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Abstract: To investigate the harmonic resonance, harmonic instability and low-frequency oscillation
phenomena in high-speed railways, this paper proposes a full-frequency impedance model of
the train-traction network system (simplified as ‘train-network’) based on d-q coordinates system.
Compared with traditional models which deal with only the grid-side converter, the proposed model
also includes its load models—the inverter and the traction motor. It also reflects complete control
scheme of grid-side converter, which makes it easier to analyze unstable phenomena mentioned
above. Moreover, this paper improves the impedance modeling of the network by taking the
network impedance and admittance into detailed consideration. In addition, based on the proposed
train-network model, the 3D figure and zero-pole diagram are also presented for the analysis of the
stability of the integral system. Simulation and experiment results verify the accuracy of the model.

Keywords: harmonic resonance; harmonic instability; low-frequency oscillation; full-frequency
impedance modeling; train- network power supply system

1. Introduction

Being developed rapidly, more and more high-speed trains (HSTs) have been put into service
in China. According to reports, more than 1600 HSTs are now being used for passenger service [1].
Meanwhile, the power systems of high-speed railways face significant challenges, including the
harmonic resonance, harmonic instability and low-frequency oscillation (LFO) phenomena noticed in
recent years, which can hinder the normal operations of the trains. Based on the previous literature,
these unstable phenomena in high-speed railway system can be summarized as follows:

e  Harmonic Resonance

The frequency of harmonic resonance usually ranges from a few hundred Hertz to kilohertz.
During the train operation, high-frequency harmonic components are generated because of
the pulse-width modulation (PWM) switching action of the grid-side converter on the train.
Such high-frequency components act as harmonic sources and then inject harmonics into the traction
network. When the train is running, and if the harmonic frequency emitted by the grid-side converter
in the train is in the range of the intrinsic frequency of the train-network system, the high-frequency
harmonics will be amplified by resonance, hence harmonic resonance is initiated. Such amplified
resonant currents and voltages always lead to various problems such as interference to adjacent
railway communication lines, malfunction or miss-function of protective devices and even facility
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failures [2]. For example, in the year of 2011, harmonic resonance occurred on CRH380A-6041L
and CRH380B-6042L in Beijing-Shanghai high-speed railway line, resulting in the failure of several
substations and nearby trains. Moreover, if the amplified resonant currents and voltages are not large
enough to trigger protection or do harm to the hardware of the system, this kind of resonance can
become stable and continuous in the passive network, and in an active train-network system, this kind
of stable resonance will usually cause harmonic instability [3].

e  Harmonic Instability

The harmonic instability frequency is usually a few hundred to kilohertz. There is a feedback
loop between the grid-side converter and the traction network. When there is harmonic resonance
in the train-network system, it easy causes harmonic instability because of the small damping of the
system [4]. Moreover, if various controller parameters (voltage loop controller parameters, current
loop controller parameters and phase-locked controller parameters) in the grid-side converter not
match the parameters of the grid, harmonic resonance can also lead to harmonic instability. From the
view of mathematical model, when there are unstable high-frequency poles in the closed-loop system
of the train-network system, the harmonic resonance will be further stimulated, resulting in harmonic
instability [5]. For example, in 1995, harmonic instability occurred in Switzerland, affecting the normal
operation of a high-speed railway [6]. A similar situation also happened in Chengdu, China.

e  Low-Frequency Oscillation (LFO)

The frequency of LFO is usually 1 Hertz to several Hertz. The LFO is truly a power oscillation [5].
It mostly occurs when trains are in the rail depot with the pantographs rised, while the trains are just
prepared for running [7]. In this case, the loads to grid-side converter are only the auxiliary inverter
and the loads after it, such as air conditioners and the lighting system. As the number of trains is
increased, the overall impedance of the train decreases, which results in mismatching between the
impedance of the train and the network and leads to LFO. When LFO occurs, the damping of the
system is very small, and even negative. Under the worst condition, the protection of the grid-side
converter will be triggered due to the large voltage oscillation in the traction network, which results in
traction blockade and makes the train lose traction [8]. For example, in 2011, LFO happened in the
Beijing South Station, when the trains were in depot preparing for operation, which lead to traction
blockade and therefore the train could not be leave in time [9].

