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Grid-connected permanent magnet synchronous generator (PMSG) wind farms
may be susceptible to oscillation when connected to weak grids. This paper
explores the root causes of the oscillations from two perspectives: the model and
the oscillation frequency band. First, the small signal model of PMSG wind farm
grid-side system is established, and the small disturbance comparison with the
PMSGA full-order electromagnetic transient model in MATLAB/Simulink is carried
out. Then, we calculatue the eigenvalues of the small sighal model and use model
analysis techniques such as participation factors calculation and root locus
method to identify the critical factors that cause the oscillation modes to be
dominant. Finally, time-domain simulation is used to verify the theoretical analysis.
Two dominant modes are identified: the subsynchronous oscillation mode and
the low-frequency oscillation mode. The subsynchronous oscillation mode is
closely related to the direct current (DC) voltage control and the dynamics of DC
link. The low-frequency oscillation is significantly weakened with the decrease in
grid strength, and it is closely related to the phase-locked loop (PLL) control. The
conclusions can provide a reference for tuning the control parameters of PMSG
converter.

KEYWORDS

small-signal stability, oscillation, converter control, permanent magnet synchronous
generator (PMSG), grid strength, phase-locked loop (PLL)

1 Introduction

The rapid development of renewable energy grid-connected power generation
technology, represented explicitly by wind power, has played a crucial role in addressing
the energy crisis. We believe that integrating renewable energy can significantly contribute to
achieving the goal of carbon neutrality. Direct-drive permanent magnet synchronous
generators (PMSGs) are widely used because of their high efficiency and low failure rate.
However, there is a risk of oscillations in wind farms with weak grid interconnections, which
poses a severe threat to the safe and stable operation of the power system (Strachan and
Jovcic, 2010; Fan and Miao, 2018). Consequently, further study of the oscillation problem
caused by PMSG connected to the power grid is imperative.

In traditional power systems, oscillations can be classified into local mode and global
mode according to the different forms and mechanisms of oscillations (Kundur, 1994).
Similarly, PMSG oscillations can be broadly categorized into two situations based on
reported incidents: subsynchronous oscillations and low-frequency oscillations. For
example, a PMSG wind farm in Xinjiang, China, experienced a subsynchronous
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oscillation accident in 2015 due to the low short-circuit ratio (SCR)
of the point of common coupling (PCC) (Xie et al., 2016). In the low-
frequency range, an accident occurred in Texas, United States, in
2011 with an oscillation frequency of 4 Hz, which is slightly higher
than the low-frequency oscillations of the traditional power system
(Fan and Miao, 2018; Li et al., 2020b; Cheng et al., 2023). The
problem of PMSG grid-connected oscillation has caught the
attention of many researchers.

Various analysis methods have been employed, among which
the most common ones are impedance analysis and eigenvalue
These methods
effectiveness in shedding light on the underlying causes of the

analysis. are widely recognized for their
oscillation problem and identifying potential solutions (Li et al.,
2020a; Xu et al., 2020; Liu et al., 2021; Shao et al., 2021; Xu et al.,
2021; Liu et al., 2022).

As one of the powerful tools for oscillation analysis, the impedance
analysis method establishes the transfer function of each link of the
system and integrates them to obtain the impedance model of the whole
system, and then combines with the impedance stability criterion to
analyze the stability of the impedance model (Li et al., 2020a; Xu et al,,
2021). (Li et al,, 2020a) established the dq impedance model of the grid-
connected inverter and analyzed the impact of grid impedance and inner
current loop on the stability of the system. (Xu et al,, 2021) established
the single-input single-output transfer function of the PMSG grid-
connected system, which can be combined with the generalized
Nyquist stability criterion and the eigenvalue sensitivity matrix to
analyze the relevant influencing factors of the oscillation. While the
impedance analysis method is a practical approach, it may be limited in
its ability to analyze the internal interaction between two dynamic
components within the system and explain the coupling mechanism
of the oscillation mode between the internal states (Liu et al., 2021).

