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Recently, with the fast development of renewable energy, various power-electronic-based
devices have been widely incorporated in power systems, and controller saturation limiters
have been broadly utilized, such as in voltage-source converter. It has been well
recognized that these saturation limiters make sustained oscillations possible. To study
the impact of saturation limiters, by considering the dynamical response of double
saturation limiters in both the d-axis and q-axis of the alternating current control, this
paper establishes single-input-single-output models for two novel phenomena including
the double-clipped oscillation and single-clipped oscillation, based on the describing
function. Then the describing-function-based Nyquist criterion is used to obtain the
amplitude and frequency of the sustained oscillations. The model accuracy is verified
by the electromagnetic transient simulation, and the influences of control parameters are
extensively studied. All these findings clearly demonstrate that the saturation limiters play
an active role in sustained oscillations in power-electronic-based power systems.

Keywords: grid-tied voltage-source converter, double saturation limiters, sustained oscillations, describing
function, oscillation amplitude and frequency

1 INTRODUCTION

The energy reform worldwide has been gradually promoting the reconstruction of power system with
renewable energies as its main energy source, by transforming traditional power system into power-
electronic-based power system (Yuan et al., 2017; Wang and Blaabjerg, 2019). The voltage-source
converter (VSC) has become a dominant power electronic device and its control diversity and
nonlinearity have made the system analysis very complicated. The oscillation problems related to the
renewable energy integration, such as sub-synchronous (or super-synchronous) oscillation, high-
frequency resonance, and wide-frequency-band oscillation (or called multi-frequency oscillation),
have become popular topics in power systems (Larose et al., 2013; Sun et al., 2018; Chi et al., 2019),
and the underlying mechanism remains to be uncovered.

For the ubiquitous oscillation problems in power systems, within the framework of nonlinear
system theory, the sustained oscillation is generally believed as a limit cycle, which is induced by a
supercritical Hopf bifurcation (Ji and Venkatasubramanian, 1995; Ma et al., 2020). Whereas within
the framework of linear system theory, two dominant methods include the eigenvalue analysis based
on the state space model in time domain (Kalcon et al., 2012; Wang et al., 2018; Yang et al., 2020a)
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and the Nyquist criterion based on the impedance/admittance
model in complex frequency domain (Harnefors et al., 2007; Sun,
2011; Wen et al., 2016). Both can accurately analyze the system
small-signal stability under small disturbances. Their equivalence
was proved recently (Amin and Molinas, 2017; Rygg et al., 2017;
Yang et al., 2020b). Basically, they are useful for analyzing
oscillations in transient process, for either stable or unstable,
and they cannot be used for analyzing sustained oscillations. On
the other hand, as the saturation limiters have been widely
installed for any power electronic device, it is generally
believed that the saturation limiter plays an active role (Shah
et al., 2019; Xue et al., 2019). Namely, in the initial short period,
the voltage or current shows an exponential growth due to the
system instability. Its continuous increase inevitably triggers the
saturation limiter. Hence after the transient process, sustained
oscillation becomes possible and persists (Reddy and Hiskens,
2005; Shah and Parsa, 2019). This route to sustained oscillations
in power systems has been widely accepted.

When the saturation limiter is considered, two methods are
usually employed including the electromagnetic transient (EMT)
simulation (Liu et al., 2017; Xue et al., 2020) and the describing
function (DF) (Gelb and Vander Velde, 1968; Wang, 2017; Liu
et al., 2019). The ETM is purely numerical and usually used to
verify the model accuracy. In a contrast, the DF method deals
with the stationary input-output relation of nonlinear device by
its fundamental-frequency, linear component, by using the
Fourier expansion technique. It is workable for system analysis
and has attracted widespread attention in the academic field. For
instance, Vidal et al. (2001) used the DF to the analysis and design
of oscillators and showed that the DF method can calculate the
oscillation amplitude and frequency and determine the degree of
distortion of the output signal. The DF method was also used to
describe the pulse modulation of a DC-DC converter and analyze
the system stability (Li et al., 2018). Recently, Xu et al. (2020)
established a grid-tied VSC model by considering the alternating
current control (ACC) and the phase-locked loop and analyzed
the impact of the limiter on the system stability. In their work, the
reference value of q-axis current in the ACCwas always set to zero
and their approach might ignore some phenomena that should be
present in the system. Very recently, by considering the voltage
outer loop, the DF-based Nyquist criterion was used to determine
the amplitude and frequency for sustained oscillations (Wu et al.,
2021).

As it is well known that the saturation limiters are ubiquitous in
power electronic devices, such as the VSC. When the controller
parameters are within the unstable regions, wide-frequency-band
oscillation may occur. At this time, due to the nonlinearity and
limited overload capability of the VSC, the oscillation phenomenon
often starts from the divergence of the negative damping of the
small signal, and finally ends in a nonlinear sustained oscillation
(Xie et al., 2018). In this process, no matter in the initial divergence
stage or the sustained oscillation stage, each limiter in the control
system may be triggered or act simultaneously, so that the system
may appear rich dynamics, such as the sustained oscillation
phenomena. Meanwhile, the characteristics of the wide-
frequency-band oscillation, such as oscillation frequency and
amplitude, are easily affected by many factors such as wind and

solar intensity, grid strength, and controller parameters. Therefore,
the studies of the influence of controller parameters and the
distribution of parametric stability region are important. All
these will be studied in this paper.

