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Abstract—The single-phase modular multilevel converter-based
railway static power conditioner (MMC-RPC) has significant ad-
vantages in governing the power quality problems in the traction
power supply system. The mechanism analysis of low-frequency
oscillations (LFOs) in the MMC-RPC integrated vehicle-grid cou-
pling system when electric multiple units are put into operation
is a critical issue, which has been investigated in this article. The
third-order ac admittance models of single-phase MMC-RPC and
vehicle rectifiers are developed for the first time. To comprehen-
sively study the small-signal stability of the MMC-RPC integrated
vehicle-grid coupling system, this article proposes a modal analysis
method based on modal phase margin and parameter sensitivity
and combined with the generalized Nyquist stability criterion. It is
found that LFOs around 10 Hz or 48 Hz are prone to occur due to
the interactions of MMC-RPC or vehicle rectifiers with the traction
power grid. To reveal the LFO mechanism, dominant modes and
key parameters leading to LFOs in different working scenarios
are clarified, and a series of guidelines are proposed for LFO
elimination. Furthermore, the effects of control loops and power
flow of MMC-RPC on system stability are revealed in detail. Finally,
real-time hardware-in-the-loop experimental results validate the
theoretical analysis.

Index Terms—Impedance modeling, low-frequency oscillation,
modal analysis, railway static power conditioner, single-phase
modular multilevel converter, small-signal stability, vehicle-grid
coupling system.

I. INTRODUCTION

N RECENT years, electrified railways have played a signif-
I icant role in increasing the speed and capacity of railway
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transportation [1]. To solve the power quality problems such
as active power imbalance between phases, significant amount
of negative-sequence currents, and low power factor in electric
traction systems, scholars in Japan proposed an auxiliary device
called railway static power conditioner (RPC) in 1993 [2]. It
compensates reactive current and transfers energy within two
phases to eliminate negative-sequence currents and ensure equal
active power consumption and has been a promising device in
electrified railways [3], [4], [5]. In traditional RPC, two- or three-
level voltage source converters are connected back-to-back at
the dc side and to the ac traction power grid through step-down
transformers. However, traditional RPC has the defects of small
capacity, large occupancy area, high cost, and low power quality,
which reduce its performance [6]. With the increasing applica-
tion of modular multilevel converter (MMC), the advantages of
high power quality and large capacity are highlighted. Therefore,
much research has been done applying single-phase MMC in
RPC instead, which also brings the merits of eliminating step-
down transformers and reducing energy losses [7], [8], [9].

With the high-density operation of electric multiple units
(EMUs) and ac/dc/ac drive electric locomotives (hereafter called
vehicles), the traction power system has become increasingly
complex. The dynamic interactions between EMUs and the
traction power grid become very serious, which results in a series
of low-frequency oscillation (LFO) problems [10], [11], [12],
[13]. On the other hand, research in three-phase or single-phase
MMC-based systems indicates that complex internal couplings
in submodules of MMC and interactions of the control systems
might bring negative damping effects and induce oscillations in
a wide frequency range [14]. Hence, it is worth studying the
small-signal stability of the single-phase MMC-RPC integrated
vehicle-grid coupling system in detail.

Two commonly used methods are developed for the system-
level stability analysis: the eigenvalue-based method in the
time domain and the impedance-based method in the frequency
domain [15], [16]. Compared with the eigenvalue analysis, the
superior feature of the impedance-based method is the black-box
modeling, i.e., the impedance of converters and the electric net-
work can be measured with the frequency sweeping technique.
This feature is particularly attractive for analyzing the inter-
actions of multiple converters provided by different vendors.
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Therefore, scholars have conducted in-depth research on the
impedance-based small-signal stability analysis of vehicle-grid
systems [17], [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27], [28]. DQ impedance models of four-quadrant rectifiers in
vehicles were established to analyze the influence of system
parameters, but the frequency coupling effects were ignored
[17], [18], [19], [20], [21], [22]. A second-order impedance
model of a single-phase rectifier in the sequence domain was
developed in [23] based on the harmonic linearization method,
but only mirror-frequency coupling effects between harmonics
at frequencies f}, and f,,-2f; were taken into account, where f;, is
the perturbation frequency and f; is the fundamental frequency.
In fact, in single-phase converters, the complete frequency cou-
pling effect is reflected between small-signal harmonics with
the frequency of f;, and f,,==2f1. Moreover, the above literature
assumed that the initial phase of the voltage at PCC is zero
when modeling while ignoring the truth that the initial phase
of the reference frame is always a nonzero value. Single-input
single-output (SISO) impedance model and voltage loop model
of the vehicle rectifiers were built in [24] and [25] to simplify
the system stability analysis. An RLC circuit model was estab-
lished in [26] to analyze the respective contribution of networks
and locomotives to LFO. To deal with the situation when the
detailed system parameters are unknown, Pan et al. [27] and Hu
et al. [28] studied the train-network impedance measurement
methods, which make up for the shortcomings of the existing
research.

To suppress the LFOs in vehicle-grid systems, the latest liter-
ature mainly focused on grid enhancement, control algorithms
optimization, and additional device placement [29], [30], [31],
[32], [33], [34], [35], [36], [37], [38]. Autodisturbance rejection
control, passivity-based control, and predictive control strategy
were separately adopted in [30], [31], and [32] instead of PI
control to increase system damping. Diode-bridge rectification
mode is applied in [33] to reshape the impedance characteristics
of rectifiers and mitigate LFOs online. LC and LCL high-pass
filters were designed to reduce high-order harmonics in [34]. It
is found in [35], [36], [37], and [38] that the access of static syn-
chronous compensator (STATCOM) or active power filter (APF)
in the traction system can improve system stability. Neverthe-
less, Liuetal. [35] did not explore the internal mechanism of sys-
tem stability improvement effects brought by MMC-STATCOM
but only proved it by simulation. The impacts of STATCOM and
APF were compared in [37], and it was pointed out that the latter
could provide more damping than the former. But the research on
APF and STATCOM can only present qualitative results, such as
stable or unstable, and cannot explicitly convey the compensator
impacts [38]. The differences between the above-mentioned two
compensators and the single-phase MMC-RPC studied in this
article are reflected in all their power stage topologies, control
algorithms, and functions of these compensators. Therefore, the
stability of the vehicle-grid coupling system with the integration
of single-phase MMC-RPC is a brand-new topic and is worthy
of full investigation.

In the MMC-HVdc systems, many papers have established ac
and dc impedance models of three-phase MMC and explored its
interactive stability with the power grid or wind farms [39], [40].
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However, the RPC studied in this article adopts single-phase
MMC but not three-phase MMC. And there are great differences
between single-phase and three-phase MMCs in the power stage,
control system, and internal harmonic characteristics. The dif-
ferences reflected in the power stage and the control system are
obvious, thus are not explained here. For the harmonic character-
istics, in symmetrical three-phase MMC, only positive-sequence
and negative-sequence differential-mode (DM) steady-state cur-
rent components at (6k+1)-f; (k is an integer) will flow into the
ac side. All zero-sequence common-mode (CM) components
at 6k-f1 will flow into the dc side. For an asymmetric three-
phase system with unbalanced grid voltage, “a chain reaction”
exists causing infinite many frequency couplings, which will be
more complex and one may refer to [41] for a more detailed
discussion. While in single-phase MMC, all DM components
at (2k+1)-f; will flow into the ac side and all CM components
at 2k-f; will flow into the dc side. Similar differences exist in
the small-signal harmonics, which are not expanded in detail
here. Due to the above-mentioned differences, the admittance
model of single-phase MMC-RPC cannot be developed directly
from three-phase MMC and need to be rebuilt. Until now, most
literature about single-phase MMC-RPC mainly paid attention
to its control optimization [7], [8], [9], [42], [43], [44], [45].
Impedance modeling and stability analysis of the single-phase
MMC-RPC integrated vehicle-grid coupling system has not
been well addressed and needs further study, which is, thus,
the focus of this article.

In the eigenvalue-based analysis method, eigenvalue loci
of the coefficient matrix are often plotted to find out the in-
stability modes and parameters, which may cause instability.
Participation-factor method is then applied to weigh the partic-
ipation of state variables. The sensitivity of parameters on the
damping ratios of eigenvalues, which may move to the right-half
plane is finally studied to evaluate the influence of parameters
quantitatively [46]. However, in the impedance-based method,
most literature only observes whether the amplitude-frequency
curves have intersection points and whether the corresponding
phase difference exceeds 180° for the SISO systems or the
overall system stability margin for the multiple-input multiple-
output (MIMO) systems is smaller than 0°, but did not extract
enough relevant features of instability modes and also lacked
quantitative evaluation of the effects of parameters. Especially
for a single-phase system, the impedance matrix has higher
orders when the complete coupling effects are considered. The
influencing rules of parameters will be more complicated, e.g.,
the dominant mode may change and maybe more than one
mode will cause harmonic instability. Therefore, the Nyquist
stability analysis method needs to be expanded and enriched
for parameter sensitivity analysis and key factors extraction. For
SISO systems, Li et al. [47] raised a design-oriented small-signal
stability analysis method based on resistance sensitivity and
phase-difference sensitivity. For MIMO systems, imitating the
participation-factor method in the eigenvalue-based method,
participation functions were also defined in the impedance-based
method to quantify the sensitivity of different converters to the
stability of a multimachine interconnected system [48], [49],
[50]. However, the research did not involve the sensitivity of
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Fig. 1.  Structure of the single-phase MMC-RPC integrated vehicle-grid cou-
pling system.

specific system parameters and needs more reasonable indices to
quantitatively evaluate system stability and the effects of system
parameters.