In order to study the complex mechanism of PMSG grid-
connected oscillation in-depth, many scholars have adopted the
eigenvalue analysis method to calculate the primary information of
each oscillation mode of the system, including the participation
factors related to each eigenvalue (Shao et al., 2021). Considering the
control loops such as the active power outer loop, current inner loop,
and Phase Locked Loop (PLL), (Xu et al,, 2020) established a state-
space model of voltage source converter and analyzed the model
eigenvalues. (Liu et al., 2022) ignored the dynamics of the PMSG
machine side system because the converters on both sides of the
PMSG grid-connected system are separated by the DC link, taking
into account the effects of the control delay when establishing the
grid-side system state space model of PMSG. However, building a
state-space model for a large-scale system will face the curse of
dimensionality. The above literature uses a simplified reduced-order
inverter model to replace the PMSG grid-connected system to avoid
this problem and does not compare the performance difference
between the research model and the full-order detailed model.

In fact, many scholars simplified the research model in different
details, leading to different conclusions on the attribution of the oscillations
of grid-connected PMSG systems (Xu and Cao, 2018; Xiao and Xu, 2022;
Wang et al,, 2023). (Wang et al, 2023) pointed out that the negative
impedance introduced by PLL, the negative impedance, and the capacitive
impedance introduced by grid voltage feed-forward are the critical factors
of system instability. (Xu and Cao, 2018) found that subsynchronous
oscillation is closely related to PLL parameters, current inner loop
parameters, and grid strength, but the study model ignored the
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influence of outer voltage control. Meanwhile, after analyzing the
impact of outer voltage control and phase-locked loop parameters on
stability, (Xiao and Xu, 2022) found that the improper setting of voltage
outer loop parameters is the most critical factor for the instability of the
system. The above work is of value, but there are still evident differences in
the oscillation influencing factors. Unfortunately, the above studies have
not reached a consensus on the mechanism of oscillations.

On the other hand, using the idea of classification discussion to
divide the oscillations induced by PMSG into two categories according to
the frequency band is an effective means to make the analysis of
oscillation causes more accurate. A recent study (Li et al, 2020b)
investigated the influencing factors of low-frequency oscillation and
subsynchronous oscillation in PMSG. Their findings suggest that
different PLL bandwidths may be the possible cause of different
types of oscillations and that the influencing factors of both types of
oscillations change with the alteration of PLL bandwidth. However, their
analysis did not delve into the impact of other factors on oscillation. To
address this gap, we propose to take a two-pronged approach, focusing
on the model and oscillation frequency band. Specifically, we will first
analyze the performance of the established model in terms of small
disturbance stability and then use this model to investigate the
influencing factors that induce oscillations in different frequency bands.

This paper aims to make a significant contribution to the
analysis of PMSG grid-connected systems in various grid
conditions by comparing the performance of the grid-side small
signal model and the full-order electromagnetic transient model in
terms of small-disturbance stability. By analyzing the eigenvalues of
the small signal model, two distinct types of oscillation modes are
identified: subsynchronous oscillation mode and low-frequency
oscillation mode. The study also investigates the critical factors
that cause the oscillation modes to be dominant, revealing that
subsynchronous oscillation is related to DC voltage control. In
contrast, low-frequency oscillation is closely related to PLL
control and is more sensitive to changes in grid strength. The
proposed findings are rigorously tested and verified using a
MATLAB/Simulink-based test platform.

The rest of this paper is structured as follows: Section 2
establishes the small signal model of the grid-side system of the
PMSG grid-connected wind farm. Section 3 compares the time-
domain responses from the small signal model of the grid-side
system and the detailed electromagnetic transient model of
MATLAB/Simulink. We analyze the eigenvalues of the PMSG
grid-connected system and compare the calculation results of the
oscillation frequency with the waveform spectrum analysis obtained
from the time-domain simulation to verify the accuracy of the small
signal modeling. Section 4 gives the critical influencing factors of the
dominant two oscillation modes and conducts time-domain
simulation verification. Section 5 concludes the paper.

2 Research system structure and small-
signal modeling of grid-side system

2.1 PMSG grid-connected system structure
A complete PMSG wind turbine includes synchronous

generator (SG) dynamics, machine-side converter (MSC), DC
link dynamics, grid-side converter (GSC), PLLs, etc., (Bao et al.,
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FIGURE 1
Basic structure diagram of a PMSG.
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Relationship of the dqg reference frame and the DQ reference
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2022). A single PMSG grid-connected structure is shown in
Figure 1. L; is an inductance filter and Zy is a step-up
transformer, which raises the voltage of PCC from 0.69 to
33kV and connects to the grid. Ry,L; represent the
resistance and inductance of the transmission lines of the
wind farm. Since the converters on both sides are separated
by DC link, the dynamics of MSC and SG can be ignored and
replaced by a controlled current source when performing small
PMSG grid-connected
theoretically to realize the simplification and order reduction
of the model (Liu et al., 2022). The wind turbines in the wind
farm have the same parameters and operating states, and there is

signal analysis on the system

no significant difference in the spatial distribution of wind
speed in the wind farm. When the system oscillates, the wind
farm can be regarded as a whole to interact with the grid.
Therefore, this paper replaces the wind farm with one unit
and simulates

multiple wind turbines utilizing current

multiplication at the grid-connected point.