This paper studies the grid-tied VSC system by considering the
dynamics of the double saturation limiters, which are located on
the d-axis and q-axis of the ACC. This is believed as a key
difference with previous works (Xu et al., 2020; Wu et al., 2021).
While improving the model, we also discover different oscillation
phenomena and obtain the parametric stability regions that
engineers and researchers are concerned about. As the double
saturation limiters are considered, two different types of sustained
oscillation are found, including the double-clipped oscillation
(DCO) and single-clipped oscillation (SCO). Here the DCO refers
to the phenomenon that the outputs of both saturation limiters
show sustained oscillations, whereas the SCO refers to that the
output of one limiter remains constant at the limiter boundary,
and the other limiter has sustained oscillation. It is found that
both the DCO and SCO are well analyzed by the DF method, and
they are expected to be broadly observable in real systems.

The main contributions of the paper are as follows:

1) The paper establishes a multi-input-multi-output (MIMO)
model of grid-tied VSC which considers the dynamics of both
the d-axis and q-axis saturation limiters in the ACC. By
separating the linear and the nonlinear parts, the MIMO
model is simplified into a single-input-single-output (SISO)
model, which can be easily further analyzed by the DF-based
Nyquist criterion (DFNC). With these analyses, both the
amplitude and frequency of sustained oscillations are
analytically obtainable. The model accuracy is further
verified by the EMT simulation.

2) The paper also studies the parametric stability region based on the
state space method. Outside of the stable region, the influences of
controller parameters and limiter boundary on the sustained
oscillations are explored in detail. Again, these results are
verified by the EMT simulation. They are expected to be
helpful for controller design and parameter adjustment.

The structure of the paper is organized as follows. The DF and
the DFNC with saturation limiter are introduced in Section 2.
With the aid of the DF, Section 3 builds the grid-tied VSC model
by considering the impact of the double saturation limiters. In
Section 4, the influences of the control parameters and limiter
boundary on the oscillation amplitude and frequency are
investigated, and all results are compared with the EMT
simulation. Finally, Section 5 is devoted to conclusion and
discussions.

2 PRINCIPLES OF DESCRIBING FUNCTION
AND DF-BASED NYQUIST CRITERION
2.1 Describing Function of Saturation
Limiter
The DF has been widely used in nonlinear analysis and control in
electronic power engineering (Vidal et al., 2001; Wang, 2017; Li
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et al., 2018; Liu et al., 2019; Xu et al., 2020; Wu et al., 2021). The
DF of the nonlinear devices refers to the ratio of the fundamental
component of the output signal to the input sinusoidal signal. It is
essentially a method that uses the fundamental-frequency, linear
characteristics to approximately describe the nonlinear
characteristics of the devices. The nonlinear devices can be
saturation limiter, dead zone, hysteresis loop, etc.

Generally, the DF can be expressed as

N(X) � B1 + jA1

X
(1)

Where X denotes the amplitude of the input sinusoidal signal [x
(t) = Xsin (ωt)], and B1+jA1 represents the output amplitude
under the fundamental frequency (ω).

For an input sinusoidal signal, x (t) = Xsin (ωt), the output
after the nonlinear device is usually non-sinusoidal. But we can
express it by using the Fourier expansion as

y(t) � A0

2
+∑∞

n�1
[An cos(nωt) + Bn sin(nωt)]

� A0

2
+∑∞

n�1
Yn sin(nωt + φn) (2)

where Yn �
�������
A2

n + B2
n

√
and φn � arc tan(An/Bn) , and keep the

fundamental-frequency terms only.
For the saturation limiter studied in the paper, its input and

output waveforms are illustrated in Figure 1, and its nonlinear
characteristics is described by

y(t) �
⎧⎪⎨⎪⎩ a

x(t)
−a

(x(t)≥ a)
( − a≤x(t)< a)
(x(t)< − a)

(3)

where a denotes the limiter boundary.
Since the output signal is an odd function, Ai = 0 for all i = 0, 1,

2, . . .. The fundamental-frequency output signal can be simply
expressed as

y1(t) � 2
π
⎡⎢⎢⎣Xsin−1 a

X
+ a

��������
1 − (a

X
)2

√ ⎤⎥⎥⎦ sin(ωt) (4)

Therefore, we obtain the DF of the saturation limiter explicitly

N(X) � y1(t)
x(t) � 2

π
⎡⎢⎢⎣sin−1 a

X
+ a

X

��������
1 − (a

X
)2

√ ⎤⎥⎥⎦, X≥ a (5)

Here we can find that the DF is a real function, and we will see
that this is convenient for the oscillation analysis.

2.2 Stability Analysis Based on DF-Based
Nyquist Criterion
First assume that the saturation limiter N(X), as the only one
nonlinear component, can be separated from all linear
components in the system [denoted by G(s) after
linearization]. They form a unit negative feedback system, as
shown in Figure 2, where letters r, e, and c represent the input,
error, and output signals, respectively.