To cope with the above-mentioned issues, the main contribu-

tions of this article are summarized as follows.

1) This article, for the first time, systematically studies the
small-signal stability of the vehicle-grid coupling system
with the integration of single-phase MMC-RPC. Accurate
third-order ac admittance models of single-phase MMC-
RPC and vehicle rectifiers with capturing multiharmonic
characteristics are first developed. Furthermore, the effects
of frequency coupling, grid impedance coupling, and the
initial phase of the reference frame on the low-frequency
band of ac admittances are explicitly elaborated.

2) A modal analysis method based on modal phase margin
and parameter sensitivity is proposed combined with the
generalized Nyquist stability criterion (GNC). Dominant
modes, key control parameters, and key control loops of
the single-phase MMC-RPC integrated vehicle-grid cou-
pling system in different working scenarios are clarified.
The proposed method is equally adapted to general MIMO
cascade systems for stability analysis.

3) The mechanism of LFOs in the single-phase MMC-RPC
integrated vehicle-grid coupling system is revealed, in-
cluding the accurate estimation of stability boundary and
oscillation frequency. A series of guidelines are summed
up for LFO suppression. In addition, the stability change
of the vehicle-grid system caused by the control loops and
compensated power of MMC-RPC is further elucidated.

The rest of this article is organized as follows. Sections II

and IIT develop the ac admittance models of the single-phase
MMC-RPC and vehicle rectifiers. Section IV mainly studies the
interaction stability of the single-phase MMC-RPC and traction
power grid. Section V specifically explores the small-signal
stability of the vehicle-grid coupling system with and without
single-phase MMC-RPC. The real-time hardware-in-the-loop
(HIL) experimental results are presented in Section VI. Finally,
Section VII concludes this article.

II. AC ADMITTANCE MODELING OF SINGLE-PHASE
MMC-RPC

The structure of the single-phase MMC-RPC integrated
vehicle-grid coupling system is shown in Fig. 1. The three-phase
traction power grid forms two single-phase feeder sections
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Fig. 2. Diagram of single-phase MMC adopted in the RPC.

through the unbalanced three-phase V/V transformer and sup-
plies power to vehicles. RPC adopts two single-phase MMC:s,
which are connected back-to-back at the dc side and directly
connected to two feeders at the ac side. Since the left and
right feeder sections are symmetrical, this article will focus
on the small-signal stability of the right part and explore its
LFO mechanism. This section first develops the small-signal
models of the power stage and control system of single-phase
MMC-RPC and then derives its third-order ac admittance model
based on the multiharmonic linearization method.

A. Steady-State and Small-Signal Modeling of Power Stage

As shown in Fig. 2, the single-phase MMC adopted in the RPC
of this article has four arms, each consisting of N submodules
(SMs). All SMs adopt the half-bridge topology here. Cy, is the
capacitance value of SM capacitors. L is the arm inductance. L,
and ry, are equivalent series inductance and resistance at the ac
side, respectively. Assuming that all SM capacitor voltages are
well balanced, the time-domain averaged model of the power
stage of single-phase MMC-RPC can be expressed as

dig di .
QLL + 2L, fac 4+ 2Rl = Vge — 2MaUq — Vgc
dt dt 1
do (1)
C—= =mygi
dt ava

where vy, is the dc voltage. v, and i, are, respectively, terminal
voltage and current at the ac side. v, is the sum of SM capacitor
voltages in phase a upper arm. m, and i, are, respectively,
insertion index and current of phase a upper arm, and C = C,,/N
is the equivalent SM capacitance of each arm.

Similar to three-phase MMC, a series of harmonics are gener-
ated due to the complex couplings of electrical variables in SMs.
The difference is that since there is no concept of phase sequence
in single-phase MMC, all odd harmonics are DM components
and flow into the ac side, while all even harmonics are CM
components and flow into the dc side.

In a three-phase three-wire MMC system, since third har-
monic currents are DM zero sequence and their amplitudes are
zero, accurate ac or dc side second-order impedance models
of a three-phase MMC could be obtained by only considering
all electrical quantities within the third order. The obtained
impedance matrix consists of positive and negative sequences
and coupling components. While in single-phase MMC, the
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amplitudes of third-order current harmonics are not zero and
they flow into the ac side, which indicates that when establishing
the admittance model of single-phase MMC, it is necessary
to consider the influence of the fourth harmonics to achieve
sufficient accuracy.

Therefore, the following modeling considers all variables
within the fourth order. Complex vectors of variables in (1) can
be expressed as (2) shown at the bottom of the this page

Take m, as an example. My, (k =0, 1, 2, 3, 4) and Sy are
the amplitude and phase of the kth-order harmonic component
of m,, respectively. Other symbols have similar meanings and,
thus, are not repeated here.

Hence, the time-domain steady-state model (1) can be trans-
formed into the frequency domain and written as

27104 = Vge — 2my @ v,
YcOUa =m, X ia

— Vac

3)

where ® is the symbol of convolution. Z;q is a diagonal ma-
trix representing the sum of arm inductance and equivalent ac
impedance. Y . is the admittance of the equivalent SM capacitor.
They are, respectively, expressed as

Zy = j2nL - diag [-4f1 —3f1 —2f1 —fi
0 fi 2 3fi 4f1 ]
+ j4m L,

Xdiag [0 —3f1 0 —f1 0 f1 0 3f1 0]

+2-diag [rm 0 ™ 0 1 0 rm 0 7y |
(4)

Y60:j27rC~diag [—4f1 —3f1 —2f1 —f1
0 f1 2fi 3fi 4f1]. )

To obtain the ac admittance model, a sinusoidal voltage per-
turbation ¥, with frequency f, is added at the ac side. Then,
a current response %p with the perturbation frequency is gen-
erated. In addition, current responses with frequency f,+2kf|
(k is an integer) are also generated due to frequency coupling
effects. These small-signal currents will generate new voltage
perturbations across grid impedance and cause current responses
circularly, which is also called the grid impedance coupling
effect. To derive an accurate admittance model, three voltage
perturbations with the frequencies of f,,-2f1, f,,, and f,+2f; are
added at the ac side.

According to the frequency-domain model (3), couplings
between steady-state and small-signal components generate a
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series of small-signal harmonics with the frequency of f,£kfi,
where k is an integer. And these small signals satisfy the follow-
ing rules:

f= {fp + 2k f1 differential mode

fp+ (2k+1)fi common mode ©®

After the linearization process of the steady-state model and
to facilitate the operation, the convolution operations in the
frequency-domain model are transformed into dot product op-
erations. Thus, the small-signal model of the power stage of
single-phase MMC-RPC can be derived as

{2zmza = Bge — 2M 4By — 2V 4101y — Dac o

YcOﬁa = Ma;:a + Iama

where M,, V,, and I, are Toeplitz matrices of steady-state
electrical variables and have similar forms, expressed as (8)
shown at the bottom of the next page in a unified format.

B. Small-Signal Modeling of Control System and Third-Order
AC Admittance of Single-Phase MMC-RPC

As shown in Fig. 3(a), the control system is constructed in the
dq reference frame. Ac voltages and currents are transformed to
the a3 reference frame through the second-order generalized in-
tegrator (SOGI), as shown in Fig. 3(b), and then are transformed
to the dq reference frame. Finally, the insertion index is obtained
after passing through regulators of outer and inner control loops.
As shown in Fig. 3(c), the phase-locked loop (PLL) adopts
the SOGI-based single synchronous reference frame software
structure, which is commonly used in single-phase systems. The
small-signal model of the control system is the superposition of
all control loops and can be modeled by

Mo = (Qn + Qia + Qis — Q, - 2Z,+Q,,)ta
+(Qpi + QrecatQ g ) Vac 9)

where Q;1, Qio, and Q;3 are the coefficient matrices of the
fundamental current control loop, second-harmonic circulating
current suppressing control loop (CCSC), and third-harmonic
current suppressing control loop (TCSC). @, Qpi, and Qrecd
are, respectively, coefficient matrices of the dc voltage control
loop, PLL, and feedforward control loop. Q4, and Qg are
coefficient matrices of the reactive power control loop. The
effects of time delay are included in the above-mentioned coeffi-
cient matrices. As mentioned before, since the fourth harmonic
component is considered in this article, the above-mentioned
coefficient matrices are all nine-order square matrices, and the

Va() O.5Va1 6‘7ﬁ/1

vie=[0 000 Ug 00 0 0]
Ve=1[0 0 0 0.5Vie% 0 0.5V 0 0 0"

=10 0 0 05Iye™ I, 050, 0 0 0]"
mg = [0.5Mage P4 0.5Myze 755 0.5Mgoe 72 0.5Myqe 9P 2)
Muy 0.5Mg1e?® 0.5Ma0e3?  0.5Myze/®  0.5M,4e95]"

Vo = [0.5Vae 1 0.5V,3e7 0.5V0e 972 0.5V, e
0.5V 0e972 0.5V,3e973 o.5va4em]T
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Fig.3. Control block diagrams of (a) single-phase MMC-RPC, (b) SOGI, and
(c) PLL.

element parameters in these matrices are related to the structure
and parameters of the control loops.

