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Review of “Lithium Battery-Supercapacitor” Hybrid Energy
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Abstract; With the diversified development of electromagnetic launch system (EMLS) application scenarios, a
single energy storage device cannot simultaneously meet the high-power-density and high-energy-density energy storage
requirements during the launch of different types of loads. The energy storage requirements of EMLS under short-term
intermittent operation mode are analyzed, and the current research status and existing defects of EMLS energy storage
technology are introduced. On this basis, the key technologies such as energy storage device selection, parallel
structure design, capacity configuration, and real-time control that need to be overcome for the application of “lithium
battery-supercapacitor” hybrid energy storage to EMLS are discussed and summarized. The future research and
development direction of electromagnetic launch hybrid energy storage technology is provided.

Key words: electromagnetic launch; hybrid energy storage; lithium battery; supercapacitor

Wk B30T 2020-12-13; U BMERCHS H 41 : 2021-01-14
# FERIWH . MR AARBEE ST (51977218)
YEHE RIS RERR(1997—) 58, B LBFFE A  BFFE 05 1) i g s 75 i A% 3
RRAS(1984—) B3 1 4 RIBE S 53 BF 5 05 1ol W 0 5 i e sl GlARAE)
VP 4 (1983—) 59 14 W50 5L, RS O 1) S ELER A ML ISE T B a5l



Fi29zsik | EMCA

AL HAEH) %W 2021,48(3)

0 3 =

L R BT RR P e S ki B
BCA E NSNS . S1E 5 k5 AL,
P B0 S ELAT B T R S 3 R it s ] 2 A
TRIE S5 /N 27 BRI EE 52 AR SR A 38, 1 A B2 1E
LR BURAE S RS

TEZE AT R AU 22 AR AL & R 1 LR
FEAXERER TR WML, SCHRL 2 145 4y
S I A TC i BE 2R G0 1) 2R 5% 1 F B o 2% T
MOk . HHT, B N A2 T R kS it e
FARM T B2 5T, A3 2 — ik RE R R
FEAFARSAT , B RETCE [ et =5 e i
305 PR R e DI 235 B 0 R, A AE g T 3 5 32 B T L g
TSR RAR Al 15 22 S5 B e, TCTR T 2 L &
SRS (EMLS) 2 2 FEAL R R oK

L, SCilik [6-81 #2 R IR & i 6E R 4t
(HESS) #2 il AN [R) R ) £ 68 28 14 WIn R 1A% , e 35
HAM P T AERE R G R TR R,
BRI T AN [R) B A7 A RE T R A Z RRAL MR, 42 T
f EMLS [l S8 38 M A i .

1 EMLS fi ¢ 5 5K 2 #r

Wi 1R EMLS ffifi fiE 2R 52 | i AE AR 4 15
& ko B LRI R G 4 AL

K1 EMLS 4Hi{

UL A SO BB U 2R iR G T
PRIEHR A ASTRI AT 43 < i ol 2R Pl L™
AR S S5 8 TR A JBE A9 AN ] R LA 23 - R it
U RGBT S | A R R G e
i ANTR] B A AN ) AR BOART3 SH
Y& T XERER I R/ RE R OR & . B 2 8
EMLS J iif [ X T AR 3 AR T80T /92
RBERFCORM L. 5P —ERER L, IR G iR BEAE
AR/ et e sRAR bR i) R e B b oG e s,

— 2 —

AT R R B A A 2 REAL R B R R, AT R
te EMLS A58 FPE AR 16 v

12f (A
[EPIES
5 10f
£
42 0.8
HE
I8 0.6}
#
7 0.4}
R o2t
0 e - — e
s EAEE MR, AR

K2 EMLS 2%/ Re it dsRos 2K

e g o A A AR TR,
FEL T A2 S PR R AR WA ) 24 8 > R ) Bl i oK
BORAERE R GE AL RISk ol B BE , 77 i A2
i 2 UG R R

kb i P ORI B AR s o RS b
P R, 2 T SR A T e R ) 7 T B
TSR

TEZER QU P EMLS [ B i i 5 R
FEAR B , DRI i BE 2R Gt B R A 1 E e 2 0
HEL, HESS S8 iy Ly 5 4 5 R R ) e 2 1
R, T AL R A S T R/ R R i S L
RERE A D i/ AR B

