2025 4F 8 H
514 58

tEMEMRMRXKXFEFR

Journal of Beijing University of Aeronautics and Astronautics

August 2025
Vol. 51 No. 8

http://bhxb.buaa.edu.cn jbuaa@buaa.edu.cn
DOI: 10.13700/j.bh.1001-5965.2022.0855

ET RS XRF A Ef it eH & H ER RTINS

HEW, FETYT, kA, Wk, F5E"C

(L EBEBEE T RT b 1000905 2. HhERERER2: oS8 E TR, dbat 100049)

1 =

BB RAT R A F R R B BB IR LR, BBz

BrEYme AN TR RHEEE, BA A PR E T Ik 7 DU i SR o
WorrwTEM, AehEEbREREE 2 ENESF k. AZATENLRERER. 57T%
B, fRE—METRGTF RN TEM A, ERmER ARG TR THEREEME, H#—F
RN A o 25 28 ) R s I N T TR s RIIB B TT R B T oy e Y1 sk, AR — )
EHB R ER T Tk FHE 0 & 2FNRBEITRT EN G AN, HFIHATR A BN
BWEMEIR, LRERKA: FREMTUALTF R BHZA R EFIE, IERFHELE
ERTES M. P, TEBRMRESNEN: IREMD BRI TEN T UL h

R, AR A T R
* # A
FESES: V242; TMI12
XEkARERD: A

AR IE AT I 3T 4 B KA T AR Ak R AR
BUALFE K P L A L G RE R T A L F VR D
RS A R A B f Tt A i i T AR O R A e
[Fi) B, Ay £t i P L 70 5 22 B B D) R AR, oK
B F, b 0 i i L 3t 20 6 oA 17 AR L 5 70 R P it BE P
M A STBLE AL, T SRR R RE AL, R K
FT TRAT IR I 25 (8] RAT A A DG B R [R) 2 —

5 — B A AT R AR A L, I 3 2 ) R A T T
5 P P A ORI B R B s TR, P )2 Y
ERFR—BARETZE LA TR, 43 Pt
HAmAER L, © 4 2 B H 04 i K254k .
HY T LB R A L%t BB A B, X T 2
AKX F] 100 kW A2 1] ©AE, 38 5 >k 400 V DL L
F e R 2R 1, 5 R B b AR R T il

Il 30 23 6] ©AT 28 7% ZAE KK 10 h DL B A B 3%
W58 A% g L b 42 17, 75 AR AE R b 4] B AT

WA, MEMERA; BReTtR; kEEM; WM, RRAESE

XEHS: 1001-5965(2025)08-2674-11

FERE AR o B F 2 A A B K S X B T A ]
Ea8 e g G ER R (Y E B R S LR N T DU N
PEORE T PP ) 2 i 2 5, PP I 1 P9 PHL 22 S 2
T IR B LA R Tt E Y BRBRAL, ] R T B 4y
Rt B AL, D 2 B S A0 B Tl 00 M e TR
AN, 0 Ll AR T i o BRI Y A i 22 S
SR P L ) S P ol P A, 3 AT R SR BCRR 20 H
A B S

7 P 49 A R S AT B T 2 i L b B A — B
IR RE N o DA H 5 kA 4 T B A A
Weh ¥y, T 2 MBI OC ., mpH, A e
SRR AN SR A el BRI T i 2 0 R, R
17 AT BEHE N AR GERBERE o A I L 2 0] 6 AT 4% it 8
G R M 2 A D7 1k B R L, R B IR
BEAERER.

PR L PR AR A7 T K AL BB S R, R

Y ¥s BHHA: 2022-10-30; FH BEA: 2023-02-23; M4 HARATE: 2024-11-07 09: 28

P 4% S R b4k« link.cnkinet/urlid/11.2625.V.20241106.1525.005

HETH: EREAPLHR (2021YFB2601602); HEB2EF L THFSE RIS (E155610201); Rl B i AR ATHE HES (2020144)

* B {E1E#H . E-mail: yinjingyuan@mail.iee.ac.cn

SIRER: rHFEH, FEHETL, KA, F RTFREGTXEMHGTEHEML EHFIRIEN V] AT MEMKAFER, 2025, 51 (8) :
2674-2684. YE Z Y, YINJ Y, ZHANG T S, et al. Series-parallel topology of reconfigurable battery pack based on hybrid switching
devices [J]. Journal of Beijing University of Aeronautics and Astronautics, 2025, 51 (8) : 2674-2684 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2022.0855
https://doi.org/10.13700/j.bh.1001-5965.2022.0855
https://doi.org/10.13700/j.bh.1001-5965.2022.0855
link.cnki.net/urlid/11.2625.V.20241106.1525.005
mailto:yinjingyuan@mail.iee.ac.cn

55 8 ]

HHEERT, 552 A5 TR IT OC 8 By a] B A v 2 e TR IR AR 1 285 2675

ST T % R e SR A T B A, AR SR il S i R 5 B
1 e 5 0, 3 23 3 IR B IR B R kR R
TR A, F A B R A A R G IR A G B
PRI 22 AT B 5

3 AT E H A ) F R R R T E A
FEL S 20 A B T A o e sk R e R I RN B
K SCHRER X AT AL i 2 A F N EEA T 5T, A
AN TR T S B0k AR, B, v LA S B F b 2 B A A
BRAIFERRIE X L AMYIBR . IS5 L %
£, 45 ¢ 8 5 I (series parallel, SP) | ¢ Jf 5 &
(parallel series, PS) BUFIVR A AU 3 Ffr, SCHR [11] 5
R 32 2 10 PR o b 45 T 2 AT O, AR AR
M H AR AFUIER T RE . A b iy R ek 2
F PR 46 25 -t AT DA — 4> SP 78 A W] F ) A FL b
U, SOk [13] BT — Rl PS BUZERY, S m 1T IF
I RV AR L 28 m+1 N TF G . SCHR [14] B9 2549
B L T PR 4 TG, (RS R L I
55 W T BE o SCHk [15] BF Al A 25 4 A4
3 O BIVAT S B AR B L O R 5% B B P Y 1Y)
Uit

o T A A T OG5 ) A v R A Y 4R AR
DI Bk, nl R A 2 B4 TS R sh e s
e s 170 R e b 4 L PR R Y AR 2 AR TR, Lk
T O A Y A] R H Y 2 A 25 R AN T R Y A 44 AT LA
22 3CHik [19] F13CHK [20].

