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Abstract—Type-4 wind is claimed to be immune from sub-
synchronous resonances (SSRs) that have been experienced by
Type-3 wind with radial connection to series compensated lines.
In this paper, we examine this claim through simplified analytical
model building, analysis based on linearized models, and valida-
tion against electromagnetic transient (EMT) testbeds with full
details. Two analytical models of Type-4 wind farm with radial
connection to a series compensated line are built in dg-frames.
The main difference of the two models is in grid-side converter
(GSC)’s control mode, with one model assuming real power
control and the other assuming dc-link voltage control. Relying
on the analytical models, an efficient approach is demonstrated
to obtain frequency-domain impedance models. Small-signal
analysis is carried out using eigenvalue analysis and frequency-
domain impedance model-based analysis. Potential stability risk
is demonstrated, which is due to interaction of a mode associated
to voltage source converter (VSC) in weak grid (termed as ‘“weak
grid mode”’) and a mode associated to network LC resonance. The
weak grid mode is influenced by grid strength and VSC control
parameters, including phase-locked-loop (PLL) parameters. The
small-signal analysis results are validated against two EMT
testbeds with full details in MATLAB/SimPowerSystems and
PSCAD/EMTDC, respectively.

Index Terms—Type-4 wind farm; subsynchronous resonances
(SSR); series compensation; phase-locked-loop (PLL)

I. INTRODUCTION

INCE 2009, SSR events due to Type-3 wind radial con-

nection with series compensated transmission lines have
been observed in Texas [1], [2] and North China [3]. In 2017,
three SSR events occurred in South Texas [2].

It is natural to pose this question: Are type-4 wind farms
immune to SSRs? Very few research exists to address this
question except [4] and [5]. PSCAD simulation studies in [4]]
demonstrate that a type-4 wind with its grid side converter
(GSCQ) in active power and ac voltage control mode is immune
from SSR issues. This remark is also stated in [3]], where the
authors remarked that based on observations from real-world
SSR events, type-4 wind made no contribution to SSR.

Strong grid assumption is made in the study systems in
[3]], [4]]. On the other hand, real-world stability issues due to
voltage-source converter (VSC) with weak grid interconnec-
tion have manifested as 4 Hz oscillations in Texas wind farms
[6]] and 30 Hz oscillations in west China type-4 wind farms
[7]]. Research has been carried out on VSC in weak grids, e.g.,
[8]-116].
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It is thus natural to examine stability issues of type-4
wind farms in series compensated networks while considering
weak grid condition. The only existing research that con-
ducts small-signal stability analysis of type-4 wind farm in
series compensated grids with weak grid consideration is [5].
Reference [5] uses analytical modeling approach (impedance-
based approach) to study this engineering problem. Type-4
wind turbine’s grid side converter (GSC) is assumed in dc-
link voltage control mode. The findings of [5]] indicate that
there are potential stability risks due to non-passivity of type-
4 wind admittance in subsynchronous frequency range. GSC
control (e.g., PLL parameters, reactive power control), and
GSC operating condition (e.g., active power exporting level)
influences the non-passivity.

While [5]] identified potential stability risks due to non-
passivity of GSC, non-passivity cannot be used to explain the
particular dynamics that may be associated with series com-
pensated network. In addition, the stability analysis method
presented in [5]] does not offer a whole picture of the entire
system’s dynamic modes. Validation against electromagnetic
transient (EMT) testbeds with full details is also missing.

This paper aims to conduct a thorough analysis with val-
idation and offer insights. Through state-space model build-
ing and eigenvalue based analysis, quantitative measure and
physical insights will be offered in this paper. The major
engineering discovery from this research is that the interaction
of a mode associated with GSC in weak grid (termed as
“weak grid mode”) and a mode associated with network LC
resonance may lead to instability. The weak grid mode moves
to the left half plan (LHP) when grid strength is increased
for noncompensated network. However, due to LC mode
interaction, it moves to the right half plane (RHP) when series
compensation increases to improve grid strength.

