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Analysis of Low-Frequency Oscillation in Electric
Railways Based on Small-Signal Modeling
of Vehicle-Grid System in dg Frame

Hui Wang, Wu Mingli, and Juanjuan Sun

Abstract—The line-side converter, which can represent an ac—
dc-ac drive electric vehicle when analyzing the low-frequency os-
cillation in electric railways, is modeled in dg frame with the pro-
posed single-phase dg-decomposition method. With this model, an
underdamped mechanism of the vehicle-grid interaction is con-
firmed. Besides, a low-frequency stability prediction approach is
presented, based on the dominant-pole analysis and verified by the
simulation and the testing result. The proposed modeling method
and prediction approach benefit in three aspects: It is more con-
venient to rebuild the model with a change of either the line-side
converter controller or the system condition, much quicker to pre-
dict the low-frequency instability and more explicit to guide the
modification of the controller software to damp the low-frequency
oscillations.

Index Terms—Dominant pole, dg-frame modeling, electric rail-
way, line-side converter, low-frequency oscillation (LFO).

I. INTRODUCTION

ECENT years, with more and more ac—dc—ac drive electric

locomotives and EMUs (hereinafter, referred to as electric
rail vehicles) being put into operation, the low-frequency oscil-
lation (LFO) events have occurred worldwide in different kinds
of traction power supply systems. According to the published
literatures known by the authors, the LFO first happened in a
Norwegian railway, where the rotary converters are adopted in
traction substations [1]. Then, this phenomenon occurred suc-
cessively in Germany, USA, Switzerland, France, and China.
Among them, the LFOs in France and China are called as a
“depot problem” because they usually happened when a large
number of vehicles were at standstill in a railway depot or station
with only the auxiliary load powered by the dc-link of traction
converters. The LFOs occurred in China are summarized in Ta-
ble I and [2]-[4]. This paper will mainly focus on this type
of LFO based on the field measurement conducted for CRH;
EMU in Chinese railway. It has been demonstrated that the LFO
may trigger the protection logic of line-side converters (LSCs)
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TABLE I
LFO CASES IN CHINA ELECTRIC RAILWAYS

Case No.  Vehicle type  Oscillation frequency f; /Hz ~ Occurrence time
1 HXp 1 34 2008.01
2 CRH; 5 2010.01
3 CRH; 5 2010.09
4 HXp 2B 5 2011.06
5 HXp 3B 6-7 2011.11

to shut down the vehicle’s traction system and, hence, normally
result in a severe service delay.

In order to understand the LFO, which is in fact a com-
plicated vehicle-grid interaction problem, some dedicated test-
ing, modeling, and simulating works are needed to explore its
mechanism and, then, to propose appropriate damping methods.
Unfortunately, up to now, few studies have been conducted to
explain this phenomenon. A simulation model has been built
to illustrate the impact of the long contact line and the vehicle
number on the LFO [5]. The instability is attributed to a “neg-
ative impedance mechanism” by modeling the rotary converter
substation and the vehicle in the frequency domain [6]. Then,
a detailed instantaneous value modeling is presented to investi-
gate the mechanism of LFO with the eigenvalues analysis [7].
To improve the low-frequency stability, a multivariable control
strategy has been adopted [8]. However, all these studies have
their own limits. First, it is not sufficient to reveal the mechanism
of LFO in an electric railway system with the simulation alone.
Second, the rotary converter, which contributes significantly
to the instability, has not been applied in the “depot problem”
cases. Third, although the eigenvalue analysis can determine the
risk of low-frequency instability, it will take a long time to re-
build the entire system differential equations even only a single
LSC controller parameter changes. Finally, without an unam-
biguous understanding of the LFO mechanism, the damping
control strategy is hard to be widely applied to different types of
vehicles.

In order to reveal the vehicle-grid interaction in a more sys-
tematic way, it is necessary to build an analytical vehicle (rep-
resented by LSCs) model. A small-signal frequency-domain
modeling method has been considered for linearizing the LSC,
since the power electronic devices are nonlinear due to the
switches and the controllers, and needed to be linearized around
the steady-state operation point [9]. It has already been widely
used to solve the source-load interaction problems in other
power electronic applications, first for the interconnected dc—dc
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converters [10], [11], then for the three-phase ac system with the
dg transformation, which can transform an ac operation point
to a dc one [12]-[15]. The small-signal modeling of power
electronic devices and the impedance-based system stability
analysis have the essence of dividing the interconnected sys-
tem to a source subsystem and a load subsystem so that the
rebuilt of the whole system model can be avoided when there
are some changes in one load or the number of them [16], [17].
So this modeling method is a useful guidance when analyzing
the vehicle-grid interaction.

However, for a single-phase ac system, the modeling difficulty
is how to linearize the power converter operating in a periodic
sinusoidal trajectory. To solve this problem, various methods
have been resorted in the literatures, such as the reduced-order
method for the single-phase PFC and the grid-connected invert-
ers [18], [19], the phasor method for the distributed generation
resources [20], the harmonic linearization method for the line-
frequency rectifier [21], [22], and the harmonic-domain matrix
method for the EMU LSC [23]. These methods either focus
on the high-frequency performance of the system or target on
the power converters whose structure and controller strategy are
quite different from the LSC of an electric rail vehicle, so that
they cannot be directly applied in the LFO problem.