Frontiers in Energy Research

The following subsections will introduce the dynamic model,
including DC link, GSC vector control, PLL, and AC grid. In the
dynamic model, there are the DQ synchronous reference frame for
power flow calculation and the dq reference frame for converters.
The former has its D-axis aligned with the grid voltage space vector,
while the latter has its d-axis aligned with the PCC voltage space
vector. The relationship between the two coordinate systems is
shown in Figure 2.

2.2 DC link
The power flowing through the DC capacitor is
dv,
VaeC= " = Paa = Paa ()

When the machine-side dynamics are ignored, it is assumed that
the MSC rectifies to obtain a constant DC current I;..Under the
condition of ignoring the loss of line and converter, according to the
principle of energy conservation, the active power of the machine-
side converter is:

Pdul = VdEIdc (2)

Also, under the condition of ignoring the line and converter loss,
when the reactive power output of the GSC is close to 0, the active
power delivered by the DC capacitor to the GSC is equal to the active
power of the GSC at PCC:

3
Py, = EVPCCId (3)
where C is the DC capacitance; V. is the DC voltage, V. is the

voltage of PCC; I is the d-axis component of the grid-side current.

2.3 GSC vector control

The grid-side converter employs a double closed-loop control
structure. The d-axis outer loop adopts constant DC voltage control,
and the g-axis outer loop adopts constant AC voltage and reactive
power control. The block diagram of the GSC control is shown in
Figure 3.
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FIGURE 3
Block diagram for the GSC control.

Its governing equations are:
i (Vdcref - Vdc)Kpdc + Xyae = Idref

dxvdc
dt

= Kig. (Vdcref - Vdc)

(Vpcc - VPCCref)Kpu + Xy, = Qref

dx,
dt

=K (Vece — Veccre)

(Q - Qref)KPQ T Xq = Iqref

d
% = KiQ(Q - Qref)

_((Idref - Id)Kpi + xid) + VPCC + Iq X le = Vd

dxig
dt

= Kii (Lirer — 1)

—((Igrer = 1)Kpi + xig) —Ia x wLy =V,

dx,‘q
L dt

=K (Iqwf - Iq)

where the reactive power output of the GSC Q = ~Vpccly, Ve,
Vrce, Q, 14, 14, Va, Vg are DC voltage, PCC voltage, grid-side output
reactive power, grid-side AC current d-axis component, grid-side
AC current g-axis component, GSC output voltage d-axis
component, GSC output voltage g-axis component; Vicrefs
Vipccrefs Qrefs Larefs Igres are the referances of DC voltage, PCC
voltage, grid-side reactive power output, grid-side AC current d-axis
component, grid-side AC current g-axis component; Kpde, Kide,
Kpus Kius Kpq> Kiq, Kpis Kji are the proportional coefficient and
integral coefficient of converter control; x,4c, Xu» XQ, Xid> Xiq are the
state variables involved in the converter control.
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2.4 PLL

The PLL takes the PCC voltage as the input and outputs the
phase, frequency, and amplitude of the PCC voltage, which is the key
to synchronizing the converter with the grid. Take the direction of
the PCC voltage as the d-axis direction of the dg reference frame of
the converter. The block diagram of the PLL used in this paper is
shown in Figure 4:

The PLL dynamics are as follows:

dx il
pll _
7 = VPCCinpll

()
do

ik VpccqKppi + Xpn

where Vpccg, 0, ws are respectively the g-axis component of the
PCC voltage, the reference angular frequency of the grid,
and the grid angle obtained by the PLL; Ky, Kipn are
the proportional coefficient and the integral
coefficient of the PLL, respectively; x,y; is the state variable

of the PLL.

2.5 Grid-side filter inductance model

The mathematical model of the Grid-side filter inductance is as
follow:

dI.
V= Vpcea + 1, x @Ly — le—td

di,
Vq = Vpccq - Id X le - LIE

where L; is the filter inductance of the grid-side converter.
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Block diagram of PLL.