1) Fundamental Current Control, CCSC, and TCSC: The
fundamental current control mainly regulates currents flowing
into the ac side. According to (6), this control loop works on
small-signal harmonics with the frequency of f,, £2kf, (k=0, 1,
2). Hence, the coefficient matrix is represented as

Q; =diagla_s 0 as 0 ag 0 az 0 ay]. (10)

The small-signal current harmonics go through SOGI and
Park transformation, and then the frequencies of these currents
are shifted upward and down by f; due to the asymmetry in
the oS reference frame. This asymmetry also complicates the
frequency coupling effects in the admittance model. And then
the small-signal insertion index could be obtained through PI
controllers and inverse Park transformation. The elements in
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Q1 could be expressed as

ar = 3I(Hi(G2n(fy + (k= 1) 1)
+ H;(52m(fp + (k+ 1) - f1)Halfp + k- fp)
+ (GHi (27 (fp + (k= 1) f1)) + 2Kia
— G2y + (1) ) H(fy + k- fy)]Gran

an

where Gy, = eV Ve t¥7Ta and k = —4, —2,0, 2, 4.

Similarly, CCSC and TCSC work on the harmonic currents
with the frequency of f,=(2k+1)f; (k =0, 1) and f, £2kf, (k=
0, 1, 2), respectively. Thus the coefficient matrices of these two
control loops are

Qi =diag[0 bg 0 by 0 b 0 b3 0] (12
Qiz=diaglcs 0 c5 0 co 0 ¢a 0 esx] (13)
where
b = 5 (HL(j2m(fy + (k= 2) - )
+ Hi (527 (fp + (k+2) - f1))Ha2(fp + K- f1)
X Hopp(32m(fp+k - f1))+(GHi (527 (fp+(k —2) - f1))
—2Kiq — jH; (527 (fp + (K +2) - f1)))
x Hpgo(fpt+k - f1)Hops (527 (fp+Fk - 1)) Grak
(k= —3,-1,1,3) (14)
o = S[(H(G2n(fy + (k= 3)- )
+Hi(j27r(fp+(k+3)'fl)))Ha3(fp+k'fp)
+ (GH; (j2m(fp + (K = 3) - f1)) + 2Kq
_jHi(jQW(fp + (k + 3) : fl)))HBB(fp +k- fp)}GTdk
(k= —4,-2,0,2,4). (15)

It is found that the initial phase of grid voltage ¢, does not
influence the modeling of these three current control loops.

2) DC Voltage Control: Harmonic components with the fre-
quency of f,:=(2k+1)f; (k= 0, 1) in dc voltage are successively
regulated by the dc voltage controller, the fundamental current
controller, and the inverse Park transformation to obtain the
small-signal insertion index. The coefficient matrix of dc voltage

[ 2X Xleijél X267j62
X1ed 2X, Xpe %
] X2ej52 Xlef?l 2Xo
X == [ X3¢ Xpei%2 X el
2 0 X3€j53 X26j62
0 0 X369
0 0 0

(X = Ma»VayIa)'

Xze 9% 0 0 0 ]
X267j52 X367j53 0 0
Xie 9% Xpe 9% Xge % 0

2X, Xle_jél Xge_j62 X36_j63
X1€j§1 2Xo X167j61 X267j52
Xgej‘SZ Xlej‘sl 2X X167j51
X3€j63 X2€j62 Xlej51 2X0 i

®)
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control can be represented as (16) shown at the bottom of the
this page

The dc voltage harmonics are regulated by the dc voltage
controller and fundamental current controller and then added
to the insertion index after inverse Park transformation. The
frequencies of these harmonics are also shifted upward and down
by f1 due to the asymmetry in the dg reference frame. After
derivation, the elements in Q,, could be expressed as (17). It is
also found that the initial phase of grid voltage has effects on
the modeling of dc voltage control, which is always ignored in
other papers.

i = — 3 Hy(2n(fy + KA E(2n(fy + k) A7)
where k = —3, —1,0, 1, 3.

3) Feedforward Control: Ac voltage harmonics with the fre-
quency of f,£2kf; (k =0, 1, 2) are fed directly to the insertion
index after passing through SOGI and the Park transformation.
The coefficient matrix is expressed as

Qfeed:diag [TL,4 0 n_o 0 no 0 no 0 ’I’L4] (18)
where

ne = 0.5Ha(j27r(fp + kf1))GTdk, (k =—4,-2,0,2, 4).
19)
4) Reactive Power Control: The steady-state reactive power
compensated to the traction power grid is

q = 1.5(vgiq — vaiy). (20)

The g-axis steady-state component of ac voltage is zero. Thus,
small-signal reactive power could be simplified as

G =1.5(I404 — Vaiq — I,04) 2

which includes three terms. Thus, the coefficient matrix of
reactive power control is the superposition of these three terms.
As in previous control loops, coefficient matrices Q4. and Q;
can be calculated. Detailed expressions of @, and Q; are not
shown here due to space limitations.

5) Phase-Locked Loop: Small-signal ac voltage harmonics
cause disturbances in the phases locked by PLL, which influ-
ence all segments containing Park transformation and inverse
Park transformation. Here take the ac voltage harmonic with
the frequency of f, as an example to derive the small-signal
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Fig. 4. Block diagram of the linearized model of PLL.
expressed as
Upe = Vi €0s(01 + ¢y) + V), cos(2m fpt + ©p). (22)

After passing through SOGI, ac voltage components in the
af reference frame are represented as

Va _ Vl COS(Ql + 901)) + Va COS(GP + QDOC) (23)
Vs | [Visin(01 + ¢u) + Vacos(0, + ¢p)
where
Voel¥e = Hy (527 f,) Vie ¥ (24)
Vﬂ@jwﬂ = Hg(j?ﬂfp)‘/;ej‘pp.

After passing through the Park transformation in which the
phases contain harmonics, ac voltage in the g-axis is obtained

~ Voo
vg = —Vib — 7(sm(9p + 61+ 0o+ @u)

. V
—sin(f, — 01 + Yo — ¥v)) + 7ﬁ
X (cos(bp+01+pp + pu) + cos(Bp — 01 + 05 — ©v)).
(25)
The equivalent diagram of PLL is shown in Fig. 4, where

[e3

V.
vg = — 7(sin(9p + 01 + 0o + ©v)

—sin(f, — 01 + Yo — ¥v))

V
+ g(cos(ﬁp + 61+ 95+ ¢v)

+cos(0, — 01 + v — vy)). (26)
Hence, the closed-loop transfer function of PLL is
H
Go(s) ols)/s 27)

T 1+ WViHe(s)/s

The small-signal harmonics of the output phase can be ex-
pressed as

harmonics in the output phase of PLL. Assume the ac voltage is 0 =Gy (s) - vg. (28)
Q= _
0 m_ge?%*Gpyg4 0O 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 m,36j"0” Grg—s 0 m,167jtp” Grg—2 0 0 0 0 0
0 0 0 0 0 0 0 0 0 (16)
0 0 0 m_1e7?*Grao 0 mie 7%Gprgo O 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 mlej"% Graa O m3€7j¢1’ Grags 0
0 0 0 0 0 0 0 0 0
_0 0 0 0 0 0 0 mge*””” Grga O ]




4826

Fig. 5. Block diagram of the rectifiers in one vehicle.

It can be found that the small-signal voltage harmonic with
the frequency of f;, can generate harmonics with the frequency
of fo+f1 and f,-f1 in the output phases, which is related to the
initial phase of the grid voltage. This is very different from that in
three-phase MMC and is also caused by the asymmetry brought
by SOGI. Similarly, ac voltage harmonics with the frequency of
JfpE2f1 and f,,-4f; also generate small-signal disturbances in the
output phase of PLL. According to these phase disturbances, the
model of PLL can be established. The rest of the derivations are
similar to that in three-phase MMC and thus are not expanded
in detail here. It can be observed in (26) and (28) that the initial
phase of grid voltage has non-negligible effects on the modeling
of PLL.