The dg-frame control is adopted for the LSCs of CRH; EMU.
Considering the important influence of a converter controller on
its dynamic performance, it is reasonable to model the repre-
sentative LSC in dg synchronous coordination. The dg-frame
model of an EMU LSC has first been brought up as a concept
in [24] and, then, its numerical value has been calculated out
through experiments in [25] and [26]. However, there is no pa-
per documenting an analytical model of a single-phase LSC in
dq frame since it will bring noticeable error due to the nonex-
istence of the [3-axis signal as in the three-phase system and,
hence, be infeasible in a wide frequency range. In fact, because
the small-signal variations of the voltage and current occur in
a very narrow sideband frequency range around the fundamen-
tal frequency in the LFO, this error can be modeled as a linear
function and, then, an analytical small-signal frequency-domain
model of LSC could still be built in dg frame.

The rest of this paper is organized as follows. In Section II,
the fundamental theory for a single-phase ac system modeling
that focuses on the LFO problem is introduced by the analysis
of the measured data obtained from an “oscillating” vehicle. In
Section III, the LSC is modeled as an admittance matrix includ-
ing its main circuit and controller. Then, this analytic model is
verified by comparison with time-domain simulation results. In
Section IV, the resultant vehicle-grid system model is derived
out. In Section V, the mechanism of LFO is obtained by ana-
lyzing the dominant poles of the vehicle-grid system and some
factors that can affect the LFO are discussed. Finally, Section VI
concludes this paper.

II. FUNDAMENTAL THEORY

A. Unsymmetrical Sideband Harmonics in LFO

According to the observation of continuous records of the line
voltage and vehicle current waveforms during the LFOs, it is
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found that the oscillation may finally develop into three possible
states: Decaying to disappear, maintaining stable, and enlarging
till to trigger the LSC protection and, then, disappearing.

In the practical LFO cases, when the vehicle-grid system
is in the stable oscillation state, the line voltage and vehicle
current can be decomposed into three main components (the
high-frequency harmonic components are not included here due
to their negligible influence on the LFO)

x(t) = X cos(2m fot + &)

+ X cos[2mfit + 9]
+X_cos2mf_t+d_]
f+=fot+t i, f-=f —h (1

where x represents the line voltage or the vehicle current. X
and §, are the amplitude and initial phase of the fundamental
frequency component, and similarly X, X_ d., 6_ are those
of sideband harmonics. f; and f; are the fundamental frequency
and the oscillation frequency, respectively. The reported range
of f;is 10-30% of the fundamental frequency in [6]. However,
in the “depot problems” of Chinese railway, its scope is found
to be 6-14% of the fundamental frequency (i.e., 3 to 7 Hz as
shown in Table I). It should be noted that there actually does not
exist an f; component in the oscillating signals. The oscillating
waveform can be more appropriately described as an unsym-
metrical amplitude modulation since X and X_ are normally
unequal. As an example, Fig. 1 gives the measured oscillating
line voltage and vehicle current waveforms and corresponding
harmonic spectra in a LFO event caused by CRHj.

B. Dq Decomposition of Single-Phase AC Signal
By proper trigonometric calculations, (1) can be rewritten as
2(t) = [xqo + X4 cos(wit + 04)] cos(wot)
— [zq0 + X, cos(wit + 6,)] sin(wpt) 2)
where
wo = 27 fot,w; = 27 fit
x40 = Xo cos(do ), 240 = Xo sin(dp)

Xgq =

VX, cos(64) + X cos(6_)]? + [X sin(6;) — X_sin(5_)J?

X sin(d4) — X_sin(d_) }

d = arctan {X+ cos(d4) + X_cos(d_)

Xg =

\/[X, cos(0_) — X4 cos(d4)]2 + [ Xy sin(d4 ) + X_sin(5_))2

X_cos(6-) — X+ cos(6+)} 3)

0, = arct
¢ T archan {XJr sin(d+ ) + X_sin(d-)

By carefully observing (2), it can be found that the signal x
conforms, in fact, to the definition of the inverse Park transfor-
mation, which transforms a variable from the dg-rotating frame
to the a3-stationary frame for a three-phase system. Referring
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Fig. 1. (a)Measured oscillating waveforms. (b) Harmonic spectra of measured

oscillating waveforms.

to this concept, the dg-frame expression of x can be defined as

g = g0 + Xy cos(wit + 04) = xq0 + Axy

4
xy = xq0 + X, cos(wit +0,) = xzq0 + Az, @)

where x40, 240 can be considered as the d-axis and g-axis steady-
state values and Az, Az, are the small-signal variations. It has
been shown in (4) that the fundamental frequency component
has been transformed into a dc component in dg frame and
the f,/f- sideband harmonics have been transformed into a
sinusoidal variation at frequency f; in dg frame. As this dg
frame has the constant rotating frequency fj, it is defined as the
grid dg frame for the purpose to distinguish from another dg
frame that will be mentioned in the following analysis.