[RlIF, EMLS 52 % 22 75 1) 128 47 #5355 1 ik E
GEAA I N 2 S I A B AR AL, T LR 4 IR
i IEH R I BE T

R, EMLS #9fifRETS K nT B 45 , RERS AL
RIA Pk i B, A7 L 2 UGE A R R i, B
A s 3 M RS PE A A i DR TR S AR
SRR 3R B L

2 EMLS fif & 5 R #F % Ik

FUAT, E A EMLS 3220k S — Gk AE , fL15
L IR AR RHRE IR T REREREST

SCHRT3 TR R R 3l A S B A il E 50T, 8
A PR SR 3 I e X A DA R Aol R L
SN TR A 9 PR R OR o LR PR b i
RETCIEAE A A2 BRI A EMLS Jrids Bk i
REAYIEE D, HLIRBE IR TG W 1k 22 , ek e IR
PRIE T HERF IR ST A DI RE

SCHRL 13 ] R v RE o 9 2 Y FL A A8 A



@ AU HAEH) 2 0 2021,48(3)

Fi29zsik | EMCA

EMLS mr I A4, fE A7 fift MIHE RE TR 40 A I 7%,
{RAFAERE L2 B TA R B EMLS 23R A i AR
PR S5 R AL

SCHRT 14 ] 5% F )48 il BE 42 13t fE & Jik b X
EMLS Wi R AR TR . REERERE R H Rl
RE S A A RES A, BB (] I S0 e B 1 % JEE A1
AR (R R e+ 2%, i e
BILFNAE il A A0 4% AE LA 2R, AN K, HLAFFEAOR
(OFTRE ™, DRIt G A A B 10 P ZE R T (AR
Ry 2 E

SCHRL 1S ] 36 k8 5 8 A BE B0 AR A7 BN
EMLS 4 BAE £t fiE 77 22—, W] S B/ AL O 5
R MACREE R SR A5 B bR

XFECES 1A% EMLS fif e K (19 0 Hr , F—
SEREBORIT I BRI, th T RERERH A S b
(L JCA A D) A R BE A2 % L, A7 A6 N 57 52
FIR BE TR FH AR AR 48 DR AlaR 25 55 R, oIk A 3K
fiftphe EMLS 2y 22 640 B A E ] o

3 EMLS B 4&fif i R B AR

3.1 fEREERMIESE

HESS 1 by v fih 4 5 04 % S A i 38 4, e )
TR S YRR IVER , e T & S
L AR R 4 W S R ) R e D R R R e, 1
D HL DO R B8 B o 3 A X St RE R A 1 S T
BT LR IR R R
TR A A IR P 3 I M AR, PP
M 25 E i EMLS [ 6 BE A% 14 8 vt 5 48
PR LN 1 R,

®1 EREM58REEFRFEIILL

ik Eas 1 LR YL
B/ (Wekg ™) 200~ 340 10*~10*
Rem &/ (W-h-kg™") 100~200 0.1~15
A/ (TE-kW ) 8 400~28 000 1 000~2 000
Be A/ (JG-kW™ R 2500~3 000 40 75 ~100 Ji
LA/ % 65~95 85~98
% /a 5~15 >20
TEARUE R 1 000~4 000 100 7

I 1l B b R A A7
R EAE 7 f Ji, Zh 3 LA, JeiA 4R it r i &

St T T 7 1) I Il SR, DR O, A e A
HESS Hf ] {1 55— A g , Kt IRl R i e
D R T T A7 At L by 288 A 1 ) 8 AU i B A8 R B flE 22
SRAE R RE

