UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Analysis and adaptive mitigation scheme of low-
frequency oscillations in railway traction power
systems

Jiang, Xiaofeng; Hu, Haitao; Yang, Xiaowei; He, Zhengyou; Qian, Qingquan; Tricoli, Pietro

DOI:
10.1109/TTE.2019.2927128

License:
Other (please specify with Rights Statement)

Document Version
Peer reviewed version

Citation for published version (Harvard):

Jiang, X, Hu, H, Yang, X, He, Z, Qian, Q & Tricoli, P 2019, 'Analysis and adaptive mitigation scheme of low-
frequency oscillations in railway traction power systems', IEEE Transactions on Transportation Electrification.
https://doi.org/10.1109/TTE.2019.2927128

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Checked for eligibility: 18/07/2019

© 20xx IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.

X. Jiang, H. Hu, X. Yang, Z. He, Q. Qian and P. Tricoli, "Analysis and Adaptive Mitigation Scheme of Low-Frequency Oscillations in AC
Railway Traction Power Systems," in IEEE Transactions on Transportation Electrification. doi: 10.1109/TTE.2019.2927128

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy o ) o o ) ) ]
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 19. Apr. 2024


https://doi.org/10.1109/TTE.2019.2927128
https://doi.org/10.1109/TTE.2019.2927128
https://birmingham.elsevierpure.com/en/publications/7f3d85b6-97cf-405a-ac38-d65e0ed91c1b

1

Analysis and Adaptive Mitigation Scheme of Low-Frequency Oscillations

in Railway Traction Power Systems

Xiaofeng Jiang, Haitao Hu, Member, IEEE, Xiaowei Yang, Zhengyou He, Senior Member, IEEE, Qingquan Qian, and

Pietro Tricoli, Member, IEEE

The authors: Xiaofeng Jiang, Haitao Hu, Xiaowei Yang, Zhengyou He, and Qingquan Qian are with the College of Electrical
Engineering, Southwest Jiaotong University, Chengdu 611756, China. (e-mail: jxf@my.swjtu.edu.cn, hht@swjtu.edu.cn,
yxXwswjtu@163.com, hezy@swijtu.edu.cn, gqqg@swijtu.edu.cn); Pietro Tricoli is with the Department of Electronic, Electrical
and Systems Engineering, University of Birmingham, Birmingham B15 2TT, U.K. (e-mail:p.tricoli@bham.ac.uk).

The corresponding author is Zhengyou He. Currently, he is a Professor at Southwest Jiaotong University, Chengdu 611756,
China. TEL: +86 13908066782. E-mail: hezy@swjtu.edu.cn.

This paper is not presented at any prior presentation and publication at a conference or prior submission to any other publica-

tion.

Abstract—The diffusion of modern electric trains equipped with high-power voltage-source converters has introduced new dy-
namic interactions with the traction power system that may create unexpected low-frequency oscillations . This paper presents
for the first time a detailed analysis of the operating condition of electric trains and traction network, revealing that specific
changes of the operating conditions of the train-network system are responsible for the oscillations and may lead to instability.
The study is carried out with an analytical dynamic model considering the transient direct current control and focusses on un-
derstanding how the mismatch between the actual parameters of the train-network syste and those used by the controller affects
system dynamic and stability. It is shown that the retuning of controller parameters improves the dynamic performance of the
train-network system, and hence an adaptive control is proposed to mitigate low frequency oscillations with minimal change
and cost to the original system. Simulation and experimental results are presented in the paper to fully validate the proposed

control method.

Index Terms—Train-network System, Low-frequency Oscillation, Power mismatch, Parameters Tuning, Adaptive Mitigation.



l. INTRODUCTION

In recent years, AC electric trains, especially high-speed and high-power trains, have been widely adopted around the world. How-
ever, with the power increase of modern trains, stability issues have arisen at the point of connection of trains to the traction network
system [1, 2]. Specially, low-frequency oscillations (LFO) of train-network system have been reported in several countries [3, 4]. LFO
are distortions of the line voltage, current and DC-link voltage of the traction inverters characterized by a low-frequency fluctuation of

the amplitude of these quantities and they have n adverse impact on the normal transport operations and the safety of electric railways.

