TR e, B
VIR ZHL, N3k 1 PR, AR SCEEA By RC BRI
SR SRR USR5 P ARSI e (R LB R
WALHLBH R, AT R, MALHLZE €, F1 Cp 3T 5
SOC MZHHHRBER A, i3k 2 FK,
F1 EREBVRSE

Tab. 1 Initial parameters for lithium batteries

CER wIH SOC/% EUEGhNATAY
HHA 1 15 3.420
HHA Y 2 30 3.300
A 3 0 2.890
B FA Y 4 20 3.262
BRF 5 18 3.256
AL 6 22 3.301
LA 7 25 3.357
PR 8 28 3.405

*2 #EBESEIHR

Tab. 2 Identification of parameters for lithium batteries

SOCK6 OCVI% R/ R,/Q Co/I0°F R/ Co/lO°F
0.1 25340 000740 7.096 167920 0.108 37 16728
02 32200 000770 4832 277612 0.13430 12174
03 32620 000807 7.859 443340 0.128 52 28 786
04 32965 000785 7.919 19509.0 0.11585 15307
05 33040 0008 14 7.496 229400 0.13156 14714
06 33060 0.00859 6647 425919 0.12504 16199
07 33120 000933 8407 146389 0.15511 25135
08 33390 0.00962 10800 121674 0.18481 15329
09 33420 000948 32444 549600 029370 4 982

B N R (] 35 R G0 R FH Cuk HLEK it
LS LTS TE A W A R . 180 L T T SOC
LA T 99% KA £,=0.5% £,=60 s FCARN E
AP TIE 5
42 FEZERS R

N T BUE TR S O A Y 7 e SR M B T A T
W H 5L R ARSI M 7o L SR HEA TR B A5 58




555 4]

SKEE 55— TR CPC T e Y FRe I Ak SR 247

gy AOhE - 1E e, B 7 Xk CTC 44, B Ai
M AR 250 1 800~3 600 mAh, A8 3Lk £
25t R 2 000 mAh FERFL IR 4 s iy
AR 2 A BB T Ry 3 S R
W LUELE AN A L i 46 7 TR FL M D3] 5 4
P A2t BORAS TR, AN L i 2 7E FE L A
FL, T ) R AR S R Tt AR SZ AR B
421 F g EFIE)AF LT

B P e R SR L L I ) AR AR T [ 6 i
N, AR IS T S H U2 AR Al L 20 4
HL T FEASWTOR AL, WT UL . 6 SRR e L IR S
DL 3 A MRS T IE L, BEAE 78 L I RS BT v
pLEA RS SRR NS RTINS T /1P -3/ 7 1 A
FL FEL R R S BRI, D C S S i b RS T
(1) FC HL FEL L ; 70X L b 4 FE PR 47.52 min J5, 7oA
HLpi NRER 0, FEHL e, TEMES sE L ARmE T, 5k
fE -1 T, FEXTEEH 2 ST HL 58 min 5 FTHL
S5, SRS s RIS AE LU, A SO SR A AL SR T
F1%) 72, FEL R T B Jed 47

B
== FE5 Fori e

o

FEHL LA
(3]

—_

1 1 N
10 20 30 40 50 60

t/min
E6 $ERMFERIENTEBERNETUIILL

Fig. 6 Comparison of charging current variation during

lithium battery charging process

422 3w B ST

P L Tt e e A P L e R AR TN R 7 PR
LA 2 P L b P 7 P O P P Tt s L T 1Y
Ak, TEE 7(a)H, Z7E 20 min FAHBH R T
—EL, FORHLEAIIHTEN, B SO R TR AR
AR, A% B R S L TS BB R (AN BT S 7 45 min
J B TS I ST LR RN, 2% AR H b i
HLFRSEAAH A Y290 4.2V, 3R A B B
Jie | O PR FE R LR R O, 458 10 HL B 2 4k 25 5T
L 57 (b) AL RRARTE 15~40 min, 7T LIWT

WL B R L A SR M e L LR T 2R 5 F A 8 P 3t
2 S L 1 AR A B 2R R OR THAE SE S M E L SR T
PR Lt o P P A 2 R, BB DAL SRS FE r
i AT 70 PR A B A b 4 7 R S R T AR G g
FERLRME B H M SE R L s 7RI 7(b) A Stk
Mg T HLZE SO min IAF AT 42 V, 5
ZAHEE , e DAL T L SR F Tt s 1 A g L T PRI
] IR R 4