G L A — BT R e R, DR 1
Ty A A, 1 IR R, (ER g
FREAR TR, 7 EMLS Hn] /5858 — 904t
A R4 e AR R T ag

PRI, 7T SR FH < 48 b — B 4 P 2 TR 1
Ve LT S 36 9 0 BE 2R 4, R PR L1 9 5 — L %
e RS, MR L AN R 5 kR ek, W 35
TAE RS E K, T S8 45 & 4% HESS [P RE,
JE EMLS #fmf Z b DR/ e /75 oK, i 51K
T B RV S 3 135 7 PSR
3.2 RAEBEFHBEIEIT

A B B A IR A R AR M 4G
AL 43 A DC/DC A e FE B 81 DC/DC 728
HerS B R R TIE 3 B, A 3 R

=)

ZEN
=
b,

| |pemc i
T | e
sk I B
| T T (®
1 |pc/de #
T AR ds
(a) DC/DCAE 3% Bk (b) BEIEL

el I
-IL@E}%%S -|_

(c) FDC/DCAS e 2% H-Hk

B

B3 B - R AT IR A AR RE NS

FEHL B VR ZE Y e 0 A Ll &
G AR A i, HESS 5 328 3 3h v Blg , R
AR 2 DC/DC S B8 B AR NG5 Hy , AT
A RE RS I 75 R HL ik, 1 4 B 2R 0 1 B A B
B B TR R, A KRR AR SR By, 427
ZUEPERE'™ . i EMLS h, iRA s AR R e
YR ZR ] 12 5 R T Bk o B, ELTh R
A i S5 G T AR T35 4, H e b 5 R e
AR DC/DC AR H 2 SR 17 1

(1) FEENGS 5 2 G ok ) B T /R 2L
PRk

— 3 —



Fi29zsik | EMCA

AL HAEH) %W 2021,48(3)

(2) Pkob= & & RBI A 40T, DC/DC
A g A (5, AP

(3) FFOCH5 1 fr ke 42 i) B6F, ¥ | PR AL 0% B
K, DC/DC AE 25 1y 4 5 12

HE 3(b) AT LAE 4 it 5 0 e 25 BT
FEIRFR AN AT AE LR ), 454 ) B, lAC
K, RGACR N E BER, 15 5 EMLS BT AS4R
W Ty A IV el 8 o O G TR AR R Sk
(241 XF b T #1 H oth 5 68 2 PR 25 BB T I I 4 4h
FEFEE TR T 00T A v T T 00 i B
B, 25 5L 3% W BB OF A I B 0 3 G ok w2 R
T

HESS F 2 -1 (19 S5 330 L BB TR AN 18] 4 BT

I

K4 HESS B4k S5 AL i B A A

S HATFHRES K B AR 22 DL S el L
Ini& s EMLS IR & f#6E, {H2 25 HESS 1B i iy i
RIZR K oh g RER, B BRER LR U, 23 Bk ) 2
v 5 DT S50 RE P A7 AP R L P XU, 33 5
HAg il A5 dn . &l 4 dhas AR 2 W] 5 2 Al L
i HESS B th DR i i s f vy, LR AE A
J Uy ANRESRAL 38 i P L T 21 il 42 o, I R
LT ZH A R T U, BRIV AT o 2 R g o PELOAE 4, 119
R/ DR

PRIk, e o 8 b b 2 ) 2 ), AN AT LARR
iR ERN R SR Y iU R AN R R 7Y
DUAE L R 2 A T R S B i, 2 EMLS
W HIR A ERER SRR Z —

3.3 RAMEETERENE

FBTREBER AR B 1230, EAE RE AR 1F 1Y
AR 3 8 B, AESEBRN 8 e %
JEINAEZR . IRAHEER A2 I B R 28U
JRASIE TN, A C B /N ) 2> S B R A O T
s, B FL A 5 A, IR, 0 B HESS

