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Abstract—In many countries, the negative sequence current
control (NSCC) has been the national standard for connecting
renewable energy to power systems. At the same time, the original
relationship of voltage source converters (VSCs), commonly
used in renewable power generation, shows inherent periodic
time-varying characteristics. Considering the pros and cons of
the different small-signal models for nonlinear time-varying
systems, the comprehensive analysis based on linear time periodic
(LTP) and harmonic state-space (HSS) models are introduced to
studying the small-signal stability of power systems dominated
by VSCs with NSCC. Considering the advantages of the LTP
model in stability determination, the stable domains of control
parameters are described. Additionally, the structural effect of
the decoupled double synchronous reference frame (DDSRF),
widely used for separating positive and negative sequences, is
compared. Then, considering that the HSS model is a linear
time-invariant (LTI) model, and its stability mechanism analysis
method is mature, we characterize the interaction among controls
based on the participation factor analysis. These comprehensive
analysis results are beneficial for understanding the impact of
NSCC on system dynamics and provide theoretical support for
the optimization of NSCC and DDSRF. Finally, case studies
validate the effectiveness of the analysis results.

Index Terms—Decoupled double synchronous reference frame
(DDSRF), harmonic state-space (HSS), linear time periodic
(LTP), negative sequence current control (NSCC), voltage source
converter (VSC).

I. INTRODUCTION

ENEWABLE energy, represented by wind power and
photovoltaic, has dramatically developed [1]-[5], and
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their total installed capacity has exceeded 1.2 billion kilowatts
in August 2024 in China, achieving the national energy targets
6 years ahead of schedule. This has led to a power system
increasingly dominated by voltage source converters (VSCs),
which are extensively used in renewable power generation
(RPG). Since RPG is mainly located at the end of the power
grid [6], the strength of the power grid is weak, and the
unbalanced grid conditions due to AC grid faults are rather
general [7]-[10]. Therefore, the grid connection conditions
of VSC further deteriorate. To improve the ability of VSC
grid connection under complex grid conditions, one of the
requirements for grid code is that the converters should have
the negative sequence current control (NSCC) [11]-[13]. How-
ever, the dynamic stability of power systems dominated by
VSCs with NSCC may deteriorate and require urgent study.

The structure of NSCC mainly adopts linear proportional-
integral (PI) control in a negative sequence rotating coordinate
system. Therefore, a process for separating positive and nega-
tive sequences is necessary [14] is needed. After considering
the NSCC and positive and negative sequence separation pro-
cess, the original relationship of VSCs shows inherent periodic
time-varying characteristics [15]. Then, several methods were
introduced to study the electromagnetic stability. The early
method is based on electromagnetic transient simulation [16].
However, this method can only summarize the criteria of
system instability via simulated results without the quantitative
mechanism analysis. Therefore, many attempts have been
made to establish a small-signal model for electromagnetic
stability analysis.

For the small-signal modeling method of VSCs with only
positive sequence current control (PSCC), their periodic time-
varying feature can be transformed into a time-invariant
one through Park transformation [17], dynamic phasors [18],
and harmonic linearization or impedance [19]-[21]. Then, a
linear time-invariant (LTI) model is obtained by linearizing
the system at a constant operating point, which serves as
the basis for dynamic stability analysis using typical LTI
system analysis methods. Therefore, the modeling idea of
time-invariant processing for original nonlinear time-varying
relationships is considered for small-signal modeling of the
VSC with NSCC. [22] built the modeling of the asymmetrical-
faulted grid by decomposing coupled sequences via complex
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vectors, which is the basis for studying the dynamic stability
of VSCs under unbalanced grid conditions. Then, the small-
signal stability of grid-connected doubly fed induction genera-
tor (DFIG) based wind turbines and the VSC during weak-grid
asymmetric faults are studied in [23], [24]. However, some
ideal assumptions are necessary, such as positive and negative
sequence components are perfectly separated and some time-
varying components are ignored, which fail to truly reflect
the complex coupling characteristics between NSCC and other
controls.

Another important small-signal modeling method is the
linear time-periodic (LTP) model [25], [26], which is based
on the trajectory linearization for nonlinear time-periodic
equations. Compared with the traditional model based on LTI
theory, the LTP model avoids complex transformations, thus
retaining the original time-varying coupling characteristics.
Meanwhile, it has been widely used in grid-connected inverters
with PI control [27] and proportional-resonant (PR) control
[28], as well as in modular multilevel converter (MMC) grid-
connected systems under unbalanced grid conditions [29].
Therefore, these applications highlight the LTP model’s su-
perior accuracy and adaptability across diverse scenarios [30],
[31], especially for power systems dominated by VSCs. Based
on the Floquet-Lyapunov theory [32], the analysis method of
the LTP model still has limitations. In addition to being able
to make accurate stability determinations, other information,
such as stability dominant factors, cannot be obtained [29].
Therefore, the LTP model is commonly used to describe the
stable range of system parameters. Facing the limitations of
the LTP model, [33] transformed the LTP model into the
harmonic state-space (HSS) model. The HSS model is a
doubly infinite constant matrix in theory (i.e., LTI model).
Thus, the mature analysis methods of the LTI system can apply
to the HSS model, although it faces truncation problems in
the actual calculation process. By constructing the relationship
between the analysis results of the truncated HSS model
and the LTP model, [34] proposed a practical and physically
meaningful method for truncating the HSS model. Then, the
key factors leading to system stability can be analyzed using
the participation factor analysis of the LTI system. However,
affected by spurious eigenvalues of truncated HSS mode, the
description of stable parameter domains is not convenient.

To face the pros and cons of the LTP and HSS models, we
propose to study the effect of NSCC through a comprehensive
analysis of both models, which is the core contribution of this
paper. Given the advantage of the LTP model in accurately
determining system stability, the stable domains of different
control parameters are described by the LTP model. The con-
trol structures for the positive and negative sequence separation
process are varied, and we adopt the most commonly used one,
namely, the decoupled double synchronous reference frame
(DDSREF) [35]. However, the influence of the DDSREF structure
on the small-signal dynamic stability is rarely discussed. Thus,
the stable parameter domains are compared under different
DDSREF structures, and a DDSRF structure is recommended
based on system stability. Considering the limitation that the
LTP model can only determine whether the system is stable,
we further introduce the HSS model for in-depth analysis of

the mechanism. Therefore, the stability mechanism and the
key factors that dominate the system stability are given by the
HSS model. These comprehensive analyses are beneficial for
understanding the impact of NSCC on system dynamics and
provide theoretical support for optimizing NSCC and DDSRF.
The contributions of this article can be concluded as:

1) We propose to study the effect of NSCC through a
comprehensive analysis of both LTP and HSS models.

