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Fig. 1 Topology of internal diesel-electric hybrid locomotive system
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Table 1 Basic parameters of internal diesel-electric hybrid
locomotive system
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Fig. 2 Correlation curve between optimal fuel consumption rate
and output power of diesel generator

N TR G S AR B S SR AR, s 2
A B 2 TR T G, BRI i 5 A U S
KM HILTE RS I i D8R SR AR #E % €,
L]

Cro=Py +P1Pdgs+P2P§gs+P3P3gs ()
K pon piv Py pa I ZIECE RO, — R
TR, SIRIRR

1.3 zhheib TIEER

Bl ML ST SR — R OB R, R
WA BCE T SRR B A A A D R T R L B
ST RLR A A X TR, Ko AL, B
A 2F AR TR A D B e AL R Tl T R R
TG RN, ARG N R, AR SR A —
B RC 2535 v IR 7 FL Tt A A MERPERR AR Qi &l 3 i

iz FHBE IR A 5% 1 AR KR A A 0 81 3 kAT 40
CIEES

Uocv = [batRo + Up + Ubat
c G
P df bat Rp (3)
Pb = Uocvlbat
Pbat = Ubat ]bat

P U, AT R ROAHIAY AR C,.
R, U 73l i A R e . AR AR AR ) 5

Upyr Loy 5350 R B 0 5 B TR RS HL IR 5 Py Py 230901
LA BRI | R R

Ibat
c, o
+ Rp
Uocv - P b Pbat Ubal
9)

K3 2y ib—Bi RC AR AR Y
Fig. 3 First-order RC equivalent circuit model of power battery
A 3 ) R 502 S I H 1t ) SOC e K HUR:
TRELRZE TAF,  F iy RUARAS L A PRI RS
R, HACH

¥

dr @)

HFHMI Uy, R, C,. R, %S BENKE B 4 i
SOCH 7S AR T ek 28 (8] 4),  F H IS Bom e DL 5
FEARIC, PR T AR A Pr 25 s e 05 e AT T =2 R Y
PR R, ARSCRARE IR R S S . T
V75 i B RTS8 38 PR o A B R A Ll , S KR A
FCR KK, B R U, R,. C,. R B
SOCTHIMWARfb Lk, HARME 4 7R .

— JFE
2.6 — R 1.8

2007 02 03 04 05 06 07 08 09 1.0°

SOC1H

(a) BAAARHL ML U, R, BE SOCIE A 7AE fk i 2%

N
=)

Ak ELEH/m Q

p—
(=]
T

0

5 1 1 1 1 1 1 1 1 1 08
0 01 02 03 04 05 06 07 0.8 09 1.0
SOCTH

(b) ALY R . C, bifi SOC {ELFYAS kil 2k
P4 HL SEAL i S R SOC B AR 24
Fig. 4 Variation curve of battery equivalent circuit parameters
with SOC



553

IR, B o, BRAER, 4enBl, ZRI T R NHIRG P RE R LI B S AR Y 25

IR, SR AT SCER I 1y %0 L 4 iR T4 5
1FEIZ I Uy Ry Cyo R, 5 S, BRBOCR
Upeo Asae) =tto 114 e
R(Ae) =rag+ro A
U (Ay) =y +u, A
R (Ay.)=rp+ry,A

3
soc

tu,Ag.tusA

SocC

2
soc

3
soc

+r, Ay 1A

©)

2
soc

3
soc

Fup Ay, tu,d

soc

2

soc

3

soc soc

+rp2A +rP3A

2 EMEEREER

AFEXRA N1 ARG RE R T 25 I8 1 2 07
R IEAT 0T, TEMCRERN B R Ry, Jd ok
AT RV AT A5 310 2% 0 0 PR et Zh R, PRIENL 4z
frBA I 2 5

2.1 FERIES

MLE P HLIR A3 1 R G000 Be i 8 B 75 2245 A ok
Bl TR AE AR 5 | TR AR T 20 T T 5 S8 & s L
() RE T Pl At TR, AT BB TS i e S
A7 MRETy, BRI S AR R AR

) 7 H i B i KA R L 5 K S F U PR
il TRRRE . DA PR 5

QR T 3) 7 it R BE 70 PR PR ECA PR, o
SRAT BRI T AR Ay AR KRR E i R i, 3h )
Pt T A AEARE S Py R L A

Q@FFFE Nl &, B 7 it PR R 0 1Y i
R T — X Ba T K

@A PRAIESE T & B LA % DI AE R T BB AR, 4E
TR ALY, CARTE = a8 X Tl Y

Q5 & ALy 1 D 2 ARfb B2 AR B Jk L PE R
(A REL 5

@570 & Ha AILAL iy i I B T RE R AT BN, TR T
2 55 BR D) 2R AT REVL AL .