AT A R 2 el R Y R R R R
() [ A FF O, 3 AR T 2 A RE R ARG o %
I 3/ 25 (] RAT 25 B4 o AT S M R 3R R, AR S
B T A TR A R O Ry A] E ALY H A 28 . ]
[#] 285 T O ) PR Pk R AT S DR, FE AR FH LT O
MR IR FE AT — 2D A . RSO T HRARE A
FIRE 2 R 8 79 0 U0 48 5 W O HEAT T SRR BRIk
R R 7 2 S5 AR AR S R] S 0 2 R
XFHG, WUE T A SCHHN S Y04y A P

1 HEthZEZEH R IhEE

1.1 ETESAXMATEMBMBAERETR

AT A P S o A P A s R Sl ) L
BIFOC, P AR A/ 5 5 H ol LA [R] Y ER R
7 A REETT T RIS SP L, PS I
TRARL, SARZ M 1 iR,

Pl 1 B A RS H b 2H T A 0 9 6 K £ o [
BT (I FIF ), ZEC A W0 H h 4 s -4 4k
Y2 T R R0 b AR
field effect transistor, MOSFET) 42 f & UL i) JF 56 i
P2 — 1 TP K0 3% B2 7 AL S DU T O RN T %

(metal oxide semiconductor

%

% @%7%

T

(a) SPH

P 1 ORIR] G T E A R A A
Fig. 1 Structure of different reconfigurable battery packs'

2FEAL, DL SP Rk, DU OGS 2 A Al 2(a)
Fr7s, B T ZECE 4 ) MOSFET, S, fil S, 4]
B S, FLS, WiIF, A S, fLS, &, S, FLS, B
TE, S B . R A SR K] 2(b) FiR, AT
Uw% I FF A, AR IR SR A T A )

LT R AR R R I R, 2 1 IR AL, T
H%ﬂlﬂ@fi&ﬁﬁiﬁ&ﬁﬁ%hiﬂ%méﬂsﬁﬁ N
LIV NI ESS 3515

ER LR 1E
LERER RE
:|— =

o o

(a) POIFCHY (b) PIIT AL
K2 JrEEsg X

Fig. 2 Connection mode of switch

12 REFFXRHT EXE AL

BUAT F9 R B R L Y 2 A R AR R D
LEE 2Pk, HOMFEIZS IR R (B 1B 11 %),
PR30 e PR o] 2R AR . JE R X T
F AR CRZWUE HURAE 3.6 V) Y ELE] T LD
FRR, TR IE R Gz A7 I A v P ACHT 2 A T R
— NS TT G, T 55 % A 95 v Tt LA, o B R I
S GBS S L4 R €2 NS N N 9
I, ARO[ 25 0T o 2 AEAR R AR JE b AR 280
SRR e BE R AR ASCR, R AT R ek /D L Tt 4 T HR AL
RS R TP A BE SR o G i B T A BT
FR IR 11 F it A 0 ) LR A 1 25 G 14 Fl S e
5 HL v A T 4 L, SR T TORE (0 2R 48 TE I S BN
BT A RE B AR ], SLRE L2 AR R I A L T
A A R/ N T BT, 2 R A B B A BT 2
T

]
.

_%LJ
_T_l_‘f_7
(b) PSHI (c) IRAT

[20-21]

Mo

I+




2676 S| AD=u = | M NI == ¢ 2025 4F
BB 9 T 56 o 24k ol 25 LA (G P BEL A 1 25, {1 ?? i i

TEAETFIT 1 | 5RO . i 5 e e .

S48 51 25 S ML 36 I B 2 TR 4 30 FF D Tl ﬁ

DL T 5 B L SR 0 7 D A TR 26 K 2

TE P A 6 28 PR A T 25 7 6, T AT WL 65 76 7 11

TF 58 I TF LT, J5 79T L 25 9736 . TR % T [ .

PRI L9 3 B HUBR T St , AR 1 3 LA, L;? oLy

LT LAl G AL T 56 07 B 7 2 LA ] —
A0SR R IR A R G AL A 4, Sy S B T = i,

SR A ATV, JLT- 44 Fh st 20 A 2 0 *fI N

m§4Aﬁf¢@imng§%@mM%%ﬁ : 5——4—
B OASRIUARL, SETF DL E 4 Mg LK, AR SCIR 1
ﬂ%?@ SIPSCLIE LR E S ) i% i,

e, 7 T A5 LA Fr 26 70 SR 4k o 5%, R BLART S ~\ > -

PR E P L, 5 B Rt PR A 3 K A o R EA
— 5 SR H R ) R £ R A 2SO 0%, M 1 2SO
IR PR3 S5 R B ot 5 I ) PR DT R AT
ST AL I, Se BT A TT G, S MU 5 D)
o T B 3 T A AR, kLT T A v A R
I, 3 AT LASE R AU 5 4 75 i

8 3ok 47 o P A Rt 45 D) S e v 2 R IR PR
P14 50 A T 98] R R 2 R s ) A L 4 Y — 0
HEIIEE . T IF SRS 1 ] A BEAFAE — R 7
JE YA — B, S B B R A4 ORI E b A Y RO ]
T O, 8 RO IR PR EE AL . 2 HIHLAIT &
IR, D)4 o B, i TR R S O S gtk )
Y Pl 2L ) R 2 b 9 R )R s r Y R A 5
I A5 TF R IFHR T — A RSB A, i Ty
Ti) 5 FEL b PR A PR T il — 380, M A B ) S
SRATI F) EL t E TR] F) JRJ FELOA

AR SC R H B4 TR A T 5C Y AT A H i 2
BRI G5 R, FER R AN N IE] 3 o . 5 EA R K
PR HE R FL T AR L, O A O R B [ ST
5K, T 2 DAy 1 L b LA S R — A BT BUE R BIL AR
Ak R g, O H R I — D ST O A — A
TRRAE T O AL 97 LB L B
1.3 AT EMEM ISR

2R 00 ) B A el b B R AT A
PR, AT LA A 4 i O 5C D) 4 H B A TE DT
A rh e T A I S R OC, R A%
FEL 3 R Y EL AL A 0, T/ HR B EL AT Pl A O I
R R A, 7R 58 AU 5 P R A A % S B R 20T
Ko BMUIALBRINT, VIR R 4 Fis .