2) Based on the accurate description of the stable parameter
range by the LTP model, NSCC and DDSREF structure have a
great effect on small-signal stability.

3) Type I DDSREF is beneficial for improving small-signal
stability, and this conclusion is also applicable to other multi-
machine systems.

4) The structure of DDSRF affects the interactions among
controls of VSCs, with Type I DDSRF reducing the interaction
between NSCC and other controls.

This paper is organized as follows. Section II illustrates the
essential structure of a single-VSC grid-connected system and
builds its LTP and HSS model. Then, the stable parameter
domains for different controls are described by the LTP model
in Section III. Section IV studies the interaction among NSCC
and other controls using the truncated HSS model. Then, the
analysis results are verified in Section V by the single-machine
VSC grid-connected system and a multi-machine VSC grid-
connected system in RT-LAB, respectively. Finally, Section VI
draws some conclusions.

II. THE SINGLE-VSC GRID-CONNECTED SYSTEM AND ITS
LTP/HSS MODEL

A. A Single-VSC Grid-connected System

Due to the variety of RPGs, we choose to consider the
inverter as a typical representative for the study. As shown
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Fig. 1. A single-VSC grid-connected system.
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in Fig. 1, a single-VSC grid-connected system is given. The
DC side is simplified as a constant current source, and the
dynamic of DC capacitance is reserved. uq. and iq. are the
DC voltage and current. The inductive Ly and resistance I,
form the power grid, which contains the transformer’s leakage
reactance. The diagrams of the control system are commonly
used in projects. To highlight the focus of this paper, we
only consider the PSCC, NSCC, DC voltage control (DVC),
DDSREF control, and phase-locked loop (PLL) control.

B. LTP Modeling of the Single-vsc Grid-connected System

The LTP modeling process is mature [26], [29], [36]. There-
fore, only the LTP modeling of coordinate transformation is
given to illustrate. For a general three-phase variable « (bold
variables are matrix or vectors), the transformation between
ABC and DQ can be repressed as

Tag = [va w,)" = PuT [za v 2] = PTaame (1)
Prp = [cos(kf) —sin(kB); sin(kf) cos(k0)] )

where T is the constant amplitude Clark transformation ma-
trix, Py is the Park transformation matrix, and 6 comes
from PLL control, the integer k& represents the multiples and
direction of rotation transformation.

Then, the results of the trajectory linearization for this
coordinate transformation are

A:qu = Pk@oTAmabc + [*xqo de}T kAO 3)

where the prefix ‘A’ represents a small perturbation of vari-
ables, and the subscript ‘0’ means the trajectories of variables
in steady-state conditions.

Similarly, the LTP model of the single-VSC grid-connected
system can be obtained, and its state-space equation is

Ax(t) = A(t)Ax(t) + B(t)Au(t) 4
Au(t) = [Adh,; Auly; Az’;‘Jr; Aifqu; Augape]  (5)

where A(t), B(t) are system matrix, x(t) and u(t) are state
vector and input vector, respectively. The detail expressions of
A(t), B(t), and x(t) are not given due to the limited space.

C. HSS Modeling of the Single-vsc Grid-connected System

The HSS model can be obtained from the LTP model.
A brief modeling process is presented here. First, define an
exponentially modulated periodic (EMP) signal as the input
signal of the LTP system,

Au(t) = e Z U, /"ot = Z U,e'  (6)

n=—oo n=—oo

where s,, = s + jnwo.

The state variables and output signals also have the form
of EMP signals, whose frequency components are the same
as the input EMP signals, ensuring that the input and output
signals have the same signal space. The state variables are
expressed in complex exponential form as

Z X,efmt Ax(t) = Z X, Smesmt

- ™

Besides, the periodic time-varying coefficient matrix A(t)
and B(t) is decomposed into the Fourier series form.

Alt)= Y Aped™ B(t)= Y  Bpe™°' (8)

m=—0o0 m=—0o0

Substitute (6)—(8) into (4), and the coefficients of the same
frequency on both sides of the equation are equal due to the
principle of harmonic balance. Then, we can obtain the HSS
mode as a Toeplitz matrix.

Sths = (Ahss - Nhss) ths + BhssUhss (9)
Xpgs = [+, X2, X1, Xo, X1, Xo, -7 (10)
Uhss = [ Ty U72a Uflv UOv Ulv UQ» o ']T (11)
Ay A, A, A, A,
Al Ao A_1 A_Q A_3
Apss = Ay A Ay A, A (12)
As Ay, A Ay A,
Ay, A3 Ay A A

D. The Validation of the LTP Model

Before carrying out the small-signal stability analysis, it is
necessary to conduct a preliminary verification of the small-
signal model. The parameters are shown in Appendix A.
Initially, an unbalanced grid condition is simulated by setting
Ugq to zero. The reference of DVC w;, is set as 1.0 p.u. The
references of currents control i; and ¢, are set as 0 p.u.
As shown in Fig. 2, since the positive and negative sequence
separation process cannot achieve ideal sequence separation,
the positive and negative currents in the DQ rotating coordinate
are all not constant values, which also reflects the time-varying
coupling characteristics of the studied system. Then, a tiny
perturbation of 40.01 p.u. is added to u}, at 1.5 s, and the
time domain results of %444, and iq,— are given in Fig. 2.
The time-domain response of the LTP model (solid blue line)
coincides with the electromagnetic transient (EMT) model (red
dotted line). Therefore, the LTP model is validated.