In order to analyze these instability phenomena, the establishment of an appropriate train-network
model has become a top priority. At present, according to frequency, the modeling method can
be divided into two categories: the first one is high-order harmonic load model [10]. This model
can reflect the high-frequency characteristics of trains using Fourier to analyze the characteristic of
PWM generated by the grid-side converter. The second one is the small-signal impedance modeling
method [11-13] focusing on certain frequency ranges limited to specific oscillation phenomena. Is there
a model that can be applied both to high frequency and low frequency? Harnefors proposed
a full-frequency impedance modeling method in grid-connected voltage source converter [14],
which opens a door to the model of grid-side converter in HST. Then Danielsen analyzed the grid-side
converter control structure, and established a simplified impedance model for the phase-locked
loop, voltage controller, and current controller, which laid a foundation for subsequent research [15].
Reference [16] established a full-frequency impedance-based model of the grid-side converter in HST
and provided reference for subsequent model researches, but this modeling method ignores the model
of second order generalized integrator (SOGI). SOGI is mainly composed of bandpass and low-pass
filters, which can suppress harmonics and make the system more stable [17]. Reference [18] was based
on [16], but it did not consider the impedance model of the grid-side converter load. The model is not
complete and it cannot reflect the HSTs operating conditions.

This paper further studies the train-network impedance in full frequency. The layout of this paper
is as follows: in Section 2, a detailed impedance modeling method which considers the modeling of
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grid-side converter, inverter, traction motor and the network is introduced. In Section 3, the stability of
train-network system is analyzed based on a zero-pole diagram and 3D figures. In Section 4, a Matlab
(Software version: Matlab 2013b, developer: USA) simulation and experimental results are used to verify
the accuracy of the overall model. Finally, the whole contents of this paper are summarized in Section 5.

2. Integrated Full-Frequency Impedance Model of Train-Network

2.1. Input Impedance Model of Train

Traction converter is the main part of HSTs, which including grid-side converter, inverter and
traction motor. Figure 1 shows the structure of a traction converter.

Qi Q2
L R ‘K} ‘K} L,
- i: A Udc

€5 Ugp = =Cd
B

RN

Figure 1. Structure figure of a traction converter.
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In Figure 1, the catenary voltage is 25 kV, and the second-side voltage of traction transformer is e;.
The leakage inductance and resistance of traction transformer are L and R, respectively. The grid-side
current is is. The grid-side converter is a four-quadrant converter (4QC), which converts between AC
and DC. The bridge arm voltage is u,;. The switching components Q;-Qy are four IGBTs (Insulated
Gate Bipolar Transistor). The secondary resonant circuit is composed of inductance L, and capacitor
C;. The DC side supporting capacitor is Cy4, and the DC voltage is U;.. Inverter and traction motor are
connected on the DC side, which are the load of grid-side converter. According to Figure 1, the train
model can be divided into two parts: a gird-side converter impedance model, and its load-inverter
and a traction motor impedance model.

2.1.1. Impedance Model of the Grid-Side Converter

In order to make the grid-side converter impedance model more accurate, the modeling process
is divided into several parts: Voltage Synchronization System (VSS), Current Synchronization System
(CSS), AC Current Controller (ACC) and DC Voltage Controller (DVC). The whole control structure is
shown in Figure 2.
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Modulation 7
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Figure 2. Controller of network-side converter.
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In the following sections, the impedance models of VSS, CSS, ACC, and DVC are established in turns.

A. Model of Voltage Synchronization System (VSS)

The structure of VSS is shown in Figure 3 [11]:
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Figure 3. The structure of VSS.