2.2 ARFMHRIT

WY L R AF A T PR BT

O PRIENL L 2P RRIs AT, Sk B b 1 )
AR Hedse Kkt 23 By 1 L SE R
JUEIER HIEF T Ar i, HL A R B BT IRAYZY
R, TR R R A A R Fe A RO AT
TR LIRS B, DLORAIE ) 3 IR T AR AE A BLIX A

HARRMR
0< Pdgs < Pdgsimax
A soc_min <4 soc <4 SoC_max
P <P, <P ©
bat_min 4 bat =+ bat_max
I bat_min < bat </ bat_max

R Py o AR LRI I A,
Ao o SN FRL S AL, S VF R T BRI EBR s Py .
Ty e 53507 HL 30 19 05 /1S 7 8 39 R0 5 /8 7 H B 35
Pr s To e 53 5007 LML 5K 2 2 AR AR
L
@i R LA R LA A
APy min SAP SAP, (7)
2 AP, i K BL G R s K
APy e AP o 52Tk S % s B 0 11 o 2 Al
HFRG IR,
)31 HL M IR A R A N
APy in SAP SAP, (8)
St APy WEN M I DR AL AP,
APy o 53 50 B 0 L T £ 0 T A (R R
FRR.
@I T KBzt TR, A, 9t

dgs_min

RS G LIRS A N A%
A soc(0) = A soc0
)
soc(n—1) _Asoce < AAsocm

b A, A 2 RS s Ad,,, MR
0 Gt e FELRAS 5 100 B 2 iy i FRLIR S ) 220 I (1
ORA B RGekm A 5 Em, BRur .
Pdgsrldgs+Pbat’7]l§§t:Paux+Plra’7f;a+Pbr

(10)
0<Py,
/\I:FI
-1, P,=0
k=
I, P,<O0
k= 1, P,=0
-1, P,<0

A P AR RS S RO ATHAESI R, P, oA
il S BIHFELN R s WAL BIRGHOR s 1140 TS
IR HRHLRES sy AHRMBCR; ko k200 #5115
HRGHCE G ISR

2.3 BrrRBuLIT
FF 2.1 WIS ©, MHREE ) LA RE R HE 1)
Bk FARRES ), Z H AR R R h

n—1

Jpza)dez

i=0

n=2 2
+wpv (Pdgs(Hl)_Pdgs(i)) +
i=0

i=

Cmo(i)Pdgs(i) As
vV

(i

n—-1

n—1 2 2
wsdz(Asoc([)_Asoce) +wpd (Ptra([)_Prq([))
i=0

(11)
Kb P OATRENAS, P #5116 3 R G S bR it
WIS s HOiRS; v RANLEATIERRE ; n MRS
TG 0 HIRITHFE AU R o, WEIA
AL L DR AR AR ARAAN TR 5 o A FEL U AR A fr FELER



26 it et

2025 45 H

S ZERIMALE RBG 0, AETI RS 52
ARG FREE N R A

2.4 1HEERES S

FRTSCHY 12790 13 1A, ARG 3 AL
FRB IR T E R RS0 2.27 . 23 WA Hindk
PERTAL, AR b — A e U il TR A 3 BB Tt Y
A NEREAL R F R P MR R, d13X(3)
I (A)HES AT H R R A RS RS 2 AT R, AR

Uocv - Up - \/(Up - Uocv)2 - 4R0Pbat
M =
e 2R0Qbatv
LG G~ RAD)MAF I . H bR ERAR S =
R, A4S SR G 2 L4 R e 8 B e s A R
=X (13).

min JlD

As (12)

