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Research on Reinforcement Learning Energy Management Strategy of
Tram Based on Condition Identification
Mo Haonan Yang Zhongping Lin Fei Wang Yu An Xingkun
(School of Electrical Engineering Beijing Jiaotong University Beijing 100044 China )

Abstract Energy storage hybrid trams use the energy storage system as the only power source, and
optimize the design of energy management strategy, which can improve the running performance and
economic benefits of the tram. Regarding the demand power of the tram as a Markov process, and in order
to avoid the impact on the energy management strategy when the driving conditions change greatly, a
reinforcement learning energy management strategy based on the recognition of the operating conditions is
proposed. Based on historical driving data, the tram driving conditions are constructed and the Markov
power state transition matrix under different operating conditions is obtained. Then, with the goal of
minimizing the energy consumption of the hybrid energy storage system, the power allocation strategy
under different working conditions is obtained through the reinforcement learning algorithm. Finally, the
improved learning vectorization (LVQ) neural network is used to recognize the current driving conditions
in real time, and the control system makes real-time decisions based on the current recognized conditions
and train status. Real vehicle data is used for simulation verification. The optimized strategy can reduce the
energy storage system loss and can be applied to different driving conditions. Experimental verification
with a 90kW hybrid energy storage platform verifies the feasibility of the strategy in practical engineering
applications.

Keywords: Tram, hybrid energy storage system, operating condition recognition, reinforcement
learning, energy management strategy
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Fig.1 Topology of hybrid energy storage system
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Tab.2 Principal component contribution rate

E Iy FRALAE HEEFLI% BT E%
M1 6.570 43.797 43.797
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Phign(%) 33.92 4.6 0.36
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Tab.4 Energy storage device parameters

ZH R PR 4 P i [E R
BUE & 140Ah 63.06F
HE HEIV 384.1 899.1
P BEL/mQ 28.63 13.8
o] FH g /kWh 21.683 4.9
F5e K 78 LR A 840 2100
SOC i I X[ 0.4-0.8 0.4-1

DL — R, 8 AHAEEE AN 40km/h B
oAk 2 ) Sk A A 500 RIEAR S I Q H T HY iR = AR
b 22 . BEFIMHE TR 0.9, KA REME (1-

(1/log (n/100+2.8)) HEATNEIE R . TEIEAHIH,
BENLE B EMRR K, FEEFREAEYT TR
A, BEAE GBI BT, BENLIE B ) 7 2R 0%
W, s CREE ¥, HERRRER
AW R F1 IR AS o 3% AR A 5000 5k
i, QH PR ZZEH LT 0, kBRI

Kl 9 RPE LI — %M, HEE N 40km/h, AN
TRINBER N MIELEELAEN . NE AL
A, BRER R b A T A B R BRER £ Ll SOCy.
FA HLZY SOCs M T RINF B AN, Y RG A
Gl BN E B AR T, B
2% SOCsc KK, Mgt E SR . M RGHZ)
RN HAB L B2 SOCs BNy, 32 By v vl iy
Wk hE ., M REAET . HshEE &N, BT
FL U 40 S T R PR A, R Y R R 2 2% 43 Sl R R R
URIEE

40

35

30

251

20

SECIE

15+
10 ©
| -
0
0 2 4 6 8 10
AU 20"
K8 %F 500 A Q¥R %=
Fig.8 Mean discrepancy of Q value per 500 iterations.
AR R R, T AU A B T i I AR
ANEA GIRBERME,  HoR il o > 15 5 1) B B B K
W RAEE R s T AR AT, B AT IR A
L, SR AT E S 4 H A 78 H SRS

N W
(= -]

Pbat(kw)

—
(=]

(a) 40kW %3]



U L D EOR AT A AR R IR

30
£-20
£
0
1.9
2.8 0.8
$0-70.60 s 06
OCS : 04() 0 0.4 .SOC‘O

(d) -600kW %13}
B9 RFERA FEEL &30

Fig.9 Distribution of action variables in different states
3.2 REEEIERMIIERIEE ST

PA— 2% S22 2 OB A v N kAR, il 10
Frow, RIS UE B0 IR ) ) 54K 27 21 g B B SRR 1Y)
AR . Hod 78 Ha vl DL 500A fE i 78 L .