In Figure 3, e is the transformer secondary side voltage. The superscript c represents the
control quantity. The gain of SOGI is K,sog;. The angular frequency of the power frequency is
wyp. The synchro angle generated by the phase-locked loop (PLL) is 6. From the quantities introduced
above, the following equation can be formed:

el H, 0 e
p A
—_—— — — A —
eiﬁ H, (29
K wos
He(s) = ~ eSOGIWO . @)
S< + KeSOGI(UOS + wy
After Park transformation of e, g e g can be obtained [11]:
¢, = PoHoPy 'eqy ~ PpoHaqe4, ®)
InE i 3), Pag = 1 A6 B Afi it 11, H,,, i 1to Py H.P; ' [11
n Equation (3), Pag = | Ag 1 |- Because Afis quite small, Hogy is equal to Pg, HePy [11].

The form of H,g, is as follows:

H,, 0
H,, = i 4
edq [ 0 Hedq ‘| 4)
According to [15]:
1
Heag = — 1T T ®)
Kesoar (wio +g)s+1
From the Equations (3)—(5) and a small signal transformation, we can get:
Aey = Hequed + AGHedqer ©)
Aeg = —H,iaeq0A0 + HeggAeq
Because of PLL, the form of Aw is as follows:
K.
Aw = sAf = (KPPLL + lPLL)AEg = KpLLAeg (7)

S
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From Equations (6) and (7), the form of A6 can be obtained:

Kpr1H,
AO = _ PLL7Vedg Ae, (8)
s + eqoKpLLHedq
%,_/
GpLL

Substituting (8) into (6), the relation between Ae¢ and Ae is in Equation (9):

Aeg | _ | Heag GprLHedqeq0 Aey ©)
Aeg 0 Hedq - HedqedOGPLL Aeq
Ae® GeVSS Ae
B. Model of Current Synchronization System (CSS)
According to VSS, the equations of CSS can be obtained easily:
i, ~ PaoHiagigg (10)
Combining (8) and (10):
Ai; _ Hidq 0 Aid . 0 _quHiquPLL Aed (11)
Al; 0 Hidq Alq 0 idOHidq GPLL Aeq
—— N—— ~—
A€ Hiay Ai Gicss Ae

C. Model of AC Current Controller (ACC)

The structure of ACC is shown in Figure 4.

vdre/ c
—>Va
Delay

c

Vorer

Figure 4. The structure of ACC.

In Figure 4, the subscript ref represents a reference value. The grid-side current is i, and the bridge
arm voltage in grid-side converter is v. The actual value of modulated wave in d-g axis is v;; and vg.
The following matrix can be obtained through Figure 1:

c c . c
U'Z _ eg | R+sL woL 1? (12)
vy eg wolL R+sL ig
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After current loop decoupling, the d-q reference value of modulation wave can be obtained:

v e igrer — 15 0 —wol i
qref q qref — q 0 q
In this equation, Kscc = Kjp + %, which is the PI of current loop.

The d-q axis reference value of the modulated wave is delayed, and then, the actual value of
modulated wave in d-q axis can be obtained:

vfj Udref
=G 14
e "

In Equation (14), G; = ﬁ, which is the delay part [16].
From Equations (12)—(14):
A€ = GidqrefAiref + GiqueC (15)

where Gjggref, Miref, and ngq can be expressed as:

1
Giagrer = (Ggy)  GaKacc

Ai
Airef = Al.dref

gref (16)
G(cedq = ( fiq)il(l - Gd)

GiKacc+ R+sL (U()L(Gdfl)
—woL(Gy — 1) GiKacc + R+ sL

c _
dg —

Combining (9), (11) and (15):

Ai = (Higg) " GiagrefDirer + (Hiag) " (Gicss + GogyGevss)Ae (17)
—_———

Gi Ge

The equation of Ai is as follows:
Ai = GiAips + Gele (18)

D. Model of DC Voltage Controller (DVC)

The purpose of modeling voltage loop is to find the relation of Ai,,s and Ae. With PI control,
the d-axis reference iy, in small signal form is in Equation (19):