C. Small-Signal Analysis of Vehicle-Grid System

An LSC shows an admittance characteristic since its voltage
disturbance can be treated as input and its current variation
as output. As a result, with two inputs and two outputs, the

vehicle subsystem

grid subsystem

Z; PCC Ai

e, +Ae )

(<)
N
:
L1

Fig. 2. Small-signal vehicle-grid system.

small-signal model of an LSC in dg frame can be described by
an input admittance matrix

At
Ae’
where the bold and italic letter in lowercase denotes a vector
variable in the grid dg frame. To verify the linearity of Y, a time-
domain simulation of LSC has been conducted in advance using
MATLAB/Simulink. Then, the numeric values of Y at different
frequencies can be obtained through a low-frequency sweep
experiment, which will be introduced in Section III. Therefore,
the elements of Y can be calculated as follows:

Y = Ai=[Aig Ai]", Ae=[Aes Ae )" (5)

Viljor) = (B8 L1 ia(Gia) — Zeation)
Vi i) = R0 £ Ay i) = £ ey i) 6
Vay o) = [l (i i) — £y o) :
Vialor) = (oo £ £ Niy ) = £ e

The calculation result indicates that the values of Y at a certain
frequency keep unchanged regardless how the input voltage
disturbance changes. This, in fact, guarantees the feasibility of
the linear small-signal analysis.

As for the traction power feeding grid, it can be modeled
as a Thevenin equivalent circuit due to the narrow interesting
frequency range (f_ to f. in stationary frame), and is therefore
linear [7], [27]. Then the small-signal vehicle-grid system in dg
frame can be depicted as Fig. 2. In Fig. 2, ey, g, and 2symo
denotes the steady-state vectors of the source voltage, point of
common coupling (PCC) voltage (i.e., line voltage), and the sum
current of m vehicles in the grid dg frame. Ae and Ay, are the
small-signal vectors of PCC voltage and the sum current of m
vehicles in the grid dgq frame. Y, is the total input admittance
matrix of m vehicles and Z is the grid impedance matrix. They
will be derived in Sections III and IV, respectively.

III. MoDEL OF CRH; LSC

The available information on the main circuit and the con-
troller of the LSC of the CRH; EMU is relatively complete.
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Fig. 3. Structure of CRH5 EMU.

Some controller modules, which are not introduced in detail
in the manufacturer documents, refer to [7]. The controller pa-
rameters are reasonably set according to the controller tuning
principle [28]. With these knowledge, the CRH; LSC can be
divided into several parts according to its main circuit and con-
troller structure and each part can be linearized and modeled in
the grid dg frame. Then, the small-signal dg-frame model of a
CRH; LSC will be obtained by connecting the models of these
parts together.

A. Main Circuit and Controller

The CRH5; EMU consists of five motive units with the same
structure. Among them, three units are powered by one traction
transformer and two by the other as shown in Fig. 3. Each unit
has two LSCs sharing one common dc-link that supplies two
three-phase traction inverters and one auxiliary converter. Each
traction inverter powers one induction motor. The equal power-
sharing strategy control is adopted for these two LSCs in one
motive unit, which means their ac input currents are same [29].
Therefore, two paralleled LSCs can be modeled separately since
their circuits and controllers are identical. With this assumption,
one CRHj5 will consist of ten LSCs (i.e., 7, = 107). Because the
LFO usually happened in the light-load condition when only
auxiliary converters were working [2]-[4], [27], the load of the
dc-link is simplified as a constant dc current to represent the
auxiliary power consumption.

The LSC controller of CRH; EMU is designed in dgq frame.
The controller structure includes an ac voltage synchroniza-
tion system (VSS) and an ac current synchronization system
(CSS), an ac current controller (ACC), and a dc voltage con-
troller (DVC). The main circuit and controller of the LSC are
described in Fig. 4. In Fig. 4, e, is the voltage from the pan-
tograph to the wheel, where the subscript « is added in order
to distinguish from the orthogonal (-axis variable. 7, is the
LSC current. v,, is the ac-side voltage of the converter bridge.
vqc 18 the dc-link voltage, while 74, is the output current of
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Fig. 4. Line-side converter circuit and its controller.

converter bridge. 7. is the total current that flows through the
dc-link capacitor C and the paralleled resistance R. I; is the dc
load current. L;, and R;, are the equivalent leakage inductance
and resistance of the traction transformer.

In order to make this study applicable to different types of
vehicles, all the variables and circuit parameters in the follow-
ing analyses are expressed in per unit value and the controller
parameters are also tuned in per unit system. The subscript p.u.
will be omitted for convenience. These values are all provided
in Appendix.

B. Synchronization System

The function of VSS is to generate the controller syn-
chronous angle #, which is used for the Park and inverse Park
transformation in controller modules, and to transform e, to
e’ = [e eg]T. The superscript ¢ denotes a variable generated
in the LSC controller and a bold italic letter with superscript
¢ denotes a controller dg-frame vector variable. The angle
equals to Ay in the steady state and will have a small varia-
tion Af = 6 — 6, when the LSC presents a deviation from its
steady state. The CSS utilizes the angle 6 directly for the Park
transformation to generate ¢ = [i§ i¢]".

The objective of the following analysis is to find the rela-
tionship between Ae¢, Ai° and Ae, Ai when the LSC has a
dynamic behavior around a certain steady-state operation point.