Type-4 wind’s GSC either assumes dc-link voltage control
or active power control [17] (Chapter 9). Large size type-4
wind farms’s GSCs prefers power control mode [18]]. This
fact is also confirmed by [4], a study carried out by Siemens
where power control mode is assumed for GSC. Hence, in this
paper, two types of type-4 wind farms investigated: GSC in
power control mode and dc-link voltage control mode.

This paper also aims to provide a powerful modeling frame-
work to carry out small-signal analysis. For inverter-based
resource (IBR) grid integration dynamic studies, there are two
major analytical model building approaches: state-space based
time-domain modeling approach (e.g., [19]) and impedance-
based frequency domain modeling approach (e.g., [20]-[23]).
Impedance model-based method relies on derivation of linear



models that represent voltage and current relationship block
by block, assembling of impedances, and Nyquist stability
criterion-based analysis. Reference [5]] falls into the second
category where the wind turbine impedance model is derived
through a manual process.

With state-space analytical models, frequency-domain
impedance models can be efficiently derived. Both eigenvalue
analysis and impedance model-based stability analysis are
carried out in this research.

Study approach wise, an efficient impedance derivation
method relying on nonlinear large-signal analytical models
is presented. Both eigenvalue analysis and frequency-domain
impedance-based stability analysis are conducted. This paper
thus demonstrates the power of state-space modeling approach.

Our contribution and novelty lie in four aspects:

e a comprehensive scope of work that investigates two
major types of type-4 wind turbines for grid integration
into series compensated networks;

« arigorous study approach that has analytical results based
on simplified models validated by simulation results
based on EMT models with full details;

« apowerful modeling frame with the capability of not only
well-known eigenvalue analysis, participation factor anal-
ysis but also impedance-based frequency-domain stability
analysis;

« an insightful finding of potential stability issues in series
compensated grids with high penetration of type-4 wind.

The rest of the paper is structured as follows. Section II
gives a brief introduction of the type-4 wind grid integration
testbeds and the two corresponding analytical models. Section
IIT and IV present small-signal analysis analysis and EMT val-
idation for the two systems, respectively. Section V presents
impedance model derivation and stability analysis. Finally, the
conclusions are drawn in Section VI.

II. TYPE-4 WIND TESTBEDS AND ANALYTICAL MODELS
A. Testbeds

The outer control of a type-4 wind turbine’s GSC may
assume dc-link voltage control mode or real power control
mode. Thus, two testbeds reflecting this difference are adopted
in this paper for validation.

The first testbed is a 5 MW type-4 wind grid integration
system in PSCAD/EMTDC. The schematic diagram of Testbed
1 is shown in Fig. [Tl This type-4 wind turbine consists
of a permanent magnet synchronous generator (PMSG) to
convert mechanical energy to electric energy, and a back-to-
back voltage source converters to convert variable frequency
ac to 60 Hz ac. This testbed is developed from a demo system
in PSCAD/EMTDC where the machine-side converter (MSC)
realizes Maximum Power Point Tracking (MPPT) and the GSC
assumes dc-link voltage control. The testbed is adjusted to
have the GSC realize MPPT control so the outer control of
GSC is in real power control mode. The MSC is adjusted to
control dc-link voltage. Between the two converters, there is
a dc chopper employed to avoid overvoltage on the dc-link
capacitor [24].

The second testbed is developed based on a demo system
in MATLAB/SimPowerSystems. Fig. shows the 100 MW
type-4 wind grid integration testbed with GSC in dc-link volt-
age control mode. The electricity generated by a synchronous
generator is rectified to dc electricity through a diode-bridge
rectifier. The dc electricity then passes through a dc/dc boost
converter to achieve dc voltage at a different voltage level.
MPPT is implemented in the dc/dc boost converter. The
parameters of the system are shown in Table [V]in Appendix.