6) AC Admittance Model of Single-Phase MMC-RPC: Fi-
nally, combining the small-signal models of the power stage
and control system, the relationship between the small-signal
response of the ac side current and the ac voltage perturbation
is

Yo=(Zio+ Za+MoZ oMo+ (MoZ oI, +V,)P;) "
: (U + 2(]\4¢IZCOI¢1 + Va)P'U)

(29)
where U is the identity matrix. Z.o = Y ¢
P,=Q;+Qi3+Q.—Q, 2Z,+Q,
P, =Qu+ Qpea + Qqo- (30)

Hence, the third-order ac admittance model of single-phase
MMC-RPC is expressed as

Y.(3,3) Yau(3,5) Yu(3,7)
Yumvc-rrc = | Yac(5,3) Yu(5,5) Yu(5,7) (31)
Yac('?, 3) Yac(77 5) Yac('?, 7)

III. AC ADMITTANCE MODELING OF VEHICLE RECTIFIERS

Asshownin Fig. 5, each vehicle contains five motive units and
each unit has dual single-phase interleaved converters sharing
one common dc-link capacitor. Each unit can be equalized as
two independent rectifiers due to their identical controllers and
circuits [17]. Thus, every vehicle has ten paralleled rectifiers. To
simplify the analysis, the dc-link load could be equivalent to a
resistor [19]. This section will first establish the ac admittance
model of a single rectifier, and according to the connection
relations of multiple units, the ac admittance model of the whole
vehicle can be obtained.
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A. Steady-State and Small-Signal Modeling of Power Stage

Existing literature has proved that it is sufficient to obtain
accurate impedance models of single-phase two-level converters
when considering harmonics within the fourth order [23]. But
they only took the middle element in the matrix as the SISO
impedance or only considered the second-order impedance ma-
trix at f;, and f,,-2f1. Consistent with single-phase MMC-RPC,
the third-order ac admittance model of the vehicle rectifier will
be developed here, considering the fourth and lower harmonics
of variables. According to the main circuit of the vehicle rectifier,
the time-domain steady-state averaged model of the power stage
is represented as

i
Ln# + rnis = Vac — MUdc
¢ (32)
C d’Udc 4 1 .
—Ude = Mig
gt TRy ¢

where v, and i are, respectively, the ac voltage and ac current.
vge 1S the dc voltage, and m is the insertion index. L, and
ry are the equivalent inductance and resistance of the traction
transformer. Cyq is the dc-link capacitance.

The time-domain averaged model could be transformed to the
frequency domain similarly and expressed as
{ans = Uac _m®vdc (33)
Y Vg = m ® 5.

Z, and Y, are separately the equivalent impedance of the ac
transformer and the equivalent admittance of dc load, which
can be expressed in a similar format, as shown in (4) and
(5). Other electrical variables in (33) are all nine-dimensional
column vectors.

The harmonic characteristics are similar to that in single-
phase MMC-RPC. Therefore, according to the principle of the
multi-harmonic linearization method, voltage perturbations at
Jfo-2f1, fp, and f,4-2f1 are added at the ac side.

After the linearization process and transforming the convolu-
tion operation to dot product operation, the frequency-domain
model of the power stage can be represented as

Vi

{Zn%sﬁacMﬁdc (34)

Y 4ebge = Mig + Iomh

where M, V4., and I are, respectively, the Toeplitz forms of
insertion index, dc voltage, and ac current, which could also be
represented as the unified format in (8).

B. Small-Signal Modeling of Control System and Third-Order
AC Admittance of Vehicle Rectifiers

As shown in Fig. 6, the control system is also based on the dg
reference frame. The PLL adopts the SOGI-based single syn-
chronous reference frame software structure. The small-signal
model of the control system is the superposition of all control
loops and is represented as

m = decﬁdC + ngs + (Qfeed + Qpll)ﬁp (35)
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Fig. 6. Block diagram of the control system of the vehicle rectifier.

where Qqc, @i, Qreed, and Oy are, respectively, the coefficient
matrices of the dc voltage control, phase current control, feed-
forward control, and PLL, which are also of the nine order. The
effects of time delay are included in the abovementioned four
coefficient matrices.

1) Phase Current Control: Like the single-phase MMC-
RPC, phase current control in the vehicle rectifier works on the
current harmonics with the frequency of f,,+-2kf1 (k = 0, 1, 2).
Thus, the coefficient matrix of this control loop could be written
as

Qi = diag [(174 0 a_o 0 ag 0 as 0 a4 } (36)
where
ax = l(HLG2n(fy + (k= 1 f2)
+ Hi (527 (fp + (E+ 1) f1)) Holfp + Efp)
+ GH: (527 (fp + (k = 1) f1)) + 2Kiq
_]Hi(]Qﬂ'(fp k+1)f1))) fp"’kfp)}thk
(k=-4,-2,0,2,4) (37)

where Gg, = e/ 2m(fptkf)ta

2) DC Voltage Control: Dc voltage control loop works on
the dc voltage harmonics with the frequency of f, £(2k+1)f; (k
=0, 1). The detailed derivation process is similar to that in the
single-phase MMC-RPC, thus, the coefficient matrix is directly
written as (38) shown at the bottom of the this page where

SHL(2n(fy + K

(k= -

my =

i(72m(fp + Kk f1))
3,-1,1,3). (39)

3) Feedforward Control: Similar to the feedforward control
in single-phase and three-phase MMC, the ac voltage is directly
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fed to the insertion index, thus, the coefficient matrix could be
written as

Qteea =diag[n_y 0 ny 0 ng 0 ny 0 ng | (40)
where

nk = Ha(j2n(fy + k- £1))Grar, (k = —4,-2,0,2,4).
(4D
4) Phase-Locked Loop: Small-signal ac voltage harmonics
will cause disturbances in the output phase of PLL and influence
all segments containing Park transformation and inverse Park
transformation. The detailed derivations of PLL are similar to

that in single-phase MMC-RPC, thus, are not repeated here.
5) AC Admittance Model of Vehicle Rectifiers: Combining
the small-signal models of the power stage and control system,
the relationship between the small-signal response of the ac

current and the ac voltage perturbation is

Yac = (Zl + Vchi + (M + VdCdec) ' (ch - ISdeC)_l
(M +1,Q,)) " (U = VaeQpoe — (M + VigeQ )
. (ch - Istdc)ilISQvac) (42)
where U is the identity matrix. Zge = Y ' Quac = Qpeea +
Qpll'
The ac admittance of each vehicle is
Yac=n- Y /k (43)

where k is the ratio of the high voltage side to the low voltage side
of the transformer. n is the number of rectifiers in each vehicle,
and here n equals 10.

Hence, the equivalent third-order ac admittance of one vehicle
is represented as

YAC(37 3) YAC (37 5) YAC(Sa 7)
Yise = | Yac(5,3) Yac(5,5) Yac(5,7) (44)
Yac(7,3) Yac(7,5) Yac(7,7)

C. Verification of the Proposed AC Admittance Models

To verify the correctness and accuracy of the admittance
models proposed in Sections II and III, detailed time-domain
simulation models of the single-phase MMC-RPC and the vehi-
cle rectifier are separately established in MATLAB/ Simulink.

dec =

[0 m_367js0“ Gig—a 0O 0

0 0 0 0

0 m,gej‘P” Gig—2 0 mfleijvv Gig—a
0 0 0 0

0 0 0 m,lej“"“ tho
0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 mie 9 Gao 0 0 0 (38)
0 0 0 0 0

0 m1€j<p“ Gigo O mge’j‘f”“ Giao O

0 0 0 0 0

0 0 0 m3e*j9"” Giga O ]
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TABLE I
ELECTRICAL PARAMETERS OF SINGLE-PHASE MMC-RPC AND
VEHICLE RECTIFIERS

Parameter Symbol Value
Single-phase MMC-RPC
Rated ac voltage Varms 27.5kV
Rated dc voltage Ve 50 kV
Rated power P 30 MW
Fundamental frequency f 50 Hz
SM capacitance Cy 12 mF
Number of SM/arm N 20
Arm inductance Ly 10 mH
Equivalent series inductance L, 2 mH
Equivalent series resistance R 02Q
Time delay T4 250 ps
Vehicle rectifier
Rated ac voltage Varms 1.5kV
Rated dc voltage Vie 3kV
Rated power P 0.36 MW
Transformer inductance L, 5.4 mH
Transformer resistance R, 02Q
DC-link capacitance Cy 9 mF
DC-link resistance load Ry 25Q
Time delay tq 150 ps

TABLE II
CONTROL PARAMETERS OF SINGLE-PHASE MMC-RPC AND
VEHICLE RECTIFIERS

Parameter Symbol Value
Single-phase MMC-RPC
DC voltage control (Kpu, Kiv) (0.5, 100)
Reactive power control (Koo, Kig) (3, 10)
Fundamental current control (Kpni, Kint) (0.2,2.5)
CCSC (Konz, Kin2) (0.5,20)
TCSC (Ko, Kiiz) 0.1, 1)
PLL (Kppir, KipLr) (180, 3200)
Feedforward control K¢ 1
Vehicle rectifier
DC voltage control (Ko, Kiv) (2.5, 100)
Phase current control (Kpis Kii) (2,8)
PLL (Kppiis Kipn) (180, 3200)
Feedforward control K 1

Parameters of the power stage and control system of the single-
phase MMC-RPC and the vehicle rectifier are listed in Tables I
and II.