1) Voltage Synchronization System: The VSS shown in Fig. 5
consists of a PLL, a second-order generalized integrator (SOGI),
and a Park transformation module. The SOGI is applied to gen-
erate a (3-axis signal and to filter the input [7]. According to
Fig. 5, e, and e can be expressed as

: K.soqiwps
e = (e ,
52 + Kesoaiwos + wg “ e(s)ea 7
W
e = He(s)?oea = H.(s)eg ®)

where e is defined asa 1/(4 fy ) delay signal of e,, . The signal e
also conforms to the definition of the fictional 3-axis signal that
is widely used in the traditional dg-decomposition technique of
a single-phase ac signal [30]-[32]. Recall that e, has the form
of (1) in the LFO situation, e, and eg can then be expressed by
their definition and reorganized as
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ea = Ejcos(wot +9.)

+ B, cos(wit+ 0.4 )+ E_cos(w_t+9.-) )
ep = Epsin(wot + 0,)
Jo . Jo .
+ —FE.sin(wyt+ 0y ) + —E_sin(w_t + d.-)
[+ f-
(10)

To obtain the dg frame vector e with the form of (4), the
Park transformation is applied to the stationary-frame vector
e =le, es]", where a bold letter denotes a stationary-frame
vector. Instead of e, the transformation result is €’ in the LFO
state, which can be expressed as

o |:COS(90) sin(6p)
—sin(fy) cos(6p)

Aed €derr
} " [Aeq } " Lqerr }
—_——— ——

€ Ae

:|e=P906

Il
—
>
Qo
(=R )

€ery

= e+ e = ey + A€

1D

In(11), ey and Ae can be obtained by (4) and Py, is the Park
transformation matrix with the synchronous angle 6. From
(11) and (12) shown at the bottom of the page, it’s readily to
understand that: 1) If the LSC is in the steady state, there is
neither a variation component Ae nor an error component €,
when applying the Park transformation on e. 2) If the LSC
is in the LFO state, there will be an error between the Park
transformation result €’ and the grid dg-frame vector e defined
in (4). 3) The error component e, is nonlinear. In fact, e.,; is
the main obstacle when attempting to model a single-phase ac
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With the knowledge that f; is normally under 15% of the
fundamental frequency, f;/f+ and f;/f- can be approximately
substituted by f;/ fo, which only brings a maximal inaccuracy
of 2.65%. Then e, can be further reformulated as

ichos (wzt +0, — E)
€derr 2f0 2
o = f - (13)
gerr 1
%Edcos (wlt +0,+ 5)
It can be readily discovered that
w | . dAe, ‘
(7 2w dt
|ede11(.7.wl)| _ 0 (14)
|8qerr (]Wl)| wi | |dAey ‘
L 2w dt
r dAe,
Zederr (jwl) —Z dt
/ : = (15)
€gerr (]wl) Zdﬁ%

through the comparison of (4) with (13). So, in the frequency
domain, e,,, can be linearized and the relation between Ae’ and
Ae could be derived as

1 S

Ae'=|", 29| Ae=TAe
Tor 1

(16)

Hence, the main modeling problem is properly solved by
introducing an adjusting matrix 7.

Then, according to Fig. 5, the output of VSS e can be calcu-
lated as

e =PyH_ e (17)

where H, is a diagonal matrix with diagonal elements H. (s).
As the Park and inverse Park transformation can be applied to
a steady-state component and a small-signal variation indepen-
dently [cf., (11)], e“ can also be expressed as

e’ = PyH P, (e) + TAe)

Q

Parg(Py,H.P,')(ey + TAe)

~ PAHHedq(eo +TA€) (18)
where P(jul is the inverse Park transformation matrix. Py can
be approximately expressed as

1 Ae} (19)

Pao = {—Ae 1

as long as Af is small enough. Py, HePa_ql transforms H .,
which is a transfer matrix in stationary frame, to H .4, in the
grid dq frame. H .4, can be obtained by the frequency mapping
technique [33]. However, for the sake of order reduction, it can

system in dq frame.
€derr _
€gerr

—jf—iEJr sin(w;t + de4 ) sin
f/ﬁ%E+ sin(wyt + de ) cos(p) + ff—iE, sin(w_t + 0. ) cos(fp)

L . .
(60) + - E_sin(w-t + 6. ) sin(6y) 1 (12)
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be simplified as

H,, 0
He — eaq
dq [0 Hedq] (20)
_ 1
Heaq = (I/K.soc1)(1/wo+T)/8)s+1

without considering the small off-diagonal elements [7]. From
(18)—(20), we can get

Aeg = HeqqAeq + HeagT(1,2)Aey 2D

Ae; = — ,3dq€d0A9 + Hequeq + H@qu(QAl)Aed (22)

when the initial phase .o of the steady-state voltage variable
€qo 1s set to 0, which means e,y is 0. The subscript (m,n)
of letter T denotes the mth row and nth column element of
matrix T.