III. STABILITY ANALYSIS THROUGH THE LTP MODEL
A. The Stability Analysis Method for an LTP System

Compared with the typical LTI system, the analysis method
of an LTP system is still immure. Based on the Floquet-
Lyapunov theory [32], any LTP system can be equivalently
transformed into an LTI system. The state variables of the
obtained LTI system is v(t), and the relationship between the
state variables of the LTP system x(¢) and v(t) is

v(t) = P(t)x(t) (13)

where the periodic matrix P(t) is the transformation matrix.
Then, the general state-space LTP equation (4) is trans-
formed as,

o(t) = (P()A(t) + P(t) P~ (Ho(t) = Qu(t)  (14)
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where matrix @ is the system matrix of the obtained LTI
model.

However, the existing theory does not provide a method
for constructing an analytical expression of P(t). Because
the LTP model of VSC grid-tied systems is complicated, we
cannot obtain an analytical expression of P(t). Therefore,
to perform a stability analysis of the LTP system, the state
transition matrix (STM) @(T,0) should be calculated first,
where T' = (27)/wg. Then, based on the connection between
&(T,0) and matrix Q of the LTI system, the numerical
result of matrix @ is obtained, whose eigenvalues are the
Floquet characteristic exponents (FCE). The real part of FCE
represents the system damping, which is a measure of stability.
Due to the matrix exponential function operation, the imagi-
nary part of FCE lies between [—wg/2,wp/2]. The frequency
obtained from FCE differs from the integer multiple of wy,
where the multiple is unknown. The analysis method for the
LTP model is summarized in Fig. 3. Therefore, the stability
domains of different system parameters are described by FCE.

B. Impact of Structure and Parameters of DDSRF

As DDSREF control was proposed in [35], it has been widely
adopted in various power electronics applications. Although
the core idea of DDSREF is the same, its structure has specific
differences based on the output. According to whether the
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output signal is before or after the low pass filter (LPF), [37]
call DDSRF as feedback structure and feedforward structure,
and the structure effect of DDSRF are compared when only
considering the dynamic of DDSRF and PLL control. Based
on the output for current controls and PLL, there are four
different structures of DDSRF control, as shown in Fig. 4. The
feedback and feedforward DDSRF in [37] are Type I and Type
IV DDSRE. Therefore, the effect of four DDSRF structures is
compared thoroughly.

As shown in Fig. 5, the maximum real part of FCEs with
different parameter combinations of current controls are given
with type III DDSRF, a commonly used DDSRF structure.
The parameters of PSCC and NSCC are the same, and their
design principle is given in Appendix B. Within the given
parameter combinations, the studied system is unstable in
most parameter domains. Besides, according to the empirical
current control parameters selection principle, i.e., damping is
0.707, and the bandwidth frequency is several hundred Hz, the
studied system cannot be stable. For type I DDSREF, as shown
in Fig. 6, the stable parameter domains are increased for all
studied DDSRF-LPF bandwidths when compared with Fig. 5.
Theoretically, variable x4,+ contains high-frequency compo-
nents, and variable xq,r4 does not contain high-frequency
components due to the effect of the LPF. However, from the

¥ AVO=(POAWP@)P(D) A(r)

LTP system

A()=A(t+T)

Ax=A(t) Ax;

O

=Q Av(D)

A
A4

D(T,0)=e2

4,
%

Ax()=D(1,1)) Ax(t,)

Fig. 3. The analysis methods for the LTP model.
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Fig. 6. The maximum real part of FCEs with different parameters combine
of current controls with type I DDSRF.

perspective of small-signal stability, taking variable T qq4 for
PSCC and NSCC benefits the system stability. Then, the stable
parameter domains of four different DDSRF structures are
summarized in Fig. 7. When compared with type III and type I
DDSRE, change the uféﬁr from x4 to w454 (i.e., change type
/T to type IV/ID), the small-signal stability does not change
significantly. Considering that LPF may affect the dynamic
response speed of PLL control, selecting the signal before the
LPF (i.e., 44 ) as the input signal of PLL control (i.e., ufél—i—)
is recommended.

The bandwidth of the LPF for DDSRF also has a sig-
nificant effect on system stability. Considering the dynamic
response speed, it is usually taken as 0.7wg [35]. As shown in
Fig. 8, the stable parameter domains of current controls with
different bandwidths of LPF of type III DDSRF are given.
As the DDSRF-LPF bandwidth decreases, the system stability
parameter domain is decreased. Additionally, a larger DDSRF-
LPF bandwidth primarily expands the stable parameter range
in the lower bandwidth range of the current controls, which
is not conducive to selecting current control parameters with
a fast dynamic response. Then, the stable parameter domains
of current controls with different DDSRF-LPF bandwidths of
type I DDSRF are shown in Fig. 9, where the adjustment of
DDSRF-LPF bandwidth has little effect on system stability
and only affects current control parameters with damping less
than 1.5. Moreover, unlike type III DDSRF, the decrease of
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DDSRF-LPF bandwidth of type I DDSRF benefits small-
signal stability.

According to the comprehensive analysis of the influence
of the structure and parameters of DDSRF, type I DDSREF is
more conducive, and its parameters are less sensitive to system
stability.

C. Impact of Bandwidth Frequency of NSCC

Although the previous analysis assumes that PSCC and
NSCC parameters are the same, they can differ. Here, we
describe the stability parameter domain of PSCC with different
NSCC parameters and summarize the law governing NSCC’s
effect on system stability.

Initially, we set the damping of NSCC and PSCC to 2, and
the bandwidth frequency of NSCC varies from 100 to 400 Hz
with type I DDSRF. Then, the influence of the bandwidth
frequency of PSCC from 10 Hz to 400 Hz on the FCE is given
in Fig. 10. With the increase of bandwidth frequency of PSCC,
as shown in Fig. 10(a), no parameter range of bandwidth
frequency of PSCC makes the system unstable, and from the
movement of FCE, it can be seen that a more significant
bandwidth frequency of PSCC is conducive to system stability.
Then, as shown in Figs. 10(b)-10(d), three other similar
operations are performed, except the bandwidth frequency of
NSCC is set to 200 Hz, 300 Hz, and 400 Hz, respectively.
Similarly, only one pair of FCE across the imaginary axis
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causes the system to become unstable, and the parameter range
of bandwidth frequency of PSCC for a stable system for them
are 30 Hz—400 Hz, 60 Hz—400 Hz, and 110 Hz—400 Hz.
Therefore, the increase in bandwidth frequency of NSCC is
detrimental to system stability.

