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Abstract

With the rapid development of new energy vehicles, battery pack balance management has become
one of the key technical challenges. Traditional balancing methods have problems such as high power
consumption, low efficiency, and high cost, which make it difficult to meet the strict requirements of
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electric vehicles for battery performance. Therefore, this paper proposes a double-layer Buck-Boost
equalization topology circuit based on fuzzy control, which aims to improve the equalization effi-
ciency and energy utilization. The circuit is designed with a double-layer structure to achieve effi-
cient energy transfer within and between battery packs, significantly shortening the equilibrium
time. In this paper, the working principle of the circuit is analyzed in detail, and its effectiveness is
verified by MATLAB/Simulink simulation. The simulation results show that the proposed scheme
can effectively balance the state of charge of the battery pack, and its superiority is verified in ex-
periments. Compared to traditional single-layer Buck-Boost circuits, double-layer circuits perform
better in terms of equalization speed, energy efficiency, and cost-effectiveness. The introduction of
a fuzzy control algorithm further improves the intelligence level of the system.
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BEE BRI ZE M) 2 R, REVRAE SR, SE AR LIRS e i S AR R . BRI oR, hE RS
AT R CR 5 24 ERRHEIUS B4 10%. ERETRIFSEM KNS ST, AN H R ™R
MIREVE S IAEERRAR, AN E T IR S K. WIERE R E T A, 3R E R E &
FAE 2025 EEGE TS 700 JIHR[L]. FIBAE N BRI BEEAZ O, BRIk

TERRES T R G, B F It P [ PP AR P BR 1) 55 8 B R B R A SR B RE Rk 4h . AT RIE A
7o L2 5 B oAk T B i 5 50 Fe v 2 52 TR 3 47 HUIR 75 (State of Charge, SOC) LI &, 51 K
PRI R0 TR, 7 R ) £ R G Re R 6 . R A S R SOR AR R R G w1 MR S R R

DA 5167 SR s A e B RE R (33 17) 5 Bl B A8 Y (L BB IS . W Bl B e it I B 40 U
HL B S I L far R, LA MR R BN [ 5 205 TR O A B8 [2] o EREAT RANAER B 428 1) 157 2 S5O0 3%
{EAEAE 3 RERLBR I, A B 28 BT . W SCHR[21 7, WESE 1 20V FEL BELBELAEL T SRR A D) il
AN S B2 F A FRETR 25 (State of Health, SOH) 34T, {3 i 2 B[Rl 1B A%, TAI4ES A . 1 SCHR[3]
P2 A R AR AR, U3 3o P 4 40 e S8 T LR A 37%.

TR AR R R RN SC I AU B, E R DO SRR, 1) AR TR, ZRTH
FEBURFHE SRR RE J1[4]-[6]: 2) HUIREUZEN, TR E MRS G SEm F EP L[ 7]-[9]: 3)
A4 2% 3045 14 (Buck-Boost/Cuk), AR Stk 4% il BIEIRBE S A B[ 10]-[12]; 4) BT R, Hik %5
AV AR S IR AR FE PR R [13] [14]. & 77 RAEDNZR B RE . WM B RARFR A T T A AR -

YT AN IR AR JE . AN T, XUZ IR A4 Buck-Boost HL 5 AR A%,
S PN T4 8] 43 4 35 s (AT FE 3R T 40%) [15]: SVEILACETH, DU R1L PID # i 2%[15], $27t3has
A N3 5 28%;  FHLER S A BT I Cuk-LC H BCH4h, Ke SOC WSS a1 48 i 4% 40 77 &R 1) 63% [16];
LT B AR [1 7152 T e AR SR 19%. EAREMZE, M EZMFE 0.5V RELL TR, %45
B RG80% RIFRECERGE S, AR T [H i 2 50 ) S5 JE 2R M R I B

B AR5 AT, Fh 2 [R) PR 25N, ST AR NS, T I RE K, R A AR A
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TR T 4%