FIGURE 1 | Schematic show for the input and output signals of the saturation limiter used in the describing function method. a is the limiter boundary, and A is the
oscillation amplitude of the input signal. Both t1 to t2 and t3 to t4 represent the time when the limiter works.
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As the saturation limiter can be represented by a DF [N(X)],
we obtain the transfer function of the closed-loop system

c(s, X)
r(s, X) �

N(X)G(s)
1 +N(X)G(s) (6)

With the closed-loop characteristic equation

1 +N(X)G(s) � 0 (7)
Therefore, the system stability should be determined by the

relative position of the curve of N(X)G(s) and the point (−1, j0).
As we know that the DF of the saturation limiter N(X) does not
contain frequency variable s and G(s) does not contain any
information of the saturation limiter, G(s) and N(X) can be
separately analyzed. Based on the DFNC, we have.

1) If the curve of the transfer function G(s) surrounds the curve
of −1/N(X), the closed-loop system is stable.

2) If the curve of the transfer functionG(s) does not surround the
curve of −1/N(X), the closed-loop system is unstable.

3) If the curve of the transfer functionG(s) intersects the curve of
−1/N(X), the closed-loop system should have a sustained
oscillation (or a limit cycle in the language of nonlinear
system). The oscillation amplitude and frequency can be
further determined by the intersection directly.

These three cases are schematically shown in Figures 3A–C,
respectively. The dashed lines in Figures 3A,B represent the
Nyquist curve of G(s) when s starts from j0− and bypasses the
origin to reach j0+. The arrow on the curve G(s) represents the
increase direction of ω (s = jω). The arrow on the horizontal line
N(X) represents the direction with the increase of X. Note that as
the DF of the saturation limiter is always a positive, real function,

−1/N(X) is exactly located on the negative real axis and it moves
left with the increase of X, as shown in Figure 3.

Consequently, based on the intersection of these two functions
[G(s) and −1/N(X)], we can obtain its oscillation frequency from

arg[G(s)] � −180° (8)
And the oscillation amplitude from

|N(X)G(s)| � 1 (9)
The next step should be separating the saturation limiter from

other linear parts for our specific grid-tied VSC system.

3 GRID-TIED VOLTAGE-SOURCE
CONVERTER MODEL CONSIDERING
DOUBLE SATURATION LIMITERS
3.1 System Description
Nowwe attempt to study the grid-tied VSC with the ACC and the
phase-locked loop (PLL) and focus on the two different types of
sustained oscillation caused by the saturation limiter: the DCO
and SCO. The structure of the whole system is shown in Figure 4.
Without losing generality, two saturation limiters are assumed to
install at the outputs of the d-axis and q-axis PI controllers of the
ACC. Here different with the previous relevant works (Xu et al.,
2020; Wu et al., 2021), the reference value of the q-axis current
i*qg is not fixed as zero, and the dynamics of both the d-axis and
q-axis currents in the ACC will be studied. This treatment may
better reflect the fact that saturation limiters are omnipresent in
any realistic converters.

In the main circuit in Figure 4A, Lf and Lg represent the filter
inductance and the equivalent grid inductance, respectively. In our
study, the capacitor of the main circuit is regarded as a constant
voltage source, i.e., Udc is a constant. We use ugabc to denote the
three-phase voltage at an infinite grid, utabc the voltage at the point of
common coupling, and eabc the terminal voltage of the VSC. The
parameters kp,pll and ki,pll are the proportional and integral
coefficients of the PLL, respectively. kp,acc and ki,acc are the
proportional and integral coefficients of the ACC, respectively.

FIGURE 2 | Structural control diagram used in the DF.

FIGURE 3 | Three different cases of the DFNC for the relations between G(s) and -1/N(X): (A) the system is stable, (B) the system is unstable, and (C) the system
has a sustained oscillation.
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Two saturation limiters denoted by N(X) are installed at the output
of the PI controller of the d-axis and the q-axis to limit the
overcurrent. Nd,in and Nq,in are the input signal of the d-axis
limiter and the q-axis limiter, respectively. As usual, the controls
rely on the classical vector-control method, and all the controllers
work in the phase-locked dq frame. The angle relation between the
phase-locked dq and the constant synchronous xy frames is
schematically shown in Figure 4B. Hence the two coordinates
rotate at frequencies ωpll and ω0, respectively, and their angle
mismatch in the dynamical process is △θpll. Since the focus of
this paper is mainly on the sub-synchronous and super-synchronous
oscillation, we assume that the outer-loop voltage control at slower
timescales and the signal modulation at faster timescales are ignored
(Ma et al., 2020; Ma et al., 2021). Thus, the modulator can ideally
output the internal voltage of the VSC (eabc).

3.2 Describing Function Model for the
Double-Clipped Oscillation
The difference between the two phenomena, i.e., the DCO and the
SCO, is clear. Their output waveforms are different. In the DCO,

both limiters show a sustained oscillation, whereas in the SCO,
only one limiter shows a sustained oscillation, and the output of
the other limiter keeps constant.

First let us analyze the DCO. Based on the Kirchhoff Voltage
Law, we obtain the following equations for the main circuit

{ ex − uxt � sLfixg − ω0Lfiyg
ey − uyt � sLfiyg + ω0Lfixg

(10)

{ uxt − uxg � sLgixg − ω0Lgiyg
uyt − uyg � sLgiyg + ω0Lgixg

(11)

where the subscripts x and y represent the electrical quantity
within the synchronous xy frame. ω0 is the frequency of the
system at the steady state.