B. Analytical Models

Two analytical models are built to reflect the two testbeds.
In analytical models, wind turbine representation is simplified
with only GSC control included. For GSC with dc-link voltage
control mode, the dc-link capacitor dynamics is also included.
These two models are adapted from the models developed in
[14]], [[15] for wind in weak grid research. For this study, the
grid dynamics now include LC resonance dynamics.
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Fig. 2: A type-4 wind farm with radial connection to a series compensated
line .

Fig. [2| presents the system circuit topology. The analytical
models are presented in Fig. [3] to represent the study system.
The analytical models are based on dg-frames. Hence, at
steady-state, all state variables are constant. With this feature,
linear models can be derived using numerical perturbation.

In Model 1, GSC is in power control mode. The power order
is assumed to be a known parameter. In Model 2, GSC is in
dc-link voltage control mode.

1) GSC control: GSC’s inner current control and outer
control all adopt proportional-integral (PI) controllers and
are modeled in the converter dg-reference frame, notated by
superscript ‘c’. The converter frame is based on the PLL
output angle. The angle of the PCC voltage is estimated by
the PLL. At steady-state, the PLL output angle is the same as
the PCC voltage angle which results in the converter frame d-
axis aligning with the PCC voltage space vector. At transient
conditions, the PCC voltage angle and PLL output angle have
difference.

The GSC converter voltage (vg, vg) are generated from
the current control with PCC voltage feedforward and cross
coupling items considered. The current orders are determined
by the outer power/dc-link voltage control and ac voltage
control, respectively. Modeling details related to VSC grid
integration can be referred from [|14].

2) PLL: Effect of PLL parameters on stability is examined.
A simple second-order PLL is assumed. Structure of the PLL
can be found in [14]. Two sets of parameters are considered.
PLL 1 has proportional and integral gains as (60, 1400). PLL
2 has proportional and integral gains as (150, 10000). The two
PLLs have bandwidths of 13 Hz and 32 Hz respectively. Their
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Fig. 3: Analytical models. Model 1 with GSC in power control

close-loop transfer functions from the input angle to the output
angle are plotted and shown in Fig. [

3) Grid dynamics: The grid dynamics are modeled in the
grid dg-reference frame, which rotates at the nominal speed
wp. This frame is denoted by superscript ‘g’.

The grid dynamics block has the converter voltage and grid
voltage as input or known parameters. Both the converter

mode and Model 2 with GSC in dc-link voltage control mode.

voltage and the grid voltage are assumed to be three-phase

balanced. At stead-state, their dg-frame variables all assume
constant values.

The state variables of the grid dynamics block include the
series capacitor voltage, the shunt capacitor voltage, the grid
current and the converter output current, all in dg-frame. Total,
there are eight state variables.
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Fig. 4: PLL with different bandwidth: PLL 1: (60, 1400) with bandwidth as
13 Hz. PLL 2: (150, 10000) with bandwidth as 32 Hz.

The grid dynamics in the grid dg-frame can be derived from
abc-frame space vector based differential equations. The dg-
frame differential equations are expressed as follows:
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where @9, 14, g g5 1§ 2 Ug> Vs Vpoo,ar VPCC g Ve,a» V2,q and
vy 4> v§ 4 are the d and g components of the converter current,
grid current, converter voltage, PCC voltage, capacitor voltage,
and grid voltage.

IIT. MODEL 1 ANALYSIS AND VALIDATION

The analytical model (Model 1) with GSC in active power
control model is shown in Fig. Bal The system is assumed
to operate and send out 1 pu wind power to grid (P = 1)
and the PCC voltage is at nominal level (Vpcc = 1 pu). The
grid strength without series compensation is assumed to be
weak (X, = 1 pu). The analytical model is linearized under
various operation conditions to obtain linear models and small-
signal analysis are followed. Validation is carried out using the
PSCAD/EMTDC testbed with full dynamics.

A. FEigenvalues and Participation Factor Analysis

The series compensation (sc) level varies from 10% to 75%
with a step size of 2.5%. The eigenvalues are plotted and
presented in Fig. 5] Figs. [5a and [5b] demonstrate the effect of
PLL on system stability. Fig. [5¢| and Fig. [5d] are the zoom in
plots focusing on the subsynchronous range.

