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Abstract: [Objective] In the context of energy scarcity and
low-carbon shipping, efficient energy management is critical
for hybrid electric vessels. This paper proposes an improved
multi-mode power-following control strategy to address the
limitations of conventional methods, such as high energy
consumption and poor adaptability. [Methods] Firstly, the
overall architecture of the hybrid power system was analyzed,
and the parameter matching and model construction for the
target vessel’ s power system were completed. Subsequently,
an improved multi-mode power-following energy management
strategy was designed with the objective of enhancing system
operational efficiency, adopting a hierarchical control
architecture : decentralized power control was implemented in
the first layer to achieve precise and optimal regulation of
various power supply devices; the second layer utilized an
improved multi-mode equivalent cost minimization strategy to
holistically optimize overall energy consumption while
ensuring smooth and accurate power tracking. Finally, the
effectiveness of the energy management control strategy for the
ship hybrid power system was validated on a Matlab-based
real-time simulation platform. [Results] Simulation results
demonstrated that the proposed strategy reduced hydrogen
consumption by 23.81% compared to conventional strategies.
[Conclusion] The proposed control strategy comprehensively
considers constraints including power battery cycle life and

fuel cell optimal operating range, effectively extending the
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service life of both core power sources while reducing overall
vessel operating costs, demonstrating significant practical
economic value.

Key words: hybrid power ship; energy management; multi-

mode power-following control ; equivalent cost
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Fig.1 Hybrid power ship structure
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Fig.5 Decentralized power control diagram for
hybrid power ships

R YR HEET BT R E BB R K
eI CAR S T 3 A T2 R IR ok a7 A
o MHARR IR M T R 2 h A R i L 4
G55 I A PR RE 22 5, Tl A TR A I, AT
SRR R R R R g o R R T Y S
IR

Pra =Py + Pras + 000 + Py, (11)

PERERCUF BORORE L AR PR B a2 R34
T, PERBBCZE AYMORE L Tt AR FH /N ) i 2 A 0
o MBI DRI AP, K YR BE
K, kA0 5n (12) ((13) FiR

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



) B, 55 TR SN 2R G0 i) O 2 2 A 5 B A T R 7Y

596 Xiang Kun, et al; Research on Improved Multi-Mode Power Following Control Based on Hybrid Power Ship System
APmel = AP('uel_l - K, + APruel_z c K, et S in j@%ﬁﬁ%(ﬂﬂ"]?l‘ﬁlﬁﬂﬁ,sm“ SRR
AP, , - K, (12)  FRBE;S wnin TARRC P s gkt P,

AP, - APy, SRR HL R 2% P AR H 3 0 3 £

K =—= , ie (1,2,--,n)(13)
z P?uel,i
AP, R @ (TR TR R

AR H b AR Al Dy 238 43 C 5 SR R i 1 T %
LB T BIBET , G B b T AR ST A K
B 3T RGBT TR E M

2y 3 H BT i 5 Ay PR 2 X ) 5 %8 A
K, A FEA HAE AR R, AR 4l SOC X ] K He ] 43
MIEH FUH IR =R TR, sh bt
FATTRY K L R BE

Uset b =

Upi e — AU, FEHBR (SOC,, < 30%)

Ut s » IEHEF(30% < SOC,, < 80% )
Uiy + AUy, it (S0C,, = 80% )

(14)

AU, 248 T A F B T Y T Y
Usi e HEERRERISH R,

2y v R TR R R TR R MG
HR, AT SRR ) R SRR E

TR A g PR e 17 (4 Pl BT SE R
SRR R Z A A R

Lo (1) = K LU (1) = Uy (1) ] +

K[ Up(t) = Uy e (15)

A K, HWHIREGK, WS 0, (1) N
A 2 S PR BRE LR L T
2.2.2 B EEREA X F AORA R I H)
S

Bff 7 R F A BRSO DURRL Rt Sl 2
A HL BT ZERI R D) 8 X ] L 2 i R A T 97 2
2855 3K 5 301 7 i 5 8 R A R i B i g
G, R L Ttk S A 1 e 7 B AT R A e £ e
T AR ER 1 AT Rl £ 28 1m] 15 e o, SR
RER = ROR

S AT R IE TG B, 75 18 H Tt ) £
RASL AR 5 30 7 0 i e Fe g O, ank 5
Jiim o Ho A SRR ARSI A