Since the VSC is tied to an infinite grid, uxg and uyg are
constant. Their corresponding small-signal equations are

{Δex − Δuxt � sLfΔixg − ω0LfΔiyg
Δey − Δuyt � sLfΔiyg + ω0LfΔixg (12)

{Δuxt � sLgΔixg − ω0LgΔiyg
Δuyt � sLgΔiyg + ω0LgΔixg (13)

As shown in Figure 4A, to improve stability, we consider the
voltage feedforward and cross decoupling links in the ACC.
When the DCO occurs, the output voltage for either the
d-axis or the q-axis is composed of three parts: the output of
the limiter, the feedforward voltage, and the cross-decoupling
term. Therefore, we obtain the small-signal model for the ACC⎧⎨⎩ Δed � GaccN(X)(Δipdg − Δidg) − ω0LfΔiqg + Δudt

Δeq � GaccN(X)(Δipqg − Δiqg) + ω0LfΔidg + Δuqt

(14)

where the subscripts d and q represent the electrical quantity in
the PLL dq frame,Gacc(s) = kp,acc + ki,acc/s for the transfer function
of the PI controller, and N(X) denotes the DF of the saturation
limiter.

Based on the angle relation between the two different
coordinates in Figure 4B, we have

{Δfd � Δfx + Δθpllfy0

Δfq � Δfy − Δθpllfx0
(15)

where fx0 and fy0 represent the electrical quantity (voltage or
current) in the steady state. Therefore, we obtain the q-axis
voltage at the common point

Δuqt � Δuyt − ΔθpllUxt0 (16)
As the input signal of the PLL is the q-axis voltage at the

common point, the small-signal model for the PLL is given by

Δθpll � ΔuqtGpll
1
s

(17)

where Gpll(s) = kp,pll + ki,pll/s for the PI controller of the PLL.
Combining Eqs 15–17 yields

Δθpll � Gpll

s + Uxt0Gpll
Δuyt � Hpll(s)Δuyt (18)

FIGURE 4 | (A) Schematic show for the main circuit (top) and the control
system (bottom) in the grid-tied VSC system. Two saturation limiters
(highlighted by red) are installed at the output of the PI controller of the d-axis
and the q-axis to limit the overcurrent, and their impacts on sustained
oscillations are the main objective of this paper. (B) Schematic show for the
angle relation between the constant synchronous xy frame and the PLL
dq frame.
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Based on the above small-signal models of the main circuit,
ACC, PLL, and saturation limiters in Eqs 12–18, we obtain⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

Δixg � Gacc(s)N(X)
Gacc(s)N(X) + sLf

Δipdg −
Gacc(s)N(X)

Gacc(s)N(X) + sLf
Iyg0HpllΔuyt

Δiyg � Gacc(s)N(X)
Gacc(s)N(X) + sLf

Δipqg +
Gacc(s)N(X)

Gacc(s)N(X) + sLf
Ixg0HpllΔuyt

(19)
Finally, substituting Eq. 13 into Eq. 19 and eliminating △uyt

yield⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
Δixg � G11(s)

1 + G0 d(s)N(X)Δi
p
dg +

G12(s)
1 + G0 d(s)N(X)Δi

p
qg

Δiyg � G21(s)
1 + G0 d(s)N(X)Δi

p
dg +

G22(s)
1 + G0 d(s)N(X)Δi

p
qg

(20)

Where

G11(s) � GaccH1N(X){1 + Gacc

sLf
N(X)[1 −HpllsLgIxg0]}

G12(s) � −G
2
acc

sLf
HpllH1N

2(X)sLgIyg0

G21(s) � G2
acc

sLf
HpllH1N

2(X)ω0LgIxg0

G22(s) � GaccH1N(X){1 + Gacc

sLf
N(X)[1 +Hpllω0LgIyg0]}

G0 d(s) � Gacc

sLf
[1 +Hpll(ω0LgIyg0 − sLgIxg0)]

H1 � 1
Gacc(s)N(X) + sLf

N(X) � 2
π
⎡⎢⎢⎣sin−1( a

X
) + a

X

��������
1 − (a

X
)2

√ ⎤⎥⎥⎦
These MIMO relations between [△ixg,△iyg] and [△i*dg,△i*yg]

can be expressed in a compact form

G′1 d(s)[ΔipdgΔipqg
] � [I + G′0 d(s)N′(X)][ΔixgΔiyg ] (21)

Where

G′1 d(s) � [G11(s) G12(s)
G21(s) G22(s)]

G′0 d(s) � [G0 d(s) 0
0 G0 d(s)]

N′(X) � [N(X) 0
0 N(X) ]

I � [ 1
1
]

Figure 5A shows the corresponding MIMO model for the DCO,
with the saturation limiter and other linear links well characterized
and separated. Observing that both G’

0_d(s) and N′(X) are diagonal
matrices, we can further simplify the model into two independent,

identical SISO models with the same structure and parameters, and
the system stability should be solely determined by.