A. LFO reported in electric railways

Originally, LFO was firstly reported in Europe [3], and especially in Switzerland (oscillation frequency at 5 Hzwith a fundamental
frequency of the traction power supply system of 16.67 Hz) and Norway (oscillation frequency at 1.6 Hz with a fundamental frequen-
cy of the traction power supply system of 16.67 Hz) [5, 6], which resulted from the interaction between trains and the rotary frequency
converters feeding the traction network. Several other cases of LFO have been detected since around the world [3, 4, 7] in parallel to
the widespread diffusion of modern trains with switched-mode power converters, as indicated in Table I. Similar phenomena have
occurred more frequently in China over the last decade, even if the traction power supply system only uses transformers, and LPO

have caused tripping of protections and startup failure of the trains.

Table | Historical records of LFO in electric railways around the world [3-7], note that fsis the fundamental frequency and fi is the oscillation frequency.

No. | fi/fHz | fs/Hz Site Time
1 5 16.67 Zurich, Switzerland 1995
2 1.6 16.67 Jernbaneverket Test, Norway | 1996
3 25 Washington, USA 2004
4 50 Siemens Test, Germany 2005
5 50 Thionville, France 2008
6 2~4 50 Hudong, China 2008
7 5 50 Shanghai, China 2010
8 5 50 Qingdao, China 2010
9 6~7 50 Shanhaiguan, China 2011
10 | 0.6~2 50 Xuzhou, China 2015

B. Literature review

The first studies on LFO have used simplified time-domain and enhanced RMS models of a single-phase power converter and are
largely based on a linear analysis [5]. Subsequently, a small-signal model in the synchronous dq reference frame has been proposed for
the train-network system for the China Railways High-speed (CRH) [8]. Based on the transfer function of the train-network system [9],
derived from the relation between the trains and the traction power system, the frequency domain analysis is carried out for the main
factors of LFO. Then, the impedance-based method [10, 11] is introduced to suit for the trains-network system. The impedance model

of the traction network and trains in static reference frame is deduced respectively in [7]. As to the single-phase characteristic of the
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traction power system and the dg decoupling vector control of the traction converter, [12] focuses on the dg-frame impedance model-

ing and proposes an impedance modeling method that takes into account the phase locked loop. Then, a dg-frame impedance meas-
urement method for single-phase system based on Hilbert transform is also summarized, which provide a new verification approach
for the impedance modelling.

The previous models of the train-network system and stability analysis have been specifically focused on LFO of electrified rail-
ways, but they only refer to trains with dq control. Little attention has been devoted to far to trains with transient direct current control
that also cause this kind of oscillations.

The mismatch between the parameters of the traction power system and the train control system has been briefly mentioned in [9,
13], but there is no in-depth understanding of the reasons behind the oscillations. Although some papers analyze in detail the control
system design and control strategy of single-phase four-quadrant pulse-width modulation (PWM) converters [14, 15] and mention
specific power circuits and required control characteristics in rated conditions, only few papers attempt to understand the origin of
LFO when power circuits and control systems are considered simultaneously. A mathematical model for the single-phase four-
quadrant PWM converter is derived in [14] from the averaged state-space equations. From this model, a stability analysis method that
includes the current control of the converter has been implemented in [16]. However, the existing controller design of the converter
takes into account only the rated conditions at steady-state and a sudden change of the load, without details on the behavior for low
load conditions and when multiple converters are connected simultaneously on the traction power supply. A typical occurrence of this
is when the auxiliary system is powered directly from the DC-link of the main traction drive system and shares the same traction recti-
fiers).