REPZRER o TSR I 542 1) ) B4 10 42 1S R P AR 75 ZEah A BT o0 A L, AR FE AR e [18] . M
I, ASCHEH T — R FHRORE 4R 1 H1 I XS Buck-Boost 3 i LR, AN TR BEOREIA B, AL
fi ek 7 AE I X R B A R R I R G R, B BT T i R

2. NEEXIEHIMERERIE
2.1. MEHEHRIMNGE

FELH A DAER L JFIBRA T AR R it L, R A A P R — P A RS 22 Rt R IR AL I
MAHAEAT M, SRR T b R RAR IR R AT D . AR IR R BT IR, R AN R R
B o PRIMA SR HIXUZ A S5 K, WIS LB OGS I b RV AT S 7T o AN 0 79 2 24 7 P B AT 1 VR 4
IR FA 4

AR BRI ARG W 1 o, KA ad 4 Db sk, Roxcell (i=1,2,3,4). S HIb
FAR cell; 5T I .0 DC HEHE, 4 At B A B R ZE i, IS T T DC R RER, &
AN BT R 2 ST s 4 DI H T DC @I XU ) Sl TR B IT SRA 5 L 2= AN T4 DM
HERE. SRR bR ] BN S0, SEAE BRI DM Z IR TREE S . LRIM)E, M
AT R .0 DC 2 [MRe Rl . SRS ARG Z A RERMEMER, KO3Em 7M.
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Figure 1. Equalization circuit diagram
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B2 B XA Buck-Boost A2 e ds 2 Al . BF P AL SRR Fl— MR, RS ] 25 i R A
[F) 24185 AR S AR F) ELAH EL AT

2.2. HRIMIBEBE IS

I B EXT B 4 AN BRI RAR BT, (m=1,2,3,4) 2R s i RGUIEAT b S 2t s el 6 A
MOSFET 1 3 Mifk RE HUB K i, B4 HL 44 BT, S & — N T2 6 8B KR Q, (n=1,2,3,4)
BEAh, EEFASHEAL I A BT, R BT, Z I FFBE— UK L (k=1,2,3) .

LA b AR BT, RE R = I, ORI G Q, 2x i Jl, (b, JFRE M HIERIE R — 1
W& g, il R B R A . BEEITOCE Q, K, FIh BT, M LIS IRy, H it fF
(1 RE il MOSFET S BR AR SRR, RREs FAth RE B B A 1 F vt B Ak, AT S 300 Lt 2B 7Y i 1)
B e XM HR R e BRI, A I T I R G % B T 1Y) e T
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Figure 2. Topology equalization circuit diagram

2. thiMEEKE

% JF xHL % Buck-Boost HLEE 45 TLAR T 4545 Buck-Boost HLIEE X AELEAH AT HL i 2 8] 4% 3 A & 1) = PR
P, ARSI AAIAET, REE AR B B 2 2 B — e BRI . R JZ 57 HLE B T 7 EE S i ) st B =
B, FLASFIA R HARHEEE 5 T 9, R E T i B B B IS L. BT XN, 2
JF5% B 8% Buck-Boost H A 1% A JEE /2 25 167 FEL I o

H P B BT ASTE [ RE R FH RUA) Buck-Boost R 32 251 . LAZH Py S5 A e f FEL B4R BT, BT W9,
HABHR IO 2 B, 2R 2] it BT, 19 SOC &1 Hiith BT, FLk BT (I 85 o BIE R, $2H &R
Gz KB T ¢ HL B AR BURE S o 2 EE AR () PWM {5 5, FE44 ot in 2 MOSFET JF 08 E o e R,
LA B REFT RE L RS I B o, KRB B AN SOC B iy Hiith BTy 4%36 %) SOC #LR AT H i BT2, A
T SEIL R ZH N IR RE RIS o X PP T HIE I BRI RE AL RS ML, A R TT T AT RCR A R g, R
RE 5 1T DATE HL B8 i 38 oW R B B R PE, SR VGE RIS R BE B SN, ORI 1T B A R [A] L —
FPE[19]. BAEISFE T UL T A B