44

—s—i 3 1
4.2 I —e—Hi 3 2
4.0 F—*—Hih 3
L =v=iiib 4

i

e
EEEE
®©

34E
Y S ST
0 10 20 30 40 50 60

t/min
(a) A ST IR AR AL SR ms

44

o | T
o A e 2
é 4.0 =+ 3
238 “wHiih 4
g 36
534
£ 32F
= 30p 3ab oy

28 12162024

3

)
EEEE
(el o Ry ]

——

3.6}

=

0 10 20 30 40 50 60

t/min

(D) fEGE X FE L s
E7 EltraidiEnEETH
Fig. 7 Terminal voltage variation during lithium

battery charging process

4.2.3 ¥Hratia af oAt

Hef AL gems FELE I SOC ARk anTE 8(a) Fi/R
FAL M 7E FE HL 4041 (0~15 min) ,SOC FFIA 784k, R
FeHL TG 4 P B A HEAE I OB 1R b 22 R] Y e
AR, Z97E 13 min MM FEAR S8 B Bl FS H T 20
HEL R SOC FFIRIS K, B K S BIAHF
45 min J5 FEHLEEH, A BR R SOC JEASAHAE
FEn L ZH F e, TR A, 1B 8(b) MBS
5 7 LS  7E 20 min B I HTHEAS S8 I, B 5 A4k 2
FEHLEZ) 60 min, FLIHZ HLI SOC #2E 100%.,

FH 7 ELAE R AT LIS | BT S S Al DR 7 v 5
W T L S T M 7 L 24 SR T] B e 3l 4 7
SOC 7 e 1) 75 L I I] P 2k B384



248 5 T 2 Eird 522 %

34|

S = 2f

S |

",g £ 30

= ]

=
26 F

t/min

(a) AR ST PR I AL SR

100

—a—H 3 1
_+t|:_{;ﬁg 2
——i 3l 3 ——H
b 4 “—HLy

60 | HLY
L

——if]

80

e
[o N Ne NV }

AN
40 (7~ s}

AR HLIE SOC/%

38

34]

20
A1 1|
13151719 2

0
10 20 30 40 50 60

t/min
(b) BG4 FEHp S ms
8 $ERiFEIIE SOC T
Fig. 8 SOC variation during charging process of

lithium batteries

4.2.4 HBEE YR 42 R 3L AT

TNTE 9 (a) F1(b) iz AL HR ] 4 g R F, AN
it 168 'V, BN B g RAH L AN 85V,
CTC ¥ RGN 9 () iR, AT UL FEXT 8 A~ Hi i
HEAT Y BTIST | SA00T i A A 7 HH P, i o 7 s TR AS B
B, A0 A 2P H R R = T IR 34 VB b
CPC P41 2 58 REAE I/ NI s I AR A H

18

Z 16 |
=
=
b=
14 — BRI 7 1
—— BRI i 2 2
—— LA A 3
1
0 10 20 30 40 50 60
t/min
(a)BLH[a] i
8.5 |
_ 80
=
75 F
s
?5 7.0 — BN AR 1
L —— 1R s 2
. —— B A R 3
col RN R 4

0 10 20 30 40 50 60

t/min

(b) LR X1 &

0 10 20 30 40 50 60

t/min
(e)CTC i g
B9 HERAERETN
Fig. 9 Equalizer voltage variation

Unze 3 s il SRS SEHL RIS X LE , BE ELUL
WS BIERAL CPC BRI T, AL AE
DR B9/ 7 R P 1] R B4 ], s A Dl 2 42 A
TR B R s, B Al AP R et

®3 HEERXI

Tab. 3 Comparison of simulation results

B e R ;f;;
B8] /min B8] /min S HL HE/V
HLR/V
L
CTC FYyTE 60 23 3.61 33.8
JEVER %S
Lk CPC (1) i PP 8.5/
AR Fa] 16.8
5 %5

ASSCRIT i fi A6 A SRl AR 3 R b 7 70 v
FErP Y SOC 784k | A A HR i s LTS | FiL Tt RE EAURE
A SEIPIRAS , L e/ IMETE HLUIS T F AR S ST 58
CEE R R B T T BUR TR N s T TR I
JIr i SR T LASR 2L 78 F ][] | S5 7S [R] | 35 5 65 7
FHELT, JF EANSE S A i b v

B 3Lk

(1] £, FKL, B bR 530t B
T AR, 2021, 44(14): 59-64.
Wang Biao, Li Yonghong, Yue Fengying. Research and
design of battery management system [J]. Electronic Mea-

surement Technology, 2021, 44(14): 59-64 (in Chinese).