The frequency sweeping method is applied to get the ad-
mittance measurement results. It is demonstrated from the
admittance curves, as shown in Fig. 7, that measurement and
analysis results match well, verifying the accuracy of the pro-
posed admittance models. It is also found that there are small
errors between the measurement and analysis results in the
high-frequency range of coupling admittances, which will not
influence the LFO analysis of the single-phase MMC-RPC
integrated vehicle-grid coupling system.

Admittance phases of the single-phase MMC-RPC, when the
fourth harmonics or the effects of grid impedance coupling
or the initial phase of the reference frame are ignored, are
compared with the accurate model in Fig. 8. It is indicated
from the comparison results that the fourth harmonics have
non-negligible impacts on all coupled and uncoupled admittance
elements in the full frequency range. The impacts are especially
reflected in the diagonal elements near 100 Hz and are mainly
determined by the arm inductance of single-phase MMC-RPC.
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Analysis results of MMC-RPC Analysis results of the vehicle rectifier
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Because the arm inductance has a strong influence on the ampli-
tudes of circulating currents in single-phase MMC-RPC, and the
frequencies of the main circulating currents are exactly 100 Hz
(the second harmonics) and 200 Hz (the fourth harmonics). The
smaller the arm inductance, the more significant the influence
of the fourth harmonics. The actual initial phase of the grid
voltage is -12° instead of 0°. If the effects of the initial phase
of the reference frame are ignored, the whole frequency range
of the coupled admittances will be influenced, especially the
low-frequency band, which will cause errors in the mechanism
analysis of LFOs in the following sections. It is also observed
that the whole frequency range of the first and third columns of
the admittance matrix is greatly affected by the grid impedance
coupling effects. Above all, the effects of frequency coupling,
grid impedance coupling, and the initial phase of the reference
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Grid il

Fig. 9. Equivalent circuit of the interconnected system consisting of a single-
phase MMC-RPC and traction power grid.

frame are all non-negligible in the mechanism analysis of LFOs
in the single-phase MMC-RPC integrated vehicle-grid coupling
system.

IV. MECHANISM ANALYSIS OF LFOs CAUSED BY THE
INTERACTIONS OF SINGLE-PHASE MMC-RPC AND TRACTION
POWER GRID

Combined with the GNC, this section proposes a modal anal-
ysis method based on the indices of modal phase margin (MPM)
and parameter sensitivity to evaluate the influence of parameters
quantitatively. The impacts of parameters when varying in a wide
range and an adjacent range could be comprehensively studied.
Dominant modes, key parameters, and key control loops causing
system instability can be clarified, and a series of guidelines
can also be proposed for system stability enhancement. This
section will focus on the interaction stability analysis between
single-phase MMC-RPC and the power grid when there are no
vehicle loads under the right feeder section, which means that
MMC-RPC transmits active power to the left feeder section and
compensates reactive power to the right side traction power grid.

A. Modal Analysis Method Combined with the GNC

According to the impedance-based stability analysis method,
the equivalent circuit of the interconnected system consisting of
a single-phase MMC-RPC and the power grid is shown in Fig. 9,
where the power grid is equivalent to a voltage source subsystem
with output impedance Z, and the MMC-RPC is equivalent to
a current source subsystem with input admittance Yynvc.rpc-
Since the system is stable when single-phase MMC-RPC is
connected to an ideal grid, Yamvic.rpc has no right-half-plane
(RHP) poles. Z, is purely passive and, thus, also has no RHP
poles. According to the GNC, the interconnected system is stable
when the total number of counterclockwise encirclements of the
critical point (—1, jO) by the eigen-loci of Z;Ynnuc-rpc equals
ZEero.

For the SISO system, as shown in Fig. 10(a), phase margin -y is
defined as the angle between (—1, jO) with the intersection point
of the Nyquist curve of impedance ratio and unit circle relative
to the original point (0, jO). Similarly, when applying GNC in
MIMO systems, MPM is defined here. Assume the impedance
ratio of one MIMO system has n eigenvalues, which are defined
as n modes. Each Nyquist curve has one intersection point with
the unit circle. As shown in Fig. 10(b), the MPM of each mode is
defined as the angle between (—1, jO) with its intersection point
relative to the original point (0, jO). The minimum of all MPMs
is the system phase margin, and the corresponding eigenvalue is
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(-1, j0/’(0,j0)

(a)

Fig. 10.  Block diagram of (a) phase margin in SISO systems and (b) modal
phase margin in MIMO systems.

defined as the dominant mode. Besides, all the eigenvalues can
be divided into three categories based on the value of MPM:

strong—damping mode MPM > 60°
A = { weak—damping mode  0° < MPM < 60° (45)
unstable mode MPM <0°

To quantitatively compare the effects of different parameters
on system stability, this article will first study the changing rules
of the MPM of different eigenvalues with parameters varying in a
wide range, which represents the global influence of parameters
on system stability and the monotonicity of the influence and
can identify the dominant mode. Then, this article will analyze
parameter sensitivity with parameters varying in an adjacent
range, which represents the local influence of the parameters and
the participation degree of each parameter in the modal stability
and can identify the key parameters. Finally, by combining
the characteristic analysis of MPM and parameter sensitivity
analysis, the dominant mode and key parameters of the studied
MIMO system could be clarified, and parameter optimization
guidelines could also be proposed. Therein, the sensitivity of
parameter p on the MPM of eigenvalue 1, is defined as

_ MPM(&(p)) — MPM(3i(p'o))

Svem(p; f) P
_ MPM(%;(p'y + kp'y)) — MPM(%;(p'y)) (46)
kp'o

where p’ = p/py. po is the original parameter value, and & is the
perturbation percentage of pg. In general, the range of & is about
5%—-10%.

B. Interaction Stability Analysis Between Single-Phase
MMC-RPC and Traction Power Grid

Four working conditions are considered here to analyze the
system stability comprehensively. 1) The compensated active
power is 5 MW; 2) The compensated active power is 10 MW; 3)
The compensated active power is 15 MW; 4) The compensated
active power is 20 MW. Compensated reactive power could
be calculated to be 2.89 Mvar, 5.77 Mvar, 8.66 Mvar, and
11.55 Mvar according to the working principle of RPC [1].
Reduce K11 to 0.09 to make the interconnected system in a
critical stable state. Other parameters are as listed in Tables I
and II. The impedance model of single-phase MMC-RPC and
power grid are in three orders, thus the impedance ratio has
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Fig. 11.
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three eigenvalues, 11, A2, and As. The changing rules of the
MPM of three eigenvalues in the above-mentioned four cases
are presented in Fig. 11, where the X-axis represents the multiple
of original parameter values.

Here condition 2) is first analyzed in detail. From the MPM
analysis results, it is observed that as follows.

1) The integral coefficient of PLL and parameters of dc

voltage control and CCSC have very small impacts on the
MPM of three eigenvalues. The time delay T4 has a certain
influence on the MPM of A; and Ao, but has very little
effect on the MPM of A3, and will not create additional
low-frequency oscillations. The proportional coefficient
of reactive power control and parameters of fundamental
current control may cause instability in A; and A3. Other
parameters only could cause instability in A3. The MPM of
Ao is always larger than 60°, thus, Ao is a strong-damping
mode. A; and A3 are two weak-damping modes. Besides,

IEEE

Condition 1): 5 MW
B, K,
B Kip -'I<p13 -]d)u =
WK =Ko B &

Condition 3) 15 MW__

TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 4, APRIL 2023

Condition 2): 10 MW

B K, BK,,BEK,, DK, CIK;
-KIZ-KP Kf)U |:|KpPLIJ:|Td
-Kpll- in @Ky EKiprL

B Ky S Kiq =Kk

pLi =Ty
iPLL

Condition 4) 20 MW

MEK;, BRK,, WK Ko Ky DK BBK,, 00K UI- 'K,Q [y
WK, MK -KP KpLiiT, BBKip 99 Ky 22 Ky 22 Ko i 2Ty
MWK .KP -KpQ KfPLL -Kpn-sz -KpQE_'KpPLL
250 e
200
150
EIOO
“ 50
0
-50 K%‘F“' 3
-100 AN
A
Y
/13 N
Y N\ N\ N\ \ N\ N\ \ N\ AY \ N\ N\
Kin Kin Kpll Kplz Kp13 Ki KpU Kiy KpQ KiQ KpPLLKiPLLKF Ty
Fig. 12. Comparison of parameter sensitivity under four conditions.

2)

3)

4)

A3 is always the dominant mode regardless of the param-
eter values.

With the increase of the feedforward coefficient and the
proportional coefficients of fundamental current control,
the MPM of A, first increases and then decreases within a
small range, showing nonmonotonic characteristics. Ex-
cept for these two parameters and those that have little
effect on MPM, with the increase of the other control pa-
rameters, the MPM of three eigenvalues show monotonic
characteristics, of which parameters of reactive power
control and the integral coefficients of the fundamental
current control and TCSC separately have consistent in-
fluencing rules on the MPM of three eigenvalues, but the
proportional coefficients of TCSC and PLL do not.