1000

< 500
%
%
= -500
-1000
0 1000 i1 (5) 2000 3000

() ThEFRIMNL 1

60
E 40 WM
= 20
=2 g g | A
0 1000 2000 3000
It ] (s)

(b) PR 1
K10 sEEELRL 1
Fig.10 Real vehicle driving curve 1

11 9k BE R Gu 2 & 70 e # 25 BL f% SOC Hi 45,
MR LLE T ARER B i R 48 SOC B2,
B FEIEAR A BB R B A RGN, HAEA5] T
I, e A AR AR, g 7RI R,
FE — 5 T2 BE bR DAY Jin e v 1) £ FH 75 i O G 4
ARG

1000

rrrrrrrrrrr i
ool L GEY Ed ‘
%501 ;l“LJ,‘Wﬂr‘Wr‘L»WL W.“k WJ ,

0 500 1000 1500 2000 2500 3000 3500
i ()

(a) yHRIHMiLE 1

0.8 [

SOC

067

0.4 ' ' ' ' ' '
0 500 1000 1500 2000 2500 3000 3500

58] (3)
(b) SOC &kl 2k 1
11 fERE RGN M 4 X SOC ALkl 2k 1
Fig.11 Energy storage system power distribution curve
and SOC change curve 1

ik — B IR B T LA A ) RL SR (1 %L
e, RS T ORI RL SR R T 0 0 1) f
M HE A BEAT X EE

B 12(a)hf = b S w2 AR [ SOC #E4T T X
tb. =FJrik SOC #Ul¥f 5%, MTHEHBEE
SOC i I F PR i, £ SOC #B1E 0.4-1 Z [a] . A LA



55U L D EOR AT ) 2 R R IR

A AT RL PSR 2 A AT TR AEA .
K 12(b) AT 12(c)oxt =i 5K s fiff RE 22 5t RE A€ it
T Xt MfERER G REAE ARG, 2T RL I
SR FL Y PR FE R DC-DC HAE# 2298/, LR
FLAE A REL 450 2 18, (EL ik BE % 48 A5 BE AR = /D
HAo B THURMI RL SRS S REFEFEIR 11.2%,
TOURAIE RL SR 2 REFEREAR 1 15.7%, I HEIR
DERE RS REE IR, REARGE. ATLEH,
FEHEAT PR AL ST S AU, XA P A 3 T
BEAT KM, K B A ARG IR BHOIRES e
M COLE 38,y DAAG 3 4 (147 R CR -
It be i

T

| RLA AR

Hi
Ev

RLETHLR
] i

T
IR i
PE P
PEO T
PR o
o | H
i | {
P
ol

i {
|
i
P
|

i

&0

g e i

0.8 1

SOCsc

0.4 : : . : —
0 500 1000 1500 2000 2500 3000 3500
7] (s)
(a) B SOC Xf L h 4 1
— 2.5 T T T
= - AR
Z M RLIJE T4 51
?E L5l RLAF T 51
g
1 -
N\ ..
N& =
g2 057 e
0 500 1000 1500 2000 2500 3000 3500

I} [AI(S)

(b) fifRER G REFEXT Ll 2k 1

m— P B
1.5¢ - B HL 2 P BEAFE

DC-DC #i
0.5 j
i N

RAEEE]

(c) ffRE RGREFE AT LL 1
12 =FhEEms N A SOC KB REFEXS LE 1
Fig.12

fifi B R 4t REFE (KWh)

JeT.HRL A LIHRL

Comparison of super capacitor SOC and total

energy consumption under three strategies 1

R5 SHREEEERMTHMERG AL 1
Tab.5 Comparison of energy consumption of EMS under
three energy management strategies 1

ik B B M A8 FE/KWh AR A %1%
A LA 2.4250 —_

7 T4 iR 5 RL 2.1533 11.2%

A THRS RL 2.0436 15.7%

SNFE 43 B IE FE T A A 2 ST S (K38 N
PE, R SRAF 00 WS N T AR I 28 9 Ab— 2% S bR 2
T, Hrp7e sk Pl 1000A fHEFEH . WK 13
MNo

1000

0 500 1000 1500 2000 2500 3000 3500
N EIS)]