Aigrer = —Kycc(s)Avge (19)

where Kycc(s) = Kyp + % is the PI of voltage loop.
The instantaneous active and reactive powers flowing into 4QC are, respectively, given by [14]:

P = Re{ei"} = epigg + eoAig + Aegigo + Aegigo (20)
~~
P AP
Q = Im{ei*} = —EQiqo — eoAiq — Aedqu + AeqidO (21)
N

Qo AQ
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Set the total power P, and the load power of 4QC is Pr:

2

pP-p Ccdt

= AP — AP, (22)

where AP; = Avy.ip + v4.Aip, and ip = UdC . Substituting AP in (20) into (22):

Ao 2y
AP = Noge 50 + g 5 = 0 Mg (23)

Combining (18), (20), (21) and (23), Av,. can be calculated:

P, Qo

e0Ge(1,1) + 2 e0Ge(1,2

Avy. = (d 2 ey + (d 2 Ae,  (24)
sCactaco + 252 + eoG (1,1 Koce 5CicVdeo + 25 + €0Gi1,1)Koce

My M‘7

Substituting (24) into (19), and set Aigy.r = 0, Aipr can be obtained:
Aidref _ —KoecMy _KUchq Aeg (25)

Digres 0 0 Aeg

Gref
Combining (18) and (25), the admittance of train is as follows:

Ytrain = Gi Gref + Ge (26)

2.1.2. Impedance Model of Inverter and Traction Motor

Firstly, the equivalent circuit of inverter and traction motor is shown in Figure 5.

Ual2 L +E}Ql e

a
IHo “[—

4:}

U2 T

Q.

Figure 5. Equivalent circuit of inverter and traction motor.
The state equation of the inverter in the d-q coordinate system is given by:

d id _i U4 . 0 —We id 7R7m id
IRt P (b

lq
The small signal model is used for modeling inverter and the traction motor. The small signal
equation on DC side is given by [19]:

Aif, = DyAig + IzAdy + DyAig + I;Ad, (28)
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In d-q axis, the duty ratios in steady state are Dy and D;. The small signals of the duty ratio are
Ady and Ady. The stable currents are iy and i;. The small signals of currents are Aiy and Aig.
The equation of small signal in AC side is:
Adgvge + DgAvge = Nig(sLy + Ry) — weLiAig (29)
Adquc + DyAvg. = Aiq(SLm + Ry) + weLimAiy

The next step is to get inverter open-loop input impedance, which is also the input impedance of
inverter during stable operation. Set Ad; = Ad; = 0 [19], and the following equations can be obtained:

WeLmeJFDd (SLWIJFRWI)

Aig = Av

d (SLm +Rm)2+wtgL%1 de (30)
Al = Dq(3L1n+Rm)_weLn1Dd v

1 (sLm +Rm)2+ng%, de

Combining (28) and (30), the input impedance of inverter and traction motor is:

_ Dvge _ (sLm+ Ri)* + w22, 1)

z :
"7 AL~ (D3 +D2)(sLi + Ru)

The input impedance model of train can be obtained by substituting (31) into (24). In order to
make the whole calculation process more distinct, and distinguish the control variables and the actual
variables more clearly, the structure of all calculations is shown in Figure 6:

Ae
» I'SS Aet Ai
L=< ACC —> Aife—— CSs [
|Ai . Ae
» DI'C ref
k ZL Load
Model

Figure 6. The structure of all calculations.

Since there is no frequency limit in the model process of VSS, CSS, ACC, DVC and the load,
this modeling method is applicable to the full frequency range.

2.2. Output Impedance Model of Traction Network

The main difficulty of traction network modeling is to model the d-q coupling impedance. Here the
modeling process is shown in detail. According to the uniform transmission line theory, the voltage
and current of terminal can be calculated:

{ u = uy cosh(yx) — Zciisinh(yx) (32)

i = iy cosh(yx) — Zsinh(yx)

where v is the propagation constant. The characteristic impedance is Z.. Both of them are complex
numbers. The beginning voltage and current are 7 and 7.
The impedance model of network is shown in Figure 7 [20]:



Energies 2018, 11, 1714 9 of 19

iE

L [] 11 Train Y1y

le »le

ll Zl

12 Zz

Figure 7. Impedance model of traction network.