Then, the influence of damping of PSCC from 0.1 to 5 on
the FCE is shown in Fig. 11, where the bandwidth frequency
of PSCC is 200 Hz. When the bandwidth frequency of NSCC
is set to 100 Hz, as shown in Fig. 11(a), only one pair of
FCE across the imaginary axis causes the system to become
unstable, and the parameter range of damping of PSCC for
a stable system is 0.2-5. When the bandwidth frequency of
NSCC is set to 200 Hz and 300 Hz, as shown in Fig. 11(b)
and (c), no parameter range of damping of PSCC makes the
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Fig. 11. The FCE for damping of PSCC changing from 0.1 to 5 with
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system unstable. When the bandwidth frequency of NSCC is
set to 400 Hz, as shown in Fig. 11(d), only one pair of FCE
across the imaginary axis when the damping of PSCC is lower
than 0.2.

The influences of the bandwidth frequency of NSCC on
the stable parameter bounds of PSCC are summarized in
Fig. 12. When the bandwidth frequency of PSCC is lower than
200 Hz, the increase in bandwidth frequency of NSCC reduces
the stable parameter bounds of PSCC. When the bandwidth
frequency of PSCC is larger than 200 Hz, the rise in bandwidth
frequency of NSCC is beneficial to system stability, but the
effect is not so noticeable.

D. Impact of Damping of NSCC

A similar method is used to study the impact of damping
of NSCC. The bandwidth frequency and damping of NSCC
are set to 200 Hz and 1. The damping of PSCC is set to
2. The influence of the bandwidth frequency of PSCC from
10 Hz to 400 Hz on the FCE is given in Fig. 13(a). With
the increased bandwidth frequency of PSCC, one pair of FCE
turns to the imaginary axis but does not cross it. Then, as
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shown in Fig. 13(b)-13(c), three other similar operations are
performed, except the damping of NSCC is set to 2, 3, and
4, respectively. Similarly, the studied system is stable for the
PSCC bandwidth frequency parameter range.

Then, the influence of damping of PSCC from 0.1 to 5 on
the FCE is shown in Fig. 14, where the bandwidth frequency
of PSCC is 200 Hz. When the damping of NSCC is set to
1 and 2, as shown in Fig. 11(a) and (b), only one pair of
FCE across the imaginary axis causes the system to become
unstable, and the parameter range of damping of PSCC for a
stable system is 0.5-5 and 0.2-5. When the damping of NSCC
is set to 3 and 4, as shown in Fig. 14(c) and (d), no parameter
range of damping of PSCC makes the system unstable.

The influences of damping of NSCC on the stable parameter
bounds of PSCC are summarized in Fig. 15. When the
bandwidth frequency of PSCC is larger than 150 Hz, the
increase of damping of NSCC increases the stable parameter
bounds of PSCC. When the bandwidth frequency of PSCC
is lower than 50 Hz, the increase in bandwidth frequency of
NSCC has a negligible impact on system stability.

IV. STABILITY ANALYSIS THROUGH THE HSS MODEL

The LTP model can only judge the stability. Thus, the
stability mechanism analysis is based on the HSS model. The
modeling method of the HSS model is presented in [34], and
they are not shown here. An appropriate truncation number is
needed for accuracy analysis for the theoretical infinite-order
LTI system of the HSS model.

When the bandwidth frequency and damping are 100 Hz and
1.4 for PSCC and NSCC with type III DDSRF, the unstable
FCE is 4.094 + 46.882i based on LTP mode. Based on the
truncation method in [34], the proper truncation number for the
studied system is 4. Then, according to the participation factor
analysis of the LTI system, the main factors that dominate
system instability are shown in Table I, which contains the
0t"-order to 2"%-order dynamics of controls and the dynamics
of the AC network and DC capacitance. There is still a strong
interaction among NSCC, PSCC, PLL, and DDSRF. Besides,
except for the 0*"'-order dynamic of DDSRF, its 2"%-order
dynamic also has a significant effect on system stability.

TABLE I
PARTICIPATION FACTOR WITH TYPE III DDSRF

0.1 1 2 3 4 5
[ ea— B | Mode  Participating factors (>1E-2) Response
150 e ° ° ™ ° A.Z‘d+ (0) = 0.018; A$d+ (0) = 0.012;
2 100l% o :.‘.‘k o e .,'.: ot Ay (0) = 0.083; Az, (0) = 0.024;  FPSCC
o e N (¢ D <o N g
2 ® e 5(0) = 0.057; -order
g 0 = o = = L > Az, (0) = 0.019; Az (0) = 0.230; dynamic
@ 50 \ ° . o Azig_(0) = 0.019; Az, (0) = 0.042;
v N ¢ » Sig ' DDSRF
E_IOO .o oo .} .\. ."'f &.’° > 4216079421?: Ayq+ (0) = 0.042; Az, g4 (0) = 0.104;
15019 ®00®” o vl e . ' 2%""((0)) = 0.035; q
- Tid+(2) = 0.017; 2" order
. @ (®) Az (2) = 0025 Azig_(2) = 0.025; PPSRE Gonamic
o0 © Ll . _ . . _ .
- o®’ .:'. ¢ %% o %, ° ﬁz’i(i) — 0'(])36f Ay (1) = 0.202; AC network and DC
-2 100 L5, °® oo 00 ® ic(1) = 0.106; capacitance
S os0b e R . . ~ (‘ Auge(0) = 0.044; Auge(2) = 0.019; p
é 0 - = —:o r-n— — —:o %
é" 50l e « . © When the bandwidth frequency and damping of PSCC are
~_100 ...-“; ®%eq ....'f ®ee, 100 Hz and 1 for PSCC, and the bandwidth frequency and
(] () [ ] () . .
150127 %% o 0° o ot e’ o damping of NSCC are 400 Hz and 2 with type I DDSREF, the
-200 —100 0 —200 -100 0 unstable FCE is 2.638 4+ 85.892i based on LTP mode. Then,
Rea(lca)’“s Realé"“s the main factors that dominate system instability are listed

Fig. 14. The FCE for damping of PSCC changing from 0.1 to 5 with damping
of NSCC (a) 1, (b) 2, (c) 3, (d) 4.
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Fig. 15. The stable parameter domains of PSCC with different damping of
NSCC.

in Table II, which only includes the 0t -order to 15t-order
dynamics of controls, the AC network, and DC capacitance.
Therefore, compared to type III DDSRE, the interaction among
different controls with type I DDSREF is not strong, especially
for the interaction between NSCC and other controls.