The solutions in terms of LFO mitigation can be categorized into mitigation methods looking at the power supply system side, and
methods looking at the train side [7]. For the the power supply side, [13, 17] propose either the installation of voltage stabilizers in the
substations or the capacity upgrade of traction transformers . Other works propose the use of active compensators added in substations
in a way similar to the methods used to suppress LFO in power systems [18].For the train side, [13] mainly considers the influence on
stability of train number and control. It has been found that a reduced number of trains simultaneously connected to the catenary re-
duces the severity of LFO, but results in losing capacity and flexibility of the transport system and, thus, it can be used only as a tem-
porary emergency plan. Another approach is based on a modification of the operating mode of PWM converters by disabling the
switching and, hence,effectively using these converters as diode rectifiers [19]. Besides, [8] presents an additional power oscillation
damping module in the converter control system, but the complex load characteristic leads difficulties in the practical implementation.
Other control techniques, such as the multivariable control [6], the auto-disturbance rejection control [20] and the passivity-based con-
trol [21] have also tried to improve the performance of conventional control with moderate success and sometimes induce new prob-

lems.
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As all the previous proposals require substantial investments on the system infrastructure and thorough control design it is neces-

sary to introduce new mitigation methods based on the smallest possible changes to the original train-network system and control

strategy.

C. Original Contributions and Organization of the paper

This paper presents a comprehensive analysis of the stability of the train-network interconnected system for operating con-
ditions different from the rated ones. LFO are analyzed by a new small-signal model of the train-network system adopting tran-
sient direct current control that takes into account simultaneously multiple trains and light load conditions for the case of shared
converters. The small-signal model is used to investigate the causes and the dynamic effects of LFO for real operating condi-
tions and clearly reveals the mismatch between the actual controller and control objectives, which is a plausible theoretical ex-
planation of LFO in electric railways. Moreover, the stability and dynamic performance analysis with Bode and eigenvalue plots
are undertaken to explore the effects of control parameters. This allows a better understanding of the laws for tuning the control-
lers and developing a practical way of mitigating LFO. Finall a new adaptive mitigation scheme with minimal impact to the
original systems is proposed to adaptively select the suitable parameters of the controller according to the actual load power.

The remainder of the paper is organized as follows. Section Il presents the field measurement results to identify the common
characteristics of LFO and indicates the requirements for the system analysis. Then, the small-signal modeling procedure of the
trains-network system is formulated in detail in Section Ill. This is followed by the system stability and dynamic performance
analysis with actual working conditions in Section IV, where the influence of different working conditions is investigated and
the mismatching mechanism is presented. Section V discusses the tuning of the controller parameters and proposes the adaptive

mitigation on LFO, which are verified by simulations and experiments. Finally, the conclusions are drawn in Section V1.

1. FIELD MEASUREMENTS AND COMMON CHARACTERISTICS OF LFO

Field tests have been organized to reproduce LFP on a real electric railway in China, where Fig. 1show the line voltage, line current
and DC-link voltage for normal conditions (a) and presence of LFO (b). According to the tests and the related reports [22-24], the
common characteristics of LFO can be summarized as follows:

(1) The envelopes of the line voltage, current and DC-link voltage show a low-frequency fluctuation at 0.6-7 Hz with constant am-
plitude and frequency;

(2) LFO usually occur for special loading conditions of the train-network system. In this railway, LFO occur when multiple trains

are parked in the depot connected to the traction network, and draw power only for auxiliary loads.
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Fig.1 Line voltage, current and DC-link voltage for normal operations (a) and during LFO (b) occurring in the Chinese electric railway.