4

SRR A RE A 1 A7 2 1 IC DAL, 9 E
A PR H R e S I AE £ B AR AL s B, SR
JRERE 5 M 7 A HBERHE SOC ST TR
TR o Ly R A 28 2 R AT, o il ik 1 A -
DR R A A R R A R CE TR

ARG EMLS SR HI A48 i it 5 B 20 8 BT
R Fy , R HUGE BE A% 1F 2% 40 R O 2, e s
iR

o>t
=
== | =...L| [pC/AC
) | ] pREES
- | -
R !c_r L, legasa |
™~

KS AEIERER

&5 b M 25 5 0 et 4 2 (B A Bl I
TS B LR R A A L T R A T R R S,
ViR H St 75 Ay . 7EAR 2 EMLS B 74 T, AR
TR T K B R AR, WA 250 1 I
G L AR A IR IBRE y AN L 2H A IR IR E v
W ARG AR, D S B B e it — 8 P
HESS 7 AN [F] Ty %/ g 1 75 2R (0 [/ e, fif R 40
SRR B LR AR S LA B AR AE BT T &
HkF A, T B2 B HESS 7E AR N 34 T
()35 2 1 PR A2 5k o

I 2 S A S AR R RE AR
R, BRI A HE B R K, B S
NSRS 2 RE AL ik B et B, ) 5K
BB B (HoR A 2. BRT, 58 R &
) W RE I C o o0 o R SN VA
BT N TR AL TR R AY B
Vst e BN R DAL 53, AT 5 BEIC B R 40
T, AR RGMERE
3.4 EEfERESRIEHIRER

7E EMLS 4 i i) 828 TAERE ST IR A 16
B 5 R L A RE , FE 0 A4 L Tt B
JEE KRR F 25 T 5% B R e o, AR P it e 2
e AR, WA 2B B 5 G B HESS S 4% il
W, SCH ) 45 A R AR R IO R I Bl , LA O )
R Sy R A R A R LR

TRAGEREH FH T 38 43 B il O i A g e
AR TR F s R0 ASUH 1 e s i T



@ AU HAEH) 2 0 2021,48(3)

Fi29zsik | EMCA

N 1) FO3 3 b < R

SCHRLT T4 SR FHARSOR] < ] 1) B A7 AL SR s
AR TR i RE AR G B I R L 4 1 6 LA T
B PN R R T R PRI, B e 1 IR A R R

FLT EMLS J Ik i 2y 232 0 18] % 32 22 4 9
FRIBAT 00, WhZBTH] A 5 BB 2 1l SRS, S % AH B
AP Sk iR S TR B, 308 o R 8 A 1Y
IBATRE ) FBERS T8 T (0 I [0 34 B2

4 % iE

“a

ARSI T EMLS i [k 20z A7 A X R
BRETT R, 8 T EMLS fig BEH AR A AFF 53 BUIR K
PUA BB, SR b X R A v — R g L
TRAFEBEN FH T EMLS Jires S0k 5o i £k AE f F k
B IFBRAEA T 2 T RN SR ) S S A
ARIAT TIEIR . WMAPKER A it B DG R AR 5 L R
S ARG D 3R TR R i 2 T R A
il 38 T H R & S 3 6 1 HESS BIF58 )7
B RANAN E AT RRIHE

EMLS HIR & i RE B AR ST R BN T

(1) EMLS 5 H &5 ARk i 2 59 A 18] DL &
ZRAL BT R 1S R G 2 S A TR A i AR v
5 fEBEMRRT T R 25 R KA 2R LA
I, A R b —HE 2 25 HESS 1 D1 %53 it
HASEAIAT , LA S T i RE 28 PR B 1) 28 4k S A
e PEAd