2.6 AC grid

As can be seen from Figure 1, the impedance is connected in
series between the grid-side converter and the infinite bus
representing the ideal AC grid in the paper, and different short-
circuit ratios are set by adjusting the impedance. The mathematical
model of the grid is:

{Vg:VPCCD—IQXXLXN+IDXRLXN (7)

0="Vpcco+Ipx Xy x N+Igx Ry xN

where Vpcep, Vpecq are the components of the PCC voltage in the
DQ reference frame.

Combined with the mathematical models of the DC link, GSC
vector control, PLL, filter, AC grid, etc., the state space equation set
of the PMSG grid-connected wind farm system is obtained. The state
space equation is linearized at the steady-state operating point to
obtain the entire small signal model of the system, which is shown as:

AX = AAX + BAU (8)

where AX isa 10 x 1 state vector, AU are the input variables; A is the
state matrix, B is the input matrix.

3 Performance verification of the small
signal model of the grid-side system

3.1 Time-domain response comparison

To verify the accuracy of the developed small signal model
effectively, we build a detailed electromagnetic transient simulation
model of the PMSG grid-connected wind farm in MATLAB/
Simulink, including the machine-side and grid-side systems. The
accuracy of the linearized small signal model is assessed by
comparing the time-domain responses obtained from the small
signal model, which retains only the grid-side system, with the
detailed electromagnetic transient simulation. The circuit and
control parameters of the PMSG grid-connected wind power
system are listed in Table 1.

Initially, the system operates at the nominal operating point (the
reference of the DC link voltage Vycrer = 1.0p.u., the reference of
PCC voltage V peerer = 1.0p.u.). The reference voltage Vg s is step-
changed from 1.0p.u. to 0.95p.u. at time t = 3s, and from 0.95p.u. to
1.0p.u. at time f = 5s. The comparison results are shown in Figure 5.

Frontiers in Energy Research

Figures 5A-C show the dynamin responses of PCC voltage (Vj..),
active power output (P) and DC voltage (V) under the step-change
of Vdcre fe

The results presented in Figure 5 show that the overall system
exhibits satisfactory dynamic behavior when controlled using the
parameters outlined in Table 1. In addition, the close agreement
between the dynamic responses obtained from the small signal
model and the detailed EMT simulations provides compelling
evidence of the nearly identical performance. This validation
strengthens confidence in the accuracy and reliability of both
models.

3.2 Comparisons of the oscillation
frequencies

Based on the small signal model of the PMSG grid-
connected system, this subsection calculates the system
eigenvalues under different grid strengths. Then it analyses
the oscillation frequency and the damping ratio of the
oscillation modes. Meanwhile, under the same grid-
connected conditions, the spectrum analysis of the current
waveform of the Simulink time-domain simulation is
performed, and the correctness of the eigenvalue calculation
is verified by comparing the oscillation frequencies of the
oscillation modes with the spectrum analysis results.

The grid strength of the power system can be expressed by short-
circuit ratio (SCR). The SCR of the grid-connected wind farm
system is the ratio of the AC grid short-circuit capacity to the
wind farm capacity. The grid strength increases with the increase of
SCR. Grid strength will not only affect the steady-state operating
point of the power system but also affect the recovery ability of the
power system after a disturbance. The calculation formula of the

short-circuit ratio of the grid-connected system of the wind farm is:

)

where Uy is the rated voltage of the grid, | Z| is the modulus of the
equivalent impedance of the grid, Sy.s is the short-circuit
capacity of the grid, and S;,, is the rated capacity of the
wind farm.

Adjust the line impedance X respectively, so that the SCR of
the study model is 1.8 or 3, and keep other parameters
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TABLE 1 Circuit and control parameters of PMSG grid-connected wind power system.

Parameters

Value (in p.u. if not specified)

Parameters Value (in p.u. if not specified)

Transformer Zr = 0.00042 + 0.025j

Capacitance C=0015F

Transmission line Z;, = 0.0001 + 0.0033j

DC voltage control Kpdc = 3, Kige = 50
Reactive power control Kyq =1, Kig =50

AC voltage control Kpu =0.75, Kiy, = 10

Base frequency f=60Hz
Number of units N =100
A
1.05 T T T T
SimulinkEMT
— S M
3
£a
3 1
=
0.95 - * : :
2 3 4 5 6 7
t/s
B
11 T T T ;
SimulinkEMT
= SSM

09 : ; .
2 3 4 § 6 7
t/s
C 1.1 T T T T
SimulinkEMT
1.05
2
:;“ 1
=
0.95 ]
0.9 : . : :
2 3 4 5 6 7
t/s
FIGURE 5

Time-domain responses under step-change of Vycrer (A) the
dynamin responses of PCC voltage (V,c). (B) The dynamin responses
of active power output (P). (C) The dynamin responses of DC
voltage (V).

unchanged, as shown in Table 1, calculate the eigenvalues of the
linearized small signal model established in Section 2, and the
results are shown in Table 2.