Three modes of less than 100 Hz frequencies are identified
to be influenced significantly by series compensation.

It is found that when PLL has a low bandwith, the dominant
mode is a 3 Hz mode. With series compensation increasing,
this mode moves to the left-half-plane (LHP) and the system
becomes more stable. On the other hand, when PLL has a

higher bandwith, the dominant mode is a 15 Hz mode. With
series compensation increasing, this mode moves to the right-
half-plane (RHP) and the system becomes less stable. If series
compensation is at 27.5% or more, the system loses stability.
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Fig. 5: Eigenvalues loci for Model 1 where GSC is in power control mode.

(5a) adopt PLL 1. (BB) adopt PLL 2. (5c)(5d) are zoom in plots of (Ga)(Eb)

focusing on the subsynchronous range.

TABLE II: PFs of modes Ag,7, Ag,9 and A10,11 in Model 1

State Power control

Description Variable PLL1(sc=17.5%) PLL2(sc=27.5%)
6,7 28,9 A11,12 6,7 As, 9 A11,12
ii].d 0.0090  0.0738 0.0012 0.0168  0.0210  0.0083
L;’ q 0.0082  0.0654 0.0120 0.0107  0.0563  0.0200
ig,d 0.0172  0.4029 0.0338 0.0233  0.2042  0.0588
Grid iqu 0.0060  0.2577 0.0289 0.0180  0.2630 0.0123
U}JDCC a 0.0270  0.0492 0.0046 0.0615 0.0436  0.0014
U%CC.q 0.0544  0.0775 0.0046 0.0662  0.0373  0.0080
”g_d 0.4642  0.0496 0.0050 0.4209 0.08069 0.0048
vé',q 0.4400 0.0741 0.0066 0.4163 0.0698 0.0173
PLL Af 0.0011  0.3879 0.3823 0.0032  0.6262 0.1143
Aw 0.0001  0.1293 0.2891 0.0006 0.3644 0.1417
Outer-loop 1y 0.0114  0.5198 0.3279 0.0178  0.1600  0.6892
ifq 0.0013 0.089 0.4367 0.0014  0.1045  0.5567
Inner-loop Uq 0.0002  0.0023 0.0020 0.0004  0.0012  0.0040
Uq 0.0001  0.0259 0.0718 0.0001  0.0280 0.0348
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Fig. 6: Model 1 dynamic response following an event of a line trip at 1 sec.
s¢=27.5% with power control mode. : PLL 1. (6b): PLL 2.

The eigenvalues at two marginal sc conditions are presented
in Table [I There are fourteen eigenvalues in Model 1. Par-
ticipation factors (PFs) are computed for each eigenvalue to
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TABLE I: Modes description for the power control under marginal conditions

Modes Eigenvalue Damping ratio Freq. (Hz) Most relevant states
A1,2 —532.6 + 1856.01¢ 0.276 295.4 Cr, Ly
A3 —1260.7 - - -
PLL 1 A4,5 —160.8 + 816.2¢ 0.193 129.9 Cr, Ly
(sce175%) | 267 —21.2 4 381.3; 0.056 60.7 Cy
- Ag8,9 —62.3 £ 58.1¢ 0.731 9.3 PLL, Outer loop PI, L,
Alo —12.6 - - -
A11,12 0.1 +20.1% 0.005 3.2 PLL, Outer loop PI
A13 —6.9 - - -
Al4 —-7.3 - - -
A1,2 —592.2 + 1866.71 0.302 297.1 Cr, Ly
A3 —1259 - - -
A4,5 —157.5 + 842.11 0.184 134.0 Cp, Lg
PLL 2 6,7 —32.5 4+ 385.0¢ 0.084 61.3 g
_ As8.9 1.3 +92.23 0.014 14.7 PLL, Ly
(se=27.5%) W Z66.5 ] ) ”
10 .
A11,12 —154+14.94 0.709 2.4 Outer loop PI
A3 —6.9 - - -
A4 —6.9 - - -
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I
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Fig. 8: Dynamic performances of two compensation level under P control in PSCAD/EMTDC. PLL 1. (8b) PLL 2.
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Fig. 7: Model 1 eigenvalue loci for reduced grid strength for non-compensated

transmission line. @ PLL 1. @ PLL 2.