2
soc

3
soc

st Uy (Ao ) =ttgg+uy, A
(4

tu, Ay tu A

soc

2 3
soc r00+rulAsuc+r02Asoc+r03Asoc

2
soc

— 3
soc _up0+up1Asoc+up2A +up3Asoc

2
soc

RO
U,(4
R, +rpd +rp3Al§’Oc

soc

)

)
(ASOC) :rpo-i-rplA
0<P,, <

gs dgs, max

. < <
soc, min A soc A 50C, max

<] (13)

dgs, max

<AP
< APba\L max

A —A

soc(n—1) soce

<AA

socm

k k,
Pdgsndgs+Pdgsnd§;s:Paux+Ptra77tra+Pbr

Uocv_ Up_ \/(Up_ Uocv)2_4R0Pbat
AA  =—
o 2R0Qbatv
SR A 2SR gt e SR i AR 2o — O3l i e A
AR, RIVAT S 531045 30 0 PR de Dika i 2h =2

______________________________________________

3 IhEIEHEHITRES

TER A FE R 2 % sl 1 IR BRI R, A
PRAUE L B T B ARSE 2 g R g 1y ELRS v
HHEPR A, AR S e R P AR D)3, AT
Pt — P I AR AR G — S T SR, e/ sh YR
f Aty ASE IS vy 4 7 A R A0 SO ) B R A
ARG .

3.1 IhERTIRERE—ITHIRE

P 1 b S S ML Bl 7 v it O AT BE A AR
Horp S A L ST sl IR, HERE R 48 ph Rl A7
ARG5S, sl )1y B sl i, HRE AL e
DC-DCZHedi 5e . TEARMILL AR SAHREMT,
SMALS 3l 77 Bt AR R A BN AR A . S
WA RARRE , WA A RER IR, %2
LML 3 7 ALt A 3 DR A BRI AL AR RO ATA
P RE R IR AT TR Ab IR 9 KU . QSR A
b, SRECRA TR iy, i R TR AR KR
Wezly, HRGURMIE, SIS IR ER DR B
Xof Pl g R T 0 e O T R/ PR BR DG, AT Y — A
ARG — Pl s, RV RG] 22485 DC-DC
PEHR I SE AR AR S A ST T, RER R ey
G R MERANE 5 P

ELR R AERIAN, BEHRSEBIES "X
Wil Chi EREE) 7 2R ERS, #H
TR AT R 5 g 0 R 4 0 e A R, 4
NEINEIRY B R R R Rk T I B MBI S E ) S
PR AT B PR TARAE MR BT 55
A7 N HTGOR AR RIS B S, AR B A
ANTFNHMGEM. TEEBIEE, “F5A” Nk
FEL L DR BRI 48 A M ARl ) R b AR X
T, MES AT Dyt R s R A E . R
5B NIFHEA NI A e, HEtES “fFS
A" B —2 WIRREES B2 (SRS
P AR ) " R AT RIS, R

_______________________________________________

e A
D : B VA el
HE | TR |

A A LIRS — b s !

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

fiiy A 1 ) B L 5 B AR 2— PRI, T Tl £ 1 AR 8 PR R HL A , 78 DC-DC 5 R e 45 3l v i A L I
K5 REi AR g — Pl SR s A

Fig. 5 Schematic diagram of unified control strategy for energy converters



553

IR, B o, BRAER, 4enBl, ZRI T R NHIRG P RE R LI B S AR Y 27

2 PSS B Rl

M55 AB” Gl I KI5 1E R G R T AR 4G
FEAE, SRR A D RE 3 R BRI 5h 1 I R R
1 e KT Rl AR o SRV, e LA e A
KT, H5 b bR S, MAESh 7 i A e
AN, Hi b DC-DC AR #a i 1) PWM Bk {55 . >R
FH KRR R A% ) 5 5 SRR 1 2 2 0 (T e B i R
TET 48 F IR TPR IR B R, RE S U s P IR
AR R I, IR B 5 —Fh ) I
SR I AR A