With the increase of submodule capacitance Ci,, the
MPMs of A; and X9 increase. But there is a sharp decline
in the MPM of A3, which is smaller than 0° when C,, is
larger than one limited value indicating system instability
is prone to occur. As arm inductance L, increases, the
MPM of A increases but the MPMs of A1 and A3 decrease,
and the MPM of A3 is smaller than 0° when Ly exceeds
one limited value, indicating that smaller L is beneficial
for the system stability. It is widely known that larger Cp,
or Ly can reduce internal harmonics, but will also reduce
system stability margin according to the above-mentioned
analysis. Thus, there will be a tradeoff when designing
these two parameters.

The sensitivities of different control parameters on the
MPM of three eigenvalues are shown in Fig. 12. Since 1o
is a strong-damping mode, its parameter sensitivity could
be ignored. The rankings of key control parameters for
A1 and A3 and corresponding sensitivity values are listed
in Table III. It is found that in condition 2) the first three
key parameters are the same for A; and iz but a little
different in order. The effects of these key parameters
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TABLE III
RANKING OF KEY CONTROL PARAMETERS UNDER DIFFERENT CONDITIONS

Condition Eigenvalue Key control parameters
I Kon(178.7) > Kpo(132.1) > Kin(-48.7) >
1) 5 MW Ko3(-19.7) >Kg(-12.3)
s K11(78.9) > Kin(-50.2) > K,o(45.6) >
KFPLL(—12.0) > KF(—SS)
A K,n(177.9) >([§pOQ(11)30.9)( >13K;1)(—50.1) >
Kp13 - . >KF - .
2) 10MW s Kii(80.3) > Kij(-54.2) > Ko(45.2) >
Kopri(-11.2) > K(-10.1)
»13(-20.9) >Kg(-15.
3) 1SMW 1 Kpi(80.1) > Kij(-59.3) > K,o(43.2) >
KF(-IZ.Z) >Kppu_(- 1 07)
A Ko (171.1) > Ky(123.3) > Kinn(-56.2) >
4)20 MW Ki13(-20.6) >Kg(-16.7)
P Kpii(78.6) > Kii(-55.9) > Ko(46.3) >

Ki(-12.5) > Kypi(-9.4)

on the MPM of A, and A3 are the same, which means
that when any one of these key parameters changes, the
MPM of A; and A3 will change in the same direction,
and this is beneficial for improving the system stability
by parameter optimization. In particular, A3 is always
the dominant mode, thus, its high-sensitivity parameters
should be optimized with priority. The main function of
feedforward control is to introduce ac voltage at PCC into
the control system to facilitate real-time tracking speed
and accelerate the response speed of the whole system
under voltage fluctuation situations. Therefore, the value
of K is closely related to the transient performance of
the system. Especially under the low-voltage ride-through
situation, the feedforward coefficient affects the transient
current characteristics of the system. In addition, in the
system design process, feedforward coefficients are often
designed according to transient response characteristics or
empirical values. The adjustment range of the feedforward
coefficient is often limited in practice. Therefore, in this
article, Kp is suitable to be used as a backup option
when other parameters are invalid, which conforms to the
general parameter design principles.

5) According to the analysis of key parameters, the ranking of
key control loops is fundamental current control > reactive
power control > PLL. The proportional and integral coef-
ficients of PLL have similar influencing rules on the MPM
of A3. Thus, the system stability margin can be improved
with alower bandwidth of PLL. However, the proportional
and integral coefficients of fundamental current control
or reactive power control both have opposite influencing
trends on the MPM of 3. Thus, strictly speaking, there is
no significant relationship between the bandwidth of these
two control loops with the system stability margin.

The above-mentioned analysis reveals the mechanism of the
LFOs caused by the interaction of single-phase MMC-RPC
and weak traction power grid. And the obtained conclusions
can provide useful guidance for the design of system stability.
Therein, the parameter optimization guideline for interaction
stability improvement between the single-phase MMC-RPC and
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traction power grid is concluded as

Increase K11 > decrease Kijp; > increase Kpq

> decrease K,pr1, > decrease Ky.

To illustrate whether the above-proposed conclusions and
guidelines are universal for different compensated power levels,
conditions 1), 3), and 4) are compared with condition 2) here.
From the comparison results shown in Figs. 11 and 12, it is
demonstrated that as follows.

1) The changing rules of MPM, dominant and unstable

modes are consistent in all four conditions.

2) With the increase of compensated power, the MPM of
Ao increases, but the MPMs of A, and A3 both decrease.
Considering Aj is a strong-damping mode and A; and A3
are both weak-damping modes, it is demonstrated that the
system stability can be improved to a higher level with
less compensated power.

3) Aslisted in Table III, the ranking of key control parameters
of A1 in conditions 1), 3), and 4) are the same as that
in condition 2). The ranking of key parameters of A3 in
condition 1) is the same as that in condition 2). Except for
the order of K, other key parameters of A3 in conditions
3) and 4) are also the same as that in condition 2). As
the compensated power increases, the sensitivity value
of Ky increases slightly but is always very close to the
sensitivity value of K,prr,. Combined with the previous
analysis of Kr, here Ky is chosen as a backup option, and
the abovementioned conclusions and proposed guidelines
are still valid.

In conclusion, the obtained parameter optimization guideline
for system stability improvement is universal and effective un-
der different compensation power levels in the interconnected
system consisting of single-phase MMC-RPC and the traction
power grid. However, if the system structure changes, for in-
stance, wiring connection modes, converter topology, or control
algorithm, the above-mentioned guidelines are not necessarily
appropriate. But the whole set of stability analysis methods is
still applicable. According to the research ideas in this article,
the guidelines for improving the system stability under other sce-
narios can also be obtained similarly, which is exactly reflected
in the following section.

V. MECHANISM ANALYSIS OF LFOS IN THE SINGLE-PHASE
MMC-RPC INTEGRATED VEHICLE-GRID COUPLING SYSTEM

This section will mainly analyze the stability of the single-
phase MMC-RPC integrated vehicle-grid system when there
are vehicle loads under the right feeder section and MMC-RPC
compensates active and reactive power to the right side power
grid. To comprehensively study the system stability, this section
will first analyze the stability of the vehicle-grid coupling system
without single-phase MMC-RPC, and then study the system
stability when MMC-RPC is integrated.
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Fig. 14. (a) Equivalent circuit and (b) simplified equivalent circuit of the
single-phase MMC-RPC integrated vehicle-grid coupling system.

A. System Equivalence

According to the impedance-based method, the equivalent cir-
cuit of the vehicle-grid system is shown in Fig. 13(a), where the
power grid is equivalent to a voltage source subsystem and the
vehicle loads are equivalent to current source subsystems. Here
all vehicles are assumed to be the same, thus, the interconnected
system could be further equivalent to the circuit in Fig. 13(b).
The equivalent input admittance of the vehicle loads is

YVSC =N- szc (47)
where N is the number of vehicles. Y. is the input admittance
of one vehicle. The system is stable when these vehicles are
powered by an ideal grid, thus, Y, has no RHP poles. Hence,
the vehicle-grid system is stable only when the total number of
counterclockwise encirclements of the critical point (—1, jO) by
the eigen-loci of Z,;Yvsc equals zero.

After single-phase MMC-RPC is integrated into the vehicle-
grid system, the equivalent circuit of the whole system is shown
in Fig. 14(a). The vehicles and MMC-RPC could be further
equivalent to a current source subsystem, as shown in Fig. 14(b).
Equivalent admittance of the whole load is

Y., = Yvsc + YmmMmc—rpc. (48)

The single-phase MMC-RPC integrated vehicle-grid cou-
pling system is stable only when the total number of counter-
clockwise encirclements of the critical point (—1, jO) by the
eigen-loci of Z,Y ., equals zero.
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Fig. 16. Changing rules of the MPM of A; with different parameter values of
(a) dc voltage control, phase current control, time delay, and (b) PLL, dc-link
capacitance, and feedforward coefficient.

B. Stability Analysis of Vehicle-Grid Coupling System Without
Single-Phase MM C-RPC

This section will mainly study the stability of the vehicle-grid
system when single-phase MMC-RPC is not equipped. All the
energy supplied to the vehicles is from the right side traction
power grid.

The latest papers have demonstrated that as the number of
vehicles N increases, the system stability margin decreases,
and LFO around fundamental frequency occurs finally [36]. As
shown in Fig. 15, when N increases, three Nyquist curves move
toward the left, and the phase margin decreases. Since A5 and A3
are two strong-damping modes and their Nyquist curves never
intersect with the unit circle, these two curves are not plotted
here. When N = 13, the Nyquist curve of 1; encircles the point
(—1, jO), which means that the system will lose stability, and an
LFO at 48.14 Hz is prone to happen. Therefore, in the following
analysis, 12 vehicles are considered the critical stable condition
for studying the system stability.

Fig. 16 shows the changing rules of the MPM of A; when the
parameters of vehicle rectifiers change. It can be observed from
the results that as follows.

1) Inappropriate control parameters or dc-link capacitance

Cq may cause system instability and generate LFOs. And
the dominant mode is always A .

