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Abstract

Currently, energy storage systems are utilized to recover the regenerative braking energy of high-
speed trains. However, their high cost hinders their widespread adoption. This paper pro-poses an
approach based on active adjustment of train speed, which reduces the required capacity of the en-
ergy storage system to a certain extent. Additionally, it combines a hybrid energy storage system
consisting of supercapacitors and batteries to synergistically optimize the recovery of re-generative
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braking energy, maximizing economic benefits for railway departments. Through a typical case
study, it is found that the total daily cost of the traction substation is reduced by 6.68%.
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Figure 1. Structure of power system for high-speed railway containing HESS
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Figure 2. Running diagram of 2 locomotives in the same power supply section
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Figure 3. Running diagram of 3 locomotives in the same power supply section
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Figure 4. Running diagram of 4 locomotives in the same power supply section
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Table 1. Scenarios where active train speed regulation can be adopted
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Figure 5. Process of locomotive speed regulation
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Figure 6. Train operation energy profile
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Figure 7. Speed regulation process of locomotive with load trough
E 7. ArDRASEIERTRE

R S B G A7 Zh AR AR, %M AR A 0 S s s B, HAESE — O Tokrh, T e
HAR B AR A, SRR R A= 5 DR NiE, 1M LA 300 km/h 3 B D) 3K S 2 TH 42k . G A
I BE TR Y], i8I B A B IEAL TR A ISHUIRGS, BRIP4 51 D3R I R AUE K 75%, KL
ARG . % O T 51 4 D A 5 P FA) sl A i 2R 2 5] 8 T o

DOI: 10.12677/dsc.2025.144038 385 B 1RG5


https://doi.org/10.12677/dsc.2025.144038

i, FT

v(km/h) A

300

285
0 1 2 3 4 o
A #(min)

8.6

0 1 2 3 4 i(min)

Figure 8. Speed regulation process of locomotive with load peak

B 8. SifURIETIZERRILIE

42. MANEREFTNMEAMERZOEEETER
Rl ) 2 PR R SRR A il R R G 10 e e LN A1) 9 TR

(FE )
e
AR I A 4 B ) 2 ) A AR
& GVERRRRIGEHHRD
N

LU
-
TP

< Poran ()~ Piba () <0

o

%] N R
R _i

2 )

Sk >sun

‘ g B

_—pt max 1 _—— pt max
“ Porain > Pracha— — Prrain > Pstiis—
S O | S
- L. max ~ - - t min =
— Sse < ST ~_Sba > SBa"

. ‘ F b
|
(k)

Figure 9. Flow chart of energy management strategy
Bl 9. gEEEIRRIRMIZE

DOI: 10.12677/dsc.2025.144038 386

N R GG


https://doi.org/10.12677/dsc.2025.144038

b, FHT

9 TR, P (U) RAFI S, P (t) A4 TR R L ATHI R (T Tk R o gt
Fh A 1) A3 A DR 1 S M 1 A S A A 2 AR ) IS 24 0 2 2 2 e
02 VR T VRS 4 (32 AT DA AR R s 5 T PR A2, U B A e R e 4L PR
RAMAE R RAAFIDANE BRI DR : RS AT, 5 it o R P I 7
IR 2 T A B R A A, AT B DD R, BB A A AN R TR
KGN, S A PR T, R 2 S A R BT O S SR 1 R L ph
it S R A S LM 81 P 5 VR A RS DD S A B R M L Tl
SRR

4.3. fibiEsy

fi B R G0 A B RE R BRI A, TR R i RS B, DLkt i R ST H B AT
AEARNAL H b5, H xR £ X (27) fror:

invest op invest op invest
+CBat + CBat + CSC + CSC +Cc0nverter (27)

min Ctotal = Cbuy

RED)H C,, RAEF P RG HIGHRA: o 2 & T B & H A CR R & i H iz
TS A CR™ BB BT B B R RA s CR S A 310 F IS 47 5 46 ik
Clvet o STt e RGO 5| I 19 AL AR T S B (BT A

PRAET

1) IRFHEHLIH

Py (1) + Paat (1) + Pic” (1) P (1) = Prain (1) + P’ (£) + Pc™ (1) + P (1) (28)

K(28)T: Py (1) RAGEHS G153, FERRET AR, SUARRIERSIR, P, (1) 5%
VAL AT LE ST B T3, P (t) AU T R L SR 2 56

2) G BILIH

SOCE" <SOCq. (t) < SOCE" (29)
SOCy. (0) =SOCq (T) (30)
0< PO? () < Pgm™ (31)

0< P (t) < PE™ (32)

T8 R A TR S e i e R B IS AT A A, A(29)20R TR A ) SOC R/h. 3 (30) 1 4%
LA A A SR AR T RS DA — B, 3 (31) AN(32) 2 X L 78 FEUNTC B Tl 5 K/ IN T BR
3) HRIMAZAIR.

SOCgy <SOCg, (t)<SOCEY (33)
SOC4, (0)=SOCq, (T) (34)
0< P2 () < Pon™™ (35)
0< Py (1) < Pog™ (36)
B AR F T YRR, W3(33)~(36) .