1) BT B

2% BT.1 1) SOC =T BT I, JFRE QME, JFREQ, Wiit, b BT, JFIAE Q MHLEK L 4 sl
P, BTCHIEIERAIE 3 Fon. (EF O Q MG IR, HUK L JFuhffne, HURHG I RF8E LI, JRESH
KA QT TF Ik BB BWEAR P TP ORE A AR N BHAR DN, W RLZEE AT, BRI 2 LU R R R

IL@):%%H(O<t<DT) (2

e CAIFRE QN T, L 9 BRI, Vg, AR 1 PR,

LB LA TT SR8 Q W I Z IR B 5 KB, — AU P R B L R i R fELG 2«

V,
=_Bn DT 2

I LPEAK

XF: D AFFRM G, T AFFRIE .

2) BT, s HIFT B

I RE QWIS , SR ARE D, 3, MU L E AR RERE A A rRE, i Il BT, H
L RN Q, AR A A Bl A BT  7e L, Wil 4 FioR . fEBLRIFE AR, e /B i 7 DG (B T 4 2 A 10
VETRRE, Mt=T, 0, BERERI TR0, HEHEEZ AR, A% BT2 mr g, HTIX
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Figure 3. Schematic diagram of the BT1 discharge phase
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Figure 4. Schematic diagram of the BT charge phase
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Ole FHIAI: 1 HIREFIRIEO <t < DT WA ARZHUR L YR 1, FRRIRTE DT <t <Tr IF[A] IR
ZeUR L AL R 30K BTy FIB SRR BR A FERE ;s R, 2o BT, Rt A Al K F FELHL
HITRE Q FiEHS, BEIFEO<t< DT WA, WLAAIH A% 7 42

di, (t)

LiT‘*' |1(t)R1 =Ver, ®)
SR AT 4:
LY
L(1)=Ce = +72 (6)
FELRS PR IR SIS, ¢ BT TSR BB FEIAT A 1 4 1y » ARNER(B), SRAFAT 2 BTy J5CHE E] BR PR FEL I, =
_%t Var _%t
() =1 e ™ +?1 l-e ™ O]
TEDT <t <T, WA, FIH AT
dl, (t
g%ﬂz(t)Rz +Vgp, =0 (8)
SR AT 4:
Py
I,(t)=Cpe & —Yor ©)

JCHL [ B PR FRLAL |, WME A e ARATR(9), SRAAAS ] BT, 70 L [MIBR T FHLIAL I, -
—&(t—n) \Y/ —&(t—n)
|2(t)= ILmaxe . _B_Tz{l_e . ] (10)

A7) R(L0)FR T T HE [ FEL VRN 7 P T B PO, 7E UK EIE UL R B 1, = 1, (8,) »
e = L (8), HAt, =DT, t,=T,, KA

—&DT _& 1-D)T —& 1-D)T
VBTl 1-¢ L e |-1( ) _VBT2 l-g |-1( )
R

R,
L min = R-Ry o Ry (11)
1-e & eh
R Ry pyr ) _Ripr
" [1—e LlDT]_VBTZ 1ebt et
R, R,
lmax = R-R o R (12)

l-e 4 et

FURKFLIRUE LS, 1y 205 F 1y, = 0 I, AUBCHLIRIm S IELE, LI AL i) 5 2 Lo il 5 3 o e b

R Ry _Royy
VBTl (1_‘9 LlDTJe L a-b7 _VBTZ [1—8 [ @ D)TJ

1 2

ILmin = 7R1—R2 T 7&1_ :O (13)

l-e & et

W5 S8 555 D, YR, ~ R, AT LI 5,
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lim — RT
VBT1 +VBT2e Ll
BT 2] LR AT
Ry R,
f f ’*(l’l ) V 7*(t’t )
:_f.; (t)Vsr,dt = .[;{Imaxe Lot —%[14 Lo ﬂvmdt