Frontiers in Energy Research

Filter inductance L; = 0.000335H

Current control Kpi = 0.5, Kjj =20

PLL KPP” =60, KPPH = 5000
Base AC voltage 33 kV
Base power P =2MVA

It can be seen from Table 2 that when the system parameters
of the PMSG grid-connected wind farm are set as shown in
Table 1, the small signal system has two oscillation modes under
both SCR conditions. The oscillation frequencies of the first
oscillation mode (Mode 1) are 23.24 or 27.33 Hz in the case of
SCR =
oscillation mode; the oscillation frequencies of the second
oscillation mode (Mode 2) are 7.92 or 8.17 Hz in the case of
SCR = 1.8 or 3 respectively, which is regarded as a low-frequency
oscillation mode because the oscillation frequency of Mode 2 is

1.8 or 3, respectively, which is a subsynchronous

lower than the subsynchronous frequency that is commonly
believed. However, it is higher than the frequency of the low-
frequency oscillation of the traditional power system slightly.
Besides, it is worth mentioning that the damping ratio of the
subsynchronous oscillation mode is hardly affected by SCR since
it decreases slightly with the increase of SCR. In contrast, the
damping ratio of the low-frequency oscillation mode is greatly
affected by SCR and significantly improved with the rise of SCR.
It indicates that the weakening of grid strength may make the
low-frequency oscillation mode dominant, resulting in the low-
frequency oscillation of the system, which is consistent with the
research results (Fan, 2018).

In addition, the oscillation mode with a smaller damping
ratio plays a more significant role in system stability. Therefore,
under the condition of SCR = 1.8, if the system suffers a small
disturbance at the stable operating point, 23.24 Hz harmonic is
the most significant harmonic component of the related electrical
output waveform, followed by 7.92 Hz harmonic. Under the
condition of SCR = 3, if the system suffers a small disturbance
at the stable operating point, the most significant harmonic
component of the relevant electrical output waveform should
be 27.33 Hz harmonic, and the content of 8.17 Hz harmonic may
be unimpressive because the damping ratio of Mode 2 is large in
this scenario.

In order to verify the correctness of the eigenvalue calculation,
under the conditions of SCR = 1.8 or SCR = 3, a 0.05 pu disturbance
is set for the reference of DC voltage, and the spectrum analysis is
performed on the waveform of the grid-side output current of the
time-domain simulation model. The spectrum analysis results are
shown in Figure 6.

In the condition of SCR = 1.8, the system mainly focuses on
the frequency of 8 and 24 Hz, and the harmonic content of 24 Hz
is prominent. In the situation of SCR = 3, the system primarily
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TABLE 2 Eigenvalue calculation results under different SCR.

10.3389/fenrg.2023.1184119

SCR=1.8 SCR=3
Eigenvalue Oscillation frequency/Hz Damping ratio Eigenvalue Oscillation frequency/Hz Damping ratio
-872.05 0 1 ~767.08 0 1
-313.13 0 1 ~314.53 0 1
-5.57 + 146.06i 23.24 0.038 -2.10 + 171.72i 27.33 0.012
-3.35 + 49.77i 7.92 0.067 -6.84 + 51.38i 8.17 0.13
-5.30 0 1 -3.31 0 1
-28.27 0 1 -25.95 0 1
~40.39 0 1 -40.29 0 1
~46.82 0 1 -46.75 0 1

The oscillation modes and related information are bolded.

>

=
N )

Mag (% of DC)
o
[¢)]

0 10 20 30 40 50 60

0 10 20 30 40 50 60
Frequency (Hz)

FIGURE 6
Spectrum analysis results of grid-side output current waveform
under conditions (A) SCR = 1.8 (B) SCR = 3.

focuses on the frequency of 28 Hz. The close agreement between
the oscillation frequency analysis results obtained from the
eigenvalue calculation and the spectrum analysis results of the
time-domain simulation waveform confirms the accuracy of the
eigenvalue calculation.