In Figure 7, the substation is abbreviated as SS, and the section post is abbreviated as SP.
The equivalent impedance of a substation is Zss. The equivalent impedance and admittance in left
side and right side of the train are Zt1, Y11 and Zty, YT, respectively. The total length and impedance
between SS and train are /1 and Z;. The total length and impedance between train and SP are I; and Z,.
And the impedance of right-side of the train can be calculated:

— Zc[cosh(y1y)—1]
{ Zrp = .nhs(inlh()'ylz) (33)
SI
Y, = P12
The next step is to make the model more concrete by showing every component, and calculate
the coupling impedance of the network. The equivalent circuit of traction network diagram is

shown in Figure 8:

R Ly Ry Ly u Ry Ly R, Ly u

l >l N|

1 B

h L b

Figure 8. Equivalent circuit of traction network.
In Figure 8, the resistance R; and inductance L; form the equivalent impedance Zr in Figure 7.
The capacitance C; and conductance G; form the equivalent admittance Y. It is similar with the
components in the right side of the train. Voltage u; and current i; are generated by train. Voltage u is

the terminal port voltage.
Based on Kirchhoff’s theorem, voltage and current equation in right side of the circuit is given by:

. dip .1 1 7.
11R2+L2E+1162+6/11dt—u1 (34)

Combining (32) and (34), and make it in s domain:
i1Ry 4 i1Lps + uq cosh(yly) — Zciysinh(ylp) = uq (35)
The current i; and voltage u; can be written in d-q form:

{ i1 = igsinwt + iy cos wt (36)

U1 = ugsinwt + uy cos wt



Energies 2018, 11, 1714 10 of 19

Combining (35) and (36), and make the sine and cosine part in left side equal to sine and cosine
part in right side respectively. The following matrix is obtained:

Ro+sLy—Z.sinh(7l) _ Lywg .
Ug | _ 1—cosh(vl) 1—cosh(vl) ] (37)
u - szo R2+SL2—ZCSinh('ylz) l
q 1—cosh(vlp) 1—cosh(vlp) q

where wy is the angular frequency of network.
What needs to be clear here is that Ry, G, C,, L are related to Z1, and Yo:

sintgony ) (38)

{ ZTZ — R2 +](UL2 _ Zc[cosh(vylp)—1]
YTZ = G2 +](UC2 =7z

The aforementioned v and Z; are both complex numbers, so they can be expressed as:
o Zo __ Ro+jwLy .
{ Ze = /¥ =\ Gotic, =m+jn (39)
7= VZYo = /(R + jwLo)(Go + jwCo) = a + jp

Combining (38) and (39), the Ry, Gy, Cy, Ly can be obtained.

Ry = &t - {m[C(A —2) + BD] — n[BC — D(A - 2)]}

Gy = 72(7”21%2) . [m(e‘)‘l2 cos Bl — e 2 cos Bla) + n(e‘”2 sin Bl + e~ gin Bl2)] (a0)
C = m - [m(e*2 sin Bl 4 =2 sin Bly) — n(e*2 cos lo — e~*2 cos Bl,)]
Ly = oy - {m[BC — D(A —2)] +n[C(A —2) + BD]}
where:
"2 cos Bl +e 2 cos Bl, = A
"2 sin Bly — e~ 2 sin Bl, = B (1)

e*2 cos Bly — e 2 cos Bl, = C
"2 sin Bl + e 2 sin Bl, = D

Combining (37) and (40), the matrix of network impedance on right side of the train can be
obtained, which is similar to the left side.