TABLE II
PARTICIPATION FACTOR WITH TYPE I DDSRF

Mode Participating factors (>1E-2) Response

Az 44+ (0) = 0.273; Az +(0) = 0.135;  PSCC

A65(0) = 0.017; PLL 0th-order
2638+ Azyuq.(0) = 0.065; DVC dynamic
85.892 Az, 44 (0) = 0.354; Az, 4 (0) = 0.106 DDSRF

Aig(1) = 0.010; Ady(1) = 0.010;
Ai(1) = 0.010; Aug.(0) = 0.219;

AC network and
DC capacitance

V. VERIFICATION OF ANALYSIS RESULTS

For the single-VSC grid-connected system, when the damp-
ing and bandwidth frequency of PSCC is (1, 100) with type
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IIT DDSRE, we change the damping and bandwidth frequency
of NSCC to (2, 400) and (2, 300) at 1.5 s, respectively. The
nonlinear time-domain response is given in Fig. 16(a). It shows
that a lower bandwidth frequency of NSCC is beneficial. When
the damping and bandwidth frequency of PSCC is (0.7, 300),
we change the damping and bandwidth frequency of NSCC to
(1, 200) and (2, 200) at 1.5 s, respectively. The nonlinear time-
domain response is given in Fig. 16(b). It shows that a more
significant damping of NSCC is beneficial. The time-domain
responses are all consistent with the results of the theoretical
analysis. When the parameters of PSCC and NSCC are the
same, and their bandwidth frequency is all set to 100 Hz, we
change the type I DDSREF to type III DDSRF at 1.5 s as their
damping is 1 and 2, respectively. The nonlinear time-domain
response is given in Fig. 16(c), which shows that the VSC
grid-tied system with type III DDSRF cannot operate stably
under some control parameters.

0.1

= (2,400) 2,300
Z 005 (2,300)
=0
~-0.05
1.4 1.5 1.6 1.7 1.8 1.9 2
Time (s)
a
03 (a)
=~ 02 (1,200 (2,200) Mﬂ
:f » 9
& 0(1) ArARAA VAVAAVA‘%\VAVJ%’AV[\\%\[\ﬂﬂnnﬂﬂG
* o] i
-0.2
1.4 1.5 1.6 1.7 1.8 1.9 2
Time (s)
(b)
4
3 2 (1,100) (2,100)
g 0
&2
—4
1.4 1.5 1.6 1.7
Time (s)
(c)

Fig. 16. Time response of i4+ with changing parameters of NSCC (a) to
(2, 400) and (2, 300), (b) to (1, 200) and (2, 200), with changing DDSRF (c)
from type IIl to I at 1.5 s.

The influence of DDSRF structure on the small-signal
stability has been fully elucidated. Another concern about
the effectiveness of different DDSRFs under fault disturbance
should also be given sufficient attention. Therefore, the time
responses with single phase grounding short circuit fault are
given in Fig. 17, and four DDSREF structures have effectively
controlled negative sequence current. For the currently com-
monly used Type III DDSREF, the maximum value of grid fault
currents %,y is 0.884 pu, which is the minimum value for four
DDSREF structures. The maximum grid fault currents for Type
II and Type IV DDSRF have reached 0.996 pu and 1.001 pu.
The significantly increased fault current is not conducive to
transient stability. For type I DDSRF, the maximum value of
gird currents 2,1 is 0.886 pu, which is 0.002pu larger than
the III structure. Therefore, although changing the DDSRF
structure from Type 3 to Type 1 control may result in a slight
increase in fault current, the improvement in system stability

ugabc (p-u-)

0.9 ] 1.0 1.1
Time (s)
(@

iabc (pu)

iabc (pu)

A

1.0
Time (s)
(d)

iabc (p~u~)
o

iabc (p-u-)

0.9 1.0 1.1
Time (s)
(e)

Fig. 17. Time responses with single phase grounding short circuit fault
occurs at 1 s (a) grid voltages wgapc, grid fault currents 2, with (b) Type
I DDSREF, (c) Type II DDSRE, (d) Type III DDSREF, (e) Type IV DDSRF.

is significant from the perspective of small signal stability.

The stable parameter bounds obtained here may not be
accurate for other large-scale VSC grid-connected systems.
However, the results regarding the impact of the DDSRF
structure on system stability remain applicable in many di-
verse real-world scenarios. Since the conclusions from the
single-machine system can be directly extended to multi-
machine systems, we are still conducting in-depth research.
The detailed theoretical analysis results will be provided in the
future. Here, the electromagnetic transient simulation analyses
of multi-machine systems are presented. As shown in Fig. 18,
a power system dominated by VSCs with NSCC, originating
from China, is presented. It features large-scale RPGs and a
four-terminal HVDC system. Their parameters are referred to
[6]. Renewable energy initially adopts type I DDSREF, and the
large-scale power system can operate stably. When we switch
the control of wind turbines 1 and 2 (i.e., WF1 and WEF2)
to type III DDSREF, respectively, the time-domain response
results from RT-LAB (OP5600, 2 CPUs with Intel i7 6-Core,
3.3 GHz) are shown in Fig. 19, both showing unstable states.
Therefore, consistent with theoretical analysis, VSC with type
I DDSREF is conducive to system small-signal stability.
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Fig. 18.  Schematic of power system dominated by VSCs with NSCC in
China.
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VI. CONCLUSION

The effect of NSCC of VSCs on electromagnetic small-
signal stability is studied using the LTP and HSS models.
Based on the LTP model, the NSCC has a significant impact on
system stability, and the effects of bandwidth and damping on
system stability differ. The increase in the bandwidth of NSCC
reduces the stable parameter domain of PSCC. The increase in
the damping of NSCC increases the stable parameter domain
of PSCC. Besides, compared with commonly used DDSRF
structures (i.e., type III DDSRF), although the type I DDSRF
structure will increase the dynamic response of maximum
value of grid currents by 0.2%, it will significantly enhance
and expand the stable parameter range, especially for the
empirical current control parameters selection principle, i.e.,
damping is 0.707, and the bandwidth frequency is several
hundred Hz. Furthermore, based on the appropriate truncated
HSS model, the interaction among different controls with
type I DDSREF is not strong when compared with type III

DDSRE, especially for the interaction between NSCC and
other controls. Furthermore, the relevant conclusion regarding
the influence of the DDSRF structure remains applicable to
other multi-machine power systems dominated by VSCs with
NSCC, and the specific reasons will be studied in detail in the
future.