Frontiers in Energy Research

TABLE 3 Participation factor calculation results.

State variables SCR=1.8 SCR=3
Mode 1 Mode2 Mode1 Mode 2

Ve 1 0.0273 1 0.0070
Xvde 0.9289 0.0273 0.8954 0.0070
Xu 0.0041 0.0193 0.0008 0.0034
xq 0.0381 0.1405 0.0115 0.0422
Xid 0.1115 0.0021 0.1075 0.0006
Xig 0.0130 0.0152 0.0044 0.0050
Xl 0.0171 0.9762 0.0047 0.9928
0 0.0223 1 0.0068 1

I 0.4183 0.0033 0.4727 0.0009
I, 0.0487 0.0234 0.0195 0.0076

4 Analysis of influencing factors of
different oscillation modes

4.1 Participation factor analysis

To identify the states with the highest relevance to the

subsynchronous-frequency  and  low-frequency = modes,
participation factors are calculated for each eigenvalue, as
in Table 2.
subsynchronous mode (Mode 1) and the low-frequency mode
(Mode 2) are listed in Table 3. The participation factors with high

significance are highlighted in bold.

shown The participation factors for the

According to the results, we find that the subsynchronous
oscillation mode (Mode 1) is related to the d-axis dynamics of
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FIGURE 7
Root locus when Kpqc changes.

GSC, especially the dynamics of DC, the outer DC voltage control
and the d-axis component of line current. This finding concurs
with the finding in (Liu et al., 2017). On the other hand, the low-
frequency oscillation mode (Mode 2) is closely related to PLL,
and this finding concurs with the finding in (Li et al., 2020b). In
addition, the above two oscillating modes have little to do with
inner current control. The stability analysis in Sections 4.2 and
Section 4.3 examines the effects of the control links with large
participation factors on each oscillation mode.

4.2 Analysis of influencing factors of
subsynchronous oscillation mode

This section utilizes the developed small signal model, in the case
of SCR = 1.8, to analyze the effects of relevant parameters on the
damping ratio and oscillation frequency of the subsynchronous
oscillation mode. Specifically, the root locus method is employed
to investigate the influence of three factors: the proportional
coefficient of the DC voltage control, the integral coefficient of
the DC voltage control, and the DC capacitance.

4.2.1 Influence of DC voltage control proportional
coefficient

To analyze the effect of the proportional coefficient of the outer
DC voltage control on the subsynchronous oscillation mode, the
proportional coefficient Kpq. of the outer DC voltage control is
increased with a step size of 0.5 until the system becomes unstable
and other parameters remain unchanged, as shown in Table 1. The
root locus of the system to be studied is shown in Figure 7:

It can be seen from Figure 7 that the subsynchronous oscillation
mode (Mode 1) is significantly affected by the proportional
coefficient of the outer DC voltage control. As the proportional
coefficient of the outer DC voltage control increases, the oscillation
frequency of this mode increases and is in the subsynchronous
frequency band. The damping ratio of this mode increases gradually
with the rise of the proportional coefficient. As the proportional
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coefficient increases, the eigenvalue corresponding to Mode 1 moves
toward the left half-plane. The critical condition for the instability of
the study system is Kpg = 1.5. Meanwhile, changes in the
proportional coefficient of the outer DC voltage control have
little impact on the low-frequency oscillation mode.

4.2.2 Influence of outer DC voltage control integral
coefficient

Increase the integral coefficient Kjg. of the outer DC voltage
control until the system becomes unstable, and keep other
parameters unchanged. The root locus of the study system is
shown in Figure 8.

It can be seen from Figure 8 that the changes in the proportional
coefficient of the outer DC voltage control have a significant impact
on the subsynchronous oscillation mode. As the outer DC voltage
control integral coefficient gradually increases, the frequency in this
oscillation mode rises gradually. In addition, as the integral
coefficient of the outer DC voltage control gradually increases,
the damping ratio of this mode gradually decreases, and the
corresponding eigenvalue gradually moves from the left half-
plane to the right half-plane, Kjz. = 500 is the critical condition
for the eigenvalue to cross the imaginary axis. Meanwhile, variations
in the integral coefficient of the outer DC voltage control have
minimal impact on the low-frequency oscillation mode.