L(s) � G0 d(s)N(X) (22)
In addition, expanding the first element G11(s) in G’

0_d(s), we
obtain that its denominator contains s2 + Uxt0kp,plls + Uxt0ki,pll,
Lfs

2, and Lfs
2 + [kp,accN(X)]s + ki,accN(X). Therefore, all these

three denominator terms should have no any positive, real
solution, and they do not intersect the positive real axis.
Thus, G11(s) has no right-half-plane pole and it has no
contribution to the system stability. Similarly, we can prove
that the other three elements of the G’

0_d(s) are similar.
Therefore, we deduce that the system stability should be
determined by G0_d(s) and N(X) only.

3.3 Describing Function Model for the
Single-Clipped Oscillation
First for the SCO we assume that the output of the d-axis limiter
is constant, i.e., it is fixed at the limiter boundary, but the output
of the q-axis limiter oscillates. Therefore, the only difference
between the DCO and SCO is the output of the d-axis in the
ACC. Under this situation, the output of the q-axis is the same,
but the linearized output of the d-axis should be composed of
the feedforward voltage and cross-decoupling terms only.
Hence correspondingly the small-signal dynamics of the
ACC can be expressed as

{Δed � −ω0LfΔiqg + Δudt

Δeq � GaccN(X)(Δipqg − Δiqg) + ω0LfΔidg + Δuqt
(23)

The parts of the main circuit and the PLL are the same as that
for the DCO. Combining Eqs 12, 13, Eqs 15–18, and Eq. 23, we
obtain the SISO model of the system

⎧⎪⎪⎨⎪⎪⎩
Δixg � 0

Δiyg � G1 s(s)
1 +N(X)G0 s(s)Δi

p
qg

(24)

where G1 s(s) � GaccN(X)
sLf

, G0 s(s) � Gacc(1−HpllsLgIxg0)
sLf

.

FIGURE 5 | DF models for (A) the DCO and (B) the SCO. In (A), after the
analyses of the DCO, theMIMOmodel can also be simplified as a SISOmodel.
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Again, similar to the DCO, for G1_s(s) we obtain that its
denominator term is Lfs

2. Therefore, G1_s(s) has no right-half-
plane pole and it has no effect on the system stability. The system
stability should depend onG0_s(s) andN(X) only. The corresponding
SISOmodel is given in Figure 5B. From Figure 5, it can be seen that
for both the DCO and the SCO, the nonlinear limiter has been well
separated from the other parts. In particular, for the DCO, the
original MIMO model can be simplified into a SISO model.
Therefore, for the analyses of the DCO and SCO, they share the
same control diagram, expect the different, explicit forms of G0_d(s)
for the DCO and G0_s(s) for the SCO. Next it is ready to use the
DFNC to calculate the oscillation amplitude and frequency.

4 INFLUENCING FACTOR ANALYSIS OF
SUSTAINED OSCILLATIONS BASED ON
DF-BASED NYQUIST CRITERION
In this section, we will verify the above theoretical models by
using the EMT simulations. In addition, we will analyze the
influences of the control parameters and the limiter boundary on
the oscillation amplitude and frequency. All these results should
be helpful for stability assessment and oscillation suppression.

4.1 Model Verification
We carry out the EMT simulation for the grid-tied VSC system based
on MATLAB/Simulink. As one example, without losing generality,
the grid inductance Lg = 1.2 is chosen to represent a weak grid, and
the other parameters are set as Lf = 0.1, Ug = 1.0, Ixg0 = 0.8, Iyg0 =
−0.21. All these parameters are listed in Table 1 (Yang et al., 2020a;
Ma et al., 2021). In addition, in Supplementary AppendixS1, we give
the details for how to obtain the state-space model and the associated
Jacobian matrix. All these can be used for small-signal stability
analysis. Accordingly, the parametric stability regions for the ACC
and the PLL are calculated and shown in Figures 6A,B, respectively.
Within the stable regions, each variable converges to a stable fixed
point. While outside of the stable regions, complex dynamic
behaviors such as limit cycles or chaos may occur and lead to the
action of the saturation limiters. Next, we will focus on exploring self-
sustained oscillations and studying the limiter effects within the
unstable regions.

First, the typical controller parameters are chosen: kp,acc = 0.6, ki,acc
= 160, kp,pll = 310, and ki,pll = 10,000. The input waveforms of the
d-axis and q-axis limiters from the EMT simulation are shown in
Figures 7A,B, respectively. The corresponding waveform of the VSC
terminal voltage ed is shown in Figure 7C. From Figures 7A–C it can
be seen that the two limiters show sustained oscillations with a
constant frequency and amplitude. Their frequency and amplitude
aremeasured and presented in the panels. In addition, other variables
also show a sustained oscillation with the same frequency. Therefore,
the system exhibits the DCO for double-clipped oscillation for both
d-axis and q-axis limiters.

Next, if we change the control parameters, the system dynamics
could substantially change. For instance, when the parameters kp,acc =
0.6, ki,acc = 160, kp,pll = 315, and ki,pll = 20,000 are chosen, the typical
pattern of SCO appears, as shown inFigures 7D–F. FromFigure 7D,
it can be seen that the input signal of the d-axis limiter does not show
oscillation, and after it touches the limiter boundary (indicated by a
dashed curve), it is fixed and remains constant. In a sharp contrast to
this, in Figure 7E the q-axis limiter still exhibits a sustained oscillation
with a constant amplitude. Again, the frequency is the same for all
other variables, as shown in Figure 7F.