() ThEFmRkihzk 2

b A

0 500 1000 1500 2000 2500 3000 3500

I [a](s)

(b) JEEEFRIML 2

K13 SEEEBRL 2
Fig.13 Real vehicle driving curve 2
75 3 B T 00U R 2R A A o SR R A 56
R T OL ) T 26 73 e ith 26 DL R A BE R GE SOC it 4t
14 Jrow o

1000

al
o
T

# /% (km/h)
838

= N
O oo

s %

0 500 1000 1500 2000 2500 3000 3500
ES)
(a) WS E ML 2



U L D EOR AT A AR R IR

1
ORTRY I o L, LR | IR I S
., .
(@]
wn
0.6
,,,,,,,,,,,,,,, SOCb
— SOCsc
0.4

0 500 1000 1500 2000 2500 3000 3500
I I (s)

(b) SOC 4 fk i £k 2
14 fHEAE RS TR 4y B 22 7 SOC R4k i 2% 2
Fig.14 Energy storage system power distribution curve
and SOC change curve 2
W 3 I 36 IE 00 PR = A B R A B S AT 0
o, 2r0lf3 BB g gy SOC fh2k LA it Rk R Su e
¥E, QR 15 ML 6 iR .

RLELHIRA]  RLA O

\|

SOCsc

0.4

0 500 1000 1500 2000 2500 3000

i 1] (S)
K15 =S N 2 A SOC X Lh 2
Fig.15 State of charge of super capacitors comparison
under three strategies 2

R6 ZTEEEEIERIETHIMEERGREFEIILL 2
Tab.6 Comparison of energy consumption of EMS under

three energy management strategies 2

e 1 A B SR W KREFE/KWh AR A 22 1%
AR i 2.6175 —

T THLIR A RL 2.3290 11.0%

A LR RL 22223 15.1%

Al DL B3 B PR I8 E T 5 R a1 B g R
& T — 85, G O =R e B SRS 1 5 E T
3 3 5 0 IR IR B 2 S SRS FE AN [A) O R
A T8 LR I 5 Ak 2 5T SR DL KR AL B, N
T 350 B 58 A 27 ST B0 AN [R] T 350 1) 3 R
3.3 SLIGISHE

g B8 F 5 T T 900 AR A1) PR 5 A 27 5T SR 1) TE 4R R

FIH R AT, fEW B 16(a) AT i) 90kW
-8 2 A IR A W AE R AT & EHET 25
LI TFERMRARRAEASH K T.

AR S0 3 B E R A 1l A R GAEAS R LR )
SR Ak 27 2] R B B SR I 1) o AR . BT IR IR S
B 16(b) i . AL CAN & TR Ui i
HALIE T DSP &5 s, A ZE Matlab #4F
HEAT T LA 28R 3 I8 o 58 4k 2 5] E AL HE ) SRR
Pl RMATIELR VLR, SR Python 15t HU 3 26 43 i 45
B, JE@E CAN @R AL H DSP, R4 %
BE R G PAT R HLFE A . B AL HLE i PLK R -CAN
gt S, SHihi BMS BEHET N H
= HOIFEE CAN % |

s T

=)

kBRI

BMS-CAN

AHL-CAN

PLAM-CAN
B

(b)S2 567 & il % HoR & B
16 RG i RE LI IIET &
Fig.16 Hybrid energy storage experimental verification
platform



55U L D EOR AT ) 2 R R IR

xk71 RAMRETESH
Tab.7 Hybrid energy storage platform parameters
S Bt R 4% MY HEERG - o - z;%%&:_w)_fzo_o;//*%
s (CES Maxwell _ A LR (V): 100V/4%
il & 7 R 216S2P 48S4P » i
| |
WUEHE (V) 496.8 500 N [ | i
i 20Ah 15.75F v M VR
A & (kwh) 9.94 0.56 : A HI(A): 25A/K%
; H LI (V): 25A/H%
BORFFEEHIR (A 60 140 N B @ e @ o
Skl 298 0 (b T T 1038 A 2 T WA ST 1
DA B 2R S bR IS AT B A AR ON T S | o ).
B DA R, 51 4 A7 A h 2 k4T 48 L4 — _
AR AL, TR 5 e K DA 2109 40KW, i &l 17 By RELGHLFE(V): 200V/HG
— AE AR (V): 100V/KE
7 o !
< il