H18 5 FIHT, SOC Sy L it 1) S5 Ao iy FRLAR 24

e

D

WA Py, WM R RIB T I A S, i T A%
TERERE S, S AR b BRI (R SO — %1
AR

R5 AR SR IEGIRE

Tab.5 Improved multi-mode control strategy

g
Soc S P, P,. Py $,<80C< 7
S,
P, <0 0 2 1
Py <Pioin 0 2 1
SO0C=
s Promin <PL<Pr, Prein 2 1
‘ Preo <PL<Ppa P, 2 1
Proa <Py Premax 2 1
Py <0 0 2 1
PL<P i 0 2 3
S in < min( P, -P,,
2 Prn<PL<Pyg, Prein 2 3
SOC<S, Phay)
Py <P <Py Py 2 3
Pl <Py Pre 2 3
P, <0 0 3 2
Py <Py, Py, 3 2
S0C<
S Promin <PL<Pr, P, 3 2
min min( P+
Py <PL<Ppac Pruacs 3 2
Pronas)
Pl <Py Prema 3 2

AR A Ty AR BRI Pl AR AN AT 6 T
P AR 3) 5 4 20 7 B i SOC i A &R ¢, U R &
PGB TR, R, S PR3 B 2k T R i 3 i
PEL AR BRI > FCARE i b5 3l g v A 1
HFIREF RO TR AT — IR

HIPE 6 nl A1, 2% SR s m] (e AR o Tt 0y 2 A
xR AT RO TR, 456 3 e b L
ARAS A S I G TR SRORS i DB IS0k L vl A 1 2
RO RAERERE IR AR, S BN R Gtaz
AR A

3 KIS

PSR Rl I A I B S N - S
Simulink -5 ## TIRS 30 7 B i R GE 0

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HIPL SR, 55 53 %, %56 )
Electric Machines & Control Application, Vol. 53, No.6, 2026

597

BE6 mMiti RN ThRRBEEHRER
Fig. 6 Improved multi-mode power following

control flow diagram

EAR I 7 FR . IRA B IR 3R S8
g 6 s,

B7 RBRESNMMHIEEHE
Fig.7 Hybrid power ship simulation

structure diagram

3.1 S#A
*o EEMMSHE
Tab.6 Hybrid ship parameters
YRGB BRAFR ZHUE
HE TR/ kW 25
R eI
W )%/ kW 50
Fe/ N TR/ kW 25
P ENE R et o /kw 30
T KA %/ kW 37
HE TR/ kW 25
— 95 T
B E/KWh 97

3.2 Mﬁ
e — Eﬂ&mﬂﬁm%%ﬁﬁﬁﬁftﬁ
%Wﬁ#%ﬁ1%$¢#ﬂ#%% B ICHELT AR
e, & 8 FR
1 [l 8 (a) TR AR T 01, 5 L 70 F A PR Hp e

DIk, AR YRR TN A IR, &R
RETE AT A2 77 H it FE R 5 Y A 3 3 i 7 L
i R DR, 3 R b R IS R R A R 2 R R
JE  [F A R 2 L 25 P AE B 5 A ik Tl PR kb g, o1
TN, HIE 8(b) AIAl, RSB HL AR E
AEFFAE 800 V., HEL R U B IR FE AN /2 2% , F R AR
5.

ES #E—iAWms

Fig.8 Scenario 1 experimental curves

s Z A AT E R BE B AT o0, Her
16 50 s I, 5128 Th 3 25 kW FF & 35 kW, 25 9
Fi7R o

H & 9 (a) T ph 8 a1, i ARZ 11T 40 s 1
YR TR F Tt B /NG D 3 R R b £
ML, B 2h Jy s s ik e, 40 s R kTt 2
35 kW, AR B S LB T T2 38, R A
T DA S R H b ) 3 i £ 2 AR Ak
i, 115 s B il SOC F 2 20% , RGEY)
oA = R R T 7 S B0 ) R
180 s i} SOC [FIF+Z 70% , R G V) AR 3817,
FHE 9(b) B: 2k T il 6 T 241, o R O 3l 45 il 78
2% LU, RGEFEERER LT, 1B 9(c) %M
T, RGN R SOC 722 4k 58 W PR X U1

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



) B A TR SN 2R G i ek ) 22 M) 3 R 4 i 5
598 Xiang Kun, et al; Research on Improved Multi-Mode Power Following Control Based on Hybrid Power Ship System

