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Abstract

With the continuous development of electrified railways, while bringing many
conveniences to people, it also brings a series of problems. The peak power of the
traction load will not only cause power quality problems such as negative sequence and
voltage fluctuations, but also increase the capacity requirements of the system on the
traction transformer. In addition, if the braking energy generated by the locomotive in
the braking condition is not recovered in time, it will not only cause a waste of resources,
but will also cause an impact on the grid when injected into the power grid. Solving the
problem of recovery and utilization of regenerative braking energy and excessive peak
power also has an important impact on the economic benefits of railways. Focusing on
these two issues, this paper introduces the dual application of super capacitor energy
storage to the traction load in the electrified railway system to reduce the maximum
demand of the traction load and increase the capacity utilization rate of the electrified
railway traction transformer, so as to improve the economic benefits of the railway
sector. the goal of. Based on a large number of related literatures, this paper conducts
an in-depth study on the control strategy of energy storage devices, and proposes a dual-
application control strategy for electrified railway energy storage systems, which
achieves load peak elimination and regenerative braking energy recovery. The main
research contents and innovations of this article are as follows:

In order to improve the accuracy of the control results, the proposed control
strategy in this paper incorporates a load prediction link. Therefore, the traction load
prediction technique is first investigated. To overcome the shortcomings of existing
traction load prediction methods, this paper first analyzes the traction load data
characteristics. To reduce the difficulty of prediction, the DWT model is first used to
decompose the traction load data. The selection of the mother wavelet function and the
number of decomposition layers in the DWT model are demonstrated from both
principle analysis and experimental validation, and are selected on the basis of merit.
Then, according to the frequency difference of different sequences, the TCN model is
chosen to predict medium and low frequency sequences; the SVR model is chosen to
predict high frequency sequences, and the key parameters in the model are optimized

using PSO to make the SVR model have higher prediction accuracy. Finally, the
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effectiveness of the proposed prediction model is verified in the Keras framework of
python.

Based on the improved traction load prediction method, this paper analyzes the
current energy storage control strategy under dual application and points out two
problems that still exist in it. The first problem is the possible "dead time" of energy
storage during system operation, and the second problem is the influence of prediction
error on control results. To address problem 1, we use a real-time SOC correction
method. In order to get a better correction effect, we introduce the idea of rolling
optimization and predictive control in the correction process. This reduces the
computation of the correction process and avoids the problem of new load peaks caused
by the correction. For problem two, after improving the prediction model, we can also
add a rolling prediction process to each rolling optimization process. By reducing the
prediction time scale to reduce the error of the prediction results, thus reducing the
impact of the prediction error on the control results. The experimental data show that
the proposed control strategy can effectively solve the above two problems, ensure the
effect of dual application and improve the economy of system operation.

Keywords: Electrified Railway; Traction load forecast; Computational Intelligence

Model; Model predictive control; Dual application
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Hro Dtk LRSI AU s, T LUK 4525 RS A e U R P
o SR BHABEA: S lgReAse (o) () (v )| stz
) PR 1 5 S B ().

38 & RURSK A 5 SVR H

f(x)=<w,x>+b (3-14)

Bl -y, > e B, SINFASARR &, &7, T Al A A R R

. 1 2 Z *
min, ] +CZij(si~ 5

yi—f(x)se+g
sty f(x;)—y; < g+é‘i’k

(3-15)
giagi* 2 Oﬂl = 1923“'9N
o, C NESIHET .
JRARIRG-15) AR I R, 51 NHLR B H R %
i i i
L(w,b.é.c) = %||w||2 FCY(EH+EN =D & +n &N = (e +& -y, + f(x) -
i=1 i=1 i=1
(3-16)

l
D (E+E -y + (%)

i=l1

FRAERLA% B H X AT 452
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/
w= Z(O‘i _ai* )X; (3-17)
i=1
Bk, () =<w,x > +b [y DL Ny .
/
)= (@) <x,x>+b (3-18)
i=1
TR SCHE R AL A RN [l AR R R JE L ik 1al Gk, 5 ANAR [l FEAR BR A
TEARYERFAE [ B e 2 e 4E 2 (B P AT R M & . AR B A R R -
K(x,x;) =exp(=y |5 —x; [) (3-19)
FINZ R e, [ HAERE AR

l
f(x)= Z(ai —a; k(x;,x) +b (3-20)

i=1

3.3 ROIAR

33.1 ZHINESITFN R

ARSI R R BT — AN 35 g 3 RN IS U s Am . A
FH 5 3.2 TR A TS B 6 FL-AT TN, T &30 2 B T &5 R, A
(7308 43 (1) FR0 25 SR 5 S o SR AT LA, R B OB Y ok (1) S M. S,
FAS 3 ) &5 5 575 F ) LSTM A1 SVR FiUI 7 ¥ (0 9000 45 J k4T EL