3.2 HEEIEHINEBYIRTG A

TER S IR GE—EHIRIE T, BEE TR Th%
) ETha R R, A TAER S IR RR 2 K s Rk
Rz A, e IR RS, W5 T ERHLAS)
7 H R S R, e A TR B T AR e A
“N17, JEHRATAER S AR “N2”. N1 E e
NG, R BT ERAES =L, RSk T3/
PFREERIT " 4T3 “fiE A", BEERNIRTT, 6
R EIAR “fF5A” WBRIETIHE, TERT N1 B2k
BT HA K RE S, BT S AR, Ab
WA BRR . W GE R 2 A B R ik — A i
AR EE— A Bl U5 T TE T 5 DT oKk, e,
TR RERRTF L T3] “fiEB”, “#iEB” N
WG EWIREY “EiE A" BRI PR —2k,
PEAS N1 UK SE NIRRT TAE, W B HIREEAR Ry
RTINS, PR N2 A T AR, I H N2 R H
PR EE R A, REREMSHE R 12T RTE R, X
AENS 5E A Jo i gk T ok, dERFER R E, M
M1 S B FR B — 1 NS5 78 N5 N2 A S [l
T TN ERL R R R CIPPIE ST

W F 2L AR R A, RE—FE .
T NI TAETME T, N2 TAETHIEER, HiY
JE U R T RS, N2 YR s TR, HEEN
0. BEHF, BE NTFEHIARE “FFER/PIR LT L N
“DIEB” ATE] “PIE AT, R T AR S S EUT A F]
Y, BEE FIZ4 0 R —2 AL, N1
PR IR IR T REAE 1A 200 2 T BT R T oK, JF H4ke A
T LR A E

ZE BRI, 78 N1 5 N2 XS P53 ) o8 )5 i 6 4%
PATPRES T, RTE S Fing—Es s, feis
IRAARUE R —Ash A R R AR iy T/E T R
JERFROIRES, 55— 8 I8 TAE T B H P 3R T AE
R Wb X i, FEARIE R TR R IR RTR T,
ELI B R AR T 15, 2 A8 1 IR R 45 B A AE
HATHRAEN, HBAERRIEEL B TR
AR, RS SCILRE SR A S UCE IR, &30
FRRER T A TAES VIR, B TR,

4 HERBISHH

4.1 HESRS5SHKE

Oy 96 UE A ST B RE o fie DG 991 JEE 1 o SR s 1) A
bk, ddERAEES . ESIRGE MR RS,
dSPACE 25521 R GEH A I N HLIR 5 3 I ML G~ S )7
FWEF 5 o b Sz L, s, DC-DC7E
g . WRAR . AESIHEAL. IR B R B SRR
a0 BT H AR BT T3 % 2 dSPACE B {1
., SREIINLE S ) RGBT TIRE, R AR
R A L R R AL AICR , AnTE 6 BT

4.2 HEZ%R
421 fhiEYs—

AT BT X 6 R R P A A REUEA T 0 LI AIE,
Hiph: WLERSRZSETTHEE N 2 km, R4S
REHLS 3R G sh sy, R R
250 kW, HLHiPILH SOC R 60%, 1115335 )1 R4
SR N2 . 2 )7 itk SOC - B[] 25 4k i
LRy W GNP 7 RN 8 s o

K7, TR R R i 2 5 SE bR s 46 5
RULRIEARE S, HLA S ShE 322 i 3 g s i $R 1k
B 1| RN A i e ) B S A S o )
THT (FFRThZR ) 6l shagiat /S nTgedh th 3l J
e, HAFERR ) s E TR R A, 4
il ShRE AW i S BHISRE . B 8, s Sy H it b
SOC fH 4 60.0%, # 1l SOC{H N 59.3%, #fiA SOC{H
SR T 1.2%, R s FI7E 30%~90% .

