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Abstract: To regulate voltage fluctuations in urban rail transit traction systems caused by the
frequent acceleration and deceleration of trains, this study proposes a passivity-based
collaborative control method utilizing ensemble empirical mode decomposition for a hybrid
energy storage system (HESS) composed of supercapacitors and batteries. This method
enables the recovery of regenerative braking energy and reduces the overall energy
consumption of urban rail transit systems. The ensemble empirical mode decomposition
technique is employed to extract multiple intrinsic mode functions of the HESS, allowing
precise reconstruction of high-frequency and low-frequency components through the
instantaneous frequency curve of each intrinsic mode function processed by the Hilbert
transform, thereby enhancing the power trajectory accuracy for both supercapacitors and
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batteries. To address the multi-variable, strongly coupled, and nonlinear nature of the HESS, a
bilinear model is developed in dq coordinates, facilitating synchronous linear transformation of
state and control variables. A globally asymptotically stable passivity-based controller is then
proposed to ensure synchronized and rapid tracking of desired power trajectories, achieving
collaborative control even under external uncertainties. Simulation results using MATLAB
demonstrate that the proposed method ensures long-term cooperative operation of
supercapacitors and batteries, effectively meeting the demands for regenerative braking
energy recovery and utilization in urban rail transit. The proposed approach offers advantages

such as rapid response and robust stability.

Keywords: urban rail transit; hybrid energy storage system; ensemble empirical mode
decomposition; passivity-based control
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Table 3 Comparison of voltage fluctuation regulation performance of DC traction voltage with different control
methods
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Table 4 Comparison of quantitative indicators for voltage regulation and energy-saving efficiencies with

different control methods

. Fa IR % TR %
LN p— S S S
InigAe 5] i TR B plbrEE pows Mt e o R
45 5 P 723 88.3 711 40.3
B TR IE VB TR SR AL 2 2 f ] 86.2 92.5 83.2 41.6
FET ARSI
. \ 93.5 95.7 86.1 42.2
Tl

LS % il AC/DC # i %% A1 DC/DC X ] A% 4 7 14
i RH  SEELH AR A A KR B B A 51 9
HLIS P AR, B 4 o 2 gl I AR R ROR &
93.5%, 4 1 Z) I35 95.7%: I A 5] I fY
AERCRIL 86.1%, FI Ak i Zhitf 15 42.2%, Fak
AT BERCR ST 27
3.2 RAMRERRINRNIN ERED T

G R PUEH . e TARIE IR VR B sl
A BT R G LIRS MR I IR PR ) g ik
(D 2% PR 78 e A L M D SR N, W 9 B
2 FL A AT L b )RR ZS B B 10 s

Jr it B 9(a) A1 1 10(a) il A, £E 1 4 sk 22 5
AR R L R v, 3 A 5 VA R e M AT 2 r
Ao PO TS ORI, A7 20 R B A A B R R AR
Ko ARG PHERI VAR AR 73 L],
AR TR TR R e B TR B U P
AE SR D R R AR 9 3, (2
SARIHE 2 TR R, SRR
FeGU R PUERIEA FTINR: AR EE T A
LIRS W TCUEVESE S 51N Hilbert 28 4, DL

IR B RE R HU/MEOV RN, SCHE 20 7 a8 A0 L i
TR WA R R 7 BC, SRR 4 7 4 R
HBCHLRE AT, ERA DR EL AR 51 R0 T AR ) T 5
AR (U 2 I ) 2 P e ek

53 v B 9(b) A1 10(b) I i1, £ 51 4= ik 2 5
AN R B R Ay, 3 A ] VA #R e SEELA e
TR P A Bh e i, 4EHF ELR AR 5] I L
FAEe RMAEGEPIERIT %, TSR DRI
i, A DRGSR IR R, RBE7e 0 M 2
Bax TR REPE, REEERGERE
AR 2 TARIE PE P IR BE 5 Ab 7 S 1 Uik
ANASCFIT 4R 2 ) 7 vk 0 2 B AR T b T 3R 5 SR i
HURZASARACIR L, B ARIE TR DB I VR P AL 27
> 7 9 A SR A v R R RN B R (1 A
R, AT SR ) 5 LS L T S A A b
B, RIS/, W E 7 A IE AT Ve N IA F
SN IR L, S BB A, SR TERE
BA -

AT 2 0 7 45 PO 7R 20 HEL 7 AR L D 23 B AT
WEZATEH LR, RS Fir. RS K,



2024 #5513 %

At R ALPIFE)
E SRSl R JEE B A 2 2] sl
ST AR A2 SRS AR A0 T DR R

FEEZR HL R D Poo/ W
|

_2-
,3.
-4 | | | | | |
0 05 1 15 2 25 3 35
i ats
(b)15><105
A4 R RPHE]

T IR D RV P A 27 ST

-

TGS AR TR )

E 0.51
S
¥ 0
)
2 _
B 0.5

,1.

-15 ! L L | |

|
0 0.5 1 1.5 2 25 3 35
I [ s

E9 (a) BREE[M (b) BB IHERN K
Fig.9 Power response waveforms of (a)
supercapacitor and (b) battery

BALGURE PIEH] . R TRIE S8V IR B b )
T, ASCHTRETHEA L RBE R JCIR
PEES ) 5 AT B AR 51 W R AR AR A g e
RGreEMAE IO E bR, REWARYE 51 25 51 far 55
I D2 AL LSRRI o A, RS SR B 92
AN I AN, S R A PR TR B0 440
FEFE o, R S F 25 48 DRI e J92 51) 22 67 A s 070
&, JRIRBNIER, L7 7-315.2~263.8 kW,
i HUIR 5284k 9 15.2%~50.1%, 1 4% Gt 5% B P1#%

e R REPIE ]
A T PR P R A 27 2 ]
ST AR LB IR N TERAE ]

0 05 1 15 2 25 3 35
I it
(b) 85
A4 R REPIE ]
845k e TG W (1R LB 27 2] 4]
' FETSRAE RS A 1) TCURE 45
84t
ES
J83s
(@)
(%]
83
82.5}
82 1 1 1 1 1 1

0 0.5 1 1.5 2 25 3 3.5
i ) tfs

10 (a) BBREB AR (b) BT ERIR 2SN R
Fig. 10 State of charge response waveforms of (a)
supercapacitor and (b) battery

A R {1 JEE TR PR iR A o 3] P2 D i 2 R
7 A U ot HOR A AR AL T [ 23 ) O 1951~
154.5 kW. 50.7%~87.1% #1-298.3~195.2 kW,
19.6%~52.5%; >R FI A% 3C Jir $12 o I 1k 5 ) U5 3%
I S EU 2% L A N R Tt ) 3 Y B 3 ) PR R
B, R R R A ZE AT A e, ARG T
R D) R oK, D A AN R S AR A3 A
-93.5~69.3 kW #183.4%~84.6%, RemFE/.

®5 NEHEHIGEBRERMEBINEREARRSENTHELEER

Table 5 Comparison of power and state of charge changes of supercapacitor and battery with different control

methods
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Table 6 Comparison of output voltage changes of
supercapacitor and battery with different control
methods
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