5. EHISH
ATCLA 6 I Bk 51 A8 HBT A 950, ol mdkttt l RS0 R RERC B EAT 20 6 S8 R R 512

DOI: 10.12677/dsc.2025.144038 387 1R G 5


https://doi.org/10.12677/dsc.2025.144038

i, FT

TP ORISR R, SRS RIS SR FH 2 200 B O 5 IR A i e R e & R AR fl sl ek . BN
XFE, AR RIS ST TR, Wil ARAVIERE RS ARA MR Rg: AR
FAF R B R A R HORAR A6 R s & R A RIS R R &1 423 B R 5 F0
RAMERE RGMEL A AR RE; FORAIE SR R G B A fshae & [RINR A 51 455
FER AT AR A % e R B A AL A FGH 7> FAERIZh e . X2 — MRS BRI 0 8, A& S0 H
CPLEX 1 YALMIP T_EAH7E MATLAB M EEH R IR R, 7S Fhdg s 07 045 e 2 fos. % 2+
B T AP S R BRI A A E I B E DL A S I R G H SRR, &3 XSRS
FREHEAT T X T

Table 2. Results of simulation
F2 HEER

FOT B EERARIES A fERERGHY) AR HY HEEAmY  HAERA

BRMA(T) BB (L) (o) (1)
ENELYe 7 7 0 0 15,000 70,164
ENELYe 7 f 0 0 13,320 66,241
Se4x R l g 5876 1034 12,960 70,841
Se4x R H fq 2982 894 12,000 66,847
4y Il f G 1850 804 13,680 68,384
o A f 905 756 12,000 65,478
Table 3. Energy saving comparison of six scenarios
3. AR TIRELLR
E75 i B [ UL AE i /KWh B T e /KWh HATHEIKWh
TofEhE + TCHIZEE 0 0 0
Tot#fe + A5G 0 3738 3738
fikRE e &R + JTod A 6988 0 6988
fifBe e R + A5 3250 3738 6988
i REFR 2> MU + TC1 4 5190 0 5190
fEREFR 2> MU + A 51 4 1840 3738 5578

M 20 3% 3 HERL AERIERE R GUAE & 8 4L HO0 FE A ) B R B BICRIE R, H TR RE R
5578 kWh, [AIFEHS 3 ISR SIRE IR T, A3 51 R R I fif 8 2R Gt BB B0 A BOE 51 22 A 154
1 51.1%. HEHEAT BRAETC A BE RIS IS8 4= I8 PR AR T 6.68% . 51 4 U it i 47 e 7 P I 25 A1 i
RER ST R, TR & BE N i SO B AR FHAE RE R, — 38 W R R 5 4 SO s 2 5 3T, 5
BB 51T AR O E AL -

6. &g

BT Rk AR SRR S IR KAEERARE, ASCHR G 51 22 3 5 VR 5 % e AR S8 B 9] [l i
S, S5RUT:

DOI: 10.12677/dsc.2025.144038 388 1R G 5


https://doi.org/10.12677/dsc.2025.144038

b, FHT

FEORBRIEAT %2 42 5 Bl (8] O TSR T, 3 S 3 5 43 e N B RS AT 0 AR R 52, AT sl S IR 7
Al ae R, RIS SEELAE G| T SR IGE R B, JR/DSEA RSO A A A B AR R
ERE ARG, BERT AP T 9 AR RE B St B2 e, R Bk A 51 it L P L AR PR T 6.68%

HE&mHE
WA EE TR BRI H (23C0429): A ¥ E [T % BB H (23C0424).

SE 3k

[1]1 &, WY, BRET, 25 MR 5] AR i BT B A i 3h e R H R AR RS 1 I 5 mE [J]. B THAR R,
2021, 36(3): 587-598.

[2] #M5Ak. CRH380BL Uzh 24 [M]. dbnt: rh [ kiE HRkA:, 2016.

[8] #A¥EE, WRIRTE, BSMRDY, & mlBIR LRI ShRE R G A7 SRR AT R[]  E EHL TR, 2020, 40(1):

246-256.
[4] Sk A BRI 2R 4 STk T 2 P A A B e B 5 BT S [D]: [t iR ST AR T F A IE KA,
2017.

[5] RE. HAMEREAR SR E R RS EHE A 7T[D]: (W00 18 ). BHR: 7Hr 308 K2, 2017.

[6] JEHLE. FET MMC S4B A Hsh A= s EWF 7L [D]: [l 20018 30]. R T Rg 20 I8 K2, 2018.

(71 sk, ALBS, #oEMW, 2. MBI 4 A Hlshae &0 H 4 5 2 R AR T B 5L [0]. BB 44k, 2020, 48(8):
1-9.

[8] E¥n, MReHvE, MWTR, &, HEH AR AR H M3 T PUE 2218 51 4215 GE iz 47 LAk J7 v 5[], Bk 4k,
2018, 40(2): 15-22.

[01 BEXk, T, &, & EFIEZITRSHEPIE R B AR R R EHI RIS BT AR2®R, 2017,
32(21): 16-23.

[10] #EEZ, BhT, KK, 2% WPKBAESMEERES UG R R B E S A MAI]. B IEARZER, 2019,
34(3): 135-144.

[11] 1A, BHTF, KK, & ETFSERGBRBASBBS A RIS HED]. B LHE AR, 2019, 34(1): 396-

404.
[12] &, PEM, M, 5 BKEERE B B E R S N S ST BT[], 4G, 43(2): 133-
137.

DOI: 10.12677/dsc.2025.144038 389 1R G 5


https://doi.org/10.12677/dsc.2025.144038

	基于列车速度主动调节的高铁混合储能系统优化研究
	摘  要
	关键词
	Optimizing Research on Hybrid Energy Storage System of High Speed Railway Based on Locomotive Speed Active Regulation 
	Abstract
	Keywords
	1. 引言
	2. 高铁供电系统结构
	3. 列车速度调节与储能系统的数学模型
	3.1. 高铁列车速度调节系统数学模型
	3.2. 混合储能系统数学模型

	4. 储能系统能量管理策略及优化模型
	4.1. 列车速度调节典型工况分析
	4.2. 融合列车速度调节和混合储能系统的能量管理策略
	4.3. 优化模型

	5. 算例分析
	6. 结论
	基金项目
	参考文献