(3) The presence of LFO is related to the number of trains. The magnitude of the fluctuation gradually increases with the number of
trains and becomes visible when there are at least 5~8 trains;

(4) Such oscillations cause tripping of protection and disconnection of the trains, with substantial delays to check for any anomalies
of the traction system;

(5) The converters of the trains causing LFO are controlled by the transient direct current control or the dq decoupling control;

(6) In the trains causing LFO, the auxiliary system draws power directly from the DC-link through the main traction rectifier as

shown in Fig. 2(a). No issues are caused by trains using independent converter for the auxiliary loads, as shown in Fig. 2(b).
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(b)
Fig.2 Circuit topology of the main traction system of locomotives or EMUs operating in the Chines electric railway. Shared rectifier for the auxiliary system and the
main traction drive system (a); independent rectifier for the auxiliary system (b).

The field tests also reveal that during LFO the direction of the power changes periodically, thus the outer voltage loop and the in-
ner current loop of the traction converter fail to reach the desired references. The origin of LFO can be attributed to the fact that the
controller is designed for rated operating conditions, while the converter actually operates at low load. The characteristics of the on-

site measurements can be used to develop a suitable small-signal model to interpret the presence of such oscillations and understand



how system stability is affected.

I11. SYSTEM MODELLING
A. Assumptions and equivalent circuit

The train-network system is represented in Fig. 3 and contains the utility power system, the traction substation, the traction network

and the trains parked at the depot.
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Fig.3 Structure of the train-network system.

It is assumed that the currents of all the n trains simultaneously connected to the catenary are synchronous, so that the voltage drop
across the equivalent impedance of the power supply side, AU, is n times that of one train [25]. This is also equivalent to assume that

the equivalent impedance of the power supply is n times greater than the real one, as shown in (1):

AU =Z_-(nl)=(nZ,)- | Q
Power . > >
System Side Load Side Id +
I L
r'IZ5 |n D1 Da
T 13
R L1y 1 L
U, n Uzp Cd —_ Ug e
TZ T4
D, D,

Fig.4 Equivalent circuit of train-network system referred to the secondary side of the traction transformer

The equivalent circuit of the train-network system is shown in Fig.4. In this figure, the equivalent voltage source, us, is the voltage
of the traction power network referred to the secondary winding of the on-board transformer and, hence, it is us=ui/k, where u, is the
voltage of the traction power network and k is the turns ratio of the transformer; Zsis the equivalent impedance of the traction power
network referred to the secondary of the transformer, L, is the coupling inductance of the converter, Cq is the dc-link capacitance, and

I is the current drawn by the load that includes the traction load and the auxiliary system.



B. Small-signal model of equivalent system

U R lsing—al, ;0050

Fig.5 Block diagram of the transient direct current control

Double loop

The single-phase four-quadrant converters (4QCs) use the transient direct current control as shown in Fig. 5 [26], where DVC
denotes the controller of the outer voltage loop and ACC is the controller of the inner current loop. As the 4QCs are two-level
converters [27], four different circuit configurations are obtained on the basis of the switches’ status. Therefore, the state-space
equations of the model are:

L%+ Ri, + 77Uy = U
' )
udc

. d
i =C, —% 11
yn d dt L

where L=L,+L, and y can be equal to 1, 0, or -1 depending on the switches’ status. According to PWM modulation rules, y
can be expressed as a time-varying function, y = msin(wt — 1) , where m denotes the modulation index and 2 is the load phase
angle [14, 16, 28]. Therefore, assuming a sinusoidal modulated current i,=isinwt, (2) can be rearranged as:

di : .
Ld—t”+ Rgi, + msin(awt — A)u,, =u,

msin(wt — A)i, =C, d;sc +1, (3)

u, =U, sin(at + @)

i, =isin ot
where ¢ is the power-factor angle.
Substituting the last equation into the first equation of (3) and equating separately the sine and cosine terms, it is:

L%+ R,i =—mu, cosA+U, cosg

(4)
iLo =muy sinA+U_sing
Furthermore, according to the second equation of (3), it is:
du 1 .
C,—% =ZmicosA—I 5
= L ©)
Therefore, the system can be represented by the following equations:
L%+ R,i =—-mu,, cosA+U_ cose
iLo=mu, sinA+Using (6)
q du—dC:lmicos/l— I
dt 2