L= IR

T W W

AR ER(A): 25A/F
HIBIETE(V): 25AMK |

50

100 150
Hﬂ‘lEﬂ(S) 1 2504 & 100V € 00V Jliﬂﬂs ‘;\r&lﬂu'z{“l & 5 000A

(a) LRI 1
(c) A T HL R 3 AL 2 2] s 248 BB 1

gi: | B 18 R SEES T HO SEB Y 1
E’? 10 ] Fig.18Three strategy experimental waveforms 1
# KM o5 — R L BRI AT BdlE AT SERG SR E, A
0 S0 gpiay(s) 100 150 19, BiF 9 Ak 2 =7 55 W 68 S R 1000 B 3 A
(b) 3 4 AFE LM 2 1 w0
17 LA 1 g 20
Fig.17 Experimental input curve 1 g 0
PUB AR LAV« T8 000 R 0 1) i A 2 51 S DA -20
0 50 100 150

L B T 00 ) IR SR AL 7 5T SRS AR AT SR 36 . T

AL R LU 2 R L B P o (@ AR 2

§ . 60
2 B Rl 2 N K 18 i . .
=
IS 401
<
i # 20
——— s ] )
B HUE(V): 200V/H% 0
B RE(V): 100V/Fs 0 50 100 150
‘ GO
(b)) S50 far N B2 2% 2
® I ,"]‘ i Ja N
T Vs T LU P 19 s ALk 2
( i Fig.19 Experimental input curve 2
AR AT IR (A): 25AME
(V). 25AM%
@ oA & oV €@ o0V .Lzﬂ,lls ] ?nnnnu‘-anu H @ 7 0004

(a) Fe i ek s BRI 1



U L D EOR AT A AR R IR

SRV 200V |

WAMATEN): 100V

A
{ /

U
RETERAN RV W SRR o

BB RR(V): 25AMH
MR (V): 25AK |

250 A 100 V. 200 V 2005 5.00 T/ 7 0.00A
( ) T |
l J o008 )

(a) fef bk S s 2

équa_ JE(V): 200V/f

BABARIEN): 100V

B

[ ]
i\; _
L
[ I
LE; t

o Naaaanes
!

R (A 25ATK
il LI (A): 25AVKE

@ 504 & 100y € 200V :I‘ZD.Da

“?nuuﬂn/:_lfi'u 7 0.004]

(b)) 6 B AR Sl 3 Ak 2 = SR S48 0 2

HOLAREN): 00V

- 4 I
L < T + »

RV t
B .,"\?_[ |
I SN T -

HB A IT(A): 25AKH
IL(A): 25AK

(@ 2504 700 v @ 00y TEXE ]‘S.rmﬁ,/n ”‘ @ 5 o000A
L 1000 5 |

(c) A3 T HLIR T 5 A 27 5] HEE SLa WoE 2
K120 =FRSEms T SEIRIOE 2
Fig.20 Three strategy experimental waveforms 2
i 90KW FENLSEIG AT 45, 72 IR & ff e R 41K
(7= i S U A I E il MR 78 v (= R i
HR Gl RGLANME, il BE & S8 BE W B IE 3y 2 73 T
SERGEAT AN TR . SR OB AT LUE 3 T 0
57 3 B e B B RN e 0 AR AR GUIR A il e s
TSR, 780 A R 9 B A AT Bt B DL R G408