(2) HESS {4l 77 20A 2085 52 i 21 e it fife
HFfr, BB RGN L 2R istt. W
I, T 45 e 0 L 7 5 A R e 94 e 2 A il e
Mk fos At U TR TRERIRFE S M &
i f PG 0 < B H Tt — 8 g L 25 HESS It Ak 2 i
P

HESS [ 1 FH AT A5 380 itk e v 1 2 55 22 e AL 2k
o s B 1) AL, 448 w2 PR & S A0 P e 2 b
ZoUePE X R K S H R N R R A el
b FR Gen] SEE AR S AR IR A R A KR X

(& % x K]

[ 1] FR3L0e, Phise, ROk 45, 0 B A 0 R 48 I
HPE i EORBEFE[T]. TS AR, 2020,4(1)
15.

[2] Rigig, G758, BHEW, % RIRRGHEERE

[3]

[4]

[5]

[6]

(7]

[8]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

Pl sRms E 7 [T 1. P4 % 2838 R 54l , 2015, 49
(2):93.

TEFA, B A5 B, A B A T AR AR A P T
SYRrEIRIHILT . PR RS2 241, 2019,41(4)
66.

TYLER N S. Design, analysis and construction of a
high voltage capacitor charging supply [ R ].
Monterey,CA : Naval Postgraduate School,2008.
MAYS T A. Low voltage electrolytic capacitor pulse
forming inductive network for electric weapons[ R ].
Monterey, CA : Naval Postgraduate School ,2006.
CHAEIT, B 6 R A b AR R T R GE i T
FORWI NS A R [T ] B T H AR 224, 2016, 31
(19). 1.

I, SRR R R R R A TR it RE R e B
AEVRAS BIOR MG [ J]. W THAR %4, 2020,35(19)
4076.

ZHOU R, LU ],

management  of

WANG G, et al. Thermal
hybrid
electromagnetic launch [ J ]. IEEE Transactions on
Plasma Science,2017,45(7) . 1459.

[ T, T A L R A S BRI
ZERLT ] MUATRLHR ,2020,42(13) = 7.
R0, B 755, il R SR ]. E R R
2230 2016,38(6) : 1.

SANTUCCI A, SORNIOTTI A, LEKAKOU C. Power

energy  storage for

split strategies for hybrid energy storage systems for
vehicular applications[ J]. Journal of Power Sources,
2014,258: 395.
FEER, R, EREAR, A — i T MR A it
RERGEM D) R B ms [T ]. iy A s b B 45,
2015,35(4) : 38.
MACDOUGALL F W, YANG X H, ENNIS J B, et
al. High energy density -capacitors for EML
applications [ C ] // 2004 12th Symposium on
Electromagnetic Launch Technology,2004.
SWETT D W, BLANCHE J G. Flywheel charging
module for energy storage used in electromagnetic
aircraft launch system [ J |]. IEEE Transactions on
Magnetics ,2005,41(1) ; 525.
HE S, BREENT V5, A5 HURE RS BORAE S i
HAS RGBT LT ], KATT 91, 2020(7)
67.
BADEL A, TIXADOR P, AMIET M,et al. SMES to
supply an electromagnetic launcher [ J ]. IEEE
Transactions on Applied Superconductivity, 2012, 22
5 _—



Fi29zsik | EMCA

AL HAEH) %W 2021,48(3)

(3): 5700204.

[17] SOk, K. HREECRTERTRE IR R 1 RS8P BB
FERRLT ] BRI T ,2015,32(5) : 1.

(18] JAAK, BE5E, W00, 45, el 0 fiff BE 15 AR F 58 2534
L] R frdp 5] ,2011,39(7) ¢ 147.

[19]  FhEM, WS, 8, 55, BT RE IR ARIR & A BE
RGO FOR M R ZEA [T ], b [ 36 #iF, 2018, 59
(1) 226.

[20] WEE K W, CHOI S S, VILATHGAMUWA D M.
Design of a least-cost battery—supercapacitor energy
storage system for realizing dispatchable wind power
[J]. IEEE Transactions on Sustainable Energy,2013,
4(3): 786.