M1 9 (d) SUREHHFEITZE TR, 40 s 5 #ARHE Ib
AL FI, AR ETHHFER 45 g,

9 HETIAWMLE
Fig.9 Scenario 2 experimental curves

e = U AR 30 R MR 3 21 1R R
BATHY AL, IR 10 FIs

HITE 10 (a) ZhaR iR Al 1,30 s I 67 2 &
A PR L L /N HE DR R R bR B HE
70 s B BRI AR H UL R Tt B K Bt R T
RO B S H AN E 5140 s T AR A1V 2 Ak
bR/ N DR LA Bk R AL, 2o 3
FL bR 5 180 s I 60 214 B2 T v, 0B R MK 2
Fe/NRbg . BB 10(b) AT, BR 2% s R 3% 3h
R BRI TE 2% LA, R s rIREFia, A
10( ) BN L AT 0, AR LML T 40 s IEHA

TR, 2R ITHHAEEA32 g

B 10 5= ek
Fig. 10 Scenario 3 experimental curves

Gyt DU AU I e R X MO iR 3 2
IEFIBITHIE LT, RGER L ST BEL ] SR
W 11 B, SRR B s = AT

HIPE 11 (a) nlJT, AR GRS T 0B A b i i
TR G A ) AP AR | DRHC S 3 e iy o 32 18 | 2o
ZEE S A SRR AR . B 11(b) AT
W R R P SRR 4% LN, REETT T E 18
1o W 11 () AT, R ST HHAR AT 42 g,

XY =5 AT B R a5 R
AR 22 Ty A4 T S S, AR G L T 38
ik 4% B2 2% , RO M E R T AR
THFERE T 42 g B2 32 g, WEIRIA 23.81% , A7 &40k
AMIRBHE ] 532 BT 30, B IIE S Bk B 2 A
TR R B ) SR T A R T AR ) R8s
et BRI AT A

4 Z5iE
ARSCEF S B NSNS IR A B

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HIPLSEERIN T, 55 53 %5, %5 6 1)
Electric Machines & Control Application, Vol. 53, No.6, 2026

599

B 11 ps= it e
Fig. 11 Scenario 4 experimental curves
JIREART R B4 ] BEAE i i A 1] R, 2 1 itk
T2 Ry R R B ) SR, AU T

(1) A 3L 41 42 ) SR s 22 B8 BT 35t 0 T, 290
FBOA R AT T TR R R as 4T Y
W, A AL e ) Uy s A7 AT B0, AT AR
THIEAAZR GU i RE TR A0 AE

(2) ZHEA TR P AL RS i AR 25 2t
Fr TBUTHOR, 5800 KA SN T Rt B A A PR
DR M558 BE L H, R MR 3R T AR 1 R Gtz
sk,

(3) ARSI S A ) R W 275 7% 4 2 g ri YL A
Rdg i JRORRI e AR X IR SR A AL
A A PR AZ 0 By 3 IR 75 i, 4 DO A R AR 12
EAS, B RIFISEPR & TR I E

F == R
Fr A 1EE 75 BAARAEAE R 25 v 2
All authors disclose no relevant conflict of

interests.

)

R HEAT 105 SR, RAR ST TNE R
LEHIRSCIRS BN O RN E TR S
5T S B %, B B I F
TIRERFHEA,

The conceptual design was conducted by Xiang
Kun.
preparation were performed by Yu Benling. The

The content summarization, and manuscript

manuscript review and revisions were carried out by
Huang Yuehua, Ma Hui, Zhu Tian’ an and Li
Huangqiang. All authors have read and approved the

final version of the paper for submission.
& % x o

AR, KEY], AR B IRIE T A B E T Y L
R RIEA ST 4T 1], mpL SN, 2025,
52(9) : 995-1005.

Li J X, Zhang S M, Yang S. The optimal economic

[ 1]

source-load

& Control

operation of microgrid considering

uncertainty [ J ]. Electric Machines
Application, 2025, 52(9) : 995-1005.
ESFIC, RIEM. T PSR T SRR AR S
T IAHE A AR W45 T B ST R vl AL SR [ ], ik
KFF( ASRBIFEAR) , 2023, 45(4) ; 86-94.
Wang S W, Zhu Z B. Charging station planning
strategy considering the potential of charging demand
in medium-sized cities and equivalent benefits of
carbon emission reduction [ J]. Journal of China
Three Gorges University ( Natural Science), 2023,
45(4) . 86-94.

FA, AT uRE, BIR, . B RE el AR Ikee
FEHAR MU LT (1], P E R, 2021, 62

(2): 245-254.
Jiang R Y, Yu W N, Liao W Q, et al. Optimal
energy consumption based path planning for

intelligent all-electric ships [ J]. Shipbuilding of
China, 2021, 62(2) . 245-254.