APPENDIX

A. Parameters of the Single-VSC Grid-connected System

TABLE A
Quantity Values

SN Based power 2 MVA
upc Based DC voltage 1100 V

uUN Based AC voltage 690 V

Ly Inductor of filter 0.15 p.u.

Ry Resistance of filter 0.002 p.u.
kpyiy Parameters of PSCC 3/100 Hz

p/i— Parameters of NSCC 3/100 Hz

kppiijipy  Parameters of PLL 0.707/20 Hz

e Reference of direct current 0.8 p.u.

Lg Inductor of network 0.4741 p.u.

Rg Resistance of network 0.001 p.u.

B. The Parameters Design of PSCC and NSCC

The parameters of PSCC and NSCC are as follows [38].
The parameters of PSCC are:

kpy = (Lg + Ly)2Cswnivkiy = (Lg + Lp)w2,. (B
where w,;+ and (i+ are the undamped natural frequency and
damping ratios.

Besides, refer to the design principles of control bandwidth
wi+, the relationship between wy;; and w;y is

wis = wm+\/\/(4 LpAC +2) 422 +1 (BY)
Then, the parameters of PSCC are

(Lg + Ly)2Gi wiy

kp+ (B3)

\/\/(4 Ho442 +2)+2¢2 +1

\/(4 LA +2)+2¢2 +1

Similarly, the parameters of NSCC are
Lo+ Lf)2¢_w;—
ky = (Lg + Lp)26i-w (B5)
\/ VUG +a¢2 +2) +2¢2 41
Lg + Ly)w?_

ki— — ( g f)wl (B6)

\/ (4C +4¢C2 +2)+22 +1

where w;_ and (;_ are the bandwidth and damping ratio of
NSCC, respectively.



HU et al.: SMALL-SIGNAL STABILITY ANALYSIS OF VSCS WITH NEATIVE-SEQUENCE CURRENT CONTROL BASED ON LTP AND HSS THEORY

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

REFERENCES

Y. N. Chi, B. J. Tang, J. B. Hu, X. S. Tian, H. Y. Tang, Y. Li, S. J. Sun,
L. Shi, and L. Shuai, “Overview of mechanism and mitigation measures
on multi-frequency oscillation caused by large-scale integration of wind
power,” CSEE Journal of Power and Energy Systems, vol. 5, no. 4,
pp. 433-443, Dec. 2019.

Y. B. Li, X. Liu, J. B. Hu, J. H. Zhu, and J. B. Guo, “Conjugate vectors
method applied to asymmetrical fault analysis of power electronized
power systems,” CSEE Journal of Power and Energy Systems, vol. 10,
no. 4, pp. 15361549, Jul. 2024.

X. M. Yuan and S. C. Wang, “Operating-point identification from
dimensions of alternating signal based on incremental iterative mapping
mechanism for analyzing dynamics of AC systems,” CSEE Journal of
Power and Energy Systems, vol. 11, no. 1, pp. 163-172, Jan. 2025.

X. Gong, X. M. Yuan, J. B. Hu, and S. C. Wang, “Modeling VSC with
active/reactive current excitation and internal voltage response for grid
amplitude/frequency modulation dynamics analysis,” CSEE Journal of
Power and Energy Systems, vol. 11, no. 5, pp. 2263-2272, Sep. 2025.

Q. Peng, Q. Jiang, Y. H. Yang, T. Q. Liu, H. Wang, and F. Blaabjerg,
“On the stability of power electronics-dominated systems: challenges
and potential solutions,” IEEE Transactions on Industry Applications,
vol. 55, no. 6, pp. 7657-7670, Nov./Dec. 2019.

L. Lin, Q. Q. Zeng, J. H. Zhu, X. J. Shi, and J. B. Hu, “High-frequency
oscillation mechanism analysis and suppression strategy of grid-forming
control MMC-HVDC,” IEEE Transactions on Power Delivery, vol. 38,
no. 3, pp. 1588-1600, Jun. 2023.

J. B. Hu, B. Wang, W. S. Wang, H. Y. Tang, Y. N. Chi, Q. Hu, “Small
signal dynamics of DFIG-based wind turbines during riding through
symmetrical faults in weak AC grid,” IEEE Transactions on Energy
Conversion, vol. 32, no. 2, pp. 720-730, Jun. 2017.

Y. Z. Chang, M. Berger, and I. Kocar, “Control solution to over-
modulation of DFIG converter for asymmetrical fault ride through,”
IEEE Transactions on Sustainable Energy, vol. 15, no. 1, pp. 703-706,
2024.

Y. B. Li, J. B. Hu, W. Z. Wen, Q. H. Wang, S. C. Ma, and J. B.
Guo, “Concept and definition of dynamic symmetrical components with
time-varying amplitude and frequency,” IEEE Transactions on Energy
Conversion, vol. 37, no. 4, pp. 2737-2748, Dec. 2022.

Z. He, M. Z. Lu, L. J. Hang, P. L. Zeng, and Y. H. Liu, “Capacitor
voltage imbalance mechanism and balancing control of MMC when
riding through PTG fault,” CSEE Journal of Power and Energy Systems,
vol. 10, no. 2, pp. 778-785, Mar. 2024.

Technical Specification for Connecting Wind Farm to Power System—
Part 1: On Shore Wind Power, GB/T 19963.1-2021, 2021.

Y. B. Li, C. S. Lin, J. B. Hu, and J. B. Guo, “PLL synchronization
stability of grid-connected VSCs under asymmetric AC faults,” IEEE
Transactions on Energy Conversion, vol. 37, no. 4, pp. 2438-2448, Dec.
2022.

