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Impedance Modeling and Stability Analysis of
Grid-Connected DFIG-based Wind Farm with a
VSC-HVDC

Kun Sun, Wei Yao, Senior Member, IEEE, Jiakun Fang, Member, IEEE, Xiaomeng Ai, Member, IEEE, Jinyu
Wen, Member, IEEE, Shijie Cheng, Life Fellow, IEEE

Abstract—A new type of subsynchronous oscillation (SSO) has
been observed recently in double fed induction generator (DFIG)-
based wind farm integrated via voltage source converter based
HVDC (VSC-HVDC) system. However, the mechanism of this
emerging oscillation is not entirely understood. In this paper,
the impedance models of DFIG with and without considering
the phase locked loop (PLL) dynamics are both derived. Then
the impedance-based simplified equivalent circuit of the multiple
DFIGs interfaced with VSC-HVDC system is established. This
model can be further represented as the RLC series resonance
circuit to quantify the start-oscillating condition intuitively. The
theoretical analysis results show that DFIGs behave as an
inductance in series with a negative resistance at the resonance
point, whose interaction with wind farm side VSC (WFVSC)
(regard as a resistance-capacitance) constitutes an equivalent
RLC resonance circuit with negative resistance. Therefore, the
oscillation tends to occur due to the negative damping. In
addition, the impact of various factors including number of grid-
connected DFIG-wind turbines, wind speed, and parameters of
PI controllers and PLL on the SSO characteristics are analyzed
based on the proposed simplified model. Finally, the correctness
of the theoretical analysis is validated by both the time-domain
simulation and hardware-in-loop (HIL) experiments.

Index Terms—DFIG; VSC-HVDC; subsynchronous oscillation;
impedance-based method; phase locked loop; wind farm.

NOMENCLATURE
U, U, Stator and rotor voltage vector.
I, 1, Stator and rotor current vector.
Y, V¥, Stator and rotor flux linkage vector.
P, P, Stator and rotor active power.
Ly, Ly Stator and rotor inductances in dq frame.
L, L, Stator and rotor inductances in abc frame.
s, I't Stator and rotor resistance.
Ly Magnetizing inductance.
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Ly Filter inductance of grid-side converter
(GSC).

Ve, Ie Output voltage and current of WFVSC.

Vo Grid terminal voltage of WFVSC.

L, Gy Filter inductance and capacitance of
WFVSC.

Li,n Inductance and resistance of line and
transformers.

o) Synchronous angular frequency.

Bpi1, @1t PLL output angle and angular frequency.

0, Rotor angle and angular frequency.

n Number of grid-connected DFIG-WTs.
Hy(s), Ho(s) Rotor-side converter (RSC) speed and re-

active power controller.

Hq(s) GSC dc voltage controller.

H.(s), Hy(s) RSC and GSC current controller.

Hpy (s) PLL controller.

H,(s),H(s) WFVSC voltage and current controller.
Kor, Kiy Proportional and integral gains of H(s).
Kar, Kgo Decoupling gain of H,(s) and Hy(s).
Koy, Kiy Proportional and integral gains of Hy(s).
Kpe, Kic Proportional and integral gains of H,(s).
Kopit» Kipit Proportional and integral gains of Hpy(s).
Superscript

pll Variables measured in controller frame.
Subscripts

d,q D- and g-axis components in dq frame.
s, r Stator and rotor components.

c WFVSC components.

I. INTRODUCTION

With the growth of the installed wind power capacity
worldwide, the bulk wind power transmission is in desper-
ate need of a suitable solution. It is generally agreed that
the VSC-HVDC technology is a promising option for grid
integration of bulk wind powers [1], [2]. For instance, VSC-
HVDC will be applied to delivering the bulk wind power in
Northwest China to the load centers located at the eastern
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coast. However, the stability of the wind farm connected
through VSC-HVDC system is of particular concern since the
lack of direct connection to a strong ac grid at the point of
common coupling (PCC) [3]. The potential oscillation problem
may be induced and intensified by the power electronic devices
due to their fast response [4], [S]. The SSO around 20 Hz
has occurred in a VSC-HVDC transmission demonstration
project in China when DFIG-based wind farm integrated,
which results in outage of the wind farm [6], [7]. This is a new
power oscillation phenomenon, whose mechanism is different
from that between wind farm and series-compensation or
LCC-HVDC. It may result from the interaction between wind
farm and VSC-HVDC.