2

V,

= %[Imax LR, +Ver, L +Ver,R, (D _1)T:|_
2

HI T D A0 5 25 b D SR 453

V dl Vg V dl **2(1 )T
d_P: BT2|: L max LiR +VBT2RT:| |: Rz + BT2L1 L max +VBT2|Lmax:|e L

2 _Raq_
VBTz L1 +VBTzILmax L1R2 e L a-or
TR?

ddb TRZ?| dD , TR, dD
R
di Lmax _ l (VBT1 +VBT2 ) e_fiDT
R
dD L 1—e7'fT

%%%zmﬁ,W%N%ﬁ?%ﬁkﬁa&ﬁﬂ%ﬁwﬁ,%N%ﬁﬁﬁ%ﬁ:

Ry Ry
Tr —H(t-y) (1)
ijf V dt J‘DT{I'—”‘axe . _I;Tz[l_e B J:IVBTzdt
BT2

2
Rit L
?J.O |1(t)VBT1dt IODTI:|Lm,ne Ly +V|;I1 [l e L ]]VBndt

V,

TE{T; I:ILmax LR, +Ver, Ly +Var,R, (D —l)T:|
_ N

VBTZ L +Ver |l Lmx LR, _i(l_D)T
TR2

RlDT

VB
TR?

NPRE R HIRIESDIRES, H2 D AR TETIRA L2

D>D, = Hmjﬁiﬁ&_

lim RT F%T
VBTl +VBT2e '

R -V,
[ Lmin iRt Ve b +Ver Ry DT] BTl mel-l-le on Li

B &S b D B R, RN, I TSR DS Bl 5 5 A Dy, v 0.45.

3. bR SR

(14)

(15)

(16)

(17)

(18)

(19)

FE R AT T, T SR A LA 2 2 S (A 0 A, PSR it A 2R T i S 2 b
AT FE R FROR 2 ) S0 R BOZ — BRI, AL T TG BRI T S sh Ptz . 12550
(A% CoN LB R S 2 BB &5 A S BTN, L e i DU M oA BRAG Rl BERIEaRK SOC 22
{H(ASOC) 5 SOC VMl B AR AL & 5T % SRR XL T Btk S 4 HE LIS 1 Bk 38

B PR SRS s SRR P o i 2 K R i L1 B O AR A 0 s B AR S
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BEXF BT IR ZE (BT ~BTa) WUZE ST 484 , 423l AE K F 4 L AAG SRS 55— W B S Bt A 2H 2035 4
THETIZ B ) ASOC,, = |(soc1 +S0C, )—(SOC, +soc4)| , 55 SOC P31 3 [7] 5 N\ To 2 FER 25 il 2%
A S AE IR RE BT L 1 5 S L S 8. UTIE I HTIA ((ASOC < 0.05) 5, JA 23 —Fr BLp ik e sbifis, 43l
Kb FELH Py B2 5 ASOC,_, =[SOC, —SOC,| #1 ASOC,_, =|SOC, —SOC,|, & SOC T A= Uk )ZHF 5%
BEHIES, RATLHAEFRS SOC —HE.

RO & (R Pl b 38 iy S0 I PR p R F BRI K S kAR, BT S L D B i 5 siR K
/N, L SOC MMEARE G E NH R —/MEOIZ N, AU T SOC #/Net, Z4h T3 KL 1fif SOC
BORKS, Z25 FH/NHR, 124 SOC{HIR KN, ARk R, a7+ osii. SOC ZE%E
AR N A — R AN S T R B LA 2 [R] SOC 22 R FESE, 45 ASOC oK, 7 BEAE AR 40 mli ¥ i
PALIE S QNI L