3. Stability Analysis of the Overall Power System

In the following part, the system stability will be analyzed in the full frequency domain using the
impedance model proposed in this paper. First, the concept of total train-network input impedance is
introduced to analyze the resonance frequency [21]. Figure 9 shows the coupling analysis model of
the train-network system. There is usually more than one power unit in a high-speed train, so here
the letter n represents the number of power units. The total train-network input impedance Z;, is
composed of n — 1 power unit impedances Z;,/ (1 — 1) and the network impedance Zingk in parallel.

Zil

e ——{z}—

Zyic

esi Uap

Figure 9. Train-network system coupling analysis model.

©
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First, calculate Z;,,, where k denotes the k-order harmonics:

4
7. L = Zingk ' nt_ﬂi _ Zingk (42)
o Zingk + fir’i I+ (11 - 1)Ytrkzingk

According to Equation (42), the relationship between total train-network input impedance,
frequency and the length of catenary can be obtained and shown in Figure 10:

2500

1500
1000
500
5 0 Frequency (Hz)

Equivalent Input Impedance (k{2)

1500

100
5 o S00 Frequency (Hz)

—
I
=]
=
/

2000

1000 4 1500.

1000
500

500

-500 ] .
15

2500

Equivalent Input Impedance (k{2)

2000 2500

1500 2000
1000

10
L h
5 0 e Frequency (Hz) ength (km)

5 0
() qd @aqq

10
Length (km) 00

S0 Frequency (Hz)

Figure 10. Relationship between total train-network input impedance, frequency and the length
of catenary.

It can be seen from the figure that the train-network input impedances of d-d, d-q, g-d and g-q
axes are slightly different. This figure can reflect the oscillation frequency of the train-network with a
certain frequency range, because the frequency corresponding to the peak of total train-network input
impedance is the system parallel resonance frequency [21]. From the figure, it is also obvious that the
input impedances of train-network of all axis still follow the rule—the greater the length of catenary,
the lower the oscillation frequency [5], which means as the length of the catenary increases, the local
train-network oscillation frequency shifts to the left on the frequency axis.

In the following part, we will analyze the system stability from another perspective—closed-loop
transfer function. The train-network impedance model is simplified in Figure 11:
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Z
—
—_
lS

Figure 11. Simplified model of train-network.

Here ¢; and Z; are the voltage and the output impedance of network on the secondary side of the
traction transformer, respectively; the input current of the train is i, and the input impedance of the
train is Z;,.

In references [18] and [22], the equation of closed-loop transfer function of the system is given by:

is(s
Hy(s) = esis)) = m 3)
= TFnYu(s) Zs(s)

where 7 is the number of converters. The pole figure of the closed-loop transfer function is used to
determine the stability of the system by observing whether there is any pole in the right half-plane.
The closed-loop transfer function in the form of matrix also has poles. Known from the Smith-Mcmillan
Form, the pole of a matrix G(s) is the roots of the denominator in diagonal of M(s), which is the standard
form of Smith-Mcmillan Form [23]. Therefore, the pole figure of the closed-loop transfer function
could be obtained.

Figure 12 shows the pole figure of the closed-loop system while the parameter Kj,_yc increases.
Different colors of poles indicate different Kj,_ycc values in Yi(s). When K, ¢ = 1.5 and 2.5, the poles
are all in left half-plane, which means the system is stable. With K, ;. increasing, the poles of the
system shift to the right plane. When K}, . = 5.5 and 8, there are poles in right half-plane, which means
the system become unstable. This figure shows that with K,y increasing, the system becomes
unstable gradually.