These equations can then be linearized around the steady-state operating point. Indicating with capital letters the steady-state
point and with A the deviation from the steady-state value, we have:

m=M +Am
U, =U, +Au,
i=1+Ai @)
A=A+AA
=0+ Ap
And substituting (7) into (6), we have:



LM+ R, (I +Ai) =
dt
—(M +Am)(U, +Au, ) cos(A+AA)+U  cos(® +Ap)
(I + Ai)Low =
(M +Am)(U,, +Au,,)sin(A +AL)+U_sin(® +Ag) 8
dU, +Au,)
d dt -

%(M + Am)(I + Ai)cos(A+A2) I,

C

Using the first-order approximations of the Taylor Series for the sine and cosine terms:

sin(X + Ax) = sin X + Axcos X
{ ©)

cos(X + Ax) ~ cos X —Axsin X
and applying (9) to (8), the steady-state terms of the model are:

R, =-MU, cosA+U, cos®
ILo=MU,sinA+U sin® (10)

O:EMI cosA—1I,
2

whereas the small-signal model is given by:

L%-ﬁ- R,Ai =-MAu, cosA—AmU , cosA

-UApsin®
AiLo =M Au,, sinA+AmU . sin A+U Agpcos®

’ dAu,, 1 MaicosA+2amicosa
dt 2 2

Finally, the variation of the DC-link voltage for small changes of the converter current can be written in the Laplace domain

(11)

using the following equation:

Oy, —l cos Acos®dLs + Acos A

= 12
o 2C,U,. cos(A+D)s+ Ml cos Acos(A + D) (12)

where,

A=MU_ cos(A+D)—- IR, cosA — ILwsinD

K, +
u

u;c+ Y i de
SO o

The block diagram of the simplified system model is shown in Fig.6, in which a PI controller is used for the DVC, and Gi(s)

Fig.6 Block diagram of the simplified system model

is the transfer function relating the amplitude of the converter current to the DC-link voltage as given by (12). The ACC is in-
cluded in Gj(s)and can be represented for simplicity by a gain Ky, representing a proportional controller.

Thus, the open loop transfer function becomes:



K. K, AU
TFOL :(va+ Slv)Gi(S):(va-k%)T-dc pc
K, COSA(Bs® +Cs+D) (13)
 2C,U, cos(A +d)s? + Ml cos A cos(A + D)s

where,

B=-1cos®LK,

C =K, K, MU, cos(A+®)-K K IR cosA-K K ILosin®-K_ K;IcosdL

D =K, [MU cos(A+®)— IR, cosA - ILwsin @]
And then, the close loop transfer function can be derived as:

K, COSA(Bs’ +Cs+D)
(14)

TR, =
“ [2C,U, cos(A+W)+BK , cos A s> +] Ml cos A cos(A +W)+CK ,, cos A |s+ DK, cos A
The initial values for the dynamic analysis can be calculated through the phasor diagram shown in Fig. 7, according to the

load power and the theorem of conservation of power.

U

Fig.7 The phasor diagram of the simplified interaction system.

IV. STABILITY AND DYNAMIC PERFORMANCE ANALYSIS FOR DIFFERENT OPERATING CONDITIONS

This section presents the dynamic performance and stability analysis of the train-network system using the small-signal model de-

rived in section 111 using the system parameters reported in the Appendix.