W, WEEFE, AN SO DS s E BT
FLRARL)]. R TREMIE SR, 2020, 40(8) .
2037-2050.

Zhen L, Zhu G D, Wang X F. Researches on green
ports and shipping management; An overview [ J].
Systems Engineering-Theory & Practice, 2020, 40
(8) : 2037-2050.

[ 5] oos, L0, TAR. OB EOR N ]

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



] B, A5 TR S IA 2R G0 ) Ot 2 2R A BRI i A 52

600 Xiang Kun, et al; Research on Improved Multi-Mode Power Following Control Based on Hybrid Power Ship System
RS R SL)]. MFEHEAR, 2022, 42(6) . IRUE TR RS, 2024, 45(11) « 2176-2184.
41-44. Guo X D, Yuan Y P, Tong L. Research on an energy
Peng Y T, Li H X, Wang Z. Application situation management strategy for diesel-electric hybrid ships
and development prospect of marine fuel cell [J]. based on Pontryagin’ s minimum principle [ J ].
Marine Electric & Electronic Technology, 2022, 42 Journal of Harbin Engineering University, 2024, 45
(6): 41-44. (11) . 2176-2184.

[6] XIZE, W73, Juf, S S0RE MM AR BT [13]  HEARIE, BRfFl, ERRAR. 56T NSGA- ILALAL AN
LRI RGOSR NI ]. BT, 2022, 39 FRIRGR G ) RGCRE AT B [T ]. AR
(1): 8-16+46. FHER, 2022, 44(14) : 113-118.
LiuY C, Zeng Y J, You S, et al. Research and Miao D X, Chen L, Wang X R. Energy management
application of hydrogen fuel cell ship DC integrated strategy of marine series hybrid system based on
power system [ J]. Distribution & Utilization, 2022, NSGA-II  optimization [ J ]. Ship Science and
39(1): 8-16+46. Technology, 2022, 44(14) . 113-118.

[ 7] REM, BN, Eis4e, % TR ENZH [14] T2, WHEW, F8L, S TR HEOR AR
RIEREIDLAC TR EEL D], r LS FE I, 2024, 51 Frtk i EE IR & RE bR H k)], W
(8): I-11. T A ik, 2023, 43(7) : 19-26.
WuY W, Yao G, Wang H Q, et al. Multi-microgrids Wang X, Tu C M, Guo Q, et al. Coordinated
cooperative optimal scheduling based on energy optimization control method of hybrid system with
sharing [ J ]. Electric Machines & Control hydrogen and  battery  considering efficiency
Application, 2024, 51(8) . 1-11. characteristics of multi-stack fuel cells [ J]. Electric

[ 8] Kumar B A, Selvaraj R, Desingu K, et al. A Power Automation Equipment, 2023, 43(7) : 19-26.
coordinated control strategy for diesel electric tugboat [15] ExiE, BRibde, HE. 3T oo o 2 s
system for improved fuel economy [ J]. IEEE RIS D R RE R G R T]. LR
Transactions on Industry Applications, 2020, 56 T RFAFR, 2021, 55(10) ; 1188-1196.
(5): 5439-5451. Wang R C, Chen Z H, Ming X G. Energy

[ 9] Acanfora M, Balsamo F, Fantauzzi M, et al. Design management of parallel ship power system based on
of an electrical energy storage system for hybrid diesel improved fuzzy logic control [ J]. Journal of Shanghai
electric ship propulsion aimed at load levelling in Jiao Tong University, 2021, 55(10) ; 1188-1196.
irregular wave conditions [ J]. Applied Energy, [16] i, T, skiL>, &5 5 RE B G a
2023, 350(15) : 121718. FER O AR B RE R ST [T ). +p B AL BL T

[10] BMAE, 2RI, AR, 5. RN Z2HERCRE Lt 4%, 2020, 40(23) ; 7566-7578.
RAEDI N RGeS RN T]. AR~ Fang S D, Wang H D, Zhang S X, et al. Optimal
AR, 2024, 46(14) ;. 134-140. management of shipboard energy storage system
Zhao F ¥, Li Y H, Zhou M N, et al. Optimization of considering battery lifetime degradation [ J ].
energy management strategy for marine multi-stack Proceedings of the CSEE, 2020, 40 (23):. 7566-
fuel cell hybrid power system [J]. Ship Science and 7578.
Technology, 2024, 46(14) ; 134-140. [17]  ¥FmeeEz, EH, Bk 3T A 350N F A REFE R/