ZRA TR, A RE T IR B S R AR 4y b Tk 2 58 S
TR, T A5 2w Ly o B 1h v LDl 261 31y ) Ha i
Yo, BRI THLEZAT A TERE, [RIE) 6 5 RE
i 2 2l 77 B AR 2 R R R SR, BB )i
MG AR SOCIHAEALRAR/IN, ALl 2 T — X Brigty
HERTE R, R, AR IR A Ak
ZEUEE . SRS MRS 7 e R
422 fHEgR—

AR X Ly 8 S A ) SR W 4k BEEA T 0 LI E
EYs: PRSP 545 kW, R R 1
326 V., BUEHTAT A, Sl AHHLAIEH 1 346 V.,
BEHTL 1 716 A, shi b ERIE 1408 V, E1&45)
GEM RS- RS, O, EREK 1A
AR AR 6 LIS AR RN, AN TR 2 Y 6
G ML B i, S5 28I R E
TR U - A AR L AR . S 2 Fa LS 30 ) e b
Ty (Rl AL R 2R 43S an el 9 FHIET 10 s o

WE9, E 1005 EIEE T LI H, 4eih & Bl
5550y 77 vt e A ) 2R R T R B 5 TR R I



28 it et 2025 45 J1
HHRGR BB PR
L SRR £ A B || RS |
SRR
| REEUY | RMBMEUE | SrostR || Em WA BRI
e s "T—T—‘r Tl = D> = <
| = sfiicaeacaeallll O £SI0 oooala. TR _
LTI TN = 3"
|
|
S

 EEl iR

‘0
]'iii

P

Ko e sh L4y Zir-&

Fig. 6 Hardware-in-loop simulation platform for hybrid locomotive

/F__“\ i
0.8)—>5 \ rﬂ
o LY \\

/ | |

e

VR
sy e s o T
T? — 5N A oK
-1.0f | B R
| s
L CEEEHRANR
~1-3"200 400 600 800 1000 1200 1400 1600 18002 000

fi#/m
K7 s REe8 RN Lzt
Fig. 7 Variation curves of power from power sources with
running distance

0.64

- —~SOCHH LR
0.630 //\/ \\ —SOCIH FIR
0.62f = \SOC{E
0.61F ~
o0
2 0.59 \\ = ey
7 . — ~_ P
0.58) S S {//-—j//
0.57f T~ T
0.56} \/
0.55

0 200 400 600 800 1000 1200 1400 1600 18002 000
pif%/m
&8 5 e SOC (R ptfv A 28 Ak 2k
Fig. 8 Variation curve of power battery SOC with running
distance

1 800F
#1750}

&
1700p oV
2 4 6 8

1012 14 16 18 20
i) /s
K19 B BE L Bl )28 Ak it 2k

Fig. 9 Variation curve of DC busbar voltage with time
B Aat e, DR AE 500 kW/s i 248 3018 10
T, Pl R R SO RS0 VI, BERTERE R
UF, SR TAS SO A H A moRE RS AR S e
I A S BE
423 jHEYR=

AT R0 B I 5 5 R IR A A A o
PEATO LI, fEL R F SRR R R ) R AT i
Befds, 44K 962 km, HEAT 38 uliAl, SRAISEM
KA S iR sh sy, WihR4
250 kW R FH 3 4% G LU 1) g o 8 32 5 4 T SR s
(HVL0ER) ST (HV2.0358mR) 17X,
BT TR BINL G BT TREFE- LB A R it 2 . PLAE
Tl (FAF—BTEA) SRS TR 2 . MLAE TS 2R
M-I AR 2 . PR AR Ak i (npifiie) -
) AR 2 o3 S an P 11~18] 14 R

TP 1L AT, SR AME Ge N Uy vk, BLA 4tk



53 BRI, B aR, PRAEME, W], oEEEI, i R NHIRG LA GRS S R SRR Y 29
1 x:330.4
ggz 2 000} 100 99
>4 1 000F v x:439.6
R 0 90 74 :98.7
€ 2 4 6 8§ 10 12 14 16 18 20 80f F
HE“E‘I/S ~ 70} .
o g
60' g
H., 3000F : /
%52000- & sor yd
£3% 1 0000 = 40f S/
Sx e | e # 50 S/ — V1.0
2 4 6 8 10 12 14 16 18 20 - ===2iV2.0
l]EITETJ/S 20r //
" 10
sﬁﬁz 2 000F 0 50 100 150 200 250 300 350 400 450
5% 1 0007 )/
R . " .
i 02 A6 & 10 1 14 16 15 20 113 LA 432 I 0] A2 fl i £
Fig. 13 Variation curve of locomotive starting speed with time