To further verify the accuracy of the theoretical model, the
time-domain waveforms of id and iq under these two types of
oscillation are given in Figure 8. Figures 8A,B are the waveforms
under the first set of parameters. Oppositely, Figures 8C,D show
the waveforms under the second set of parameters. It can be seen
from the EMT simulation that the corresponding currents in the
PLL dq frame also oscillate at 55.73HZ and 116.55HZ,
respectively. The oscillation frequencies are consistent with the
two cases in Figures 7C,F. Therefore, we can see that under these
two sets of parameters, all system variables show sustained
oscillations, indicating that both limiters need to be considered.

Then these EMT simulation results are compared with the DF
models for both the DCO and SCO. We bring these two sets of
controller parameters into G0_d(s) in Eq. 20 and G0_s(s) in Eq. 24 and
plot their corresponding DFNC analytical results in Figures 9A,B,
respectively. From these results, we can see that indeed the Nyquist
curve ofG0_d(s) andG0_s(s) intersect the negative reciprocal curve of the
DF, −1/N(X), for the DCO and SCO, respectively, indicative of an
occurrence of sustained oscillation. The detailed quantitative results are
summarized in Table 2, where fmodel is the oscillation frequency from
the DF model, fsim is the oscillation frequency from the EMT
simulation, correspondingly Xmodel is the oscillation amplitude from
the DF model, Xsim is the oscillation amplitude from the EMT
simulation, and Ef and EX are their corresponding relative errors.
Clearly for both the DCO and SCO, themismatches are less than 10%,
and comparatively the error for the SCO is much smaller. These
comparisons well demonstrate the validity of the DF theoretical model.

4.2 Influence of Alternating Current Control
Parameters
It is well-known that control parameters have a significant
influence on the oscillations (Xue et al., 2019; Ma et al., 2020).
We take the SCO model as an example. We still calculate the
oscillation amplitude and frequency based on the DFNC and
compare them with the corresponding EMT simulation results.

TABLE 1 | Main parameters of the study system.

Variable Description Value

Sb Fundamental power 2MW
Ub Fundamental value of phase-to-phase voltage 690V
fb Fundamental frequency 50HZ
ωb Fundamental angular frequency 100π
Ug Infinite grid voltage 1.0pu
Lg Grid inductance 1.2pu
Lf Line inductance 0.1pu
Ixg0 Initial value of x-axis current 0.8pu
Iyg0 Initial value of y-axis current −0.21pu
kp,acc Proportional parameter of the ACC 0.6
ki,acc Integral parameter of the ACC 160
kp,pll Proportional parameter of the PLL 50
ki,pll Integral parameter of the PLL 4,500
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FIGURE 6 | (A) Parametric stability region for the ACC with a fixed Gpll = 50 + 4,500/s, and (B) that for the PLL with a fixed Gacc = 0.6 + 160/s. Both are in the
weak grid.

FIGURE 7 | (A–C) are the typical pattern of DCO. (D–F) are the typical pattern of SCO. Different with the DCO, only one limiter at the q-axis exhibits a sustained
oscillation, whereas the other one at the d-axis keeps constant after the action of the limit boundary. (A) and (D) are the input waveforms of the d-axis limiter. (B) and (E)
are the input waveforms of the q-axis limiter. (C) and (F) are the waveforms of VSC terminal voltage ed.

FIGURE 8 | Current waveforms of id and iq under two types of oscillation: (A) and (B) for the DCO, and (C) and (D) for the SCO.
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In this subsection, we study theACCparameters. The parameters of
the PLL are kp,pll = 315 and ki,pll = 20,000, with other parameters
keeping unchanged. As the first study, we select the proportional
coefficient of the ACC as kp,acc = 0.6 and gradually increase its integral
coefficient ki,acc as 150, 160, and 170. The correspondingNyquist curves
of G0_s(s) for different ki,acc and −1/N(X) are shown in Figure 10A.
Similarly, we keep ki,acc = 240 and gradually increase kp,acc as 0.8, 0.9,
and 1.0, with the corresponding results shown in Figure 10B.

From Figure 10 we can see that for different parameters, G0_s(s)
always intersects with −1/N(X), i.e., the system always has sustained
oscillations. In addition, from Figure 10A one can find that with
increasing ki,acc, the oscillation amplitude gradually increases, as the
intersection pointmoves left. Note that roughlyN(X) is amonotonic-
decrease function of X for a fixed a in Eq. 5. From Figure 10B, one
can find that oppositely with increasing kp,acc, the oscillation
amplitude gradually decreases, as the intersection point moves right.

The corresponding time-domain waveforms of the q-axis
limiter under the above six different parameters are illustrated

in Figure 11, for the variations of ki,acc and kp,acc, respectively.
From these plots, we can see that the system really shows the
predicted tendency of oscillation amplitude and frequency with
the parameters, consistent with the DF analysis. For quantitative
comparisons, Table 3 lists the oscillation amplitude and
frequency from the model analyses and the numerical
simulations, accompanying with their mismatches by relative
errors. Basically, the error is tiny. Therefore, they have well
proved the correctness of the DF analysis.