The significant efforts have been devoted to the stability
of grid-connected DFIG and VSC-HVDC system respectively.
For instance, the impedance model for DFIG interfaced with
series-compensated grid is developed in [8]-[10]. And the
impact of various parameters on the characteristics of SSO
including compensation level, wind speed and RSC control pa-
rameters are investigated. In [11], the impact of the number of
grid-connected DFIG-wind turbines on SSO is also analyzed
using the basic equivalent circuit model of DFIG. However,
this research is incomplete since the detail modeling process
of DFIG and the graphic analysis of the SSO mechanism are
lacking. In [12], an open-loop SSO modal resonance caused
by DFIGs is investigated using the modal analysis based on
a closed-loop interconnected model of the system. However,
this resonance mainly origins from the reactive current PI con-
troller mode of DFIG, which has little correlation with other
parameters. Besides, none of the above references consider the
integration of DFIG through the VSC-HVDC system. Thus,
the feasibility of the proposed methods and conclusions of the
above references need to be retested when the VSC-HVDC
system is taken into account. The analytical impedance models
from [13]-[15] also provide approaches to characterize the
effects of different circuit and control parameters on stability
of VSC-HVDC system. In addition, the SSO phenomenon
between PMSG-based wind farm and VSC-HVDC system
is reported in [16], [17] recently. However, few references
have investigated the interaction between DFIG-based wind
farm and VSC-HVDC system in-depth. In [18], [19], the
eigenvalue analysis of the DFIG-based wind farm connected
to VSC-HVDC system is conducted to assess the possible
resonances and system stability. However, the mechanism of
the resonances is not revealed. In [3], the interaction between
DFIG and VSC-HVDC system is analyzed using the internal
voltage phase motion equation. However, the effect of the
dynamics of the current loops is neglected. In [20], the impact
of low frequency series resonances on the voltage stability
of the similar system is discussed, but the resonances in the
subsynchronous frequency region are not concerned. In [21],
the SSO existing in the DFIG-based wind farm connected
to VSC-HVDC system is analyzed by the impedance-based
method. However, only GSC is considered in the modeling
with RSC ignored, which means the dynamic of DFIG may
not be exactly represented. Noticeably, none of the above
literature consider the influence of PLL of the DFIG on the
SSO characteristics. References [22]-[25] find that the PLL

dynamic can affect the output impedance of grid-connected
converter. And [26] reveals that the influence of PLL is the
critical factor of the negative damping in a grid-connected
VSC system. However, the PLL dynamic in DFIG may affect
the system damping in a different way. Therefore, the influence
of PLL in DFIG on the SSO characteristics is worthy to be
further investigated.

Currently, the impedance-based method is demonstrated
suitable for the new power oscillation problem caused by
the interaction between grid-connected units [22], [24]. The
impedance-based method has the following advantages: the
output characteristics of units can be intuitively expressed
in the impedance form; the stability criterion is simple and
concise; the extension of topology is convenient [22]. In addi-
tion, the output characteristics of units can be well controlled
by adjusting the parameters and then the resonant point can
be avoided. The dq frame impedance modeling is proposed
at first by the small-signal linearization in a steady-state dc
operation point in dq frame [27]. However, the dq impedance is
complex to measure and the stability criterion is complicated.
Consequently, the harmonic linearization method is proposed
to build the sequence impedance model of the units which is
convenient for measurement and has clear physical meaning
[28].

In this paper, the simplified impedance-based equivalent
circuit of the system is proposed to investigate the mecha-
nism and characteristics of SSO event in the grid-connected
DFIG-based wind farm through VSC-HVDC system. Then
the stability criterion of SSO is derived based on the RLC
resonance circuit. The reasonable mechanism for SSO is also
induced, and the factors influencing the SSO characteristics are
further studied. Moreover, the influence of PLL parameters on
SSO is also quantified by deriving the impedance model of
DFIG considering the PLL dynamics. Finally, the correctness
of the theoretical analysis results is validated by both the time-
domain simulation and HIL experiments.

The main contributions of this paper are summarized as
follows:

o The potential SSO risk of the DFIG-based wind farm
integrated to power grid through VSC-HVDC system is
investigated. This is a new type of oscillation whose
origin is the control interaction between DFIG and VSC-
HVDC. The impedance models of DFIG with and without
considering the PLL dynamics are both derived.

o To simplify the analysis of the SSO characteristics, the
simplified models of DFIG and WFVSC are built. And
then the simplified equivalent circuit of the multiple
DFIGs interfaced with VSC-HVDC system is proposed.
This simplified model can be further represented as a RL-
C series resonance circuit to quantify the start-oscillating
condition intuitively.

e The influence factors including the number of DFIG-
WTs, wind speed, and parameters of PI controllers on
SSO characteristic are analyzed comprehensively accord-
ing to the proposed simplified model. Besides, the effect
of PLL parameters is also studied by the impedance mod-
el of DFIG with PLL. The correctness of the theoretical
analysis results is validated by both the time domain
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simulation and HIL experiments.