-1000

| Stable oy Unstable o
) L ) 'l
2500| 2. 5erob
X Kpp=15 0.095 0065, 0.04 0.018 Ky vee=5.5
2000| X K25 ’®wa2 ,,,,, L 2103 ®
—~ K, =55 y X x. X
yp— p_vee 4 .
|w 1500 X Kp =8 u_Kpivcczlvs, ) L. 5et03 k
, : I e
S 1000 e x Ky e WICTEASES lixﬁ)s Kp rec=8
o 025% x X s
@ 500} R S T X e KR
> VARE y >§§< AR
T X R Xog s i
< v % X
= 00 %
s
=
- p—
&0
&
£
L]

1500 x ‘ W x 1.5et03 x
S SRR SO SRS S x
20005 1g - x T 26103
13 0.005 0.065 0,04 0.018
X
_25{}{\’ - P PP A | S | 1 I 1 | 1 1 1

400 -350 300 250 200 -15¢ -100 50 0 50 100
. -1
Real Axis (seconds)

Figure 12. Pole figure of train-network.
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4. Simulation and Experiment Result

4.1. Setup of Simulation and Experiment

In order to compare the train impedance model established in this paper with that of existing
papers, and verify the proposed model, the following simulations are performed. And in order to
verify the characteristic of this model in some degree, the experiment is performed. The parameters of
simulation and experiment are shown in Table 1.

Table 1. Simulation and experiment parameters.

Symbols Note Simulation Value Experiment Value
edy d-channel steady state voltage 2000 V 2100V
eqo g-channel steady state voltage ov ov
Py Active power 360 kW 360 kW
Qo Reactive power 0 kW 0 kW

L Leakage inductance of transformer 2.8 mH 2.8 mH
R Leakage resistance of transformer 020 0.350
T, Time delay 1.2 us 1.2 us
Ky _ace Current loop proportional gain 3 4.5
Ki gce Current loop integral gain 0.8 0.8
Kp_vee Voltage loop proportional gain 15 1.5
Ki vee Voltage loop integral gain 1.4 1.5
Ky prr PLL-Proportional gain 5.5 6
K; pr1 PLL-Integral gain 97 50
Kesoar SOGI-voltage gain 0.8 0.8
Kisoar SOGI-current gain 1 1
Cae Capacitance in DC side 16 mF 16 mF
Vico DC voltage 1500 V 1500 V
L Inductance of motor 43.8 mH 43.8 mH
Ry Resistance of motor 0.223 Q) 0.223 Q)
We Rotating speed 1000 rad/s 1000 rad/s
n n modules 2 2
Ry Unit length residence of network 1.33 mQ/km -
Lo Unit length inductance of network 0.21 mH/km -
Go Unit length conductance of network 2S/km -
Co Unit length capacitance of network 0.35 mF/km -
1 Length of catenary 15 km -

4.2. Simulation and Experiment Analysis

In this part, the calculated model proposed in this paper will be verified first.
Referring to [11,24,25], the impedance measuring method for single-phase systems is used here,
which is shown in Figure 13. In this figure, u), is the perturbation injection. The voltage u, and current
is are regarded as the components in the « axis. At the very beginning of the verification experiment,
the simulated grid-side converter will be operating in a steady state, and then u, is added in this circuit.
The voltage and current in d-q axis can be calculated, and the Z;, can be obtained. The measured
admittances are shown in Figure 14.
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Figure 14. Admittance Bode figure of train.
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Figure 14 is the Bode diagram of train admittance in the d-d, d-g, g-d and g-q axes. Four conditions
are shown in this figure. They are with SOGI and load model (proposed in this paper), with SOGI
but without load model, without both SOGI and load model, and measured admittance. This figure
shows that the measured admittance is consistence with the blue line (the model proposed in this
paper). There are only some slight deviations in high-frequency. The calculated load model should
be study further to make it more precise. It can also be seen from the figure that SOGI mainly affects
the high-frequency part of d-d, g-d and g-g axes admittance, but has little effect on d-g axes admittance.
The load model mainly affects the high-frequency part of d-d, g-d and g-q admittance. It has a certain
influence on the full frequency band of d-q axis admittance.
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Figure 12 shows that the increasing of Kj,_s.c makes the system unstable. In the following part,
this conclusion will be verified by simulation and experiment. First, establish a train-network united
simulation and measure the grid-side voltage e;, grid-side current is; and isp, which are shown
in Figure 15.
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Figure 15. Simulation results about the influence of kj_yc increasing on the system.