The dynamic of PLL gives

K
Aw = sAf = (Kppu + Zp”) Aey = Fyule,  (23)

So combining (22) and (23), A6 can be calculated as

g = Lrifeaddon _ Tl ne,04)
s+ eqolpuHeqq s+ EgoFpuHeaqy
From (21), (22), and (24), it follows that
Aef =
Heqq Hequ(l,Q) Ae
HeqqTio1) — HeageaoGapit Heaq — HeaqeaoGapu
Gy

(25)

2) Current Synchronization System: The CSS has the same
structure as the VSS, except that the CSS has no PLL. The LSC
current vector 2 in the controller dg frame can be expressed as

[cf., (18)]
i¢ ~ PagH gy (ig + TAG). (26)

Since the SOGI of CSS may use a different parameter K;s0G1,
the diagonal element of H ;;4, will be [cf.,(20)]

1

Hy, = (27)
dq (1/K1',SOGI)(1/UJO +To/8)$+1
From (24), (26), and (27), we get
. H;q Hiqg T 2 ,
A'LC — q q ( ) ) A'L
|:Hiqu(2,1) H;qq
Hgsoct
—tq0 HiaqGapti  —ig0HiaqGepu A
— . . e 28
I:ZdOHi,qudpll 190 Hiaq Gypui (28)
Gipu
C. AC Current Loop
Applying KVL on the LSC ac loop in Fig. 4, we get
dig .
€a = Vo + LinL + Rinza (29)

dt
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The frequency-domain expression of (29) in the grid dg frame
can be obtained by the proposed dg decomposition of the single-
phase ac variables e, i, and v, [cf., (4)]

1 -1
I TR 0
e= v+ SLin + Rin 1 7
0 -
SLin + Rin
Hpp
0 _WOLin i
CL)OLin 0
H,

ie,i= (Hy, +H,p) '(e—) (30)

From (30) and Fig. 4, it is obvious that the ACC uses the
output of DVC 4., as the reference input and generates the
reference signal v of v to control the LSC current 7. But
unlike Ae to Ae® and A4 to Az°, there is no synchronization
system to transform Aw to Av{,;. So their relationship should
be calculated by the generating process of v,,, which is shown
in Fig. 6.

In Fig. 6, m, is the PWM modulation signal and the
1.5T¢ontro1 delay is due to the computation delay and the PWM
delay effect [34]. Since vy, is divided by vy, inside the con-
troller and then multiplied by vy, in the generation process of
Vg, the influence of vq. dynamics on Av¢,; to Av will be can-
celled. With the above discussion and according to Fig. 6, v{_;
is actually transformed to the stationary-frame variable v;, at
first and, then, delayed by 1.57¢ont101 to Obtain v, . As the syn-
chronous angle of the inverse Park transformation in ACC is 6,
v§, can be calculated as

Uy = Vgper COSO — g, ¢ sin 31
v§, can also be expressed in the grid dg frame with the syn-

chronous angle 6, as

Ve (32)

& = Ugref €OS By — Vgref IR Gy

Then, from (19), (24), (31), and (32), the corresponding grid
dg-frame expression Avye = [AVgrer Avgrer]’ of Avg can be
derived as

—v¢ G i
qref0™~"qp Ae

: —v¢ oG

— c qref0 T dpll

Avyer = Avj + 1 e
dref0~qpll

33
Vgrero Gapll 53

Gyl
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C

As for the delay effect on v, it can be expressed with the
assumption that a small-signal variation only consists of stable
f+ and f_ components, as

Avg, = Vicos(wit+ 0y, )+ Vicos(w_t+6;_) (34)
Let Ty = 1.5Tcontrol, then
Av, = V coslwy (t —Ty) + 6y, |
+ VEcoslw_(t —Ty) + &5_] (35)

Compare the grid dg frame expression of AvS and Awv,
obtained by (2) and (3), we get

1 wo Td
—Wwy Td 1

C
= Hdelay Avref + Hdelay Gq;pll Ae
N———

H,,;

Av = |: :| A'Urcf = HdclayAvrcf

(36)

Therefore, the control block diagram of the ac current loop
can be readily obtained. Since the d-axis and g-axis variables are
analyzed together as the vector form in the above discussion, the
dg-frame vector serves as the variable flow in the control block
diagram as shown in Fig. 7. The unmentioned transfer matrices

in Fig. 7 are
1 0
I= [O 1] (37)
Kpi =+ B'.i, 0
Hp; = s .
PI [ 0 Kp; + Ko (38)

It is obvious that the output At of the ac current loop is
affected by its reference Aiy,; and the disturbance Ae. So Ag
can be expressed as

Ai = GiclAifef + GegisAe (39
G and Gq;5 can be calculated from Fig. 7 as
Gio={I+HpHoayHp x[(I — Hpi H,1) x Hsocr

+ Hp Hy) ) Hop)} ! % (Hpp Helay Hpp) (40)

delay
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Fig. 8.  Structure of DVC.

Gegis = {I + Hpp x [Hyeroy(Hp1 — H, 1 )Hsoan
+H, ]} x Hpy x [I — Hypy — Haclay Gepu
+ Hclay(Hpr — Ho, 1) Gipii] (41)

D. DC Voltage Loop

The dc voltage loop is constructed by applying KCL on node
D in Fig. 4. The node equation can be transformed into the
frequency domain as
sCR+1

e = — 5 Ve +1;

The DVC generates the reference ¢
the active power, as shown in Fig. 8.