IS TR AR R, AT BRI AR 2 R 5
R PR ROR R R S AR R, W SEEL
TRERH -

4 g

AL VLA U B HOR G E RE R GO BT AR
%, MTRRIFWEEILE, BARBRERHIRS
REMG/RFBRIERE, IF% 8205 B TR ALK
I X RE A BRI A2, SR 7T LRI
SRAL S 5] RE R B SRNE  JE R R B LR KB
ERRGR 7, b, (R =M T, Jf
R T AFE TN K IhFAREFHE AR . R R
S BEAS B TN R T DA R FE T H R T 2
NAEAA, 78 I g i LVQ 28 I 2% Siz I 38 5l 24 i
F1% 725 Tk T 0 T 80 R S ) R A L E 95 8 AR L
T UL AR A IR AR . SR A L,
ZITIEMRRE R G BEAEFFIK 720 15.7% H ELE T 40
WHIET RL AE S PSR MG BAT A T RERCR - IF
e KA B S N T AR 12k 53 b — F L B 3 T
DL, BE 75T T 00 IR ) A SR 2 ST SR X AN [R] T
OLEYIE R . Gl 90kW Y SEIR SV & AT Bl
17, BIE T A SR A 5 T 00RO A 9 Ak 52 5] 3R
W5 (R A 28 5 IR B T A% S A TR I R I R AT

S

[11 =% AP BFERENE-EQ]L VL I5 0
%1/,2014(05): 44-47.
Jiang Jun. The revival and reflection of trams[J].
Jiangsu City Planning, 2014(05): 44-47.

[2]1 Efd4 52w D IlA S 24 m o7 RN 0.
WL4E 5398 %2 497,2015,38(01):47-51+58
Wang Jianquan, Yuan Fuwei.Discussion on power
supply method of urban tram[J].Electric Locomotive
and Urban Rail Vehicle,2015,38(01):47-51+58.

[31 HEAEZR T A T s A 0 AR
AU HREMERGRBEEHSEEREN AR
[0]. B ILH A%R,2017,32(23):158-166.
Zhu Feigin, Yang Zhongping, Lin Fei, et al. Research
on energy management and capacity allocation
optimization of modern tram energy storage system
based on acceleration time prediction[J]. Transactions
of China Electrotechnical Society, 2017, 32(23):
158-166.

[4] EB P FEEAFOBEREGNNARGRE



55U L D EOR AT ) 2 R R IR

[5]

[6]

[7]

(8]

(9]

[10]

THME R RS A B E Y R 5[] 8 1T
H AR %4#,2019,34(08):1780-1788.

Wang Yu ,Yang Zhongping, Li Fen, et al.Study on
energy interactive management strategy and capacity
allocation collaborative optimization of tram hybrid
power system[J]. Transactions of China Electrote-
chnical Society,2019,34(08):1780-1788.

kot BMACH R EEBIRA MR RGREEE AN
EHFFL[D]. b5 22 i K%, 2018.

Faw, BAF, B, F XA EEE
— R EE B LR [J]. T H R 2, 2019,34(02):
427-436.

Wei Shaoyuan, Jiang Jiuchun, Cheng Long, et al.
Ground-storage model of energy-storage trams[J].
Transactions of China Electrotechnical
2019,34(02): 427-436.

J 3622 I 4k 0 5k T AL AR A iR R g A
AE & 2 i 5w [9]. B ML 5 5 I 22 41 ,2019,23(05):
52-59

Zhou Meilan,
energy storage system of pure electric vehicle and its

Society,

Feng Jifeng, Zhang Yu.Compound
energy control strategy[J]. Electric Machines and
Control,2019,23(05):51-59.

TR T, B A T SO R A S
AR ERSHMERASEMLE N REMEN]L R
TR A %#,2020,35(14):3116-3125.

An Xingkun, Yang Zhongping, Wang Yu, et al.Pareto
solution set of capacity configuration of tram hybrid
energy storage system based on improved convex
optimization algorithm[J]. Transactions of China
Electrotechnical Society,2020,35 (14): 3116-3125.
EH P MHRCEFEARBEERRSHERSR
oA W F o oK B PR LR %
#%,2019,34(S1):405-413.

Wang Yu, Yang Zhongping, Lin Fei, et al..Dynamic
proportional distribution strategy for on-board hybrid
energy storage system of trams[J]. Transactions of
China Electrotechnical Society,2019,34(S1):405-413.
e g o B AR R T R R R < A/ R
R VR 5 1 BE A L P 2 B A I SRNG [U]. L LR o
#,2019,34(S2):752-759.