4.3 Influence of Phase-Locked Loop
Parameters
Now we study the PLL parameters. We keep the parameters of
the ACC and change the proportional and integral parameters
of the PLL. The corresponding DF results are shown in
Figure 12. In Figure 12A, ki,pll = 15,000, 16,000, and
17,000. In Figure 12B, kp,pll = 290, 300, and 310. The

FIGURE 9 | The results based on the DFNC for (A) the DCO and (B) the SCO.

TABLE 2 | Quantitative comparison between theoretical model and numerical simulation.

Two cases Axis Oscillation frequency Oscillation amplitude

fmodel (HZ) fsim (HZ) Ef (%) Xmodel (10
−2) Xsim (10−2) EX (%)

DCO d-axis 56.78 55.37 2.54 0.25 0.27 7.41
q-axis 56.78 55.37 2.54 0.91 0.99 8.08

SCO q-axis 116.42 116.55 0.11 5.04 5.05 0.20

FIGURE 10 | Six analytical results for different parameters of the ACC: (A) changes of ki,acc, and (B) changes of kp,acc.
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DFNC plots again show that the system has the sustained
oscillations for all these six cases. In addition, we know that
for smaller ki,pll in Figure 12A and larger kp,pll in Figure 12B,
the oscillation amplitude should increase.

For these six parameters of the PLL, the corresponding EMT
simulation results are shown in Figure 13. Clearly the tendencies
of the oscillation amplitude and frequency are consistent with the
theoretical model. Again, the quantitative comparisons in Table 4

FIGURE 11 | (A–C) are the time-domain waveforms of the q-axis limiter with the change of the integral parameter of the ACC. (D–F) are the Time-domain
waveforms of the q-axis limiter with the change of the proportional parameter of the ACC. (A)Gacc = 0.6 + 150/s, (B)Gacc = 0.6 + 160/s, and (C)Gacc = 0.6 + 170/s. (D)
Gacc = 0.8 + 240/s, (E) Gacc = 0.9 + 240/s, and (F) Gacc = 1.0 + 240/s.

TABLE 3 | Comparison of theoretical model and numerical simulation under different parameters of the ACC.

PI transfer
function of
the ACC

Oscillation frequency Oscillation amplitude

fmodel (HZ) fsim (HZ) Ef (%) Xmodel (10
−2) Xsim (10−2) EX (%)

0.6 + 150/s 111.43 111.48 0.04 4.77 4.75 0.42
0.6 + 160/s 116.42 116.55 0.11 5.04 5.05 0.20
0.6 + 170/s 121.20 121.51 0.26 5.35 5.36 0.19
0.8 + 240/s 125.80 125.16 0.51 4.48 4.50 0.44
0.9 + 240/s 116.41 116.28 0.11 3.75 3.76 0.27
1.0 + 240/s 108.32 108.23 0.08 3.12 3.12 0.00

FIGURE 12 | Six analytical results for different parameters of the PLL: (A) changes of ki,pll, and (B) changes of kp,pll.

Frontiers in Energy Research | www.frontiersin.org May 2022 | Volume 10 | Article 87301310

Huang et al. Sustained Oscillations of VSC

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


demonstrates that the oscillation amplitude and frequency
predicted by the theoretical model are perfect. Finally, if we
compare the variation ranges for all these four different
parameter sets ki,acc, kp,acc, ki,pll, and kp,pll in Tables 2, 3, we
can find that comparatively kp,pll has a greater influence than all
other parameters. This might infer that kp,pll is a key parameter for
oscillation suppression and stability improvement.

4.4 Influence of Limiter Boundary
For the system with the double saturation limiters, no matter
whether the system has the DCO or SCO, we know that −1/N(X)
is always located at the negative real axis, and G(s) is independent
of the saturation limiter. In addition, according to the explicit DF
for the saturation limiter in Eq. 5, the limiter boundary a is
positively correlated with the oscillation amplitude X. Therefore,

FIGURE 13 | (A–C) are the time-domain waveforms of the q-axis limiter with the change of the integral parameter of the PLL. (D–F) are the time-domain waveforms
of the q-axis limiter with the change of the proportional parameter of the PLL. (A)Gpll = 330 + 15000/s, (B)Gpll = 330 + 16000/s, and (C)Gpll = 330 + 17000/s. (D)Gpll =
290 + 30000/s, (E) Gpll = 300 + 30000/s, and (F) Gpll = 310 + 30000/s.

TABLE 4 | Comparison of theoretical model and numerical simulation under different parameters of the PLL.

PI transfer
function of
the PLL

Oscillation frequency Oscillation amplitude

fmodel (HZ) fsim (HZ) Ef (%) Xmodel (10
−2) Xsim (10−2) EX (%)

330 + 15000/s 195.70 195.31 0.20 2.90 2.90 0.00
330 + 16000/s 187.80 187.97 0.09 2.74 2.74 0.00
330 + 17000/s 179.60 178.25 0.76 2.55 2.53 0.79
290 + 30000/s 108.15 107.41 0.69 6.43 6.40 0.47
300 + 30000/s 133.98 133.16 0.62 9.36 9.40 0.43
310 + 30000/s 177.91 177.94 0.02 14.46 14.40 0.42

FIGURE 14 | (A) Frequency spectra of the input signal of the q-axis limiter under different limiter boundaries. (B)Comparison of waveforms of the input of the q-axis
of the ACC, with and without the limiter.
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we may deduce that the size of the limiter boundary should affect
the oscillation amplitude, but not the oscillation frequency, and in
addition the oscillation amplitude should monotonically increase
with the limiter boundary a.