identify the most influential states. The info has been listed
in Table [l Unstable modes are highlighted in bold fonts. It
can be seen that there are two modes A 2, A4,5 above 100 Hz
located in the left half-plane (LHP) far from the imaginary
axis. PF analysis indicates that the two modes are related to
shunt capacitor and transmission line inductance.

The PFs are computed for the three modes under 100 Hz:
mode g 7 in the range of 60 ~ 65 Hz, mode Ag g in the range
of 8 ~ 20 Hz, and a mode A11,12 of about 3 ~ 5 Hz, are listed

in Table

Tablelmindicates that A\g,7 and Ag g are related to the series
RLC circuit dynamics. The 60 ~ 65 Hz mode Ag 7 moves to
the LHP with an increasing series compensation level, while
the 8 ~ 20 Hz mode Ag g9 moves to the RHP.

In the subsynchronous frequency range, the two oscillation
modes A11,12 and Mg g are affected significantly by the com-
pensation level and PLL. The lower frequency mode A;j 12
tends to move to left, while the higher frequency mode Ag g
tends to move to right. For the slower PLL with a lower
bandwidth (PLL 1), the low-frequency mode at 3 Hz is
the dominant mode and this mode moves to LHP with an
increasing sc. Hence, increasing sc poses no risk of stability.

For the faster PLL with a higher bandwidth (PLL 2), the
8 ~ 20 Hz frequency mode poses potential stability issues.
When sc increases, this mode moves towards RHP. Higher
PLL bandwidth makes this mode move further to the RHP.

Time-domain simulation results using Model 1 are presented
in Fig. [6] The system initially operates with parallel trans-
mission lines (one RL circuit and one RLC circuit). 27.5 %
compensation level is assued. At ¢t = 1 s, the RL circuit trips.
For PLL 1, the system is stable. For PLL 2, the system is



unstable. The results corroborate with the eigenvalue analysis.

B. Weak Grid Modes in Non-compensated grid

As a comparison, we present eigenvalue loci in Fig. [7] when
there is no series compensation. X, is varying from 0.2 pu to 1
pu with a step size of 2.5% to reflect a reducing grid strength.
It can be seen the two modes in the frequency range of 2 ~
20 Hz move to right with the grid strength reducing. These
two modes can be classified as modes related to weak grids.
Increasing compensation level is similar as strengthening the
grid. Thus, it is reasonable that the low frequency mode of 2-
5 Hz moves to the left for an increasing compensation level.
On the other hand, due to the interaction of the RLC mode at
about 60 Hz, the mode in range of 8 ~ 20 Hz will move to
the right for an increasing compensation level.

C. EMT Testbed Validation

Finally, EMT testbed validation is given. In Testbed 1 shown
in Fig.|lal a type-4 based wind farm is connected to the power
grid through two parallel power lines (one non-compensated
line and one series compensated line). The non-compensated
line is tripped due to a fault. Subsequently, the wind farm
become radially connected to the series compensated line.

The dynamics of the PCC voltage, transmission line current,
real power export from the wind, dc-link voltage, dc side
current and Fast Fourier transform (FFT) of wind power export
P are shown in Fig. [§] At ¢ =2 s, the RL circuit is tripped.
The system suffers a 5 Hz oscillations if PLL 1 is applied.
Increasing the compensation level leads to enhanced stability.
On the other hand, the system will suffer 17 Hz oscillations
with PLL 2 in place. Moreover, these oscillations will be more
severe if the series compensation increases.