The rest of this paper is organized as follows. The SSO
characteristic of the test system is investigated in Section
II. Section III derives the impedance model of DFIG and
WEFVSC, and then the impedance-based simplified equivalent
circuit of the system is proposed. In Section IV, the stability
criterion of SSO is represented, and the impact of various
factors on the SSO characteristics is analyzed. Section V
and Section VI validate the correctness of the theoretical
analysis by simulation and HIL experiments, respectively.
Finally, conclusions are drawn in Section VII.

II. SSO CHARACTERISTICS OF SYSTEM

The configuration of the test system is briefly introduced
firstly. Then time-domain simulations and spectrum analysis
are conducted to prove the existence of SSO in the test system.

A. System Configuration

The test system shown in Fig. 1 consists of five wind
farms, each with a capacity of 50 MW. The wind power is
collected by 35 kV AC bus and connected to a centralized
step-up station. With a little local load near the wind farms,
the wind power is then stepped up to 110 kV and transmitted
through VSC-HVDC system to the grid. The rated capacity of
the DFIG-WTs in these wind farms are 1.5 MW. And all of
the grid-connected DFIGs run in the maximum power point
tracking (MPPT) mode. To simplify the system model, the
equivalent aggregated model of DFIGs used in [29], [30] is
adopted since we focus on the interaction between DFIGs and
VSC-HVDC instead of the internal action among DFIGs. The
rated voltage is 110 kV and the rated frequency is 50 Hz.
Ry, and X, are the impedance of the transmission line. Zj,
represents the load disturbance. The other parameters of the
system are listed in the Appendix.

B. SSO Phenomenon under Different Operating Conditions

A detailed electromagnetic transient model of the test sys-
tem shown in Fig. 1 is established with switching device model
of the VSC-HVDC and the drive-train of the DFIG in the
Matlab/Simulink environment associated with the SimPow-
erSystems Blockset. The following two typical scenarios are
presented as follows.

1) Scenario 1: In this scenario, the dynamics of SSO
following a step change of the number of the grid-connected
DFIG-WTs is investigated. Initially, there are 100 grid-
connected DFIG-WTs in the five existing wind farms. When
multiple DFIGs are considered, it is assumes that all the
turbines operate under the same condition of wind speed at 8.5
m/s (rotating speed at 0.9 pu). To meet the growing demand
for electric load, a new wind farm has been built. At =15 s,
20 more turbines in the new wind farm are integrated into
the system. Fig. 2(a) shows the active power of the wind
farms. It can be found that once additional 20 DFIG-WTs are
synchronized at 15 s, the unstable power oscillation emerges.

2) Scenario 2: In this scenario, the relationship between the
dynamics of SSO and the wind speed is investigated. Initially,
there are 100 grid-connected DFIG-WTs operating under the
same condition of wind speed at 9.5 m/s (rotating speed at 1.0
pw). During 10 ~ 20 s, the wind speed decreases gradually
from 9.5 m/s to 7.5 m/s at the speed of -0.2 m/s. Fig. 2(b)
shows the active power of the wind farms. It can be found
that the power oscillation emerges with the decrease of wind
speed and it is sustained with even higher amplitude.

=65 s
z 2
60 Tl 60
W &
£ WA <
350 I I 5_20
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(@) ()
Fig. 2. SSO Phenomenon under different operating conditions: (a) Increase

of the number of the grid-connected DFIG-WTs, (b) Decrease of wind speed.

C. Spectrum Analysis of S5O

It can be concluded that SSO may occur with the number
increase of grid-connected DFIG-WTs or the wind speed
decrease. In particular, Scenario 1 in Section II-B is considered
as an example to investigate the characteristics of SSO. As
shown in Fig. 3, the curves of d-axis rotor current, active power
of a single WTG, phase-A current on PCC and the dc current
of VSC-HVDC system are depicted during 14.5 s to 16.5 s.
Clearly, all the observed signals become unstable immediately
after the step raise of the number of DFIGs. Moreover, this
oscillation is moving towards the main power grid through
VSC-HVDC system, which may lead to the power fluctuations
of the power grid.