I} Ta)/s

2 000F
1 000-
0 i i i . . .
18 20

2 4 6 8§ 10 12 14 16
I )/s
110 Sl A pILS sl g i ot S SR Bt 1] A2 Tk h 2
Fig. 10 Variation curves of output power from diesel generator
and power battery with time

=
€
3
=
®

ESY

12 000

10 000} : e

8 000} 2
“4

6000

BERE/(KW - h)

4000} S
<

2 000

0 100 200 300 400 500 600 700 800 900 1 000
i /km

K11 LAt TREAERE LR RO e i 2k
Fig. 11  Variation curve of energy consumption during locomo-
tive operation with running distance along entire route

30

S———

25

20f
—VI1.0

HEEm - s)
&

-~

W
T

x:14952 [x:lSSS.G]
) ) ) ) ) ) y:0 »:0.14
0 200 400 600 800 1000 1200 1400 1600
s a)/s
K12 HL4 et i Rat Tt a] 2k
Fig. 12 Typical running time curve of locomotive
at single station

REAE M 10 843.51 kW-h; T RAASCIE, HLAESL
BEAEFE N 9 993.28 kW-h, TTREZIA7.84%., & 12,
K FAR SCO7 T 2R 132 A7 B ) 1h JRR 19 1 558.6 s 47 ik
14952, st EE 4.07%, E 13, HL4AFE -
IREISERRET PR 100 km/h i, SR A SO 75 330.4
s, MR AME G TN A9 7 75 4 439.6 s, TN S [
WD T 25%, FLER R AR E I, B 14, SRA
FEG I F M 7k, HLAEB A5k B2 AR Ak R 8 2 i
BEfe ik 8 015 mys’s TR AR SO 5, HLZs
R EE AR AL FE SR FEAE 0.05 my/s® LN, A7 455 R i 4R

F 12450

0.20,

—VI1.0
0.151 ==V 2.0
0.10f

0.05f
0]
—0.05¢
—0.10r
—0.15¢
—0.20r

—0.250 0"5

B (m - 57%)

15 20 25 30 35 40
BHE)/( x 10% )
FEl 14 BG4 AR A R e (e A8 £k il 2

Fig. 14 Variation curve of locomotive acceleration with time
L5 L AT EARER SR b Jexr L, R IIASSCHE

FERIHLA RE ft e (0 U J3E 15 P ) SR s A L T A% G U 5
%, TEEBURIETT s TREFERIRTIR T, #E—24Tt T
PLAMZES | BVERE, 2T AR T TR 4 ia T rkih
Zepeht . s ALt ERR e, IRRACR IR .

1.0

5 ZERiE

ASSCEE XS N LIRS S JTPL A A RE G4 FL )R, 4
T —Fh i U RE B A RE S SE R SR . o, XL
TR G N A AR B TS, 2331k I



30 it et

2025 45 H

I EAEIL A — B RC AE5 B A 1 S e AL S )
RO TAERERL; SRS, XHRG 3 R G R ILRE A
JE RIS 208, il R 4% 3 7 IR ARSI 200K
AT LU B e/ IR FEFN 7 R DA< DCRC A H A R £E,
Al g Lt i) SOC Y A 3% 9 A8 A A D R3S 25 18] D7
P, ARV E R P IR, FFoR AR 245 3l
M UE IR 25, sl I IRRE R AR AR 5t
— PSR, PRUEZE T A SE PR fRe, 1
& TIRAS IR AT B 5, A
[l 7y 5 0 0 LI AR, JIr 4t 14 R e 98 18 1 s
TLBERIR G S LA H & 0 R AT RENE . gl 2 i e
PR AT IRk . ARSI = T RE A S
T AT LI B — IRAE T3 T, B A LT A g i A
Sk L HLASCRE , HE— AR TR 22 TR Als 17 4%
Ko [N, G EE BN 5ia 1yl s R
AR R AR, AR 2 B A 5 D PR A R A 25 X R A
LA A ARBETE

BE L :

[1]  YAN Junhao, GAO Suya, ZHAO Weihua, et al. Study of
combustion and emission characteristics of a diesel engine
fueled with diesel, butanol-diesel and hexanol-diesel mix-
tures under low intake pressure conditions[J]. Energy con-
version and management, 2021, 243: 114273.