The performance aligns with the analytical results presented
in Fig.[5} If PLL 1 is applied, with the increasing compensation
level, the low frequency mode will move to the LHP and the
system is more stable. If PLL 2 is applied, the 8 ~ 20 Hz mode
becomes the dominant mode. Increasing series compensation
level may cause instability.

IV. MODEL 2 ANALYSIS AND VALIDATION

In Model 2, GSC adopts dc-link voltage control mode,
as shown in Fig. The system is assumed to operate at
Vie = 1 pu, Vpce = 1 pu and X; = 0.7 pu. Testbed 2 in
MATLAB/SimPowerSystems will be used for validation. The
system parameters are given in the Table [V]in Appendix.

A. Eigenvalues and Participation Factor Analysis

Fig. 0] presents the eigenvalue loci with the series compen-
sation level (sc) varying from 10% to 75% with a step size of
2.5%. Figs. Oc] and [9d] are the zoom-in plots of Figs. [9a] and
for subsynchronous range modes. There are fifteen states
and fifteen eigenvalues in Model 2. They are listed in Table
[T along with the influential states. Further, Table [[V] presents
participation factors for the three modes with frequency below
100 Hz.
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TABLE IV: PFs of modes Xg,7, Ag,9 and A10,11 in Model 2

DC-link voltage control

Description V::?atsle PLLI(c=20%) PLI2(c=35%)
6,7 28,9 A11,12 6,7 As,9 A11,12
DC-link VZ [ 00026 01268 03445 | 00043 00148 04713
700056 00752 00014 | 0.0106 0028  0.0034
i [ O004T 00512 00026 | 0.0066 00461 _ 0.0019
7, [ 00204 0.1375 00093 | 00361 00604 00143
Grid 77, [ 00289 04308 00061 | 0.0623 02875 0.0000
T oeq | 00515 0.0615 00006 | 0.0985 0.00293 0.0002
VDo | 00199 00254 00016 | 00231 00229 00002
o7, [ 04224 00899 00012 | 03428 01242 0.0005
w7, | 04591 00302 00020 | 04331 00344 00052
L A0 [ 00021 09587 0.1080 | 0.0113 0.5515 00139
Aw [ 00000 03438 00869 | 0.0021 0.2693 00137
P = [ 00001 01399 03392 | 00010 _0.0090 04692
i [ 00008 0.1325 _ 0.1109 | 0.0015 00376 _0.0361
Inmer-loop ud 00002 0.0014 00017 | 0.0001 _ 0.0005  0.0024
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The eigenvalue loci in Fig. [0 and Table [[I] identified two
high-frequency mode above 100 Hz (A1 2 and A4 5), and three
oscillation modes below 100 Hz (As 7, Ag,9, and Aq1,12) which
are significantly influenced by the varying compensation level.

The high-frequency modes above 100 Hz are associated
with the shunt capacitor and grid inductor dynamics. Mode
6,7 With a frequency range 50 ~ 100 Hz is associated with the



TABLE III: Modes description for the V. control under marginal conditions

Modes Eigenvalue Damping ratio Freq. (Hz) Most relevant states
A1,2 —497.5 + 1906.4¢ 0.253 303.4 CF, Lg
A3 —1197.5 - - -
A5 —93.9 + 868.7¢ 0.107 138.3 Cp, Lg
PLL 1 6,7 —3.3+ 384.6¢ 0.009 61.2 Cy
(sc=20%) 8,9 —35.6 £63.9¢ 0.487 10.2 PLL, L,
A0 —60.6 - - -
A11,12 0.02 +17.62 0.001 2.8 V4. dynamic, Outer loop PI
A13 —11.4 - - -
A4 —7.1 - - -
A5 —6.9 - - -
A1,2 —550.3 £ 1914.27 0.276 304.7 Cr, Lg
A3 —1199 - - -
A4,5 —102.4 + 898.3i 0.113 143.0 Cr, Ly
X6,7 —5.3+394.1¢ 0.013 62.7 Cy
PLL 2 As,9 0.0098 £ 131.14 0.00007 20.9 PLL, L,
(sc=35%) Ao —-91.3 - - -
A11,12 —1.54+19.9¢ 0.075 3.2 V4 dynamic, Outer loop PI
A3 —11.1 - - -
A4 —6.9 - - -
A5 —6.9 - - -