FE WIT BT

BE2 FEH TR PLIT SC DT It

FE3 A BT R

3 RGBT AT E A R AR F MRS
Fig. 3 Reconfigurable battery pack topology architecture
based on hybrid switching device

01030
Pl iﬁ

LI LI LT

= |
1 il
JLJ L

| | | |
(a) UHEmT  (b) 2PERL (c) TF2  (d) AT83

B4 A AP BRa RE

Fig. 4 Insertion and removal process of a battery cell

WD IR R TE Y ke SRR R g e A S AN
WA EA R A RN — h TR T
FEL YL 7 A S ] R e 78 A 0 TR AR (Gl A 2.6~
4.2V), HoWZ 45 eRIRAE AT, X T F R 2 A IR Y 2=
G, 18 O H T KR, BT LA 25 DC-DC AL e 4%
Xof T R A G A o B — 5 7 Ll DC-DC A8 e i
(49 2R G, /0 FL Tt 2 ) R A A Y R AT R T A
DC-DC 722 #i #% BB iR B i HAoR

2 3 1B 119 T A v it 4 7 R v T Y
AR A ) P e 11 P 5 A (] T SR B ) XU



55 8 ]

HHEERT, 552 A5 TR IT OC 8 By a] B A v 2 e TR IR AR 1 285 2677

) e 2ok B2 0 FLIR A AT AESE 2 WA A L A
AR SCHLI A 250 T, T T AL AR L g, U1
RE TS, D) i R v R B0 R Y T RE R R
o Sk ik G E 4G 3ok i v e Sl R T R e
F FEL Y 1 B IR, XS AT m A I I S I 1 L
1, 78S SIS I — A A, H A
FL Y R 43 Sy 2 2 AR R A L T B kB A [ P
ER 2 A] F Tt BN [ R B R . TR 5 A L
L 1IN — 7 B Tt Y P R R T A AR R R ARG
¥, B S rp Bz T 48 1 R S PR A B HL 4 ] T
O, TE VT 5 I A S 3 BRI T A R 1% r Tt
kR, LRI

TE1
W T L 3L B /21~ HL 3L ER e 1 S TR S TG

HIE 2 Wi A 1~ R w2 B
[ AT 56, BhAVEHLAR L FL #5058 At HR m/2+1~ At
om0 —7 FL

HB3 HAHM A w2+~ d m B S
% A TF

B4 VIR 1~ m2 B A

%m CERTUES aRid CERTIES
m/2+1 H1 m/2+1

Ii‘ b

5
| |

(b) 2:3R2

aRiA ERIIEE

#i1 m/2+1

| |

(d) 23R4

it FiL b

i1 m/2+1

f % E

5 i

(@%%5 (H 29%6

s 2 o T i
Fig. 5 Battery pack voltage regulation process

B HE 1~ & m2 B A,

FES ZHVEVLAR AR 25 L R 1~ F Y AR
m/2 H i —5 L

HIB6 A 1~ m2 B E T
AT

TEA B3, B R 1~ b e om/2 23 L
om/2+ 1~ B m > — TR, AR T )
B R T LI 1~ HL S /2 BT

2 TR R
21 EBEE%R

2 SRR Tt 2H 2 A (8 T B D OUEE 4 BIL B 4K FR
v A Dol /0 R L BRI N R D) R R v AR 2 i
ST o E 3 T R b SR B A T Ak e 8 DA
AN R, RO U (R B, 23 i Rk 2
Ji k& o 2R [R] kD48 i A7 S % 5 7 U T 3
Jin e BB FL b A, 2 6 Ok R R, B2k T 2k
)
AUy, = Loaats/Cry (1)
P AU, R R BRI AR 1,0 NSRBI £, A
JFRDIRT )5 C,, N BEERHLER

G B 7 T, REZR L R RV A

A
AU = Uy (1-6772 ) (2)

Krh: U, W HE; R, TR

>4 v b 2 SR Ay R LT, Ay A R R R
A ik A R AT N S S R YN SRS 3519
TEFRAE 01 4T 8 /N D) 46t
22 HEHEYIHk

TR R] SRR D)4, 7T e 3 A FE, Tt 2H A [
i%%$ﬁ%%ﬁﬁ$ﬁ%ﬁ%ﬁ%%%ﬂ?$
N F b, 2 T R Tt 2 P B R BRI,
3 HL U AT R DR 3 A AR I

DA FE 3l 2 55 R B B A 8], B IR 3 422 1 r b A
RfRIAL R I 6 B o o, eyt 2H A5 80 W] 87 £k
TFEEHL R E Je— S50 B R 8RB . i T 01 I 0%
2 1) L Sl TR i 1 LA A, I R L S L

~E, +
" I,
1
—>
o—— _E o+ ——o
2
43 1,

6 HiFFIkH Mg AR
Fig. 6 Equivalent model of a series-parallel connected

battery pack



2678 b3 M2 it KR %% % ik

2025 4F

FNBHBIAETELL T K &R

E,—LR, = E,— LR, (3)
it 28 M AR S B 1 S 2 P LR 1 R L 4y

ilb)

_E -E,+IR,

I, = 4

! R, +R, (4)
E,—E, +IR,

) A — 5

2 R, +R, (5)
SRR 2 SRR I L 25 R

II_IZZZ(EI_E2)+I(R2_R1) (6)

R, +R,

m 2 S) Al BT R AR, BN, IR E AN
E, fETE SR HL i (9 25 1, Y20 S BK 1 NSO 2
MEARKES, EEN RS — Kb T K
FHL U 70 FL BR8] 5 — 4% S B A O R BB L R
AT R I R
2.3 ABRREETIH®R

M1 KT L, ki AR 3 L BE AT BBk D 1, AN
L WYL 22, A Tt Ef 2 80 RO R BEL R, S, S
1L L RN S 2 B L 22 A
2(E,—E»)+I(Ry— R, +Ry)

R, +R,+R,

X (7) BB T 0 I, 1R 1 2208 #a0E T

0. FAy 787 FEL L7 6 420 i 07 k5 A2 DA 4%

I < (8)

I-I= (7)