These predictions have been well verified by the EMT
simulation. For example, we keep all the main circuit
parameters and the controller parameters unchanged, and set
the limiter boundaries of the q-axis as 0.03, 0.028, and 0.026.
Under these parameters, the Fourier spectrum analyses of the
input signal of the q-axis limiter in Figure 14A shows that the
oscillation frequencies are unchanged, but their amplitudes
increase with the increase of a. Clearly this phenomenon is
the same as what has been reported in the grid-tied VSC
system with a single saturation limiter in the recent study (Wu
et al., 2021).

In the end, let us study the extreme case of an infinite
limiter boundary, i.e., the limiter is completely ignored. The
EMT simulations are shown in Figure 14B, where clearly in
the absence of the saturation limiter, the input of the q-axis of
the ACC diverges after the initial exponential increase,
whereas with the limiter, a sustained oscillation appears.
Therefore, the limiter is a key factor for the appearance of
sustained oscillation.

5 CONCLUSION AND DISCUSSIONS

In conclusion, this paper analyzes the sustained oscillations of
the grid-tied VSC system with double saturation limiters by
using the DF and the DFNC. With these methods, both the
amplitude and frequency of the sustained oscillations can be
well recognized. The model accuracy has been well verified by
the EMT simulation. Different with previous works, both the
d-axis and q-axis saturation limiters are considered. Thus,
under this situation, the phenomena of not only the DCO but
also SCO are widely observable. As we know, the saturation
limiters have been broadly used in power electronic devices,
and hence the study in the present work is believed as
necessary and important. In addition, as the sustained
oscillations are highly influenced by the control parameters,
still by using the DF technique, the impacts of the PI
controller parameters of the ACC and the PLL are studied.
We find that the proportional coefficient of the PLL has the
most significant influence. We also find that the limiter
boundary size only affects oscillation amplitude, but not
oscillation frequency, and the oscillation amplitude
monotonically increases with the limiter boundary. All
these findings are of significance for characteristic analysis
of sustained oscillations in power-electronic-based power
systems, where controller saturation effect is always
unignorable.

Finally, it is necessary to give some necessary discussions:

1) Compared with the relevant recent studies of describing
functions in (Xu et al., 2020; Wu et al., 2021), here we
consider both the d-axis and q-axis saturation limiters,
which are more realistic for electrical power engineering.

In the instability process, the system variables may move
away from the steady-state values and both the d-axis and
q-axis saturation limiters may be triggered and act
simultaneously. Generally, the impact of neither the
d-axis nor the q-axis saturation limiters can be ignored.
Based on this new model, we observe two new oscillation
phenomena (DCO and SCO), which are not mentioned in
all previous work due to the neglect of q-axis dynamics. To
study these phenomena, we establish the corresponding
transfer function and describing function matrix and find
that even with these two saturation limiters, for the DCO,
the original MIMO systems can be simplified as two
identical SISO systems, and both the DCO and SCO can
be analyzed in a similar manner. It is demonstrated that the
describing function method is efficient. Therefore,
compared with the previous papers (Xu et al., 2020; Wu
et al., 2021), our model study has three key contributions in
its integrity, phenomenology, and theory. We believe that
our paper moves a big step to the study of self-sustained
oscillations in grid-tied VSCs in more practical
environments. In the future, other outer controllers,
such as active power, reactive power, AC voltage, and
DC voltage, should be considered.

2) Compared with the relevant recent studies of sustained
oscillations in (Ji and Venkatasubramanian, 1995; Ma et al.,
2020), the DF is only useful for sustained oscillations, which
are induced by the saturation limiters, as we have seen in
Figure 14B. For this phenomenon, we call it saturation-
induced oscillation. In fact, there are other unusual
phenomena, such as saturation-induced instability and
saturation-restricted oscillation due to different bifurcation
scenarios. Their dynamical nature and relation should be
further studied.

3) As all oscillations reported in this paper have a wide frequency
range, they may belong to the wide-frequency-band
oscillation (Yuan et al., 2017; Chi et al., 2019; Wang and
Blaabjerg., 2019). It seems that all controller parameters can
have a contribution to the sustained oscillations, and
comparatively kp,pll has a greater influence. The underlying
mechanism needs to be investigated.

4) The characteristics of the saturation phenomenon is related to
the fact that the input and output of the limiter are no longer
the same. In this case, the closed-loop response characteristics
of the entire system are greatly affected, so that the overshoot
of the system increases and the adjustment time is prolonged
(Peng et al., 1996; Shin and Park., 2012). In order to solve this
problem, the anti-windup limiter was usually recommended
(Murad et al., 2021), with the aim to eliminate the
deterioration of closed-loop response characteristics caused
by the limiter through some add-on compensators. The
extended impact of the DF method on the anti-windup
controller remains to be considered.

5) Finally, as this paper focuses on the saturation of the PI
controller in the ACC and the associated sub-synchronous
or super-synchronous oscillations, in future work it is
interesting to consider the influence of the saturation
limiter in the power control, voltage control, or
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modulator and explore low-frequency oscillation or ultra-
high-frequency oscillation, which are also concerned in
practical engineering.
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