A. Stability and dynamic performance analysis for different operating conditions

(1) The effect of the load power

Firstly, in order to check the dynamic performance of the train-network interaction for rated conditions, i.e. operating at rated pow-
er P=1200kW, and assuming the equivalent impedance of the traction power system is zero, the magnitude and phase diagrams of the
transfer function (14) are shown in Fig.8 marked with circles. The curves illustrate that the controller is well designed for rated condi-

tions, as it shows a fast system response and a satisfactory phase margin of 52 deg.
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Fig.8 Bode plot for different load powers
The other curves in Fig. 8 show the effect of a reduced load power. From the analysis of the diagrams it can be concluded that
when P decreases, the phase margin decreases significantly especially in low-frequency range, thus affecting both the dynamic per-

formance and the stability of the system.

(2) The effect of presence of multiple trains

o 100 ‘ ' —— Ls=0mH
S50k — Ls=2mH
3 Ls=4mH
e}
2 —— Ls=7mH v
5 0r — | — Ls=7.6mH Z
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-50 | | | g
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& . £ |
B 225 s -
3 P / F
£ - : :
180F - |
. 160 ‘ ‘ LA ‘ -40 ‘ ® * !
10 10° 10* 10? 108 10* -60 -40 -20 0 10
Frequency/Hz Real Axis
(a) Bode plot (b) Eigenvalue plot

Fig.9 Bode plot (a) and eigenvalue plot (b) for different inductance at the light-load condition (P=100kW).

Assuming that the converter is lightly loaded, the effect of the increase of the inductance Ls on the AC side of the converter, simu-
lating the presence of multiple trains, are shown by the bode plots and eigenvalue plot in Fig. 9. From the Fig.9(a), the increase of L
and, hence, the number of trains, causes a substantial decrease of the phase margin. Also, the phase in the frequency between 1 and
100 Hz reduces significantly, confirming the deterioration of the dynamic performance and stability.

Furthermore, as shown by the diagram in Fig.9(b), the eigenvalues move from the left half of the plane (LHP), indicating system
stability, to the right half of the plane (RHP) , indicating instability. The critical value of the transition from LHP to RHP is about

7.78mH and approximately equal to 4 trains, which is in good agreement with the practical case.

B. Simulation analysis

In order to validate the theoretical analysis described above, the train-network system has been simulated in MATLAB/Simulink

environment. With reference to a light-load condition of 100 kW, the waveforms of the line voltage, line current and DC-link voltage
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are shown in Fig.10 with different inductance to simulate different number of trains simultaneously connecting to the railway power

supply.
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Fig.10The AC side voltage, current and DC-link voltage of interaction system with different inductance in power system side under off-rating condition

The results of the simulation show that with a larger inductance, the oscillations have larger magnitude and are quite evident when
Ls is 8 mH (approximately equal to 4 trains). Simulations are in good agreement with the theoretical analysis and field measurement in

terms of frequency and magnitude of the envelope of the AC voltage, AC current and the DC-link voltage.

C. Explanation of LFO occurrence

From the analysis above, it is evident that the possible cause of LFO is the mismatch between the controller parameters of the trac-
tion drive system and the actual characteristics of the train-network system. The schematic of the mismatch mechanism is shown in
Fig. 11 and highlights that the controller tries to control a system that has different dynamic characteristics and stability from the de-

signed ones.

Controller | <@l Controlled Objtect

ﬁ atching or not?

Fig.11The schematic diagram of the matching relation for the interaction system.

V. TUNING OF THE CONTROLLER PARAMETERS AND ADAPTIVE MITIGATION

According to the analysis in previous section, it is possible to investigate the effect of parameters tuning and design an adaptive
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method to guarantee the matching of the interaction system, thus mitigating the problem of LFO.

A. The parameters tuning of DVC

The impact of parameters variation of DVC are outlined here. The dynamic performance for different proportional constants (Kpv)
are shown in Fig. 12(a). Although there is no substantial variation of the amplitude diagram, the rise of Kpv noticeably enhances the
phase margin especially in the low-frequency range between 0.1 Hz and 10 Hz, indicating an improvement of the dynamic perfor-
mance and stability. The eigenvalue map in Fig.12(b) detailed explains that the eigenvalues move from RHP to LHP with tuning Kpv
from 0.05 to 0.25 and the critical value is about 0.18, which could be able to improve the stability and dynamic performance. Mean-

while, the simulations presented in Fig. 12(c) confirm that the growth of Kpv stabilizes system’s oscillation.
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(c) Simulation results
Fig.12Response of the system with different proportional constants of DVC. Bode plot(a); Eigenvalue plot(b); Simulation results(c).