4.2.3 Influence of DC capacitance

The PMSG wind turbines are connected to the grid through back-
to-back converters. The DC capacitance between the two converters
maintains power stability by charging and discharging. Moreover, the
larger the DC capacitance, the less the dynamic impact of the PMSG
machine side dynamics on stability. However, the DC capacitance
cannot be infinitely large due to the limitation of actual conditions. The
above analysis shows that the subsynchronous oscillation mode is
closely related to the dynamic of the DC link. To investigate the
impact of DC capacitance on the subsynchronous oscillation mode
under weak AC grid conditions, we gradually increase the DC
capacitance value from 10,000 to 50,000 uF while keeping other
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parameters constant (as listed in Table 1). Figure 9 shows the root locus
of the study system:

It can be seen from Figure 9 that the subsynchronous oscillation
mode is significantly affected by the value of the DC capacitance.
Increasing the DC capacitance has little effect on the damping ratio
of the subsynchronous oscillation mode. However, as the DC
capacitance rises, the oscillation frequency gradually shifts from
subsynchronous to low-frequency. In practical PMSGs, the
capacitance value is often set above 10,000 pF, leading to
oscillation frequencies mainly in the subsynchronous frequency
band for this mode. As expected, the low-frequency oscillation
mode is relatively insensitive to changes in the DC capacitance value.

Based on the root locus and participation factor analyses, it has
been determined that if the proportional coefficient of the outer DC
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Root locus when Kj, changes.

voltage control is too small or the integral coefficient is too large, the
subsynchronous oscillation mode may become the dominant mode,
resulting in subsynchronous oscillation.

4.3 Analysis of influencing factors of low-
frequency oscillation mode

Under the condition of SCR = 1.8, this section conducts a
detailed theoretical study on the characteristics of the low-
frequency oscillation mode from the two aspects of the PLL
proportional coefficient and the PLL integral coefficient. It
deeply discusses the influence of the dominant factors on the
ratio and oscillation

damping frequency of the

oscillation mode.

4.3.1 Influence of PLL proportional coefficient

To analyze the effect of the PLL proportional coefficient on
the low-frequency oscillation mode (Mode 2), the PLL
proportional coefficient K,y is increased with a step size of
10, and other parameters remain unchanged, as shown in
Table 1. The root locus of the study system is shown in
Figure 10.

It can be seen from Figure 10 that the low-frequency
oscillation mode is significantly affected by the PLL
proportional coefficient K,,;. As the proportional coefficient
K,pn increases, the oscillation frequency of Mode 2 remains
unchanged, about 8 Hz. However, the damping ratio of this
mode gradually increases with the rise of the proportional
coefficient K,y With the increase of the PLL proportionality
coefficient, the eigenvalue corresponding to Mode 2 moves
toward the left half plane, and the critical condition for the
instability of the study system is K,,; = 20. Meanwhile, the
subsynchronous oscillation mode is basically not affected by
changes in the PLL proportional coefficient.
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Time domain simulation results and spectrum analysis results of

the active power output of GSC (A) the active power waveform under
SCR = 1.8 (B) the voltage waveform of PCC under SCR = 1.8 (C) the
active power waveform under SCR = 3 (D) the voltage waveform

of PCC under SCR = 3 (E) spectrum analysis results of the active power
under SCR = 1.8 (F) spectrum analysis results of the active power
under SCR = 3.

4.3.2 Influence of PLL integral coefficient

In order to analyze the influence of the PLL integral
coefficient on the low-frequency oscillation mode, the PLL
integral coefficient K,y is increased until the system becomes
unstable, and other parameters remain unchanged, as shown
in Table 1. The root locus of the study system is shown in
Figure 11.

Figure 11 illustrates that the PLL integral coefficient Kjpy
considerably influences the low-frequency oscillation mode
(Mode 2). As the PLL integral coefficient Kjy; increases, the
oscillation frequency of this mode increases gradually, from low-

Frontiers in Energy Research

10

10.3389/fenrg.2023.1184119

frequency to the subsynchronous frequency band at a low-
frequency. The damping ratio of this mode decreases slightly
with the increase of the integral coefficient Kj,y, and the system
stability is reduced gradually. With the PLL integral coefficient
increase, the eigenvalue corresponding to this mode moves
toward the right half plane. The critical condition for the study
system to be stable is K;,; = 13000. Moreover, the subsynchronous
oscillation mode (Mode 1) shifts slightly to the left with an increased
PLL integral coefficient. It implies that increasing the PLL integral
coefficient can enhance the stability of the subsynchronous
oscillation mode while negatively impacting the low-frequency
oscillation mode.