D. H. Zhu, Z. Wang, J. B. Hu, X. D. Zou, Y. Kang, and J. M. Guerrero,
“Rethinking fault ride-through control of DFIG-based wind turbines
from new perspective of rotor-port impedance characteristics,” IEEE
Transactions on Sustainable Energy, 2024, 15(3): 2050-2062.

S. Golestan, J. M. Guerrero, and J. C. Vasquez, “Three-phase PLLs: a
review of recent advances,” IEEE Transactions on Power Electronics,
vol. 32, no. 3, pp. 1894-1907, Mar. 2017.

H. M. Yang, H. Just, M. Eggers, and S. Dieckerhoff, “Linear time-
periodic theory-based modeling and stability analysis of voltage-source
converters,” IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 9, no. 3, pp. 3517-3529, Jun. 2021.

A. Luna, J. Rocabert, J. I. Candela, J. R. Hermoso, R. Teodorescu,
F. Blaabjerg, and P. Rodriguez, “Grid voltage synchronization for
distributed generation systems under grid fault conditions,” IEEE Trans-
actions on Industry Applications, vol. 51, no. 4, pp. 3414-3425, Jul./Aug
2015.

B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. Y. Shen,
“Analysis of D-Q small-signal impedance of grid-tied inverters,” IEEE
Transactions on Power Electronics, vol. 31, no. 1, pp. 675-687, Jan.
2016.

S. R. Sanders, J. M. Noworolski, X. Z. Liu, and G. C. Verghese,
“Generalized averaging method for power conversion circuits,” [EEE
Transactions on Power Electronics, vol. 6, no. 2, pp. 251-259, Apr.
1991.

A. Rygg, M. Molinas, C. Zhang, and X. Cai, “On the equivalence
and impact on stability of impedance modeling of power electronic

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

653

converters in different domains,” IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 5, no. 4, pp. 1444-1454, Dec. 2017.

H. K. Liu, X. R. Xie, and W. Liu, “An oscillatory stability criterion
based on the unified dg-frame impedance network model for power
systems with high-penetration renewables,” IEEE Transactions on Power
Systems, vol. 33, no. 3, pp. 3472-3485, May 2018.

J. Sun, “Frequency-domain stability criteria for converter-based power
systems,” IEEE Open Journal of Power Electronics, vol. 3, pp. 222-254,
Jan. 2022.

B. Wang, S. C. Wang, and J. B. Hu, “Dynamic modeling of
asymmetrical-faulted grid by decomposing coupled sequences via com-
plex vector,” IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 9, no. 2, pp. 2452-2464, Apr. 2021.

X. Fang, J. Yao, R. K. Liu, Y. Zhao, P. Sun, and S. Huang, “Small-signal
stability analysis and current control reference optimization algorithm of
DFIG-based WT during asymmetric grid faults,” IEEE Transactions on
Power Electronics, vol. 36, no. 7, pp. 7750-7768, Jul. 2021.

L. Guan, J. Yao, R. K. Liu, P. Sun, and S. Y. Gou, “Small-signal stability
analysis and enhanced control strategy for VSC system during weak-grid
asymmetric faults,” IEEE Transactions on Sustainable Energy, vol. 12,
no. 4, pp. 2074-2085, Oct. 2021.

P. Montagnier, R. J. Spiteri, and J. Angeles, “The control of linear time-
periodic systems using Floquet-Lyapunov theory,” International Journal
of Control, vol. 77, no. 5, pp. 472-490, Mar. 2004.

H. M. Yang, M. Eggers, P. Teske, and S. Dieckerhoff, “Comparative
stability analysis and improvement of grid-following converters using
novel interpretation of linear time-periodic theory,” IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 10, no. 6,
pp- 7049-7061, Dec. 2022.

V. Salis, A. Costabeber, S. M. Cox, P. Zanchetta, and A. Formentini,
“Stability boundary analysis in single-phase grid-connected inverters
with PLL by LTP theory,” IEEE Transactions on Power Electronics,
vol. 33, no. 5, pp. 4023-4036, May 2018.

H. Li, C. Liu, X. H. Jiang, Y. B. Zeng, Z. Y. Guo, and T. Q. Zheng, “A
time-domain stability analysis method for grid-connected inverter with
PR control based on floquet theory,” IEEE Transactions on Industrial
Electronics, vol. 68, no. 11, pp. 11125-11134, Nov. 2021.

J.H. Zhu, J. B. Hu, S. C. Wang, and M. H. Wan, “Small-signal modeling
and analysis of MMC under unbalanced grid conditions based on linear
time-periodic (LTP) method,” IEEE Transactions on Power Delivery,
vol. 36, no. 1, pp. 205-214, Feb. 2021.

L. B. Larumbe, Z. A. Qin, and P. Bauer, “Guidelines for stability analysis
of the DDSRF-PLL Using LTI and LTP modelling in the presence of
imbalance,” IEEE Open Journal of the Industrial Electronics Society,
vol. 3, pp. 339-352, Jan. 2022.

Q. L. Peng, G. Buticchi, N. M. L. Tan, S. Guenter, J. J. Yang, and
P. Wheeler, “Modeling techniques and stability analysis tools for grid-
connected converters,” IEEE Open Journal of Power Electronics, vol. 3,
pp. 450-467, Jul. 2022.

A. M. Lyapunov, “The general problem of the stability of motion,”
International Journal of Control, vol. 55, no. 3, pp. 531-534, 1992.

N. M. Wereley and S. R. Hall, “Frequency response of linear time
periodic systems,” in Proceedings of the 29th IEEE Conference on
Decision and Control, 1990, pp. 3650-3655.

J. H. Zhu, Z. R. Guo, J. B. Hu, S. C. Ma, and J. B. Guo, “Truncation
number selection of harmonic state-space model based on the floquet
characteristic exponent,” IEEE Transactions on Industrial Electronics,
vol. 70, no. 3, pp. 3222-3228, Mar. 2023.

P. Rodriguez, J. Pou, J. Bergas, J. Ignacio Candela, R. P. Burgos, and
D. Boroyevich, “Decoupled double synchronous reference frame PLL
for power converters control,” IEEE Transactions on Power Electronics,
vol. 22, no. 2, pp. 584-592, Mar. 2007.

P. D. Achlerkar and B. K. Panigrahi, “New perspectives on stability of
decoupled double synchronous reference frame PLL,” IEEE Transac-
tions on Power Electronics, vol. 37, no. 1, pp. 285-302, Jan. 2022.