2) With the decrease of Cq, the MPM of A increases, which
indicates that smaller Cy benefits the system stability.
Besides, the selection of the dc-link capacitor is closely
related to the dc-link voltage ripples. The larger the dc-link
capacitor, the smaller the dc-link voltage ripples. There-
fore, when designing the value of dc-link capacitance, a
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Fig. 17.  Parameter sensitivity analysis results of the vehicle-grid system.

compromise shall be made between the system stability
and the allowable value of dc voltage ripples.

3) The effects of all parameters on the MPM of 1; are mono-
tonic, which is beneficial for improving system stability
by optimizing parameters.

4) Fig. 17 shows the control parameter sensitivity analysis
results, which demonstrate that the ranking of key param-
eters of Aq is Kp; > Ki > K > Kj; > Kjy,.

5) According to the abovementioned key parameters, it is
found that the ranking of key control loops is phase current
control > dc voltage control. However, the proportional
and integral coefficients of current control or dc voltage
control both have opposite influences on the MPM of A1,
which means that strictly speaking, there is no significant
relationship between the bandwidth of these two control
loops with the system stability margin.

Since all the effects of parameters are monotonic, thus, the
parameter sensitivity analysis results could be referred to as the
guideline for system stability enhancement. Due to the impacts
of feedforward control on the system’s transient responses, it is
more suitable to be a backup parameter when other parameters
are invalid.

The above-mentioned conclusions reveal the mechanism of
the LFOs in the vehicle-grid coupling system and provide a
series of helpful guidance for the enhancement of the sys-
tem’s small-signal stability. Therein, the parameter optimization
guideline can be concluded as

Increase K,; > increase Ky, > decrease Kj;

> decrease Kj, > decrease K.

C. Stability Analysis of the Single-Phase MMC-RPC
Integrated Vehicle-Grid Coupling System

This section will mainly study the stability of the vehicle-
grid system when single-phase MMC-RPC is integrated. The
right-side traction power grid and MMC-PRC supply power to
the vehicle loads together. And MMC-RPC also compensates
the corresponding reactive power to the power grid. Section IV
and Section V-B have clarified the key control parameters of
single-phase MMC-RPC and vehicle rectifiers, including K11,
Ki1, Kpq, and Kp,pr 1, in the MMC-PRC and K,;, K}, Kj;, and
K;, in the vehicle rectifier. In the following, the effects of these
parameters on the vehicle-grid coupling system are focused on.
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Fig.20. Parameter sensitivity analysis results of the single-phase MMC-RPC
integrated vehicle-grid coupling system.

Fig. 18 and the dashed lines in Fig. 19 separately present
the changing rules of the MPM of A; with different parameters
of MMC-RPC and the vehicle rectifier. Same as in the last
subsection, Ao and A3 are two strong-damping modes, and their
Nyquist curves do not intersect with the unit circle. It is observed
from the results that as follows.

1) The dominant mode does not change and is still A; after
single-phase MMC-RPC is integrated into the vehicle-grid
coupling system.

2) Key parameters of MMC-RPC have small effects on the
MPM, and key parameters of the vehicle rectifier have rel-
atively large impacts on the MPM. The sensitivity analysis
results of these eight parameters are shown in Fig. 20. The
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ranking of the sensitivity values is Kp; > Kpy > Kiy > Kij
> Ky > Kin > Kpq > Kppri,. Combining the results
of MPM analysis and parameter sensitivity analysis, the
key parameters of the vehicle rectifier have much larger
impacts on the stability of the single-phase MMC-RPC
integrated vehicle-grid system than that of MMC-RPC.

To compare the effects of the key parameters of the vehicle
rectifier on the system stability with and without single-phase
MMC-RPC, the effects of key parameters on the MPM of 1, of
the vehicle-grid system without MMC-RPC are also plotted in
Fig. 19(solid lines). It is indicated that as follows.

1) The MPM of X; is increased to a certain extent when
single-phase MMC-RPC is integrated, which means that
the access of MMC-RPC improves the stability of the
vehicle-grid coupling system.

2) Key parameters of the vehicle rectifier have similar im-
pacts on the MPM of A; with and without MMC-RPC. In
other words, both the MPMs of A; change monotonically
in the same direction when some key parameter increases.

3) Comparing the sensitivity analysis results in Figs. 17 and
20, the sensitivity orders of K},, and Kj,; are the same,
while the sensitivity orders of Kj, and Kj; are opposite
in the vehicle-grid system with and without MMC-RPC,
which also highlights the significance of the stability
analysis of the entire interconnected system.

4) Comparing the sensitivity analysis results of single-phase
MMC-RPC in Figs. 12 and 20, it is found that the sen-
sitivity orders of K,q and K,prr, are the same, while the
sensitivity orders of K1, and Kpj; are opposite. Comparing
the MPM analysis results of MMC-RPC inFigs. 11 and 18,
itis found that the effects of key parameters of MMC-RPC
on the MPM values are all monotonic. And the changing
directions of the MPM of dominant modes are the same
with the increase of key parameters of MMC-RPC, which
indicates that optimizing the parameters of MMC-RPC
is beneficial for all the working scenarios discussed in
Sections IV and V.

The above-mentioned analysis unveils the mechanism of the
LFOs in the single-phase MMC-RPC integrated vehicle-grid
coupling system. The obtained conclusions can also provide a
series of useful guidance for the small-signal stability improve-
ment of this interconnected system. Among them, the parameter
optimization guideline is concluded as

Increase K,; > increase Ky, > decrease Kiy
>decrease Kj; >decrease Kirp > increase Kpr

> increase K,q > decrease K,prr..

D. Further Discussion About the Effects of Single-Phase
MMC-RPC

To further study the effects of single-phase MMC-RPC on the
stability of the vehicle-grid coupling system, this section will
discuss the effects of different control loops and compensated
power levels, respectively.

The previous studies only analyzed the influence of parame-
ters on the system stability when varying within a reasonable
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TABLE IV
COMPENSATED POWER VALUES IN EIGHT CASES

Case Value Case Value
1) Without MMC-RPC 5) P=22MW, Q=6Mvar
2) P=1MW, Q=13Mvar 6) P=22MW, Q=0Mvar
3) P=11MW, Q=13Mvar 7 P=22MW, Q=-6Mvar
4) P=22MW, Q=13Mvar 8) P=22MW, Q=-10Mvar
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Fig.22. Changing rules of the MPM of A1 with different compensated power
of single-phase MMC-RPC.

range but did not study how the control loops influence the
system phase margin. Fig. 21 presents the changing rules of
A1 when different control loops are added one by one. It is
demonstrated in the results that dc voltage control would slightly
reduce the system phase margin. All other control loops can
improve the system stability to a certain extent, of which the
fundamental current control, PLL, and TCSC have obvious
effects, and the effects of CCSC could be ignored.

Eight cases are considered here to study the influence of the
compensated power by single-phase MMC-RPC. The specific
power values are listed in Table IV. Variations of the MPM of
X1 with different compensated power are plotted in Fig. 22. It is
demonstrated in the results that as follows.

1) When the compensated reactive power is fixed, the phase

margin increases with the decrease of active power.

2) When the compensated active power is fixed, the phase
margin increases with the increase of inductive reactive
power and the decrease of capacitive reactive power.

3) Compensated reactive power has a larger impact on system
stability than active power.
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4) The stability margin of the vehicle-grid system can be
significantly enhanced with MMC-RPC regardless of the
control loops and compensated power of MMC-RPC.

The above-mentioned conclusions indicate that only reactive

compensation has better stability improvement performance
than the combination of active and reactive compensation. In
other words, single-phase MMC-RPC can raise the system
stability margin to a higher level if only working as a STAT-
COM. However, the compensated power is determined by the
demand of the traction system and cannot be randomly designed
according to the stability, unless other compensation equipment
is additionally installed.

VI. EXPERIMENTAL VERIFICATION

To prove the effectiveness of the theoretical analysis of the
system stability, a detailed real-time digital simulation model
of the single-phase MMC-RPC integrated vehicle-grid system,
as shown in Fig. 1, is constructed in a HIL platform. The
photograph and setup of the HIL platform are shown in Fig. 23.
Therein, the control algorithm of the single-phase MMC-RPC
is implemented in a DSP (TMS320F28335) controller and the
other system elements operate in real-time with a step size of
8 s in the target machine. The conversion and communication
of the signals between the target machine and the DSP peripheral
circuit are realized by multifunction I/O cards Humusoft MF624.
The oscilloscope is used to monitor and record the waveforms
and data of voltages and currents in real-time. Parameters of the
power stage and control system are adopted, as listed in Tables I
and II.

A. Verification of the Interaction Stability Between
Single-Phase MM C-RPC and Traction Power Grid

To verify the effectiveness of the small-signal stability anal-
ysis between the single-phase MMC-RPC and traction power
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grid three cases are considered here: Case 1): K11 = 0.09 and
Kir1 = 2.5. Case 2): Kpr1 = 0.08 and Kjjp = 2.5. Case 3): K
=0.08 and K11 = 2.2.