The feed-forward signal [; is applied in order to decrease
the effect of large load variations, otherwise Kp, would be
large and cause instability [28]. K is a preset transfer coefficient
of I; to i4, which is obtained by the power balance principle.
15,0¢ 18 reduced to half since it is just the current reference of
one paralleled LSC. The relation between Aiy and Aig. can
be obtained by the instantaneous power balance between the
ac side and the dc side of one converter bridge, which can be
expressed as

(42)

C . .
8o Of i, which represents

(va cos by — vy sinby)(iq cos by — igsinby) = vaciae (43)

As CRHj is in the light-load condition when the LFO hap-
pens, the second-order harmonic component is small and, then,
can be neglected. So (43) can be simplified as

§(Udid + quq) = Vdcelde 44)

Equation (44) can be linearized around the steady-state oper-
ation point as

1 ) ) ) .
5(11(10A2d + g0 Avg + vy0Ady + ig0Avy)

= vchAidc + Z.dc(] A'Udc' (45)

The variables iq0, v40, %40, and iqco are all of small values
in the light-load condition and will be omitted to reach a more
simple and explicit equation

Vdo

Adge = Aig = K'Aig (46)
204c0

where K is close to K but has a slight shift due to the change of

LSC steady-state operation point. Then, the dc voltage loop is

readily obtained with the above discussion and shown in Fig. 9.

Because V... and [; are constant, they are not included in
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Av,,

SCR+1

Fig. 9. Control block diagram of dc voltage loop.

the dc voltage loop. A7, equals to 2Ai,. because the de-link
assembles two paralleled LSCs’ currents.

From Fig. 9, we can find that Ai§_; is only affected by Ae
and their relation can be expressed as

Aigref = [G;dlb 1,1) G;dis(l,?):| Ae 47)

where

1 R Ki,

s (Kpy
S Pe) R Ll
edis(1,1) — 1

R
1+§5C’R+1 <va+

1 R Ki,
e D . 1 K v - K/GE is

, QSCR+1< ot s ) dis(1,2)

Ki,

edis(1,2) K'G.
. icl(1,1)

)K/Gedls 1,1)

l(zy
s ) K/Gul 1,1)

R
14— (Kp,
+250R+1< Pot

Considering that ;. is a preset value and will not change
in the light-load condition (ie., Aig is 0), Ay can be
expressed as

G/

/
Azlci _ |: (’(115 (1,1) G

edis(1,2)

} Ae = G.gisAe  (49)

E. Input Admittance Matrix and Its Verification

From (39) and (49), the expression of the LSC current vari-
ation At caused by the small input voltage disturbance Ae
around a certain operating point can be calculated as

Y;id 1/dq

A'L = (Gl(’lG edis + GfidiS)Ae - |:}/:1d Y:]q

] Ae  (50)

Y

where Y is the input admittance matrix of one LSC and will
be verified by the previously mentioned low-frequency sweep
experiment.

At the very beginning of the verification experiment, the sim-
ulated LSC will be operating in a steady state with a light-load
current /; and an ideal voltage source ey added in terminal
AB of Fig. 4. Then, a dg-frame sinusoidal disturbance Ae, at a
low-frequency f; will be transformed to a single-phase ac signal
Ae,, according to (2) and will be added to ey,. After the LSC
reaches the steady state, Aiy and Ai, can be calculated by the
dg decomposition of Ai,, which is measurable. By repeating
the experiment with different frequencies (1-15 Hz) for Aeg,
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we can acquire the magnitude and phase responses of Y,;; and
Y, q in the concerned frequency range from (6). The same pro-
cedure will be taken with the disturbance signal Ae, to obtain
the magnitude and phase responses of Yy, and Y. The simu-
lated and the model-predicted frequency response of the input
admittance matrix are compared in Fig. 10. It is obvious that
the model-predicted values agree with the simulated values well
except for |Yy, | and |Y,4| in relative high frequencies. The in-
conformity of the mutual admittance magnitudes comes from
the simplification processes in (12) and (20), which decrease
the model order and hence the risk of singular matrix. How-
ever, it brings little impact on the following vehicle-grid system
analysis especially in the low-frequency range.

IV. MODEL OF VEHICLE-GRID SYSTEM

Since the traction power feeding grid is considered as a linear
circuit as previously discussed, its small-signal model Z ; in grid
dq frame can be easily acquired. Then, the vehicle-grid system
model can be obtained by connecting the m vehicles (LSCs)
subsystem model and the grid subsystem model together after
calculating the steady-state operation point of the entire system.

A. Steady-State Operation Point of Vehicle-Grid System

First, the steady-state PCC voltage should be solved with
the known total load current and no-load source voltage by the
traditional power flow calculation. But in dgq frame, it should
be solved by the dg decomposition of (51) that is obtained by
applying KVL on the left part of PCC in Fig. 2

dzbumO

eso0 = e + Ly d

+ R ’Lsum(] (5] )
As the m vehicles are of the same type and in the same operat-
ing state, the total vehicle current can be calculated as m times of
the single vehicle current. So in (51), isumo = (10m)iy = niy,
where 7 is the number of the equivalent LSCs. In order to make
the grid dg frame and the controller dg frame rotate with the
same initial angle and speed in the steady state, which is a nec-
essary assumption during the modeling, the initial phase of e is
forced to be 0 and will serve as the reference for any steady state
of the vehicle-gird system. As a result, the initial phase .59 of
the constant voltage source ey will change relatively to the set-
ting reference with different steady states. With the discussion
above, the steady-state operation point can be calculated as

nwoLs I} /K + nRi¢
Es’O

= Fp cos o0 + nwyLgiC

. ref
desp = arcsin u

(52)

€do qref ’I”LRS Il/K

where F5y denotes the amplitude of e.
Second, the steady-state ac-side voltage of the converter
bridge can be obtained by the dg composition of the steady-
state form of (29) and be expressed as
Vdo = €do + wo Linigp — Rinli /K
(53)
—Wo LmIZ/K Rlnl

Vg0 = qref*
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Fig. 10.
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Fig. 11.  Closed-loop structure of vehicle-grid system.