=
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Fig. 3. Dynamics of wind farms and VSC-HVDC: (a) D-axis current of
RSC, ird. (b) Active power of a single turbine. (c) Phase-A current on the
PCC. (d) D¢ current of VSC-HVDC.

Discrete Fourier transform (DFT) is applied for the spec-
trum analysis of the current and the active power on PCC
in Scenario 1. As shown in Fig. 4, the current contains a
subsynchronous component at 17.1 Hz, while the active power
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Ua  os7535kv
S,

U’““«{ abe/dq H P
Ly

Fig. 1.

contains a subsynchronous component at 32.9 Hz. It should be
noted that the oscillating frequency in abc frame complements
the oscillating frequency in dq frame (the sum of them is
equal to synchronous frequency). That means the system has
an unstable mode with 17.1 Hz frequency and has oscillatory
behavior caused by the interaction between DFIG and VSC-
HVDC. The mechanism explanation and the characteristics
analysis of this oscillation will be clearly illustrated in Section
Iv.

et
©
N

<— 32.9Hz

—

17.1Hz
v

0 L

0 20 40 60 80 100 0 20 40 60 80 100
Frquency (Hz) Frquency (Hz)

(@ (b)

Magnitude (kA)
B =
— [

Active power (MW)

<

Fig. 4. Spectrum analysis: (a) Phase-A current on the PCC, (b) Active power
of wind farms.

III. SYSTEM MODELING AND CONTROL

In this section, the impedance model of DFIG and WFVSC
are derived. Since the model is normally established in a
way from simple to complex, the DFIG model without PLL
is developed at first, and then the DFIG model with PLL
will be derived. Thereafter the impedance-based simplified
equivalent circuit of the investigated system is established for
the mechanism analysis of SSO.

A. Impedance Model of DFIG

1) Model Without Considering PLL [9]-[11]: The control
structure of DFIG is depicted in Fig. 1. The controllers of
RSC and GSC are based on dq reference frame, in which
the d-axis is orientated to the stator voltage vector. RSC

0.575/35kV

L 2 ) )-I»

Xtn

Il
e

‘f"d“‘<—{ abc/dq H
Leaq

Vodref _

System diagram and control scheme of the test system: DFIGs interfaced with VSC-HVDC system.

and GSC both include two cascade control loops. The outer
control loops are associated with power controls while the
inner control loops are current controls. Typical PI controllers
are applied in the control loops. Specifically, RSC realizes the
independent control of the active and reactive power flowing
between the stator and the grid. GSC aims at keeping the dc-
voltage constant and controlling the reactive power. The g-axis
reference current of GSC is often set to zero.

The variables such as voltage, current and flux linkage
can be expressed in the complex space vector form (eg.,
U =Us+ jUg,I =ig+ jig, ¥ = Ya + jyg) for the sake of
brevity. Thus, the winding flux linkage equation and voltage
equation of DFIG in dq frame can be presented as follows:

II,S = LssIs +Lm1r

(D
lIfr:erIr+LmIs
Us=rds+ ;I,s + jo Y
(2

Uy=rl;

'(601 - wr)'l’r

where the positive current flows to the machine and produces
the positive flux linkage.

By combining (1) and (2), the stator voltage vector Ug can
be expressed by Is and U, in Laplace domain. Therefore, the
terminal characteristic of DFIG is described as:

L[s+ j(o) — o)

— j - ]
Us— rs+(s+]w1)(LSS rr+[S+j(wl_wr)]er) Is
Zo(s) (3)
(s+jo)lm
ret s+ j(or =o)L

where s is the differential operator and Z,(s) is the impedance
of the induction machine in dq frame which can be obtained
from (3).

However, the main circuit of DFIG is constructed in abc
frame. Thus, for convenient analysis, Z,(s) is transformed
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into the positive sequence impedance which can be derived
by replacing s with (s — je;) [9].

Zo(s) =rs+s(Ls+ L)+ )

— It
§—J0r
where Ly = Lg+ Ly, and Ly = Ly + Ly,. And (4) is simplified
since the value of Ly, is sufficiently large compared with other
inductances.

Then the influence of RSC and GSC are taken into account.
Note that the outer control loops are considered to be constant
since the dynamic responses of them are much slower than that
of the inner control loops, which means the outer control loops
falls out of the SSO frequency range [31], [32]. Therefore, the
influence of the outer loops of DFIG is not considered in this
paper. The current control loops can also be expressed in the
complex space vector form in abc frame.