The initial parameter values of fundamental current control
are Kpr1 = 0.09 and Kijj; = 2.5 in Case 1). Nyquist curves of
three eigenvalues are shown in Fig. 24. As K11 decreases, the
Nyquist curves move toward the left. When K ,1; equals 0.09, the
Nyquist curves do not encircle (—1, jO), which means that the
system is stable. When K ,1; equals 0.08 in Case 2), the Nyquist
curve of A3 encircles (—1, jO) and the MPM is smaller than
zero, which indicates that the system is unstable and an LFO at
9.95 Hz is prone to occur. At this time, decrease Kjr; to 2.2 in
Case 3). The MPM of X3 increases and is larger than zero again,
thus, the system will return to stability.

It is shown in Fig. 25(a) that the system is stable with the
initial values of Kpr; and Kjp; in Case 1). When parameter
K11 changes from 0.09 to 0.08 at 10 s in Case 2), HIL results
presented in Fig. 25(b) show that the ac current and dc voltage
begin to diverge, and the oscillation frequency is 10 Hz at the
ac side and 40 Hz at the dc side. Corresponding harmonics are
also generated at the ac and dc sides. The oscillation frequencies
marked in the figures also coincide with the predicted results. In
Case 3), when K;; changes from 2.5 to 2.2, the system returns
to a stable state. Table V shows the total harmonic distortion
(THD) of grid current and the fluctuation of dc voltage for the
cases in Fig. 25. The above-mentioned HIL results are consistent
with the previous analysis, which verifies that increasing Ky
or decreasing Kj; could enhance system stability.
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TABLE V
PERFORMANCE COMPARISON OF ELECTRICAL QUANTITIES
Case THD of i, Fluctuation of v,
1) 2.41% +54V
2) 18.24% +2110V
3) 2.53% +60V
bl )
BEGE 01
51 @
i %005
£ £ 9
) =
g @ 0.05
= E0.
01 48.05Hz
2
-1.8 -14 -1 -0.6 -0.2 -1.2 -1.1 -1 -09 -0.8
Real Axis Real Axis
() (b)
Fig. 26.  Nyquist curves of A1 with different values of Kp;. (a) Full scale.

(b) Zoom-in figure.
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B. Verification of the Critical Value of K,,; With and Without
Single-Phase MMC-RPC

To verify the improvement effects brought by single-phase
MMC-RPC to the vehicle-grid system, the change of the critical
value of K ,; with and without MMC-RPC is studied. Four cases
are considered here: Case 4): Kp,; = 2 without MMC-RPC. Case
5): Kpi = 1.9 without MMC-RPC. Case 6): K,; = 1.6 with
MMC-RPC. Case 7): K;,; = 1.5 with MMC-RPC.

When MMC-RPC is not integrated into the vehicle-grid cou-
pling system, the initial value of the proportional coefficient
K, of phase current control of the vehicle rectifier is 2. As
shown in Fig. 26, with the decrease of Ky, the Nyquist curve
of A; moves toward the left. When K,; equals 1.9 in Case 2),
the Nyquist curve encircles (—1, jO) and the MPM is smaller
than zero, indicating that the system is unstable and an LFO at
48.05 Hz is prone to occur. After MMC-RPC is integrated into
the vehicle-grid coupling system, the initial value of K; is also
2. As shown in Fig. 27, when K,; decreases, the phase margin is
reduced. When K,; changes from 1.6 to 1.5, the Nyquist curve
encircles (—1, jO), indicating the system will lose stability, and
the oscillation frequency is 47.56 Hz.

HIL results presented in Fig. 28(a) and (b) show that when
single-phase MMC-RPC is not integrated into the vehicle-grid
system, the system is stable in Case 4) but unstable in Case
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TABLE VI
PERFORMANCE COMPARISON OF ELECTRICAL QUANTITIES

Case THD of i,. Fluctuation of v,
4) 2.49% +10V
5) 18.93% +77V
6) 2.52% +10V
7) 24.80% +118V

5). The oscillation frequencies at the ac side are 48 Hz, 52 Hz,
and 148 Hz, which is consistent with the predicted results. Thus
the critical value of K,; for system stability is 2. HIL results
presented in Fig. 28(c) and (d) show that when single-phase
MMC-RPC is integrated, the system is stable in Case 6) but
loses stability in Case 7). The ac-side current gradually diverges,
and harmonics at 48 Hz, 52 Hz, and 148 Hz are generated
simultaneously. Thus, the critical value of K; becomes 1.6.
Table VI shows the THD of grid current and the fluctuation of
dc voltage for the cases in Fig. 28. Comparing these four cases,
HIL results are consistent with the previous theoretical analysis
results, thus it is verified that the integration of single-phase
MMC-RPC enlarges the feasible regions of control parameters
of vehicle rectifiers. Actually, the feasible regions of other
parameters are also enlarged and could be proved similarly.

C. Verification of the Critical Number of Vehicles With and
Without Single-Phase MMC-RPC

To verify the effects of single-phase MMC-RPC on the critical
number of vehicles, four cases of considered similarly: Case 8):
N = 12 without MMC-RPC. Case 9): N = 13 without MMC-
RPC. Case 10): N = 19 with MMC-RPC. Case 11): N = 20 with
MMC-RPC.

Fig. 15 has shown that when MMC-RPC is not integrated,
the critical number N of vehicles that can operate steadily is 12.
Fig. 29 shows that when MMC-RPC is integrated, the Nyquist
curves move toward the left when the number of vehicles N
increases. And when N equals 19, the Nyquist curve does not
encircle (—1, jO), meaning that the system is stable. When N
equals 20, the Nyquist curves encircle (—1, jO), indicating that
the system will change from a stable to an unstable state, and
the corresponding oscillation frequency is 47.79 Hz.
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TABLE VII
PERFORMANCE COMPARISON OF ELECTRICAL QUANTITIES

Case THD of i,. Fluctuation of v,
8) 3.62% +15V
9) 15.49% +51V
10) 4.45% +18V
11) 14.35% +48V

HIL results presented in Fig. 30(a) and (b) show that when
single-phase MMC-RPC is not integrated into the vehicle-grid
system, the system is stable in Case 8) but unstable in Case 9).
Thus, the critical value of N for system stability is 12. However,
when single-phase MMC-RPC is integrated, the HIL results of
Case 10) and Case 11), which are presented in Fig. 30(c) and
(d), show that the critical value of N increases to 19. Table VII
shows the THD of grid current and the fluctuation of dc voltage
for the cases in Fig. 30. The above-mentioned HIL results are
consistent with the theoretical analysis results and verify that the
integration of single-phase MMC-RPC allows more vehicles to
operate under the same feeder at the same time.

Combined with the verification in Section VI-B, it is proved
that the integration of single-phase MMC-RPC can effectively
enhance the stability of the vehicle-grid coupling system.

VII. CONCLUSION

This article develops accurate third-order ac admittance mod-
els of single-phase MMC-RPC and vehicle rectifiers, taking
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into account the effects of complete frequency coupling, grid
impedance coupling, and the initial phase of the reference frame.
It is revealed that the above-mentioned three factors have non-
negligible impacts on the low-frequency range of ac admittances
and, thus, are significant for the LFO mechanism analysis in this
article.

This article proposes a modal analysis method based on MPM
and parameter sensitivity and combined with the GNC. LFO
mechanism analyses under the following three working sce-
narios are conducted. 1) The interconnected system composed
of single-phase MMC-RPC and traction power grid; 2) The
vehicle-grid coupling system without MMC-RPC; 3) The single-
phase MMC-RPC integrated vehicle-grid coupling system. It is
pointed out that LFOs around 10 Hz or 48 Hz may happen in the
above-mentioned three scenarios due to inappropriate system
parameters, and sideband oscillations are also generated due
to frequency coupling effects. Dominant modes, key control
parameters, and key control loops are clarified, and a series
of guidelines are proposed for system stability enhancement.
It is demonstrated that the fundamental current, reactive power
controls, and PLL of single-phase MMC-RPC and phase current
and dc voltage controls of vehicle rectifiers make a significant
difference in the low-frequency stability.

This article also reveals that the impedance of vehicle rectifiers
is reshaped by introducing the single-phase MMC-RPC, which
results in significant changes in the eigenvalue loci. The access of
single-phase MMC-RPC enlarges the feasible regions of vehicle
rectifier parameters and increases the critical number of vehicles
that can operate under the same feeder section. In addition,
the effects of control loops and power flow of single-phase
MMC-RPC are studied. It is unveiled that all control loops except
the dc voltage control loop or compensating less active power
or more inductive reactive power to the traction power grid
could effectively improve system stability. It is also revealed
that only reactive compensation has better stability improve-
ment performance than the combination of active and reactive
compensation.

In summary, the systematical research of the single-phase
MMC-RPC integrated vehicle-grid system provides an insight
into the mechanism of the LFO and a theoretical basis for
the stability design and optimization of general traction power
supply systems. The proposed impedance modeling method of
single-phase MMC will be of significant value in the stabil-
ity analysis of systems based on single-phase MMC, such as
isolated dc/dc transformers [51], single-phase energy storage
systems [52], and single-phase STATCOM [53]. In addition, the
proposed frequency-domain GNC-based modal analysis method
is equally applicable for any other MIMO system.
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