Figure 15 shows the simulation results about the influence of k;_yc increasing on grid-side voltage
es and grid-side currents is; and isp. In this figure, before 0.7 s the control parameter of 4QC voltage
loop ky_ycc takes the value of 1.5, and the system remains stable. At 0.7 s, ky . is changed to 5.5,
and the grid-side voltage es starts to oscillate, and the grid-side currents iy and is; also begin to
oscillate sharply and appear divergent. So this model can reflect the impact of parameters on the
system stability. The next step is to verify whether this change is correct by experiment.

In order to simulate the actual 25 kV traction network in the laboratory, the two phases of the
three-phase 380 V AC are taken and converted to 25 kV via a step-up transformer to supply the entire
system. In order to make the grid-side converter (GC) work under load, it powers two inverters
(INV) and the traction motors work in drag mode. The simplified schematic diagram of experimental
operation is shown in Figure 16. It should be noted that there are two traction converters put into
use, so the value of DC capacitor is doubled, which helps to reduce harmonics generated by two
inverters. In addition, there is a LC resonance circuit in DC side, which reduces the 2nd order harmonic
effectively, and the 2nd order is the main content in DC side if there is no such LC resonance circuit.
Due to the reasons above, we ignore the interactions of the two inverters.
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Figure 16. Simplified schematic diagram of experimental operation.

The experimental platform is shown in Figure 17. There are two IGBT modules in one grid-side
converter, so it contains eight IGBTs. There is only one IGBT module in one inverter, which includes
nine IGBTs. All these IGBT modules are in the back of one traction converter. All control parts
(including grid-side converter controller, inverter controllers) are in the front of one traction converter.
It should be noted that there are two inverters used in this experiment, so there are two traction
converters paralleled in DC side. In one traction converter, both grid-side converter and inverter are
put into use, and in the other one, only the inverter is put into use. There are two pairs of traction
motors in drag mode.

Voltage and
current sensors

All control parts

Traction motors

transformer

The back of traction converter

Two grid-side Inverter IGBT
converter IGBT module

modules

Figure 17. Experimental platform of the whole system.

Figure 18 is the experimental waveform. The grid-side voltage is ¢;, the grid-side currents are
is1 and isp, and Uy, is DC voltage. At the point of A, kj_ycc increased from 1.5 to 5.5. As can be seen
from this figure, the system cannot be stable again from the point of A, and the current waveforms
are also divergent, which triggered the protection of the system. It should be noted that the grid-side
voltage e; in the experiment is a signal introduced from the primary side of the traction transformer
directly. When the oscillation occurs, the grid-side voltage changes slightly, so after protection and
when the system stops working, e; can still become normal. Through experiments it is shown that the
increase of the voltage loop parameter kj, ,.c does make the system unstable, which is consistent with
the simulation. It further verifies the correct characteristic of the model described in this paper.
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5. Conclusions

Firstly, an impedance model of a train in the d-g coordinate system is established in this paper.
The proposed model is capable of reflecting the control scheme of the grid-side converter in details,
which benefits the analysis of the impact of parameter changes on the system. The equivalent load
models of grid-side converter are also taken into consideration, making the model more complete.
The load model mainly affects the high-frequency part of d-d, g-d and g-g train admittance. It has
a certain influence on the full frequency band of d-q axis train admittance. The load model cannot
be ignored because of this influence. Secondly, this paper considers the impedance and admittance
components of the network in the d-g coordinate system in more details, making the whole model
more accurate. Thirdly, this model can help to analyze the stability of the whole system as seen in 3D
figure and zero-pole diagram. Finally, from the results of simulation and experiment, this model can
reflect the impact of parameter changes on the train-network system correctly.

In future research, the impedance models of inverter and traction motor also need further study.
At present, only a simple d-g axis impedance model is established in this paper, and the control
components of inverter and traction motor need to be considered later to create a more accurate load
model. In addition, the influence of the equivalent coupling impedance (d-q and g-d axis impedance)
of the train-network on the system needs further research.
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