Li Feng, Yang Zhongping, Wang Yu, et al.Energy
management strategy of hybrid energy storage tram

based on Pontrya’s gold minimum principle[J].

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]R. Xiong, 1J.

[20]

of China Electrotechnical
2019,34(S2):752 -759.
MRS VAR T TR R IR &3 &

Transactions Society,

o oH o om BE o P ot B N oW T
#£,2012,23(07):869-874.
Lin Xinyou, Sun Dongye. Research on Control

Strategy of Hybrid Hybrid Electric Bus Based on
Condition Identification[J].  China
Engineering,2012,23(07):869-874.
B BT TGRSR &3 R R E
& F 5 1T 7T [D]. 5 R K %% ,2016.

Changle Xiang,Feng Ding,Weida Wang,Wei He. Energy

Mechanical

management of a dual-mode power-split hybrid electric
vehicle based on velocity prediction and nonlinear model
predictive control[J]. Applied Energy,2017,189. 640-653..
SR I . A A R TR £ o) ) A R SR S B R
AE B FL RIS AT S [D]. dbnt: JLR{E IR, 2016.
Liu T, Zou Y, Liu D, et al. Reinforcement Learning
of Adaptive Energy Management With Transition
Probability for a Hybrid Electric Tracked Vehicle[J].
Industrial Electronics, IEEE Transactions on, 2015,
62(12):7837-7846.

Teng L, Yuan Z , Dexing L , et al. Reinforcement
Learning - Based Energy Management Strategy for a
Hybrid Electric Tracked Vehicle[J]. Energies, 2015,
8(7):7243-7260.

LIU T, HU X, HU W, et al. A Heuristic Planning
Reinforcement Learning-Based Energy Management
for Power-Split Plug-in Hybrid Electric Vehicles[J].
IEEE Transactions on Industrial Informatics, 2019,15;
15(12; 12): 6436-6445.

Liu T, Zou Y, Liu D, et al. Reinforcement Learning
of Adaptive Energy Management With Transition
Probability for a Hybrid Electric Tracked Vehicle[J].
Industrial Electronics, IEEE Transactions on, 2015,
62(12):7837-7846.

and Q. Yu, “Reinforcement

real-time power

Cao,

learning-based management for
hybrid energy storage system in the plug-in hybrid
electric vehicle,” Appl. Energy, vol. 211, pp. 538-548,
Nov. 2017. doi: 10.1016/j.apenergy.2017.11.072.

Rui Xiong,Jiayi Cao,Quanging Yu. Reinforcement
learning-based for

real-time power management

hybrid energy storage system in the plug-in hybrid



U L D EOR AT A AR R IR

electric vehicle[J]. Applied Energy,2018,211:538-548

[21] Teng Liu,Bo Wang,Chenglang Yang. Online Markov
Chain-based energy management for a hybrid tracked
vehicle with speedy Q-learning [J].
2018,160:544-555

Energy,

EEE N

ikt 5, 1997 MR, WL, WRUTFONEHMERE RGA R
B 5 Rl R

E-mail: 19126139@bjtu.edu.cn CGE{E/EE)

PR 5, 1970 R, R, WS, BT EONELER
WA GIE) . R, mHE A E R BRI

E-mail: zhpyang@bjtu.edu.cn



	有轨电车基于工况识别的强化学习        能量管理策略研究
	有轨电车基于工况识别的强化学习        能量管理策略研究
	莫浩楠  杨中平  林飞  王玙  安星锟
	0  引言
	1  有轨电车储能系统建模与工况构建
	1.1  混合储能系统建模
	1.2  有轨电车驾驶工况构建

	2  基于工况识别的强化学习能量管理策略
	2  基于工况识别的强化学习能量管理策略
	2.1  目标函数及约束条件
	2.2  转移概率矩阵
	2.3  基于工况识别的强化学习控制策略建立流程

	3  案例分析
	3.1  仿真条件及优化结果分析
	3.2  能量管理策略验证及对比分析
	3.3  实验验证

	4  结论
	参考文献