555 4]

SKEE 55— TR CPC T e Y FRe I Ak SR 249

(2] BFEH, TPE, skill, 5. FET SOC fY Hh I He Pl i

MWRE R B RIPTTE)]. LIRS, 2024, 22(2): 216-
223.
Ma Chunyan, Wang Qinglong, Zhang Di, et al. Energy
balance control of series-connected lithium batteries based
on SOC [J]. Journal of Power Supply, 2024, 22(2): 216-
223 (in Chinese).

B3] @, &, KA, 55 RS04 b s R gk

FEAMRAF- BT[] BURHL TR, 2020, 43(8): 86-
88, 92.
Meng Yue, Li Zhiyang, Zhu Jianxin, et al. Research on
HIL testing platform of battery management system for hy-
brid vehicle [J]. Modern Electronics Technique, 2020, 43
(8): 86-88, 92 (in Chinese).

(4] 298, skae, BUUR, 5. SETRDMRERA-TA S

JEEAETTT 40 A NS 47 00 246 ) L 2 1 FRL Yt 8 AR P R AR .
e, T AR, 2024, 39(13): 4226-4239.
Li Yi, Zhang Jinlong, Qi Hanhong, et al. Ageing perfor-
mance modeling of Li-ion batteries based on variational
deep embedding-Wasserstein GAN with gradient penalty
[J]. Transactions of China Electrotechnical Society, 2024,
39(13): 4226-4239 (in Chinese).

[5] aREENT, 22 H SRERK, 55 HES i A SRR AR N

BEASETRY 3 HLI/OL). A1, 2024 1-10 (2024-
07-03) [2024-07-23]. https://kns.cnki.net/kems2/article/abst
ract?v= kHMw6kznbprQ_cel AIDqgkANRInwGNLBLhyvuwA
bdHWZ _yTcGYeisL8sPr55s0DT6DuNlanW6GGkSAOum0
4HzCvPc82KeMa3 _ fMnkxGU7W-05h1SLMsag08iAPx _ oA
YeAnWYWPilj _UoDt7C1Bs10neeWX4chUQyWxIOdn43V
J7GueeubqnpCCrO1ffge_h&uniplatform= NZKPT&language
=CHS.
Zhang Sier, Li Dan, Zhang Jianqiu, et al. Equivalent time
varying internal resistance model and application of lithium
ion batteries [J/OL]. Chinese Journal of Scientific Instrument,
2024: 1-10(2024-07-03)[2024-07-23]. https://kns.cnki.
net/kcms2/article/abstract?v=kHMwo6kznbprO _cel AIDgkA
NRInwGNLBLhyvuwAbdHWZ__yTcGYeisL8sPr55sODT6D
uNlanW6GGkSAOum04HzCWvPc82KeMa3_fMnkxGU7W-
05h1SLMsag08iAPx_0AYeAnWYWPilj _UoDt7C1Bs10nee
WX4chUQyWx10dn43V]7GueeubqnpCCrO1ffge _h&unipla
tform=NZKPT&language=CHS (in Chinese).

(6] TE, 2L, 55305, . BBt 2 AR E S T

[J]. IREEA, 2019, 43(1): 77-80.

Ding Li, Li Fan, Cai Wenjia, et al. Analysis on aging
characteristics of lithium-ion batteries [J]. Chinese Journal
of Power Sources, 2019, 43(1): 77-80 (in Chinese).

[7] Han Weiji, Zhang Liang. Battery cell reconfiguration to
expedite charge equalization in series-connected battery
systems [J]. IEEE Robotics and Automation Letters, 2018,
3(1): 22-28.

[8] Wan Lili, Chen Yan, Zhou Yang. Design of balanced
charging circuit for lithium ion battery [C]// 2019 Chinese
Control Conference(CCC). Guangzhou, China, 2019: 6476-
6480.

[9] Kirbig G, Seléan D, Kos M, et al. High performance au-
tonomous charge equalization in series connected batteries
[Jl. IEEE Transactions on Aerospace and Electronic Sys-
tems, 2019, 55(1): 95-107.

[10] Roy D, Narayanaswamy S, Probstl A, et al. Multi-stage
optimization for energy-efficient active cell balancing in
battery packs [C]// 2019 IEEE/ACM International Confer-
ence on Computer-Aided Design(ICCAD). Westminster, CO,
USA, 2019: 1-8.

(1] BREIY., K05, sk n]. PEs i i B A A 117

TEBFTELRARL). AR, 2022, 20(1): 126-133.
Hu Xiaoya, Guo Yongfang, Zhang Ruoke. Review of state-
of-health estimation methods for lithium-ion battery [J].
Journal of Power Supply, 2022, 20(1): 126-133 (in Chi-
nese).