B. X. Liu, J. T. Lei, R. J. Zhang, W. Zhang, X. Xiang, and H.
Yang, “Polar-frame-based modeling and small-signal stability analysis
of DDSRF-PLL: on the different implementation structures effect,”
in Proceedings of 2022 IEEE International Power Electronics and
Application Conference and Exposition, 2022, pp. 1369-1373.

J. H. Zhu, J. B. Hu, Y. B. Li, S. C. Ma, and T. Z. Wang, “Small-signal
stability of MMC grid-tied system under two typical unbalanced grid
conditions,” IEEE Transactions on Industry Applications, vol. 58, no. 4,
pp. 5005-5014, Jul./Aug 2022.



654 CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 12, NO. 2, MARCH 2026

Jiabing Hu received the B.Eng. and Ph.D. degrees
in the College of Electrical Engineering, Zhejiang
University, Hangzhou, China, in 2004 and 2009,
respectively. From 2007 to 2008, he was funded by
the Chinese Scholarship Council (CSC) as a visiting
scholar with the Department of Electronic and Elec-
trical Engineering, University of Strathclyde, Glas-
gow, U.K. From April 2010 to August 2011, he was
a Post-Doctoral Research Associate with Sheffield
Siemens Wind Power (S2WP) research center and
the Department of Electronic and Electrical Engi-
neering, University of Sheffield, Sheffield, U.K. Since September 2011, he
has been a Professor with State Key Laboratory of Advanced Electromagnetic
Technology, and School of Electrical and Electronic Engineering, Huazhong
University of Science and Technology (HUST), Wuhan, China. His current
research interests include grid integration of large-scale renewables and
modeling, analysis, and control of power electronized power systems.

Zeren Guo received the B.Eng. degree in Electrical
Engineering from Huazhong University of Science
and Technology (HUST), Wuhan, China, in 2019.
He is currently working toward the Ph.D. degree in
Electrical Engineering with the School of Electrical
and Electronic Engineering, HUST, Wuhan, China.
His research interests include small-signal modeling
and stability analysis of power electronic-dominated
power systems.

Jianhang Zhu received the B.Eng. degree in Elec-
trical Engineering from the College of Water Re-
sources and Architectural Engineering, Northwest
A&F University, Xi’an, China, in 2014, and the
Ph.D. degree in Electrical Engineering from the
School of Electrical and Electronic Engineering,
Huazhong University of Science and Technology
(HUST), Wuhan, China, in 2020. From 2020 to
2023, he was a Post-doctoral Fellow with HUST. In
2022, he joined the University of Hong Kong and is
currently a Research Scientist. His research interests
include modeling and analysis of electromagnetic small-signal stability in
power systems with renewable energy generations and high-voltage DC
transmission.

Yunhe Hou received the B.E. and Ph.D. degrees in
Electrical Engineering from the Huazhong Univer-
sity of Science and Technology, Wuhan, China, in
1999 and 2005, respectively. He was a Postdoctoral
Research Fellow with Tsinghua University, Beijing,
China, from 2005 to 2007, and a Postdoctoral Re-
searcher with Towa State University, Ames, IA, USA,
and University College Dublin, Dublin, Ireland, from
2008 to 2009. He was also a Visiting Scientist with
the Laboratory for Information and Decision Sys-
tems, Massachusetts Institute of Technology, Cam-
bridge, MA, USA, in 2010. He has been a Guest Professor with the Huazhong
University of Science and Technology since 2017 and an Academic Adviser
with China Electric Power Research Institute since 2019. He joined the faculty
of the University of Hong Kong, Hong Kong, China, in 2009, where he
is an Associate Professor with the Department of Electrical and Electronic
Engineering.

Yingbiao Li received the B.S. degree from Wuhan
University, Wuhan, China, in 2014, and the M.S. and
Ph.D. degrees from China Electric Power Research
Institute, Beijing, China, in 2017 and 2020, re-
spectively, all in Electrical Engineering. From 2019
to 2020, he was a guest Ph.D. student with Aal-
borg University, Aalborg, Denmark. He is currently
an Associate Professor with the State Key Lab-
oratory of Advanced Electromagnetic Technology,
School of Electrical and Electronic Engineering,
Huazhong University of Science and Technology,
‘Wuhan, China. His main research interests include cross-timescale interaction
stability analysis of the power electronized power systems.

——
o
“s 7

P 1

—

——

Buyang Du received the B.Eng. degree in Electrical
Engineering from Huazhong University of Science
and Technology (HUST), Wuhan, China, in 2020.
He is currently pursuing the Ph.D. degree in Elec-
trical Engineering with the School of Electrical
and Electronic Engineering, HUST, Wuhan, China.
His current research interests include small-signal
modeling, stability analysis, and control of power
electronic-dominated power systems.

Tiezhu Wang received the B.Sc. degree in Electri-
cal Engineering from Tsinghua University, Beijing,
China, in 2012, and the M.Sc. and Ph.D. degrees in
Electrical Engineering in Power Systems from China
Electric Power Research Institute, Beijing, China, in
2015 and 2024, respectively. His current research
interests include security and stability analysis and
planning techniques for power systems with a high
penetration of renewable energy.

S~
o

!A _.b
e

t 4
¢ »

Shicong Ma is a Senior Engineer in the Power Sys-
tem Department of China Electric Power Research
Institute. He received the B.S. and Ph.D. degrees
in 2002 and 2008 respectively, both from Shandong
University. He visited the Alstom Power Grid in
the UK in 2010 and worked as a post-doctoral re-
searcher in China Electric Power Research Institute
from 2011 to 2013. His current interests involve the
areas of power system security and stability analysis,
artificial intelligence in power system applications,
complex networks, and autonomous power systems.

Jianbo Guo received the B.S. (1982) and M.S.
(1984) degrees from Huazhong University of Sci-
ence and Technology, Wuhan, China, and China
Electric Power Research Institute, Beijing, China,
respectively. Since 2013, he has been an elected
Academician of the Chinese Academy of Engineer-
ing, Beijing, China. He is currently the Honorary
President of China Electric Power Research Institute.
He has long been engaged in power system analysis
and control.