L < L (9)
B S-7 A F e R 8 TR L AL, O KT
b AL A 1) B IO HL FL U 70
I HLBH 3 Er D3 w, Ry
Wi = I'R, (10)
BETHL A RE R G Y LA FE A O X rBE A
B BRI K32 D) 2R A8 7, 38538 A4 0 R A BE Bl L A L RE
S LA R L SR FL A T 2, ) SR L B R
KR ARG FURI T 2
24 BANZWREYR
TR AT R R K A H LA A R 0 R
T3 2R 3 ERE FL b T BSOS [ AT 4 AR
Pt 5 FEL P I ) R ) ) A A R S R IR . R
BHRAERMAR RTINS ED A FERAT
1B, FEIE R B AT Al IR )RR . fED) et # v, —
e 5 7K 32 1) B R R 1) FL T A fEL YL PR L TR W, B
e o8 2 A S D RE
Wy = Vol (11)
Koo W, o AR U AR R DI RE; v, R R

TR 65 1, 24y v ER A FL AL

3 EhARI KB S EIEHIRES

O A Y ] B0 b 2 1) 3 4 A 455 45 A )
Yl . HEy B . 20 200 5k A fh 2 &) ¥ 1 A
[

A5 B[] ) 46 325 02 48 12 A7 2ok 2 vh g B — B[]
DA — o B 09 M o 32 0 R i R Y LR
[ — BV 25 57 1 WY 25 1R B A ) 8, S0 5 L T
FRE — BB g 5. B AR R
A, b PR 1) R 4% 25 B (state of charge, SOC) By Hi, J&
HEAT 4, 2 g R B R TR L AR R
BF, HE P 3L (8 A7 B )4, 49 488 40 BT A4 B0 . 25
TR A NPT ROR, 755 T i Ul 0 %
FITE Z2 W A R (S S LR B T LA AE—
R[] P LA 359 A5 25 a5 Sl AR A1 S T g 2D U0 48 TR B
E2 MR A A AR T (14 ) 45 SR P R A — R AR 25

9o Ak 27 ST 2 3T AR R N HT T 4R ] R A B
B, O — S o0f H F T AT A H i 2 ) 2 A
PR o X I — kT2 Jily R RO AT B B
BRIE SR O o 7RI B rh A RO BE
R ILES . S ERIRIR .

DL Q2 2 SR BE Q 2F X Sk o, Sy S B H A
AT RE, WS A4 | R B R F T 4 F S R
WS AL FE T AT M PR A R R A 5 L YRR
FFRARE S, BHIRSRARE TR V,, . I RS F A
BELCHLR W, X5 T 0 70 SRR A H B PR, o

J =1,z ] (12)
S=[5,52",5,] (13)
Viar = [Voatts Voazs*+* » Vioain] (14)
F=[F,F,,--,F,] (15)

A FFRARZE S, B 08l 1, 0 RARWITF, 1 KR
A BBERZS F, o 0 8 1, 0 KR IEH, | Fmileha .,

Fes Xt 52 o R E A B b 2E R A SR, B S (]
R A PR TR SRS ST
St=[St,8%,---.8"] (16)

[l L 45 4 AFB 48, 430 Sk H B A 25 R
MR L 7, WIS Lt PR PR 55 O 7y R P PR
Bl ry RSB E R BT 7y

r= (Jmax_Jmin)/Jme:m ( 17)

rZ:ZFi (18)
i=1

rSZ(Vm_Vr)/Vm (19)



5% 8

WEERE, S5 TR TR TT AR (4 A shoA o Y 4 R T I HR D 4 2679

r4=Z|S;r—S,-} (20)
i=1

S A TR AT F BRI A 7 i ) B KR
T H G P AT T AR 2 B B/ MELs e N 2 T
AW E; v, R R VO RGUEUE R .
AR R r

r=air+an+asr+agry (21)

K ay~a, ARG AE, o, o, Fla, RH
T, 3840 5 B AR BT LA A0 e vl BRL A 4 2
Y@ RE e, (H 2 ZAAEALAOIT XC R 5 @, FI
ay T LA B g e v 50 A i H v 2 T AR TE L E
MR Z N, X 2 S HTE a, Ml a, 1 2 2K
J5i» IO T ¥ 438 o s Xof {RLEA T 9 3. % 22 il 3 LA
RO TS5 R A EE /N ZE B A RERL R, 75 % fig
P AT b /N [T 4

4 NWHERSHS

41 LHEE

S E 7 R, $IE T — 6 R R ERE
Bl R 22~32 VIS HL I AL FEBL, (A T 20 T AA
18650 Y Hi fth, SR 10 45 #A 5k, 2 8 IR 56 Oy X%
Pz o, B HL b Y A E 25 BE O 3 200 mAh, AR
BELR A A A2 AL PR, 3 B R S B3 R DA 7 R
8 7 R4 o et Y PR A B AT R B B A S
FLF 17 2R A 25O B 6050A

M7 s a
Fig. 7 Experimental test platform
42 AEEXNTIHRSIE
421 BEHME/MIFEEM
H3 I R Tt P A ) A B P A A S IR A SR AN 8

fis, Yt B an il 4 frs . K8 Hr, il 1Al
WA 2 4000k 2 H3 e E A LR 1, RN L, Gl A 3O
Lt B 1 A B 1 A LR Vg, HIE 2 S HLYS
B 1A EL B 2 (LR Voo 2 T R ML BALR R TR
PRI i N ] 3 TR o

2008/ 3 2008 3 GOV 4 SO0W 60115 20 00/ Fik
v
L

VBAI'I

VBATZ

8 A AR

Fig. 8 Capacity balancing switching process experiment

3K B A AW A PR IR e R B Rk,
TP DT BR A A i SR, 2 5 DTS R T4
JEAE 1 W ZI W HL b E 1 SCBRY ETF G, AE 4, W)
55 B L AR 1T IS A R AR 20 A ¢ B 2L
AT IS 0T G4, DI A S8 I

e A R I 1 FL S B A B D 4 A N AT 9 e
N, TE ¢ I 2, T B 1 e AR R AR o, I A
00 2] 84 [ o BB 32 S B ) R O M T HEL
B, 2R T F 8 A B 0 1 B A 1 L Yl B
A, o B 20 F5 A HL b SR 2, 1, B 220 R A 45 F o R
(9 2 TT 5%, B AL e A 5 IR B D) 4
A TR R S i i e A ) 4 0 B R A T T T S
JR A AT