[11] BRAEAE, 0%k, 0 b- 2 i b IR 75 30 ) AR AR L T AR RE B B R [ T ]. RPHBE A4,
RERAREOLAL[ J]. MUARRLAEOAR, 2023, 45(7) 2025, 46(3) : 108-115.
106-110. Xu X Y, Cao W, Han B. Energy management
Chen X R, Guo Y. Optimization of energy strategy for fuel cell ship based on adaptive equivalent
management for fuel cell-lithium battery hybrid ship energy minimization [ J ]. Acta Energiae Solaris
[J]. Ship Science and Technology, 2023, 45(7) : Sinica, 2025, 46(3) . 108-115.
106-110. (18] Z/R)%, Jrkdyy. BT otk ol 25w 5 0 m Ok

[12]  WRRAR, MG, Mot 55T PEde B A/ME RS SR T ], BT MEAR, 2020, 14

JECBR Y S LR A 3 0 AR AN BE AT SR E[ ).

(12): 71-78.

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HAL

HEHINT, %53 4%, el
Electric Machines & Control Application, Vol. 53, No.6, 2026

601

[19]

[20]

[21]

[22]

Li S H, Fang T Y. Fuel cell participating in
frequency regulation based on improved dynamic
power flow algorithm [ J]. Southern Power System
Technology, 2020, 14(12) . 71-78.

EE, RAUKR, RAAE, G5 FET IR AR
AL o A SR R SRS WE ST [T ], AL BLAS 4
RN, 2025, 52(3) ; 241-250.

Wang H, Zhang Z L, Wu L J, et al. Research on
distributed  control strategy based on unitized
regenerative fuel cell [ J]. Electric Machines &
Control Application, 2025, 52(3) : 241-250.
FSFIC, HAEE, R, S R AR
A EMZE SRR R G [J]. =k
IR FARIERD) | 2025, 47(1) ; 89-98.
Wang S W, Yuan Y C, Xu L J, et al. Optimal
scheduling of integrated energy system considering
biogas reforming hydrogen production and gas
hydrogen doping [ J]. Journal of China Three Gorges
University ( Natural Science) , 2025, 47(1) ; 89-98.
EART, MR, B WL R T R T Y
IR R R A E L [J]. F T RO
2022, 16(4) . 124-131.

Wang H X, Chu Q D, Luo Y F. Residual value
optimization method of retired batteries based on
recession rate prediction [ J]. Southern Power System
Technology, 2022, 16(4) . 124-131.

BT, TUOkE, moRfe, G5 BT HRR
19 DCAE-Transformer T i MF5E[1]. =k
R (AIRFRERT) | 2025, 47(1) : 106-112.
LiHP, Yu BT, Meng R H, et al. Method of DCAE
-transformer prediction for the health state of lithium-
ion batteries [ J]. Journal of China Three Gorges

University ( Natural Science), 2025, 47(1) . 106-

[23]

[24]

[25]

112.

R, ERBE, MAE. BT RGN VSG R
RMHDCIRIR S BE RGO T]. AL SR
N, 2025, 52(2) ; 159-170.

Han H L, Wang X L, Lin C H. Research on
photovoltaic hybrid energy storage system based on
adaptive VSG control strategy [ J]. Electric Machines
& Control Application, 2025, 52(2) . 159-170.
S, ARAS, VAT, AR SR TROH R iE ik
PRI B RE B Ay Zh 2 el [0 ]
LS HEHINI, 2025, 52(1) ; 52-63.

Zhou S, Zhang W J, Xu D N, et al. Power allocation
control of photovoltaic hybrid energy storage DC
microgrid based on fuzzy second-order high-pass
filtering [ J ]. &  Control
Application, 2025, 52(1) ; 52-63.

EREEEE, BN, XISCR, 55, ERRCE R B
P SR [, LS I, 2024, 51
(9). 11-23.

Qian J Y, Zhao H F, Liu W Q, et al. Coordinated
control strategy for DC microgrid grid-connected and
off-grid [ J ]. &  Control
Application, 2024, 51(9) . 11-23.

Electric  Machines

Electric  Machines

Wk H 11 :2026-01-06
Wi 346 Bic s H 1 . 2026-03-08
YEH A

M E(1985—) , B W #FsE A, WF5E 7 a8 fig

%), 202308580121296@ ctgu.edu.cn;

FBEER D ME(1985—) W 1 B3, R

J5 0 LR A REIR R SR A=, mahuizz119@ 126.com,

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