Additionally in the dc side of the converter bridge, the steady-
state dc-link voltage v is set as Vicyef. The related parameters
and values in (52) and (53) are given in Appendix.

B. Small-Signal Model of Vehicle-Grid System

The small-signal expression of (51) is

Ae, = Ae +nly dd—Atl +nRyAi 54)

It can also be decomposed in the grid dg frame as [cf., (30)]

sLy + Ry —woly

Aes=Aet | T sL.+R,

nAi  (55)

Z,

If we treat the total line current Aig,,, = nA% as output and
Ae; as input, the vehicle-grid system can be readily built from
(50) and (55) as a closed-loop system as shown in Fig. 11.

The closed-loop transfer matrix can be obtained from
Fig. 11 as

nyY
A'9111’11:7A 9:H(’A $ 56
bun T TRy g, 00 T HAse 0

~~~

Ysum

The small-signal model of the vehicle-grid system can then
be derived. Besides, A« in Fig. 11 represents some predictable
disturbances and will be further explained in the next section.

V. STABILITY ANALYSIS OF VEHICLE-GRID SYSTEM

In order to determine whether the vehicle-grid system in
Fig. 11 is stable, the stability analysis theory of a MIMO system
should be applied.

A. MIMO System Stability Criterion

The zeros and poles of a square transfer matrix G are defined
as the roots of the numerator polynomials z(s) and denominator
polynomials p(s), which are obtained by

2(s)
—= =det(G 57
p(s) )
where G is stable if and only if it has no positive poles. Then,
a feedback system depicted in Fig. 12 is stable if the following
conditions are satisfied [35].
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i +® i G

.
.t

F L
Fig. 12.  General MIMO feedback system.
TABLE I
DOMINANT POLES IN DIFFERENT SYSTEM CONDITIONS
(10-KM CONTACT LINE)
No. LSC number Dominant poles Damping factor Simulation result
and load (1/s) £ j(Hz)
current
1 n = 50, —0.28 £+ j5.73 0.050 stable
I; = 0.0075
2 n = 60, —0.03 £ j5.22 0.006 critically stable
I; =0.0075
3 n = 60, —0.04 £+ j5.22 0.009 stable
I; =0.015
4 n =70, 0.16 £+ j4.81 —0.034 unstable
I; =0.0075
5 n =70, —0.12 £+ j4.87 0.025 stable
I, =0.11

1) F is stable.

2) The open-loop transfer matrix G,; = I + GF' has no
positive zeros.

3) The closed-loop transfer matrix H.; = (I + GF) 'G'is
analytic (i.e., has no poles) at all positive poles of G.

B. Underdamped Mechanism of LFO in Electric Railway

As for the vehicle-grid system, the feedback transfer matrix
Z ¢ is naturally stable. Additionally, the forward-path transfer
matrix Y g, will also be stable with controller parameters set-
ting in a reasonable range. The only risk that may cause instabil-
ity is the possible positive zeros in the open-loop transfer matrix
G, = I + Y Z,. After a carefully observation of the zeros
of Gy, it can be readily found that one special pair of conjugate
zeros, whose damping oscillation frequency just corresponds to
the LFO frequency, are always the nearest to the imaginary axis
and noted as 71 and 5. Since the zeros of G,,; will exist in poles
of H,;, r1 and 79 can be regarded as the dominant poles of the
vehicle-grid system as defined in a SISO linear system.

To verify the important role of the dominant poles, the system
condition is adjusted till the LFO occurs in a vehicle-grid sim-
ulation. The stable oscillation, which is very similar to Fig. 1,
happens when the system is under No. 2 system condition of
Table II and is shown in Fig. 13. The dominant poles under this
condition are —0.03 + j5.22, which demonstrate a possible
5.22-Hz oscillation frequency and a small but positive damp-
ing factor 0.006. Therefore, the simulated stable oscillation at
5.03 Hz is well predicted by the dominant poles with an ade-
quate accuracy. This stable oscillation state can also be called
as the critically stable state because the damping factor is close
to 0 and this stable state can be easily damaged by small distur-
bances. Besides, the other two possible system states denoted
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Fig. 13.  (a) Simulated oscillation waveforms. (b) Harmonic spectrum of sim-

ulated oscillation waveforms.

as stable and unstable are also recorded in Table II, including
their corresponding system conditions and dominant poles.

In the linear control theory, the output of a system can just
have the frequency components that the input source has unless
the system is critical damping at a specific frequency. Although
there does not exist such a low-frequency source in the vehicle-
grid system, a lot of lasting disturbance sources, such as a source
voltage fluctuation Ae, and a current disturbance Ax generated
by the change of LSC load current Al; or a sudden start-up
of a vehicle, will still act as the excitations and may be able
to induce an oscillation in a seriously underdamped (close to
critical damping as No. 2 in Table II) vehicle-grid system. In the
vehicle-grid simulation, Aeg and AI; are set to 0, but the jump
voltage generated by PWM will still cause a disturbance in the
LSC current, which can behave as a periodic excitation Az to
the system as well. In addition, the nonlinearity of LSC and its
controller can also be viewed as other lasting excitations [36].
The LFO can hence maintain with the following two conditions
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being satisfied: lasting excitations and a seriously underdamped
system.

C. Factors That Affect Low-Frequency Stability

Using the underdamped mechanism, one can determine
whether there is a risk of LFO under a specific system condition