Tozom 2004 3 5OV 3 50V 4320 000 mL

f 1
- N

VBATI

y
VBATZ

PO Ha it B Al e A S

Fig. 9 Fault reconstruction experiment of battery cell

422 Wby EEY

P b 2 R P O T ) S 25 SR an & 10 TR, R
VEARIEIE 1 AR 1R 7, i IE 2 R 2
HLUR L8 18 3 A b Al i v, Y04 B E 5
JE 7R, Ayt 2 HA R e Y S OG [R) B S 4R 2 T
P, [F) I 48 20 B T A 0 b, S PR D) et B v, B
ANV R 5 2 26 S8R, e shER a1, )5 B fE



2680 bm W =

LISV

2025 4F

200AF 2 200AF = GOV 4 -4 9145 100.03/ #il
tl

ly

10 Lt IR S
Fig. 10 Voltage regulation experiment of battery pack

HL Yt AR 2, B4 5 R A B[] [B] B >4 50 ms

TE ¢, B 200 T e e 3 2 9 £ 0T 56, Al 4l i R
AT, ¢ B 20 W FF R b AR 1 S OC, R FL R A
TR o AE o B 20 F AR 2 5 B AR R R L 5K
RN I FE A, FE ¢, 20 1 5E A H IR
FL it 50 ) 398 0 S BT, BT 2 R S ER S 8E n
R = 0 TSR £ 1 RS E A | S S EE N
WA T %
423 Wb $sai

H b B R B AR P R AN 11 s, Ho, A
1 et AR 1 BRI 1, S IE 2 L 2 IR
L, 3838 3 A 1, i 4 AR R V.
FE ¢, B Z006] R b £ 2 0 0, PR S 200 JE TR X 1 2K
i 1 FL O, 00 (R DA PR R Dy S s T LT AR 1R
AN Ay A A8 At v () o) 2 A R L AR 2 B LU
AT FEL L S R KB, A 2, B 220 K 000 %) 5 o - ] Bk
P HL R 2 UIBR, AR F R 1 AR SE it

2007 @ 200A/ 5 20047 4 50w 3.375s 5.000/ #Fik

i
Va | 1N

11 it AR A B AR S 56

Fig. 11 Experiment of battery string short-circuit protection

43 HEHSIEHIREE T

N [R]85 4 i D A i A2 %ot L R RE A 2 1 BT,
ASCIN S MOSFET 13 i #E°4 1, MOSFET 7 /£
BRI EE N L, LT R IR FE N 1
(L>1>1)o  FF A 25 A4 H 3 2 % U e R AR, 2
W FF OCAE

T n TR AL, B 1 AT, AR SR
G AT R F L 2 25 A A T A T OGS B T

R1 TEIFIEHEE MLE B3R 4 E A FIRFE 4
Table 1 Analysis of device usage and loss of different

reconfigurable battery packs

MOSFET BT 5
ZEHA 7R il
Ep kA St K Eink:d
4l [ AR 25 -
(T 32t dn 0 "
4l AR 25
(W) 2n+2 0 (n+2),
IR AL 4n 2n nl;
AR ARG 2 n 21+ nl,

HoASEH, FFE U R T 0 IR & (a5 i, B8
REGEAGPEIL S

RS 2 795 25 A9 T30 J7 XA SCREBIL P £
MBS BT, A RYI 7 A T R e 2
ORI 2 s o Hoh, LTS 3 A, BB D)
e Ik 2 R LA PR T RE O 3.5V, AR i T A
B I BE A 0.03 Q, HLAREE L S EE U ] 5 ms.

®2 TREBGIIERILL

Table 2 Comparison of different switching processes

VLY HERTSHER
[RIEH7) 4 1091 HL Bk 7 75 25 mFRFZRHLZS
Vel R i 5 e AL 50 A
N B 22 BRI E6 AN TR QALEH,
y2s ]
BRI L BH Y45 HUBELIIZE 9 W

P THAE IR DG AR L Y RS2 2 A R LA

H1 2% 2 AT, AR SCAT AT 4 A b 20 PR 8 Y
Jrikh, B R BEOR A, B AR SCRERLIG 2
B, W3 FOTIEIIORTIAT . A R R VIR 5
S5 B b PR S ) ) 7 A2 2 A% L EL AL, 36 T
T 4 FEL RS T e A T DA AZ
44 FIEMSH

I 3T 245 [] "6 AT 25 Rt 4 75 0K K o A
FRIEAE ), B 2 1 B R BRI T R G T RE
1 HR IR A R vl 2 T — T T R A R AN TR AN
IR 5 it

TEASCIR A R G ] A f it 2 28 0 oy, BT F
b A= I G A DG AT DL R AR IR, R
AT LS8 i /0 e 5 RE 0 1 10 R R B &R G ) el
Mo AR XIS R T S HEA TR

B T R G 75 iy R A8 B A, PR R L

PR E NI 2 2 S W)
R(=e™ (22)
A A RROR, A R E R FESIF R
(MOSFET). HLA# I 5& (HLTT RUHEFF OC ) F1 — AR 487 3
S R BIR R AT REE . ARIZ AT RS
% SCHR [27], WLBF S A



55 8 ]

TR, S5 TR G T AR 19 R EE A e W 4 A SR IR P 4G A 2681

G4 73 s E R B 77 = W= R S R R N
B TSR Ryar 9 0.994 1, MOSFET f4 0] 5E R, N
0.999 7, BT XUHRHLA LK L #8519 AT 5 B R ol 0.998 8,
TR RTEERE Ry R 1,

FR TG P b B A 1T S B AR A 1] 12 R, T
SRR

Ry =]]Ri) (23)

i=1

P12 eIk it 4 AT A A
Fig. 12 Reliability model of battery packs connected in series

Xof A SCIR A TF G T 544 v b 2 254, HL P &
BEGT o 2 8843, 58 1 3843 S BRI OG . 3K
FF & B MOSFET F % 48 S 42 il =48 A VTBR 1Y
MOSFET, X & fi 50 (1) A] S8 7k 45 1 Sy 3 BR A AL 5 2
2 43 R 04 v b 174 BRI R 20, A S PR
] 2R FH kin(G) #%5 I AR n Bk PR 4,
FOREA n DHICHIH T RGP kA KU EIE
AR, ZRGHET LA IE # T AR, 24 37 6 v il i
4 FEL SRR R S -k AN B 92 S A 58 A DT BR
A SRR A R

n

Ry (=) [CIR ()1 -R®)"] (24)

i=k

ARSCEE R AT SE FERORANIAT 13 7R .