H T RGO & REN T 5, AR ZER bR B, Ak
BT AR LR ZE NIEN R IR . “PI4ExTiR%E (MAE) R R 1% %
(RMSE) , Zriltnat (3-21) Mk (3-22) FroRl44) . Hd MAE A] DL & 7
MEERERI I TERE, W TN 45 SRS TE, MAE B, QR PR 1)1 &
e, TH S SR ARG FE it iy ; RMSE AT DA & Pl AR A o R ik, T DA S gk
TR 22 I 73 A 3 )15 k. RMSE BRAIC, AR TS AY 1) F5 e Medkmr, T 45 2R
(R 723 AR RRIEI ), AN A BAE A T 2R S0 3 2 ok K R A 00 o

1 &, .
MAE == 3]y =] (3-21)

1y,
RMSE = \/NZ(y,- - ) (3-22)
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Hep, oy R Y SRR R IS, VSRR B

332 IRE SR

(—) DWT RN bR i 128 HY

DWT # ko fif 2 51 ftar 7 0, 52 % IR 50 o A P LA AN R AR (1 1 1
.

XFT /N R SR, BATEEA AWK SRk EEE N . A% haar
BREUE /N S BRI MR B 2 AT A S B0 B6-E 1 77 T AT VR IE

ARSI B =R B A TG T 0B 0 S A6 S o0 i i A B R B AR
[P 1, LME T 5 S 84 P 0 R0 AR 2 SR 2 Sl Tl X 2615 81 o X /)N
BB ER B A

1). B2 5] S 5E & B HUS 4L A, BRIV JE SRR BN AR i

2). SRIEHIT IS S T, FEae R4S 50 HERf B i & 5L . AR /N
FE R B 2 IR, AR SO RAN T AT 1 k4%

O JREE 537

— S B O BE N R AR E AT 145 E RRAE 43R 3-1 Fis o

R 3-1 AN[FEIBEANG; BB E FIRFE

Haar  Daubechies Coiflets Symlets Morlet Mexican Hat

R haar db N Coif N SymN morl mexh
2445 haar db3 Coif3 Sym?2 morl mexh
IEAE Yes Yes Yes Yes No No
MRS Yes Yes Yes Yes No No
BCEN Yes Yes Yes Yes No No
SCHEKE 1 2N-1 6N-1 2N-1 ARKE AWRKE
MBS R 1 N 2N N \ \

M 3-1 7] L H , Morlet A1 Mexican Hat /)M L bR EUAS ST RF B U/ N R AR
FTUAEEETLE Z A, KRR HE . AR DU /NMB R 6 £ Haar, dbN. Coif N 1
Sym N [ F EXAE T KA R EA R . #ig b, SRR, 78
KA O, RS B S BT, (EIX R 2 R A R A AT R SR D A
T A7 A WA A A 2 gy T AR I KR ZZ AL E . o, haar BRERH) SCH¥
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KR RFER B /N, 20 7 Fe R g I SR IN-~F0 T4 SR 2 B iy
PRI, AN SCIE B haar 2R EUE 9 /NI Rl R 2

@I -

AR FE T KL B 7T A haar BREURT dONCdb3) B #4750 EL A
] 3-9 52 haar BRELI d3 FFHIRITRINSS B, ] 3-10 52 db3 RRELIT d3 7 41 Fi0
iR, MTUVEH, it db3 /1S I d3 P A A I LR A R, 7R kg
AELAE PR FRUMI RS B3 LA A o IR PR UE S 1 1 4% haar eREE /N it ek B0 A BEE

| ‘r el
T
I
"1ﬂr ‘ HA P=|F ‘TWH P'-' ﬂqﬂi
%Oi IﬂL LP \Jl I ‘\ﬂmH \ﬁu—M‘bH-
I J‘ 1 -t
al ‘ HL ‘ | LH
o .