SOC RN A THFIBEE: H/h(VS) /NS)s FEEM). K(L). HK(VL): SOC [¥EHE kI
EANEG: NS) HEM) K(L). SOC ZEAH K4 F 4 mT LATE R i i S U 415 Fi ity B A4 BROASLAH 2 ] )
SOC %5, SOC ZAAEHI{E 0~0.3 2, il 7 ¥ it K/NA 2l 22 & BI{E; SOC ¥fE I =4kl 5y
ST AT A T e I I AR X P . XS T SOC B AERLRIE T I A AR L,
o =R R R BT U, T Ho R R, BRG] 5 FNE 6 FR. OBORIAL IS FE SR A EE O AT
Wi, AR RIE .

o jzp(z)dz
[p(z)dz
Arf: DARKRLT, 2 ACEREMIE, p(z2) &z KRR,

T SIS ANENRELS, A TR T DU BEASHE AL 2 7 R RI ) 2% «

1) 7EFEIR) SOC ZE{HA SOC BMESBARES , NR A H & /N ST L, DUINPRISEE L, [F]inf
T P I P R

2) 41 SOC Z{EHAN SOC BUAIIAL T KIS, BRI B, LAB 1k Hath tH i 7R AR

3) # SOC ZAHF/MH SOC MIHELKIT, SRHF /NI i .

4) 4 SOC ZHFL KA SOC ¥MEE/NGF, T $Emsbfindi B, SR F AR 357 i«

BORIHLI 3 AT AT A5 00 : If ASOC is Sand SOC is S, then D is M.
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L= VL
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Figure 5. Membership function of the SOC difference
[ 5. SOC ZEMREE R

DOI: 10.12677/mo0s.2025.145468 1193 5 1 A


https://doi.org/10.12677/mos.2025.145468

=N
b

R
4

0.8 r

£ 06

0.4 r

0.2

04 0.6 0.8 1
SOC#ifE

0.2

Figure 6. Membership function of the SOC mean
6. SOC EHEAIREE R

FARBORIRUN R 0% 1 iR 38 50 SCHHRAR ) 5 2 L BUE R K T4 0.45, Hl T 52 ek,
PSR, BT RA 5 2 LR 0.45~0.55.  FHtk, ADRIIR I ) = 4k fh T /A 1B Bl an 1€ 7 B, B
ST FIN 2 8] 1) 26 AR

KA Lyapunov F2g B R /- HrBoBifzE wil ik ife ek, RamHh— MRS EH SOC Z1H, i
R4 ) g o 25 B D, M — Lyapunov BRELV , SR & RS0

ap =

Ae B«

V= %i(ASOCi ) (1)
Ao nRERAATRIEIE, ASOC, 25 i 1~ Fk ) SOC Z1{H.
JEITEL Lyapunov BRI S HV Fon RS RE R
V = Zn:ASOCi M (22)
i=1
O il e i {8 ASOC, 1B W/, Bl
d(asoc,) =—k-ASOC, (23)
dt
K kB NIERLEIER, RRRGEMINSOEE .
#3(23)F8 N Lyapunov &% (1) 5515 51«
V = Y AS0C, -(-k-ASOC, ) =~k Y. (ASOC, (24)
BT ASOC, Z&sk#, Hk21E#, Frll:
V = k> (ASOC, }* <0 (25)
i=1
A (25)F M T Lyapunov BB SHUE 1AL UL R BEEEAWI LD, KGRI EN .
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Table 1. Fuzzy rule table
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Figure 7. Fuzzy regular 3D surface diagram
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Figure 8. Double-layer Buck-Boost active equalization circuit module
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Figure 9. Double-layer Buck-Boost active equalization control algorithm module
9. MZ Buck-Boost E EhHEEHIB AR R

FIFH MATLAB 1/ Simulink B, #%2 7 X2 Buck-Boost F= 54T e B (47 EAR Y . %40 AR A
RO 7 B 45 AUZ Buck-Boost 3 #0347 F g s, 3 2 FH T S IRE SR AR H j ZH (1) Fa A SOC AR AL Hi 4t
F2 Bl ¥y F R AR ) BLAR SE R 5] 8 . A, HIth A A I A i S2d it Simulink H ¥ Feon REHR s
B, HsLIoranE 9 prs.