[Ruxc}—| %
e
a

13 A SCES R TSR A
Fig. 13 Reliability model of the proposed structure

A T] R IR Y BRRN 0 4 B 1Y) FL i £ 1 T R
TP aE A& 14 FR o Bl A3 6 H it 7y 50
P R Y AT S BN BT R, 20 R BT RSOk o 20
BF, AT REBE AR 0.9, 8 kil AR SCE5 # 18 i —
PR T4 LTt AT AR R4 T R B, 7 AH ) i) HR B el
T, R RE B B A 0 A% R S 38 T . %
T 40 7 EREEAY R R, AR W RERE Oy 0. 789 2, 2
A1 U4 H B AT S B AT DL i 0.141 3, A
371 U4 W th B AT 5 E RT ARG N 0.163 5. AT 14
TR T DA Y I0A i Tt SO T 3 T e BRI
it 53 1 T HE TP AP T
45 RERESW

B T4 F b AR T R 4 RT  RE Y [)EE A
Bl FR G R R BRI B, T AT A% i Tt 1) B IRl
R 2 AT, AE LTI B G 2 DR R Tt L Y T

1.00
0.95
0.90
i 0.85
0.80
0.75
0.70

.20
r%z%ﬁ% égfo

4 5

2 3
1 kB
600 st AR

P14 TR BRI RO TUAY AL VS v T L T 5 3
Fig. 14 Reliability of battery pack with different number of

series-connected cells and redundant cells

BOR . RGURRURI BT . FH W] AL H T 2H 4 A
AT DL 25 G vt 2 4 B e 3 vl %) A I 22 A0 ) 1
HL o AR SO 25 1 A b 2 b EL Al A WL AR RN R ST
P, SN A HLAR 2K HR 25 0 TU A Ha Tt X H it 4
Ipigriup-Ali 8

3200 mAh 1Y 18650 7 b LA 1) B i 294 50 g,
WA B G6C Z 51 (1) L) R4k L 48 i 20 K 5.6 g, L
b 2H (1% AT EE BE 5 BT 0 O R AN 15 iR . Ho,
8 A s Ay 8 I AS [ 508 1% FF G RN TT 4% ML S A F
L 2H 55 A TUAR HL T A F L 2H Y T i L, AR AR R
RGEW PR 20t E T 1075, 2075, 30 15
40 77 FEL b R AC ZE R 1 B b B A 3G AL AR T 56 RN T
MW EEMATREEMCR ., NEHALLE
H, — A HLAR T OC By BT A o v B BT Y
11.2%. 34T TCAR H L 54 B R 25 18 Tl R 2 1) o
i, AEERTE T A A . X 10 T R
4 R T e PR b 2 LR G HE I 1 AT TR
Hh, 5 RGN R S A 113 5, TR BE AT A
0.931 #2F+ % 0.986, ffi A mWIE M T 10%. X T
40 75 BRI HL Tt £ B — T H b BT 41 AL
BIF 3G T 11.66% W &, o] L2 T 24% /9]
AN L ) R A

e S BR A R R E S 4 A T EEAR 2 B HIL

1.00
0.95 -
iy 0.90
i
= osst e 10T
—e— 2075 Hi
0.80 3075 LIt

—o— 4075 Lt

0.75 : :
1.11 1.12 1.13 1.14 1.15

it b
15 AR EF RS CR
Fig. 15 Relationship between reliability of battery pack and

system weight



2682

B AT /O NN S

2025 4F

AR R SR, Aol AR SN R T B T A Jo i o L
HNT S TR AR,

5 & i

A SCA R I T 2% 6] AT A L It 2 R L v B
AR ER I I AT HE R AR A TR R, B i1 — P TR
T 5 14 A F AL FL P 2L 20, A 2 R SR 2L AT AR
AL R . EEAHEWT .

1) AR SCEA AL LT AN #E 4 15 B0 K R] LA
R 47 1 P AL Y R A R Tt 4 Y T R R
JE o RHEBCT BU I S T S M A H BRI S T K4l
Ay, AR SCEE AL 715 AL P A RS R — TR,
WD T P i O S A R

2) ARSCHR 5L TR A T S Y ml A Fa it 4 2
B U050, AL 458 v T B A Y 7 4% A R g s
o BT EE T R Y B A I R R S TR AT
SR A TR L T 2E R R T B D RE, IR Ul A

3) ARSCEM M TGt A & T e
B AR 22, X 2R B B HLOT S FIIT AR R
RSO I R A eI SRV S) QN ERTIE S DI lE i N
RIVRT L 25 4R T H Tt e A R AR

£ & 3CEk ( References )

(1] mbH, ARET, B4, 4 P2 MR ARG 5/ ME S R0E
PESMT[I]. K PHREZAAR, 2022, 43(8): 50-57.
GAO Y, XU G N, WANG S, et al. Modeling and small signal sta-
bility analysis of stratospheric airship energy system[J]. Acta Ener-
giae Solaris Sinica, 2022, 43(8): 50-57(in Chinese).

(2] XUsofr, BT, 2R, 45 KM E 2 Rb e RSP A 07
AR KBHRE2HR, 2021, 42(5): 276-285.
LIUQ S, XU G N, LI Z J, et al. Energy balance analysis and optim-
ization of long-tern high altitude scientific balloon[J]. Acta Energi-
ae Solaris Sinica, 2021, 42(5): 276-285(in Chinese).

[3] BB, e, b, 45 )2 AL R IR RE P Ay ¢
SR ARSI S )], B HOR S T AR, 2016, 16(30): 85-91.
ZHAO X L, YANG X X, HOU Z X, et al. Pivotal technology ana-
lysis of stratospheric airship based on energy balance in regenera-
tive energy system[J]. Science Technology and Engineering, 2016,
16(30): 85-91(in Chinese).

(4] FRIGEHE, B, KOG, 55, G 23 8] AR L IR R SR B A 1
BRI, AL TAE, 2014, 23(6): 41-46.
LIN X H, LU C, ZHANG X H, et al. Study of new topology of elec-
trical power system used on near space airship[J]. Spacecraft Engi-
neering, 2014, 23(6): 41-46(in Chinese).