[21] GAO L, DOUGAL R A, LIU S. Power enhancement
of an actively controlled battery/ultracapacitor hybrid
[J].IEEE Transactions on Power Electronics, 2005,
20(1): 236.

[22] DOUGAL R A, LIU S, WHITE R E. Power and life
extension of battery-ultracapacitor hybrids[ J]. IEEE
Transactions  on Packaging
Technologies ,2002,25(1) ; 120.

[23] FIHR,FBA T, RR. @A A SHE T IR
SERERR M & R [T]. F W, 2019,56 (3) .
101.

[24] CERICOLA D, RUCH P W, KOTZ R, et al

Components  and

Simulation of a supercapacitor/Li-ion battery hybrid
for pulsed applications[ J]. Journal of Power Sources,
2010,195(9) : 2731.

[25] HAN J, ZHANG J, YAN L. Capacity configuration

D 2 LC e TETl D

[T 4T ]

CHpLSERIN ) s b/l ) 41
T 1959 4, 225 B 50T [ 0 W 2 Y, el
iR AR T (R R ARA R £ A
A LAV TR AR SR

ST H AL AR R R = R AR, DU
/N AL Sk BE Al R T R A R AT B R AL
FERAILEL AR, DB e IR 12 A R e 45 il B R 51
SRR A% G2 1Y HB ML 3 B R SR O 1), DL HL AL
RGRE R B bR T 0 H LA OGN, 4 T G
] N AP S5 B B L R AR T A v A AR
KBATIAF B

AT 10 H R, B NN TE AT, HB &

— 6 —

of the hybrid energy storage system based on improved
quantum genetic algorithm [ C ] // International
Conference on Renewable Power Generation ( RPG
2015) ,2015.

[26] 7,58/, IR IE , 55 KOG/ R0 IR &
ERER LA R E LT ]. B R AL A sk
2£41%,2020,32(6) ; 123.

[27]  SR¥UR, B, 5 M5, 5. R TSR RS0
A ELR S WOR RIR A RE A LA e e [T ]
R4 AR ,2020,46(2) ¢ 527.

[28] GAO W, LIU S, HUANG L. A global best artificial
bee colony algorithm for global optimization [ J ].
Journal of Computational and Applied Mathematics,
2012,236(11) ; 2741.

[29]  THAARARAE, BR A 47, 55 — Mol ] TR & A RE &
gerypEthl dems (1], b E AL T AR 7 4k, 2012, 32
(7): 1.

[30] GARCIA P, FERNANDEZ L M, GARCIA C A, et
al. Energy management system of fuel-cell-battery
hybrid tramway [ J ]. IEEE Transactions on Industrial
Electronics,2010,57(12) . 4013.

[31] LEE H, SUL S. Fuzzy-logic-based torque control
strategy for parallel-type hybrid electric vehicle[ J].
IEEE Transactions on Industrial Electronics, 1998 ,45
(4): 625.

[32] LINC C, PENG H, GRIZZLE ] W, et al. Power
management strategy for a parallel hybrid electric
truck [ J ]. TEEE Transactions on Control Systems
Technology,2003,11(6) : 839.

2 RCRERERETETl D

el el

5 4-199, 7epEAZ iy A, AT
/NS R BILAT ML OB PR 28 5 R A T R Y
TTHR, 7 P R AL SR T U A AR e B P 2

MRATEE A A R R B BRI T 2 1A ol
GEUR, LML Pl B HT) TE W9 el A it R AR
AR5 ) AN 30 BT , 76 2 E RN R R A T
R BE 2 rp [ 2 AR P 255 P K a2
RIEIYIH™  rp ERE A 5 SO R TR T
P E S AR T OL SR 2 SORCRIIT 733
Tl B AT £ 2T R S A
TR, Z 0B SOOI T R BE AR AZ 0 40
Tl 2 E TR