Furthermore, the effect of integral coefficient (Kiv) is shown in Fig. 13. A decrease of Kiv causes an climb of the phase margin in
Fig.13(a) and, hence, an improvement of dynamic performance and stability. At the same time, Fig.13(b) shows that the eigenvalues
move from RHP to LHP with the tuning of Kiv from 4 to 0.5, and the critical value is about 1.5. Then, the simulation results in Fig.

13(c) confirm this as the oscillations become weaker.
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Fig.13Response of the system for different integral constants of DVC. Bode plot(a); Eigenvalue plot(b); Simulation results(c).

B. The parameters tuning of ACC

Similarly, under this condition, the effect of the proportional constant (Kpc) of ACC can be investigated. It can be found from bode

diagram in Fig. 14(a) that with the rise of the Kpc, the magnitude and phase both change, and the phase margin falls significantly.

Fig.14(b) describes the eigenvalue movement from LHP to RHP as the increase of Kpc from 0.01 to 2, and the critical value is about

0.02, indicating an deterioration of dynamic performance and stability. Then, the simulation results reveal the same features as shown

in Fig. 14(c).
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Fig.14Response of the interaction system with different proportional constant (Kpc) of ACC. Bode plot (a); Eigenvalue plot (b); Simulation results (c).

C. Experimental Verification

An experimental setup of the train-network system shown in Fig.15 is employed to verify the theoretical analysis in previous sub-
section. The relevant parameters of the setup are listed in the Appendix.

According to the set of original parameters and rated load power, the train-network system can maintain normal operation. After
the equivalent load shedding to simulate the light load working condition (off-rated power working condition), the reproduction of
LFO is shown in Fig.16(a), which accords to the fact and the analysis in Section IV. Then selecting this working condition as the con-
trol group, the effects of the controller parameters are verified one by one. (1) With the growth of the Kpv (from 0.1 to 3.5), the oscil-
lations become weaker, as shown in Fig.16(b), which illustrates that the increase of Kpv can improve the stability of the system; (2) If
Kiv continuously reduces from 0.2 to 0.01, the oscillations fall significantly, as shown in Fig. 16(c), so the decrease of Kiv also can
enhance stability; (3) As the decline of Kpc (from 5 to 1), the system tends to be stable, as shown in Figl16(d). As a consequence, the
experimental results show that the increase of Kpv, the decrease of Kiv and Kpc all can lower the oscillation, whose variation tendency

is consistent with the theoretical analysis, which can further provide the guidance for parameters tuning of the controller.
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Fig.16 Experimental verifications results. The effects of working condition (a), the parameters tuning Kpv (b); Kiv (c), Kpc (d).

D. Adaptive mitigation and discussion

Summing up the above, the tuning of the controller parameters indeed can improve the dynamic performance and stability of the
interaction system for the light-load working condition, which contributes to regaining the matching relation between the controller
and the controlled object, and then can be further selected as an effective and economic suppression technique, and provides the tuning

direction and tendency in order to mitigate the LFO in electrified railway. According to the background of actual controller design, the
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train-network system should be able to keep up excellent dynamic performance and stability both for the rated working condition

and the off-rated working condition. Therefore, it will be good if the controller should be able to select the different sets of parameters

depending on the real-time load power. An adaptive mitigation method is proposed, whose flow diagram is shown in Fig.17.