(2] 3l (555 B . OC T4 T SE T rp [ g B

[EB/OL]. (2023-12-27) [2025-03-05]. https://www.qstheory.
cn/yaowen/2024-01/11/c_1130058260.htm.
Central Committee of the Communist Party of China, State
Council. Opinions on comprehensively promoting the con-
struction of a beautiful China[EB/OL]. (2023-12-27) [2025-
03-05]. https://www. gstheory. cn/yaowen/2024-01/11/c_
1130058260.htm.

(3] FEZERHIR . FH AR R G T BN & G2 M BRI A AL 4
T TR S T B B A % ) 1Y 38 S [EB/OLY]. (2024-09-26)
[2025-03-05].
202409/content 6977731.htm.

National Railway Administration of the People's Republic

https://www. gov. cn/zhengce/zhengceku/

of China. Policy interpretation of the supervisory measures
for the phase-out and renewal of outdated railway diesel lo-
comotives[EB/OL]. (2024-09-26) [2025-03-05]. https://
www. gov. cn/zhengce/zhengceku/202409/content 6977731.
htm.

[4] ERZ, KUz . IRG3015) 4 e ik 48 BEARE i) Ak 12
L ARGI]. PEHLS BEPE, 2019(22): 61-63.
WANG Tiandong, SONG Pengyun. Optimization method
and system for energy management strategy of hybrid elec-
tric trains[J]. Internal combustion engine & parts, 2019(22):
61-63.

(5] e st . O i AURY b I 4% @ % 8 ) F1 2 5 [EB/OL).
(2023-01-19) [2025-03-05]. https://www. gov. cn/zhengce/

2023-01/19/content_5737923.htm.

Xinhua News Agency. China’ s green development in the
new era (white paper)[EB/OL]. (2025-01-19) [2025-03-05].
https://www. gov. cn/zhengce/2023-01/19/content_5737923.
htm.

[6] JIYBUILIMUC A JL, Tt . MRS s 1L 400 &SR],
AMRIEMLZE 5812, 2015(6): 38-41.

JIYBUUINC A JI, XING Shu. Development of foreign hy-
brid locomotives[J]. Foreign railway locomotive and motor
car, 2015(6): 38-41.

[71 COUSINEAU R. Development of a hybrid switcher loco-
motive the railpower green goat[J]. IEEE instrumentation &
measurement magazine, 2006, 9(1): 25-29.

(8] HiExEE . WNIMRG S WL RIBTR ). SRENL S 5)
%, 2018(6): 1-5.

HUANG Luxia. New developments in hybrid locomotives
at home and abroad[J]. Railway locomotive and motor car,
2018(6): 1-5.

[9] OGAWA T, KANNO H, SOEDA T, et al. Environmental
evaluation of a diesel hybrid shunting locomotive[C]//IEEE.
2012 Electrical Systems for Aircraft, Railway and Ship Pro-
pulsion. Bologna: IEEE, 2012: 1-6.

[10] 2N, e, (E0E . W NAME S 3 LR IF & 5 0
[1]. HLEEHEE, 2020(5): 73-76
LI Lianfeng, ZHU Bing, REN Cong. Development and ap-
plication practice of hybrid locomotive at home and abroad
[J]. Electric drive for locomotives, 2020(5): 73-76.

(1] ARPERL . IRA sl WPl E 25 RGBS RE RS BEMESE (D).
Jeat: JERtsSil Rz, 2021,

LIN Gengyi. Modeling and energy management of traction
system for hybrid locomotive[D]. Beijing: Beijing Jiaotong
University, 2021.

[12] 42245, FIRR . SRRRHEAS s 1R AL 4 8 1 R 58 I gt
IS [I]. ML AL 50, 2023(3): 65-72.

NIU Xuexin, BAI Huan. Power system and energy manage-
ment strategy for hydrogen fuel hybrid power shunting loco-
motive[J]. Electric drive for locomotives, 2023(3): 65-72.

[13] BANVAIT H, ANWAR S, CHEN Yaobin. A rule-based ener-
gy management strategy for plug-in hybrid electric vehicle
(PHEV)[C]/IEEE. 2009 American Control Conference. St.
Louis: IEEE, 2009: 3938-3943.