HitrEmd A2 rh, @i scope AR AR SR INMT IR, WIRAE — AN AN 2B Z A =M.
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4.2. SERGEER AT

ASEEG LA 4 AT BB I N AU B, BT RIS RN 3.4 Ah, SRA 0.5 C fHI 78 i A
R, FEHCEHR B E N 0.68 A. 7E Simulink 7750, PWM 525 LI BORI 2 ) 25 5h 28 H 58, &% LI He
JAE IS A 200 uH . SEIRTFUGES, st FI#)ah SOC E 5 5 90%. 75%. 68%#1 60%. i Hi ith 4 it &=
WISy, WAL TERE R AR HEAT 0T, ALFE HLI SOC IR ME M2 5. HL R M 22 DA R 76 5O HEL B 1)

E58S

o 100 200 300 400

500
i il (seconds)

Figure 10. The variation curve of the equilibrium voltage of each cell
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|
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Figure 11. Comparison of battery state of charge before and after equalization of single-layer Buck-Boost circuit
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Figure 12. Comparison of battery state of charge before and after equalization of double-layer Buck-Boost circuit

& 12. M= Buck-Boost B F& 35 Hi jm Bt T B AR 7S XT EE

WIS 4 T EIBPEAT IR SE, AIF 7 XUZE Buck-Boost B B R A AT R . it RE A i
HL AR BB AR ] 10 Frr .

N T BAIE AR SR R T RO 1 XU Buck-Boost HiLERZE MM R IR, 4> BIxH L gi s 2
Buck-Boost HiLI%FIXZ Buck-Boost HLEZIFEAT 7 SOC it b 92, Seist Banf& 11 F& 12 fiam. M
SEIRZE AT LG Y, B2 Buck-Boost Hi % (1351 [R] 2 35 K T 0UZ Buck-Boost HLE, BRL 2 HL K (1) 35 Fisf
[M %14 2410, R[] SOC 1E K 69.6%, T X)Z Buck-Boost HL#% (134 i (61X Ny 674 s 7647, SR SOC
5 70.4%. FEAHFEHISLIGSERE T, XU Buck-Boost Hi M f 2 i i 1] b 8 2 F M 4 1 %4 1736 s,
BERT T IR

Table 2. Comparison of performance indicators of equalization circuits
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2 Buck-Boost 7 4,395 POEER T
#1JZ Buck-Boost %! 4.395 L A 18
45 Cuk #4[21] 8.142 R AR B B A R
A Cuk #[21] 6.46 W) B4 Bk
CHER[22] 26.4 L[] 24 B

N T B AT A A R RO VRS, A LS T R T A A AR AT [20], RAInTR: MOSFET
(0.45 JT/AN). HUR(3.3 JU/Y). HEA(2.27 JT/). ZHRE(0.28 Ju/N) AR #%(26.3 Tu/AN). i 2
PR FRxS LR DUE Y, AR SR Ak RO 42 i (¥ 0UZ Buck-Boost P47 FL i 78 S5 17 18 _E 2540 4%
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5. &hig

1) Attt 7 EE R AR RS E T R, RAXUZREM BT, RE A Rl
AL = R e e B

2) ASCHRH T Al BT 1 1 DU Buck-Boost T2 2l ¥ FLEE , SR FLV 2 TR R HL v B4 ) ()
B, JFRA RN ML, WM T E 2 il kK 5.

3) ASCHE T TR0 4% (¥ 02 Buck-Boost 3= sl 5 il SR, (65 75 T0 75 kS B BCH BRI 2 1F
T SRR HE R T 1 o

4) REREM LIRS TR, 2 S AE SR TR I R T RENS A RUR R & AT SR R FE TR — Bl B
FIRTE T B R AR R

E&UH

[ & 8RB} 3 400 H (62173231).
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