[12] WangS C, Liu Yihua. A PSO-based fuzzy-controlled searching
for the optimal charge pattern of Li-ion batteries [J]. IEEE
Transactions on Industrial Electronics, 2015, 62(5): 2983-
2993.

[13] Zhang Caiping, Jiang Jiuchun, Gao Yang, et al. Charging
optimization in lithium-ion batteries based on temperature
rise and charge time [J]. Applied Energy, 2017, 194: 569-
577.

[14] Ye Min, Gong Haoran, Xiong Rui, et al. Research on the
battery charging strategy with charging and temperature ris-
ing control awareness [J]. IEEE Access, 2018, 6: 64193-
64201.

[15] Liu Kailong, Zou Changfu, Li Kang, et al. Charging pat-
tern optimization for lithium-ion batteries with an elec-

trothermal-aging model [J]. IEEE Transactions on Industri-



250 5 b

= I 5522 %

al Informatics, 2018, 14(12): 5463-5474.

[16] Zou Changfu, Hu Xiaosong, Wei Zhongbao, et al. Elec-
trochemical estimation and control for lithium-ion battery
health-aware fast charging [J]. IEEE Transactions on In-
dustrial Electronics, 2018, 65(8): 6635-6645.

[17] Feng Fei, Hu Xiaosong, Liu Jianfei, et al. A review of
equalization strategies for series battery packs: Variables,
objectives, and algorithms [J]. Renewable and Sustainable
Energy Reviews, 2019, 116: 109464.

[18] Wu Tiezhou, Ji Feng, Liao Li, et al. Voltage-SOC bal-
ancing control scheme for series-connected lithium-ion
battery packs [J]. Journal of Energy Storage, 2019, 25:
100895.

[19] Ouyang Quan, Han Weiji, Zou Changfu, et al. Cell bal-
ancing control for lithium-ion battery packs: A hierarchical
optimal approach [J]. IEEE Transactions on Industrial In-
formatics, 2020, 16(8): 5065-5075.

[20] Chen Yang, Liu Xiaofang, Cui Yangyi, et al. A multi-
winding transformer cell-to-cell active equalization method
for lithium-ion batteries with reduced number of driving cir-
cuits [J]. IEEE Transactions on Power Electronics, 2016,
31(7): 4916-4929.

[21] Shang Yunlong, Zhang Qi, Cui Naxin, et al. An opti-
mized mesh-structured switched-capacitor equalizer for lithi-
um-ion battery strings [J]. IEEE Transactions on Transporta-
tion Electrification, 2019, 5(1): 252-261.

[22] Sun Qi, Quo Y. Research on equalization control strategy
of marine lithium battery pack [J]. Journal of Physics: Con-
ference Series, 2021, 2137(1): 012020.

[23] Shang Yunlong, Zhang Qi, Cui Naxin, et al. Multicell-to-
multicell equalizers based on matrix and half-bridge LC

converters for series-connected battery strings [J]. IEEE Jo-

urnal of Emerging and Selected Topics in Power Electro-
nics, 2020, 8(2): 1755-1766.

[24] Uno M, Yoshino K. Modular equalization system using du-
al phase-shift-controlled capacitively isolated dual active
bridge converters to equalize cells and modules in series-
connected lithium-ion batteries [J]. IEEE Transactions on
Power Electronics, 2021, 36(3): 2983-2995.

[25] Pinto C, Barreras J V, Schaltz E, et al. Evaluation of ad-
vanced control for Li-ion battery balancing systems using
convex optimization [J]. IEEE Transactions on Sustainable
Energy, 2016, 7(4): 1703-1717.

[26] Wang Shunli, Shang Liping, Li Zhanfeng, et al. Online
dynamic equalization adjustment of high-power lithium-ion
battery packs based on the state of balance estimation [J].
Applied Energy, 2016, 166: 44-58.

{EE BT

5K (1988—) , Lo, 1t DIl W5
Ji 1) s KRN B RE IR & L R G L R
WAR R S56RE R4, E-mail ; zhangjialei@
sxu.edu.cn,

FHT(1999—), 5, P E AL A &
A B R EIAE  BIESE DT ) HL TR
RS, E-mail:202123504026@email .sxu.
edu.cn,

IR (1999—) , H W45 A, B
FE5 1) A RE R GE, E-mail :202123504040@
email.sxu.edu.cn,

208 (1999—) , 35 Wi E0F A, BIFSE
Jita s WHTIER I RGN, E-
mail:202223503019@email.sxu.edu.cn,

HR(1975—), 55 il frfE it w2
S WL 71 S TN WL S GV
ZEPHIN A, Email:lvgao@sxu.edu.cn,