Time(minutes)

K 3-9 A haar BE/NBERRECT 19 d3 1 B TIN5 R

true
pre

“W o | f"\vw

0

0 50 100 150 200 250
Time(minutes)

K 3-10 ] db3 BE/NBERECT I d3 5 Fr 81 (K i 45

(=) DWT H o1 54 A
X T R A RO, ARk $E TSR BUE AT T, FINKS B An sk 3-
2 iR . NFE 32 MR RT LB Y, AT R8I0 6 17 I, PRIAMRZEFRIRRD,
M HARF R . X BT RIS N7 81 a5 sk SR/,
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MHERTE DR T8 a5 IS5 RUnE 3-13@)fras, rTEVE W, Hl
HOZWIvRE. 7 RALHIE, BA XS a5 TR ATt — b .
Rk, ASCILIMEN 6 DAFBERP T PHI, HER WA 3-11 fros.

R 3-2 AFET I R IZEU R Z TR S

Number of

MAE RMSE
subsequences

0.1235 0.2143
0.1045 0.1829
0.0904 0.1202
0.0803 0.1059

N N »n B~ W

0.0795 0.0934

Decomposition at level 5 : s= a5 + d5 +d4 + d3 + d2 + d1

Mwﬁ gl A
A lwwwwﬂm»
WWWWH M : ”‘f l —

i A

—Mmbﬂll b Alwh +-"b4;p H#MI M \'IHWMTWHWN*H H |H'IM-;

500 1000 1500 2000 2500 3000 3500 4000

Kl 3-11 f ] DWT BB A far AT 0 i 45 45 2R

w
=
cmc

]
w

i

o

o
|h 1
rucrq mcmcma

o
()

o
) et i
o obhuone Mo
T T T T

o
-

(=) SVR HLRL i bk H 1 12 L

FE SVR R eh, AN[RIZ U 18 B2 0 P00 45 R AEAR K s i, BRI 3AT ]
FEREEE SVR HBAAURT, AT SHOHEAT AL I . B B R AL %R
) 95 Sy MIETTRF C %

R HUE SVR B HIRZ LB —, SIANZREL 7T LR A A Al AR 2
PR, G ARL PR, ety 4E A Al 2R E R . H AR DL A e 50A A
INAEE
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Dsigmoid # i #: K(x;,x,)=tanh(y < x,,x; >+r) .

@z ALK E:  K(x,x;)=tanh(y <x,x, > +r)?

LM H: K(x,,x;)=<x,Xx, >,

@R MIERBF)ZEL: K(x,x,)=exp(-y | x,—x, ")

Her, dy ey YREZRBPREZESH, HATHN TES, SVR Zmduk
BRI B> . FEREAR S RSN EORIE . NSHANBCKE,
sigmoid %R 5 Z WA REBIIA NN SH, XSWMPIE R KSR, 4
PERZ SR e AL BRZ MR IR, TA 0] A eR 250RT DAL BRAE S PR BRI o 2 11 A% R B
W] DL AR AR ) A% pR ) — MPoRr 28 . 25| 07 1y 2000 A B ) AR G MR AR ALE
PRI, A A7 far TN AR b, JRATT— RO A i) B AL iR U v ik .

(P0) SVR #ALH C 55 y (B H

C My [ FEAEHAE T PG — L 5 =3 UG P 12 A 1 280 56 XU A 445 44 XL
B, S RL RTINS 2 5 i UG fe D AT PRI & o e BE IE B G TR 7 C A e
[EZHy, RS IRTHE RTINS B 57z 1 Re

PSO FEAE sk TS E, E2 Mg TR H IR
ASCAE A PSO ByENT SVR BRI C F y AT AR EL . AL VA RAZ a1 3-

12 fir7ws

WItEAk, BENLAERLCH y W) G4 BT 4G v, Rt
WM. HWHSVRER, i F=MAE+RMSE. &
it BIWIUEA AR B AR pbest & Fl BB gbest o

v

SR AR O 56 B R SAMA SR ipbest, FEHE
b B A gbest

A A2 75 AL ISR

it e AL CAN b 7 A2 B x AN H A bR LR

K 3-12 SVR #AI S H b i A2
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