{ U, = Hi(s— jo) (Ireet — Ir) + jKacl

| | )
Us= Hg(s—]wl)(lgref_lg) +.]Kgfls

According to (5), RSC can be represented as a voltage
source IpreeH;(s — joy) in series with an impedance Zy. =
H;(s— jo;) — jKg. And GSC can be represented as a voltage
source IgretHy(s — j;) in series with an impedance Zgs =
H,y(s — jor) — jKg. Thus, the equivalent circuit of DFIG is
depicted in Fig. 5.

Zgsc

jgreng(S-jwl)

Fig. 5.

The equivalent circuit of DFIG.

As shown in Fig. 5, Z;(s) is the sum of the rotor resistance,
inductances and the equivalent impedance of RSC. Z(s) is the
sum of the stator resistance and inductances. Z,(s) is the sum
of the equivalent impedance of GSC and its filter. Z,(s) is the
excitation impedance.

2) Model With Considering PLL: The PLL dynamics is
taken into account since SSO may be influenced by the
PLL control parameters. However, the deduction process of
impedance model of DFIG with the PLL unit in [33], [34]
is hard to be understood since it does not contain an explicit
physical meaning. Instead, to obtain the impedance model in-
tuitively and conveniently, the method based on the equivalent
circuit of DFIG with the PLL unit is proposed in this work.

Firstly the small-signal model of the PLL unit is presented
[22]-[25]. The block diagram of the synchronous reference
frame phase locked loop (SRF-PLL) in the converter of DFIG
is shown in Fig. 1. PLL is used for phase tracking of the PCC
voltage Upe and it can well synchronize the phase 6 of Upec
in a steady state. However, when Ul is disturbed by small-
signal perturbations, 6 cannot be synchronized accurately and

an angle deviation A0 is introduced due to the PLL dynamics.
The relationship between the PLL output angle 6,5 and the
actual value 6 can be expressed as 6, = 6 +A6.

As shown in Fig. 6, the system has two dq frames during the
transient process of PLL: one is the system dq frame which is
defined by 6, and the other is the controller dq frame which
is defined by 6. The angle difference between these two dq
frames is AB. Note that the variables in the controller dq frame
are denoted with the superscript ‘pll’.

q

qpll
>

Fig. 6. The system dq frame and the controller dq frame.

As the control structure of the converter is established in
the controller dq frame, small-signal perturbations to Upe can
affect the output voltage and current of the converter since
Bpn1 is disturbed, and further influence the output impedance
of DFIG. According to Fig. 1, the deviation A8 of the PLL
output angle can be expressed as:

1
AB = —HynAUfeq (6)

According to [22]-[25], the disturbance relationship be-
tween a variable x in the controller dq frame and the system
dq frame can be derived as follows:

)|
Axg = Axq +qupll(S)AUpccq %)
A" = Axg — xa T () AUpeeq

where the disturbance transfer function between the PLL
output angle and g-component of the PCC voltage is expressed
as the following equation:
Touls) = g — o) )
AU, peeq s+ UpccaHpnn (S )

Note that the transformation by complex space vector is
no longer applicable since the system is asymmetrical due to
the effect of PLL. Therefore, the rotor voltage and current
can be expressed in matrix form: Uyaq = [Ura Urq]T and
Iraq = [ird irq] - As the control structure of RSC is based on the
controller dq frame, Uygq and Ir4q are both influenced by PLL.
Thus, the disturbance relationship of the rotor voltage and
current between these two frames can be obtained according to
). Gg“(s) represents the transform from the system voltage
to voltage in the controller dq frame. G;ll(s) represents the
transform from the system voltage to current in the controller
dq frame.

{ AUll')(lilq = AUl‘dq + Ggll(s )AUpccdq ©)

Al = Alraq + Gl (5)AUpeeaq

In order to model the small-signal propagation path through
the PLL unit, the transfer function matrix Gy (s) and Gi)“ (s)
in (9) are defined after some proper simplifications. Firstly the
voltage ratio between PCC voltage and stator winding voltage
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is not considered here, thus the relationship between the rotor
voltage, stator voltage and PCC voltage can be approximately
expressed as Uy = Usg = Upeed> Urg = Usq = Upeeq = 0. In
addition, since the unity power factor control is adopted, g-
component of the rotor current irq =~ 0. Moreover, as shown in
Fig. 5, since Zy(s) is connected in parallel with the terminal
of the circuit and its large magnitude in the subsynchronous
frequency region, the influence of GSC branch can be ignored
for SSO analysis [9]. And the excitation branch Z,(s) can also
be neglected for the same reason. Thus, it can be found that
Ird A Isd, Irq ™ isq-

(10)

o
_UrdTpll (S)

0

T

pi(s) }

- ird

Al

rdqref +

Fig. 7. Small-signal circuit model of the DFIG including PLL.