—sc=20% ——sc=30%]. |

series capacitor. It moves to the LHP with increasing sc level.
The 8 ~ 20 Hz mode Ag g is related to grid current and PLL. It
moves towards the RHP with increasing series compensation
level. The low-frequency (2 ~ 5 Hz) mode A;q,12 is related
to dc-link capacitor dynamics, outer control loop. It moves
towards the LHP with increasing series compensation level.

When PLL 1 is applied, the low-frequency mode is the
dominant mode. When PLL 2 is applied, the 8 ~ 20 Hz mode
is the dominant mode. Further more, increasing sc level poses
stability risk for the case with PLL 2. In another word, PLL
with high bandwidth may pose oscillatory stability issue for
type-4 wind in series compensated network.

Time-domain simulation results based on Model 2 are
presented in Fig.[I0} The parallel RL circuit is tripped at ¢t = 1
s, which leaves the type-4 wind radially connected to the series
compensated line (sc is 35%). Simulation results show that the
system is stable for PLL 1. However, for PLL 2, the system
is unstable.

|
40 60 80
Freg. (Hz)

(b)
Fig. 11: Dynamic performances of two compensation level under Vg control in MATLAB/SimPowerSystems. (11a) PLL 1. PLL 2.

B. EMT Testbed Validation

The EMT dynamic validation results based on Testbed 2 are
shown in Fig. [T1] At the ¢t = 2 s, the non-compensated line
is tripped. 3 Hz oscillations are observed for the system with
PLL 1. Increasing the sc level from 20% to 30% makes the
system stable. On the other hand, a 20 Hz oscillations occur
if PLL 2 is used. Increasing sc level from 30% to 35% makes
the system unstable.

The dynamic performances corroborate with the results
based on eigenvalue analysis shown in Fig.[9] That is, with the
increasing compensation level, the low-frequency mode moves
to the left and the 8 ~ 20 Hz mode moves to the right. PLL has
a great influence on the 8 ~ 20 Hz mode and system stability.
High PLL bandwidth leads to a dominant 20 Hz mode.

V. IMPEDANCE-BASED STABILITY ANALYSIS

In the literature, frequency-domain impedance models are
either measured using harmonic injection method (e.g., [25])
or derived by conducting linearization at every stage for every



equation (e.g., [26], [27]). Alternatively, small-signal time-
domain state space model is first derived, with linearization
conducted at every stage for every equation. With a device’s
terminal voltage treated as the input and the current flowing
into the device as the output, the admittance of the device
may be found as the frequency-domain transfer function. This
approach has been adopted in [7]], [28]]-[30] to find admittance
or impedance models.

In this paper, a computing efficient approach of finding
impedance through nonlinear analytical model is presented.
Compared to the approach in the literature, linearization is
carried out in one step via numerical perturbation.

Approach for obtaining the admittances of wind farm from
the analytical model is illustrated in Fig. [[2] The admittance
of the wind farm viewed from the PCC bus is desired. To find
the admittance, the integration system is constructed to have
the PCC bus directly connected to the grid voltage source.
Based on this assumption, the analytical model of the system
is constructed in the dg-frame. Using numerical perturbation
(e.g., Matlab command 1inmod), lineraized model can be
found. An input/output linearized model is found with the dg-
axis voltages as input and the dg-axis currents as output. This
input/output representation is indeed the admittance model of
the wind farm.

The linear model is a 2 x 2 admittance matrix as follows.

] = [ ) e

szc,dq

)

GSC

I is Vs Vs d is g
IJ EI<—’ Analytical|

I szc,dq vs_q, model ls_q>

Analytical model

Fig. 12: Approach to find impedance/admittance.