before multiple vehicles are planned to be put into service in
an electric railway. Besides, the LFO can be somewhat alle-
viated by modifying the controller parameters since they have
close relations to the vehicles’ low-frequency dynamics. The
dominant-pole plots will be applied here to reveal these laws
in Fig. 14. The first plot is focused on the vehicle-grid system
condition, so the LSC controller parameters keep unchanged as
given in Appendix. In the meanwhile, the latter three plots are
designed to explore the impact of LSC controller parameters on
the system stability, so the No. 2 system condition in Table II is
applied and will not change.

1) Number of Vehicles and Load Current of LSC: 1t already
can be concluded from Table II that more vehicles and lighter
load will make the system more unstable.

2) Contact Line Distance: The impact of the contact line
distance will be explored under the No. 2 system condition in
Table II. It is readily to conclude from Fig. 14(a) that longer
contact line, which in fact means a larger source impedance,
will more likely cause the instability. Additionally, the potential
oscillation frequency is also changed corresponding to the length
of contact line. The stability of the system can be judged by the
vehicle-grid simulation results and then be noted by different
marks in Fig. 14.

3) SOGI Parameters: Itis found that a minor change in SOGI
parameters of the VSS and the CSS could alter the vehicle-grid
system stability, which means that they are the most “sensitive”
controller parameters [37]. It is shown in Fig. 14(b) that the
system will become more stable as K., and Kj;.,,, arise
and otherwise takes a risk of low-frequency instability.

4) ACC Parameters: The PI controller parameters in the ACC
can also significantly affect the low-frequency dynamic of the
LSC so that the change of them, especially Kp;, will conse-
quently influence the vehicle-grid system stability. Both the
increase of K¢; and the decrease of Kp; will jeopardize the
system low-frequency stability through carefully observation of
Fig. 14(c).

5) DVC Parameters: The impact of the proportional coeffi-
cient Kp, of the DVC PI controller on the vehicle-grid system
stability is as remarkable as the SOGI parameters and ACC pa-
rameter K'p;. While the impact of the integral coefficient K1, is
not that significant. As shown in Fig. 14(d), decreasing K p, can
effectively damp the LFO, but adjusting /7, cannot achieve the
same effect since its value is already very small.

VI. CONCLUSION

The dg-frame components of a single-phase ac signal are de-
fined by analyzing the LFO waveforms. With this definition,
an analytical small-signal frequency-domain model of the LSC
in dg frame has been established for the first time after care-
fully dealing with the main modeling obstacle. The verification
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Fig. 14. Dominant-pole plots. (a) Contact-line distance. (b) SOGI Parameters.
(c) ACC parameters. (d) DVC parameters.
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TABLE III
BASE VALUES OF PER UNIT SYSTEM

Sy = 2 MVA Vi = Viacb = 2503V

I, = 1598 A Zy = 1.567 Q

Iqcb =799 A Za.b=3.133Q
TABLE IV

LSC CIRCUIT PARAMETERS AND ITS CONTROLLER PARAMETERS

Lin = 1.083 Ri, = 0.0932
C =0.1129 R = 4788
Vie = 1.278 I, = 0.0075
Kpp” =51 Kip” = 64.56
Kesogr = 0.8 Kisocr =1
Kp; = 0.86 Ki; =17.5
Kp, =0.15 Ki, =0.01
K = 0.7822 Teontrol = 0.0001
TABLE V

TRACTION POWER SUPPLY SYSTEM PARAMETERS

Ego-1.1
Ly, =0.0338

L. =0.0009
Ry =0.0037

experiment not only proves the validity and accuracy of the pro-
posed model but also provides a way to obtain the numerical
LSC model without knowing its inner control design.

Since the vehicle is represented by multiple LSCs and the grid
is considered as a Thevinen equivalent circuit, the vehicle-grid
system can be modeled as a close-loop transfer matrix, whose
stability can be analyzed by the linear MIMO system theory.
Based on this model, the under-damped mechanism is proposed
to explain the LFO phenomenon through studying the system
dominant poles and finding out the lasting excitations for the
oscillation.

The dominant-pole plot is a convenient and quick tool to pre-
dict the vehicle-grid system stability under the different system
conditions and the LSC controller parameters. So this method
will be suitable for prejudge the LFO and therefore help decide
the train dispatching plan. Besides, when the instability hap-
pens, it can become a useful guidance of how to damp the LFO
problem by modifying the LSC controller parameters.

Although only CRH; LSC is modeled in this paper, it should
be pointed out that this modeling method can be considered
as a generous method for modeling different types of vehicle
LSCs. The future study will be focused on applying this method
more widely and proposing the countermeasures for damping
the LFO in different vehicle cases.

APPENDIX

The parameters used in this paper will be listed in the fol-
lowing tables. Some specifications are listed: 1) The values in
Table III refer to the rated values in the traction-winding side of
CRHj traction transformer. 2) The DVC PI controller parame-
ters in Table I'V are small since they are just set for LSC start and
standstill operation states. 3) L. in Table V is the inductance of
contact line per kilometer.
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