Then the influence of PLL is taken into account. By
combining Fig. 5, (9) and (10), the small-signal circuit model
of DFIG which is influenced by PLL is obtained and shown
in Fig. 7. Gasg(s) is the admittance of the induction machine;
matrix Gy (s) is the transfer function of RSC current controller.
Gafig(s) and Gy(s) can be expressed as:

Gdﬁg( §)=(—— -‘rSLr-l—rb-f—SL) (11D
Shp( )
1 Hi(s) —Kgr ]
Ge(s) = ——= 12
(s) Slip(s> [ Kg  Hi(s) (2
where the slip of rotor is expressed as Siip(s) = (s — jax)/s.

Since SSO issue is investigated in this paper, we focus on
the rotor slip in the whole subsynchronous frequency range
instead of the normal slip in the base frequency, which means
the rotor slip is a variable and can be expressed as a transfer
function.

According to Fig. 7, the rotor current in the transient process
can be derived as:

Alaq = [Gr(s)(AIrdqref —Alygq — Gi 1( )AUpccdq)

(13)
Gpll (s )AUpccdq AUsdq] Gafig (s (s)

The disturbance relationship between the rotor current, rotor

current reference and stator voltage can be derived according

to (13), and then the output impedance of DFIG seen from the

terminal is expressed as:

Zaq(s) = (Gr(5) + Gang(s)~ )[I+Gpu( 5)Gr(s) + G (s)] !
Gr(s) + Gang(s) "'
1 0
01— (iraH:(s)/Sip(s) + Ura) Tpn(s)

(14)
where I is second order identity matrix. The coefficient of
the voltage term (I+Gp“( 5)Gr(s) + Gpy(s)) involves the PLL
unit information. Consequently, the output impedance of DFIG
includes the equivalent impedance component which is regard
as an additive result of the PLL performance. Note that the
impedance of DFIG in dq frame is a 2 x 2 matrix which
includes four components as follows:

Za(s) = Shp( 5 + 5Ly + 15+ sLs
Zagls) = 1
W S1ip(5) 1= (iraHr (5) /Stip(5) + Ura) Ty (5) as)
Z‘]d (S) = S;f(v(;r)
_ Zaa(s)
2000 = T 5) g (5) T Ut Ton ()

According to (15), it can be seen that the diagonal elements
Zyq and Zgyq reflect the main characteristics of the impedance
of DFIG. Zy4 does not include the PLL unit information. In
contrast, the denominator of Zyq reflects the influence of PLL
while the numerator of Zgq equals to Zgq. The off-diagonal
elements Zyq and Zgq represent the coupling effect in the
current control between d and q axis. Since the cross-coupling
impedance Zyq and Zyq are very small due to the small value
of Ky, PLL has an effect mainly on g-axis impedance Zyq
[35]. Since Zgq(s) is asymmetrical due to the effect of PLL,
it can be transformed into the sequence impedance for the
convenient analysis by the following equation [36]—[38]:

1 1

i }_lqu(s)[ } _jj }

. (16)
=

Zon(s) = [
The off-diagonal elements of the sequence impedance rep-
resent the coupling between the positive and the negative
dominant frequency components. However, Zp, and Z,;, can be
neglected in this study due to their small value. Therefore, the
impedance model in (16) changes to a diagonal matrix with
the diagonal elements Z,, and Z,,. Note that the difference
between Z,, and Z,, only lies in the opposite sign of PLL
output angle which is used in coordinate transformation [39].
This difference only affects the sign of the coupling terms in
dq frame and affects mostly the positive-sequence impedance
[33]. Therefore, the positive sequence impedance model of
DFIG is adopted:

Vr+Hr(s_jwl) -
Stip ()
1 1
1+ : -
[2( 1 — (iraHr (s — jor) /Siip(s) + Ura) T pl](s_]wl))]
Note that PLL provides the phase angle of the PCC voltage,
and consequently determines the accuracy of the stator voltage

j Kdr

Zgfig(s) = ( + 5Ly + rs+ sLs)

amn
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oriented vector control. Hence, the impedance behavior of
DFIG can be influenced by the PLL dynamics. The second
term in (17) reflects the impact of PLL.