[14] ANBARAN S A, IDRIS N R N, JANNATI M, et al. Rule-
based supervisory control of split-parallel hybrid electric ve-
hicle[C]/IEEE. 2014 IEEE Conference on Energy Conver-
sion. Johor Bahru: IEEE, 2014: 7-12.

[15] ZAND M, NASAB M A, HATAMI A, et al. Using adaptive
fuzzy logic for intelligent energy management in hybrid ve-
hicles[C]//IEEE. 2020 28th Iranian Conference on Electrical
Engineering. Tabriz: IEEE, 2020: 1-7.

[16] JAFARI M, MALEKJAMSHIDI Z, ZHU Jianguo, et al. A

novel predictive fuzzy logic-based energy management sys-



53 IR, B o, BRAER, 4enBl, ZRI T R NHIRG P RE R LI B S AR Y 31

tem for grid-connected and off-grid operation of residential
smart microgrids[J]. IEEE journal of emerging and selected
topics in power electronics, 2020, 8(2): 1391-1404.

[17] ZHANG Ridong, TAO lJili, ZHOU Huiyu. Fuzzy optimal en-

ergy management for fuel cell and supercapacitor systems
using neural network based driving pattern recognition[J].
IEEE transactions on fuzzy systems, 2019, 27(1): 45-57.

(18] ZEWIZN . ML IR A 8 1 IR A AL 42 R T B0 Ay e T A

AE[D]. JEat: JLatsiE ey, 2023.
JIANG Mingjie. Development of the typical driving cycle

and configuration optimization for diesel-battery hybrid

ty, 2023.

[19] <58, 2245 BB 130 7 s B I ZRIR [0]. IR 4 TR

Iifi, 2021(7): 11-14.

JIN Qiang, LI Jun. Review of modeling techniques for lithi-
um-ion traction batteries[J]. Automotive engineer, 2021(7):
11-14.

[20] SRR, /AR . L2l 4R 13 g b R TR 2R

[J]. HUB AR 44R, 2017, 53(16): 20-31.

HU Xiaosong, TANG Xiaolin. Review of modeling tech-
niques for lithium-ion traction batteries in electric vehicles
[J]. Journal of mechanical engineering, 2017, 53(16): 20-31.

shunting locomotive[D]. Beijing: Beijing Jiaotong Universi-

Research on optimal energy scheduling and control strategy
for internal diesel-electric hybrid locomotives

HU Yunqing, HUANG Qiang, CHEN Zhibo, LI Xueming, JIANG Fengbing, HE Liang
(Zhuzhou CRRC Times Electric Co., Ltd., Zhuzhou, Hunan 412001, China)

Abstract: To address the disadvantages of high energy consumption and significant environmental pollution associated with pure
diesel locomotives, this paper takes diesel-electric hybrid locomotives as the research object, and investigates hybrid power systems pri-
marily based on diesel generators and supplemented by power batteries, with the goal of enhancing the efficiency of system energy man-
agement. Firstly, the system topology and operating principle were analyzed, leading to the establishment of an operating model that ac-
counts for the external characteristics of diesel generators and power batteries. The paper then presented the design of an optimal energy
scheduling algorithm aimed at maximizing the service life of batteries, as well as ensuring fuel economy and power demand matching
during locomotive operation. This algorithm was transformed into an optimal control model by incorporating the state of charge (SOC)
of batteries as a state transition variable. Solving this model yielded the optimal output power of each power source. Furthermore, a uni-
fied control strategy of energy converters for the power sources was proposed, to ensure the real-time performance and smoothness of
power output. Simulation experiments were conducted on a hardware-in-loop simulation platform for diesel-electric hybrid power loco-
motives in various scenarios. The results indicate the proposed strategy is effective in enhancing fuel economy, real-time performance
and smoothness in dynamic response during locomotive operation. Specifically, compared with traditional rule-based methods, the ener-
gy saving index is increased by 7.84%, and the sectional running time is shortened by 4.07%.

Keywords: diesel generator; power battery; hybrid power system; energy scheduling; diesel locomotive; simulation
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