For a series compensated transmission line, the impedance
model in dq-domain is expressed as [31]]:

R+ Ls+ C(
Lwo—

—Lwy + s
R+ Ls+

2+w2) 2+w2)

C(52+wg)

2

Zrdq =
,aq
C(s2+w§)

A. System Stability Analysis

Impedance-based stability analysis is carried out for analyti-
cal model 2 (wind farm GSC in dc-link voltage control mode).
Stability of a multi-input multi-output (MIMO) system can be
assessed by the Generalized Nyquist Criterion (GNC), which
has been popularly used in stability analysis, e.g., [32[]-[35].
The loop gain of the system is defined in (3)). The system will
be unstable when characteristic loci of two eigenvalues of the
loop gain (\; and As) encircle the point (-1, 0) clockwise
in the Nyquist diagram. Instability is also reflected in Bode
plots as the magnitude greater than 0 dB when the phase shift
happens for the two eigenvalues.

L= szc,dq X ZL,dq 3)

Fig. presents a stable case (case 1: sc = 25%) and
an unstable case (case 2: sc = 40%) for Model 2 with a
high bandwidth PLL considered (PLL 2). For case 1, Fig. [134]
Bode plot shows that phase shifting occurs at 22.58 Hz. The
magnitude of the eigenvalue at 22.58 Hz is less than 1. Hence
the system is stable. The Nyquist diagram in Fig.[I3b]indicates
the contour does not encircle (-1,0). Hence the system is
stable. For case 2, the Bode plot in Fig. shows that phase
shifting occurs at 21.5 Hz. The corresponding magnitude of
the eigenvalue is greater than 1. Hence the system is unstable.
Instability is also confirmed by the Nyquist diagram in Fig.
where (-1,0) is encircled clockwise.

The analysis results confirm the analysis in Section IV and
the major finding of this paper: when series compensation
is used to reduce electric distance for type-4 wind farm
integration systems, instability may occur.

VI. CONCLUSION

In this paper, small-signal stability analysis of type-4 wind
in series compensated network is conducted relying on state-
space analytical models and impedance models. Under weak
grid conditions, increasing series compensation level may pose
oscillatory stability issues due to interaction of a weak grid
mode and the LC resonance mode. Type-4 wind’s GSC control
parameters play a big role on the dominant mode and stability.
The analysis presented in this paper is based on two analytical
models built in dg-frames with grid dynamics and GSC control
included. Analytical results and remarks are verified in two
EMT testbeds with full dynamics, including grid dynamics,
wind turbine mechanical and machine dynamics, and all stages
of converter controls.
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APPENDIX

TABLE V: Parameters of type-4 wind testbeds and analytical Models. (Values

in pu if not specified)

Description Parameters Values
base Sb 5 MW
Vbase AC side 690 V, 33 kV
Testbed 1 Vbase DC side 1500 V
PSCAD Power P 1
Line Xg 1
DC-link Cye 0.1 F
base Sb 100 MW
Vbase AC side 575V, 25 kV, 220 kV
Testbed 2 Vbase DC side 1100 V
MATLAB/ Power P 0.9
SimPower Line Xy 0.7
de-link Cye 0.09 F
dc/dc inductance Lpoost 1.2 mH
Poles p 2
Rotor speed of generator Wi 1
Rated wind speed Vw 11 m/s
Nominal frequency f 60 Hz
Rp 0.003
Converter filter Xp 0.15
Shunt capacitor susceptance B 0.3
Transformer 717 )R;?i 0690%055
Transformer T5 )R;?z 0690%055
X over R ratio X/R 10
Inner current control (Kpi, Kis) 0.4758, 3.2655
Power control (Kpp, Kip) 0.25, 25
de-link control (Kpp, Kip) 0.25, 25
AC voltage control (Kpv, Kiv) 02,20
PLL1 (Kp pur, Kipur) 60, 1400
PLL2 for Model 1, Testbed 1 (Kp)pllg, Kz‘ypllg) 150, 10000
PLL2 for Model 2, Testbed 2 o2, Ki pli2) 150, 11000
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