[5] XUJ, MEI XS, WANG J P. A high power low-cost balancing sys-
tem for battery strings[J]. Energy Procedia, 2019, 158: 2948-2953.

[6] KIMMY,KIMCH,KIM ] H, etal. A chain structure of switched
capacitor for improved cell balancing speed of lithium-ion
batteries[J]. IEEE Transactions on Industrial Electronics, 2014,

61(8): 3989-3999.

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

R, BTz, prAE A, A5, T FL Rt A A B B T F Yt 2
C2C ¥ B[] ML I 4R, 2020, 54(7): 39-41.

LINH Y, KANG LY, LU C S, et al. A novel lithium-ion battery
pack C2C equalization circuit based on inductive energy storage[J].
Power Electronics, 2020, 54(7): 39-41(in Chinese).

Moz, ARSE, BORES, 55 AL AR/ L3y B 2 T S 5
ARBFFI. (LB, 2018, 39(7): 83-91.

YE L Y, ZHU X, HUANG T T, et al. Research on active balance
technology of power battery pack based on multi-transformer meth-
od[J]. Chinese Journal of Scientific Instrument, 2018, 39(7): 83-91
(in Chinese).

KT, U, SRR, AR ST A KUK B L T 2 AT A
IrEEN. AERZE AR R4, 2021, 47(5): 912-918.

ZHANG Y, BAI W, SHI Y L, et al. Evaluation method of lithium
battery safety based on thermal runaway risk index[J]. Journal of
Beijing University of Aeronautics and Astronautics, 2021, 47(5):
912-918(in Chinese).

TF58, KRR, K, 5. 3T shasnl FH LIt 45 1Y OCV-
SOC LELAGTHI]. rhE L TR 2%4R, 2022, 42(8): 2919-2929.
WANG Z Y, ZHU C Z, ZHOU Y L, et al. OCV-SOC estimation
based on dynamic reconfigurable battery network[J]. Proceedings of
the CSEE, 2022, 42(8): 2919-2929(in Chinese).

MANENTI A, ABBA A, MERATI A, et al. A new BMS architec-
ture based on cell redundancy[J]. IEEE Transactions on Industrial
Electronics, 2011, 58(9): 4314-4322.

KERSTEN A, KUDER M, HAN W J, et al. Online and on-board
battery impedance estimation of battery cells, modules or packs in a
reconfigurable battery system or multilevel inverter[C]//Proceed-
ings of the 46th Annual Conference of the IEEE Industrial Electron-
ics Society. Piscataway: IEEE Press, 2020: 1884-1891.

KIM T, QIAO W, QU L Y. Power electronics-enabled self-X multi-
cell batteries: a design toward smart batteries[J]. IEEE Transactions
on Power Electronics, 2012, 27(11): 4723-4733.

CI S, ZHANG J C, SHARIF H, et al. A novel design of adaptive re-
configurable multicell battery for power-aware embedded net-
worked sensing systems[C]//Proceedings of the IEEE Global Tele-
communications Conference. Piscataway: IEEE Press, 2007: 1043-
1047.

GUNLU G. Dynamically reconfigurable independent cellular swit-
ching circuits for managing battery modules[J]. IEEE Transactions
on Energy Conversion, 2017, 32(1): 194-201.

By, 28, BN, 55 SR RN e I X e i 5 2 o B
TP I 5 1XEE, 2020, 57(7): 48-53.

LIAO L, JI F, WU T Z, et al. Equalization circuit with additional
power supply and capacity self-balancing method[J]. Electrical
Measurement & Instrumentation, 2020, 57(7): 48-53(in Chinese).
ERAT, B, TR, . ASAE AT A A R R S A ).
MZs24R, 2018, 39(5): 321722.

WANG Y R, HUANG X, GENG X, et al. Fault-tolerant battery
power supply for aircraft and its active equalization management[J].
Acta Aeronautica et Astronautica Sinica, 2018, 39(5): 321722(in
Chinese).

JIF, LIAO L, WU T Z, et al. Self-reconfiguration batteries with
stable voltage during the full cycle without the DC-DC converter[J].
Journal of Energy Storage, 2020, 28: 101213.


https://doi.org/10.3969/j.issn.1671-1815.2016.30.014
https://doi.org/10.3969/j.issn.1671-1815.2016.30.014
https://doi.org/10.3969/j.issn.1673-8748.2014.06.008
https://doi.org/10.3969/j.issn.1673-8748.2014.06.008
https://doi.org/10.3969/j.issn.1673-8748.2014.06.008
https://doi.org/10.3969/j.issn.1673-8748.2014.06.008
https://doi.org/10.1016/j.egypro.2019.01.956
https://doi.org/10.1109/TIE.2013.2288195
https://doi.org/10.3969/j.issn.1000-100X.2020.07.011
https://doi.org/10.3969/j.issn.1000-100X.2020.07.011
https://doi.org/10.1109/TIE.2010.2095398
https://doi.org/10.1109/TIE.2010.2095398
https://doi.org/10.1109/TPEL.2012.2183618
https://doi.org/10.1109/TPEL.2012.2183618
https://doi.org/10.1109/TEC.2016.2616190
https://doi.org/10.1109/TEC.2016.2616190
https://doi.org/10.7527/S1000-6893.2018.21722
https://doi.org/10.7527/S1000-6893.2018.21722
https://doi.org/10.1016/j.est.2020.101213

55 8 ]

MEEERN, A R TIRA

TF R Av A 04 A B A H 2 A IR 4

2683

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

CI S, LIN N, WU D L. Reconfigurable battery techniques and sys-
tems: a survey[J]. IEEE Access, 2016, 4: 1175-1189.
HAN W J, WIK T, KERSTEN A, et al. Next-generation battery
management systems: dynamic reconfiguration[J]. IEEE Industrial
Electronics Magazine, 2020, 14(4): 20-31.
CUIH Y, WEI Z B, HE H W, et al. Novel reconfigurable topology-
enabled hierarchical equalization of lithium-ion battery for maxim-
um capacity utilization[J]. IEEE Transactions on Industrial Elec-
tronics, 2023, 70(1): 396-406.
HUANG X R, SUI X, STROE D I, et al. A review of management
architectures and balancing strategies in smart batteries[C]//Pro-
ceedings of the 45th Annual Conference of the IEEE Industrial
Electronics Society. Piscataway: IEEE Press, 2019: 5909-5914.
TASHAKOR N, ARABSALMANABADI B, NASERI F, et al.
Low-cost parameter estimation approach for modular converters
and reconfigurable battery systems using dual Kalman filter[J].
IEEE Transactions on Power Electronics, 2022, 37(6): 6323-6334.
EA, PR, RO, 45 BTSRRI [T]
HLEH AR, 2018, 42(12): 1832-1834.
WANG Y, YAN X, LIN W K, et al. Research on discharge effi-
ciency of battery pack with redundant cells[J]. Chinese Journal of
Power Sources, 2018, 42(12): 1832-1834(in Chinese).