Real-time detecte the
load power P

Detecte operational order of
the traction drive system

Preparation

< - o
No working condition
\ 4
The controller adopts The controller adopts
the set of parameters the set of parameters
for rated working for off-rated
condition working condition
< |
|
A 4
Traction drive system
operates under the
suitable controller

End
Fig.17The flow diagram of the adaptive tuning of controller for mitigating the LFO

The controller of the train-network system contains two sets of parameters: the one for rated working condition is the original pa-
rameter based on the current value, and the other one for off-rated working condition can be got with the help of the analysis in previ-
ous subsection, which could adaptively select the suitable parameters according to the actual load power. This adaptive tuning method
of controller for mitigating the LFO comprises the following steps:

(1)Real-time detecting the load power, operational order and eliminating the interference of short-term mutation factors;

(2)If the load power P=1/48P..e(o0r the operational order of the locomotive is normal traction), the controller of the traction con-
verter adopts the set of parameters for rated working condition;

(3)Otherwise, if the load power P<<1/48P.x and the operational order of the locomotive is preparation working condition, the con-
troller of the traction converter adopts the set of parameters for off-rated working condition;

(4)The traction drive system operates under the control of the suitable controller parameters.

Then the effect of this adaptive method can be verified from the experimental setup. In the experiment, the original parameters for
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the rated working condition follow the reference value (Kpv=0.7, Kiv=0.1 and Kpc=5), and the tuned parameters for off-rated work-

ing condition adopt the values in previous subsection (Kpv=3.5, Kiv=0.01 and Kpc=2). It can be observed that the LFO are mitigated
using the tuned parameters under the condition of off-rated load power, and the whole process verification is shown in Fig.18.The re-

sults show that using an adaptive mitigation scheme to tune the parameters is effective to get rid of oscillations.
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Fig.18The experimental verification of the adaptive mitigation method

Summing up the above, the adaptive method could greatly improve the LFO only with a small change to the existing train-network
system. The control strategy and structure are same with the current one, so the engineering technicians are more likely to acquire this
method. Thus, the further cooperation with the engineers from manufacturer of locomotive and Railway Bureau, in order to obtain
more practical experience, will be the focus in the further work, which is significant to further guide the engineering mitigation of the

LFO and has theoretical and practical meaning for the railway traffic.

VI. CONCLUSION

This paper introduces a mathematical model of the train-network system to reveal the generation mechanism of low-frequency os-
cillations caused by mismatching between the controller of the traction drive system and the actual controlled object. The proposed
model taking into account the transient direct current control gives a clear and easy access to the evaluation of how working condition
and control parameters variation may affect the stability and dynamic performance of interaction system. It has been shown that the
changes of operating conditions are actually instrumental to the amplification of LFO and, when there are 4 or more trains connected
to the catenary and drawing only limited power, there are serious risks of occurrence of the phenomenon. The tunings of the controller
parameters show that the increase of Kpv, the decrease of Kiv and Kpc all can reduce the oscillation and improve stability, whose re-
sults have been verified by simulations and experiments. Base on this, an adaptive mitigation scheme is developed, which can adap-
tively select the suitable parameters according to the actual load power in order to suppress the LFO. The proposed method can be
implemented easily with minimal changes to the original system and thus improve the stability and dynamic performance of interac-

tion system.
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APPENDIX
Table 11 Circuit parameters of train-network system
Name Symbol  Simulation Parameters  Experimental Parameters
AC-link voltage Us 2100 V 241V
AC-link resistance Rs 0Q 0Q

AC-link inductance Ls 2mH 10mH



The ratio of transformer

DC-link voltage
DC-link capacitance
Inductance of the converter

Reference frequency of power system
Proportional constants of voltage loop

Integral constants of voltage loop
Proportional constants of current loop

Equivalent resistance of the load

K|V
Kpc
RL

25000/1450
3775V
3.9mF

8 mH
50 Hz
0.1
3
1
370Q

220/18
42v
4.4 mF
10 mH
50 Hz
0.7
0.1
5
100Q
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