The effects of PLL are most pronounced around the fun-
damental frequency in the range that corresponds to the
bandwidth of the PLL [33]. It indicates that the higher the
bandwidth of PLL, the more significant it will effect the
impedance and the wider the frequency range it will affect.
However, the bandwidth of PLL is rarely set to a high value for
the sake of stability. That means neglecting the PLL dynamics
is relatively reasonable for SSO analysis when the bandwidth
of PLL is not large, and thus the impedance model of DFIG
can be simplified as:

rr+Hr(S_jw1) — JjKar
Zdﬁg (S) Slip (S)

B. Impedance Model of WFVSC

The control structure of WFVSC station is depicted in Fig.
1. The control of both WFVSC and grid-side VSC (GSVSC)
include two cascade control loops. The outer control loops are
associated with the voltage controls, while the inner control
loops are current controls. WEFVSC regulates the ac voltage
and supplies the sinusoidal voltage to the PCC. GSVSC
regulates the dc voltage on the HVDC-link and the reactive
power. Since this paper focuses on the interaction between
DFIG and WFVSC, the detailed modeling will be represented
only for WFVSC. The control of WFVSC are based on dq
reference frame, in which the d-axis is orientated to the grid
voltage v, and g-axis leading the d-axis by 90°.

The dynamic equations of the converter in abc frame can
be expressed as:

+sLy+rs+sLg (18)

Vo = Ve — Zcle = Ve — SLeic — jw Lgic (19)

where Z; is the filter impedance of the converter. Note that
L¢ instead of C; dominates in the subsynchronous frequency
region.

The reference current to current controller and the reference
voltage to determine the output voltage of the converter can
be defined by:

i =H,(s)(v —v
.cdref V( )( odref od) (20)
Leqref = H, (S) (Voqref - Voq)
Ved = He () (icdref — fed) + Vod — 01 Lgicq 21
Veq = H. (S) (icqref - icq) +Voq + @ Lficq

The modeling of the system circuit and the control topology
are based on abc and dq frame respectively. Therefore, the
transformation of (20) and (21) to abc frame is required in
order to establish a linkage:

Icref = Hv(s - jwl)(voref - Vo) 22)
Ve = HC(S - jwl)(icref - ic) + Vo + ji Lsic

To obtain the impedance of WFVSC in the frequency
domain, the dynamic equations including v, and i, should be
found by substituting (22) to (19):

HC(S—ja)l) +Z
Hc(sfjwl)Hv(Sfjwl)

Vo = — Ic + Voref

(23)

By linearizing (23), the impedance model of WEFVSC can
be found as (24) without considering the dc dynamics when
the system is stable. And (24) can be further represented as
the sum of two terms:

Av,
szc(s) = _Tio =
C

H.(s— jo)+ Zc
He(s — jor)Hy(s — jan)
1 . Z.
Hv(s_jwl) Hc(s_jwl)Hv(S_jwl)

(24)

C. Simplified Equivalent Circuit of the Whole System

To investigate the mechanism and the characteristics of
SSO phenomenon between DFIG-based wind farm and VSC-
HVDC system, the impedance model of the whole system
should be established by aggregating the impedance models
of DFIG, WFVSC and transmission line on the PCC.

The impedance models of DFIG both with and without
PLL have been built in Section III-A. Thus, the verification
and comparison of the impedance models are performed. The
positive sequence impedance of DFIG is measured from O ~
100 Hz with 30 points in Fig. 8 using the method of injecting
current. The operating condition for measurement is that the
wind speed is set to 7.5 m/s and K,pip = 60 pu, while the other
parameters are given in the Appendix.
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Fig. 8. Comparison of the impedance models of DFIG and the measurement
results.

It is obvious that the responses predicted by the analyti-
cal models in (17) and (18) match the scanned impedance
response well especially in the subsynchronous frequency re-
gion. In addition, the analytical model in (17) is more accurate
than the model in (18) especially in the phase frequency curve
due to the consideration of PLL. The second term in (17)
demonstrates the influence of PLL on the DFIG impedance.
This term equals to 1 when the PLL unit is not considered,
and then (17) and (18) take the same form. It can be concluded
that the model in (17) is suitable to analyse the influence of
PLL parameters on SSO. However, it is much more complex
than the model in (18). Note that the model in (18) can
also be applied to the SSO analysis, when the bandwidth of
PLL is not large enough and the influence of PLL is not
remarkable. Thus, in order to simplify the analysis of the
impact of factors including number of DFIGs, wind speed,
and converter controller parameters on the SSO characteristics,
the model in (18) is adopted to build the simplified equivalent
circuit of the whole system. In contrast, the model in (17) is
applied to analyze the influence of PLL parameters separately.
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Noticeably, the influence of delays is not considered in this
paper because the bandwidth of the PLL loop is normally
not large [31], [32], while the effect of the delays is usually
represented in high frequency range [22], [25]. And this
assumption aligns with the measurement results in Fig. 8.