S5, RCRRE B B A B R G THRIE & (D). R e
HB‘U(‘;&, 2019.
LIJ S. Design and development of high efficiency and high preci-
sion battery management system[D]. Wuhan: Huazhong University
of Science and Technology, 2019(in Chinese).
HEERE, G, TS, A5 SR T 2R R RIRAL A ) R AT A
A R IR A k0], SEER AR 5, 2022, 39(6): 68-72.
YEZY, YINJY, SHI C L, et al. Reconfigurable battery series and
parallel equalization method based on multi agent reinforcement
learning[J]. Experimental Technology and Management, 2022,
39(6): 68-72(in Chinese).
o E N RO S A A T B T SRR T GIB/Z
299C—2006[S]. b5 HrE A R 4E S 4575, 2006.
General Armaments Department of the People's Libe. Reliability
prediction handbook for electronicequipment: GJB/Z 299C—2006
[S]. Beijing: General Armaments Department of the People's Libe ,
2006(in Chinese).
FEBR, TTF A, R AR, 5. MMC B ) B 728 PR 3R38 17 AT
S3AT B FRI]. MR, 2022, 46(3): 1073-1083.
CHENG L, WAN Y X, ZHOU Y L, et al. Operational reliability

Sk

analysis and application of MMC power electronic transformers[J].

Power System Technology, 2022, 46(3): 1073-1083(in Chinese).

Mis% A:

Fr A A AT SRR TR RN R, A AR B
F1 He B 0.2, T BE B 55 °C, RS g R RO S
v P9 I 1 S, BRI 1) g Ml T R 4T

FL I Y TAE R R T TR
A, = W7Emq (A1)
o A TAERECE, 300k 10°/h; 4, AR
AR, B 107%h, Horp B E N 1.5; 7, WL R
B, W1.05 m Ay BT iSRG, B 0.45,

HLHL AR FL 85 1 T AR R BRI B AL

Ap = AWTETQACI ey AT (A2)

A 2, B 0.087 2; m M IR EE REL, ABE N Gy, B
1.0 mo RIS, B S RN 4, 03, 7, Jafh
HIE R B, 1 TR 1.7, 7oy M EITEE T R
B, SE R £ R 10 I/, meye N 1o m RH0E L3
ZH, fu e, 0 BUE M (1/4) B 1.0(1<[<10), 7, F 0

FH R B, R 0.94; m. R 2540 80, AR HF
=, 3.2,

k00N A 0 A 2 Sk R A AR

/lp = lbﬂ-EﬂQﬂAﬂCﬂKﬂr ( A3 )

e 2, BL0.151; 7 BL 1.0, 458 Gy, my L 0.2, JiT
BN A, JF RN o, B 0.70; BAAE mo L 1.0
me AP E R EL, RESHRON SRS R R RI1.0; 7,
WUE )RR, Hh@UE YRR R PIW, B 1.5
(1<P<5),

W38 A I TR R AR PSR

/lp = /lbﬂ'EﬂQﬂ'Tﬂ'Aﬂ'szﬂ'C ( A4 )

2 2, B 0.023; 7 B 1.0, 855K Gy my B 0.2
EER, TR ER N Ag x, B 2.0(80E LI 3<I<10);
LR 7, B 1.5; 7, B 0.2, B R 0 <<0.3; 7. B 1.0,
FEMMEEH G G


https://doi.org/10.1109/ACCESS.2016.2545338
https://doi.org/10.1109/MIE.2020.3002486
https://doi.org/10.1109/MIE.2020.3002486
https://doi.org/10.1109/TIE.2022.3152005
https://doi.org/10.1109/TIE.2022.3152005
https://doi.org/10.1109/TIE.2022.3152005
https://doi.org/10.1109/TPEL.2021.3137879
https://doi.org/10.3969/j.issn.1002-087X.2018.12.021
https://doi.org/10.3969/j.issn.1002-087X.2018.12.021
https://doi.org/10.3969/j.issn.1002-087X.2018.12.021

2684 b w5 it = it K K % % 4 2025 4F

Series-parallel topology of reconfigurable battery pack based on
hybrid switching devices

YE Zeyu"?, YIN Jingyuan"”", ZHANG Tongshuo', SHI Changli"*, WEI Tongzhen"’

(1. Institute of Electrical Engineering, Chinese Academy of Sciences, Beijing 100090, China;

2. School of Electronic, Electrical and Communication Engineering, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Near-space vehicles require battery packs composed of a large number of cells connected in series
and parallel. The failure of battery cells can seriously affect the performance of the battery pack and may cause the
propagation of the failure. By configuring power electronic switches in the battery pack, cells or certain sections of
them can be reconfigured, enabling fault battery isolation and capacity balance between batteries. In order to achieve
high efficiency and reliability of power supply, a reconfigurable battery pack based on a hybrid switch was proposed.
First, fast-response power electronic devices were used to isolate the battery string, and mechanical relays were used
to control the insert and removal of a battery cell. Then, a battery switching strategy based on a hybrid switching
device structure was proposed, incorporating a diode-assisted bus voltage regulation method. At last, a prototype of a
hybrid-switch-based reconfigurable battery pack with 10-series, 2-parallel connections was built, and a reconstruction
experiment under discharge conditions was carried out. The experimental results show that the proposed structure can
realize battery balancing, fault isolation, and bus voltage regulation through switching devices. Analyses of loss,
reliability, and weight show that the structure can manage cells with minimal additional system loss and weight,
improving overall battery pack reliability.

Keywords: battery management; reconfigurable battery pack; hybrid switch; fault reconstruction; reliability;

balance of battery capacity
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