The characteristic root analysis and participation factor results
indicate that the low-frequency oscillation mode may become
dominant if the PLL proportional coefficient is too small or the
integral coefficient is too large.

4.4 Time domain simulation verification

In order to verify the correctness of the theoretical analysis
in Section 4.2 and Section 4.3 effectively, this section sets up
two simulation cases based on the Simulink electromagnetic
transient simulation model. The parameters not mentioned in
the cases are set according to Table 1.

Case 1: Simulation verification of the influence of outer DC voltage
control parameters on system stability.

Under the condition of SCR = 1.8 and SCR = 3, the system
operates at a steady-state operating point (K,q4. = 3, Kigc = 50,
Kppii = 60, Kpypi = 5000). Kpge steps to 1.5 and Kjg, steps to
625 at time t = 3s. The active power output of GSC and PCC
voltage are obtained, as shown in Figures 12A-D. Spectrum
analysis is performed on the active power output of GSC, and
the results are shown in Figures 12E, F.

Figure 12 shows that under both grid-connected conditions of
SCR = 1.8 and SCR = 3, the system stimulates subsynchronous
oscillation, and the system stability in the case of SCR = 3 is
slightly lower than that in the case of SCR = 1.8. The results can
verify that the subsynchronous oscillation mode is less affected
by SCR, and the stability decreases slightly with the increase
of SCR.

When the proportional coefficient K4 of outer DC voltage
control increases, and the integral coefficient K. of outer DC
voltage control decreases, the stability of grid-connected wind
farms of PMSG becomes worse, and subsynchronous oscillation
gradually emerges.

This result is consistent with the analysis conclusion in Section
4.2, thus confirming the validity of the parameter influence law of
the outer DC voltage controller on the subsynchronous oscillation
mode of the PMSG.

Case 2: Simulation verification of the influence of PLL parameters
on system stability.

Under the condition of SCR = 1.8 and SCR = 3, the system operates
at a steady-state operating point (Kpg = 3, Kige = 50, Ky = 60,
Kppi = 5000). K steps to 30 and K, steps to 6,000 at time ¢ =
3s . The active power output of GSC and PCC voltage are obtained and
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FIGURE 13

Time domain simulation and spectrum analysis results under the conditions (A) the active power waveform of the GSC under SCR = 1.8 (B) the
voltage waveform of PCC under SCR = 1.8 (C) the active power of the GSC under SCR = 3 (D) the voltage waveform of PCC under SCR = 3 (E) spectrum

analysis results of the active power output of GSC under SCR = 1.8.

the results are shown in Figures 13A-D. Spectrum analysis is performed
on the active power output of GSC under the condition of SCR = 1.8,
and the results are shown in Figure 13E.

Figure 13 shows that under the same control parameter
setting, the system is unstable when SCR = 1.8, while the
system remains stable when SCR = 3. The low-frequency
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oscillation mode is significantly affected by SCR, and the
system stability becomes weaker with the decrease of SCR,
which is consistent with the theoretical analysis result.
Decreasing the PLL proportional coefficient K,,; and
increasing the PLL integral coefficient Kjp; will degrade the
stability of the PMSG grid-connected wind farm, and gradually
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stimulate low-frequency oscillations around 8 Hz and the
which will make the
eventually destabilized. It is consistent with the analysis

oscillations will diverge, system
conclusion in Section 4.3, thus verifying that the low-
of the PMSG

significantly affected by the PLL control parameters.

frequency oscillation mode system is

5 Conclusion

This paper establishes the grid-side small signal model of the
PMSG grid-connected system. Through the use of model
analysis techniques, the performance of the small signal
model is examined, revealing the root causes of oscillations
in different frequency bands. The study concludes that the small
signal model’s performance is close to that of the detailed
electromagnetic transient model in terms of small signal
stability. Thus, the machine-side dynamics of the PMSG
wind farm can be disregarded in the small signal modeling to
balance modeling speed and simulation accuracy. The study
finds that the PMSG grid-connected wind farm exhibits
subsynchronous and low-frequency oscillation modes. The
dominance of the subsynchronous oscillation mode depends
on the parameters of outer DC voltage control and the dynamics
of the DC link, while the dominance of the low-frequency
depends the
parameters of the PLL. These findings can serve as a

oscillation mode on grid strength and
reference for the analysis of practical oscillation problems in
PMSG grid-connected wind farms. Future research could focus
on analyzing the impact of these two types of oscillations on the
surrounding grid and exploring damping controls of

oscillations.
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