To intuitively analyze the factors that have great impact
on SSO, an impedance-based simplified equivalent circuit of
the whole system is established with some simplifications as
follows,

o AVy1, AV, are disturbances in output voltage of RSC and
WEFVSC which can be ignored in stable state.

e K is dominant in the RSC current control loop while
Ki; and Ky, is less important, as shown in Fig. 9(a).

e 1/H,(s) exerts most powerful impact on the impedance
of WFVSC while the influence of Z./(H.(s)Hy(s)) is
subordinated, as shown in Fig. 9(b).

o]
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Fig. 9. The impedance-frequency curves of: (a) DFIG, (b) WFVSC.

Fig. 9(a) illustrates the comparative analysis of the impact
of K, and K on the impedance of DFIG. The parameters
are listed in Appendix. The result shows that the influence of
Ky is much larger than K;.. Therefore, only the proportional
gain of PI controller will be analysed in this paper. Fig.
9(b) demonstrates the comparative analysis of the impact of
1/H,(s) and Z./(H.(s)Hy(s)) on the impedance of WFVSC
under the same condition. The result shows that the influence
of 1/Hy(s) is much larger than Z./(H.(s)Hy(s)) because the
magnitude of Z; is small at subsynchronous frequency region.
As discussed above, the simplified equivalent circuit of the
whole system which considers the multiple DFIGs is derived
for the convenient analysis of the SSO characteristics.

WFVSC

Fig. 10. Impedance based equivalent model of the whole system.

Fig. 11.

Simplified equivalent circuit of the whole system.

As shown in Fig. 10, the impedance-based equivalent model
of the whole system is composed of the impedance models
of DFIG and WFVSC on PCC. In order to simplify the
analysis of the impact factors which have great impact on SSO
characteristics, the simplified models of DFIG and WFVSC
are adopted according to the above discussion. And then the
resistance and reactance of the whole system can be further
represented by the sum of each part as shown in Fig. 11,
where Zj,e = 11 + sL; is the equivalent impedance of the
transmission line and the transformers. The circuit parameters
in the simplified equivalent model can intuitively reflect the
impact of various factors including the number of DFIGs, wind
speed and controller parameters of DFIG or WFVSC.

IV. MECHANISM AND CHARACTERISTICS ANALYSIS OF
SSO

The stability criterion of SSO is represented based on
RLC series resonance circuit firstly. Then the factors which
have great impact on the characteristics of SSO are analyzed.
Moreover, the effect of PLL parameters on SSO is analyzed
based on the impedance model of DFIG with the PLL unit.

A. SSO Stability Criterion Based on Second-Order RLC Series
Resonance Circuit

In order to assess the SSO stability of the system, the
simplified equivalent circuit of the whole system can be
further represented by the equivalent second-order RLC series
resonance circuit. Therefore, the SSO stability criterion of the
whole system can be derived from the resonant principle as:

Rgys = Re(zdﬁg (8) + Ziine (5) + Zusc(5)) >0
Xoys = Im(zdﬁg (S) +Zline(s) + Zyse (S)) =0

where Rgys and Xgy are the resistance and reactance of the w-
hole system, respectively. The self-excitation of the equivalent
circuit will occur at the resonant frequency while Xgys = 0.
And if Rgys > 0, the damping of the equivalent circuit is
positive, which indicates that the system is stable; otherwise,

(25)
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the diverging electrical oscillation tends to appear at the
resonant frequency. Therefore, the start-oscillating condition
is directly determined by Rgys and Xy, which means both
DFIG and WFVSC have impact on the oscillation.

In order to apply the criterion to the stability analysis of the
system, Scenario 1 in Section II-B is considered as an example.
Under the same condition as Scenario 1, the impedances
of DFIGs and WFVSC at subsynchronous frequency regions
are measured using the injecting current method. The small-
signal current perturbation is injected to the PCC and the
resulting response in voltage is measured, which resembles
the mathematical process of harmonic linearization. The DFT
is adopted to analyze the different harmonic voltage and
current at each frequency to calculate the impedance. The
impedance-frequency curves of the whole system can be
obtained according to (25).

[ £
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Fig. 12. The impedance-frequency curves of the system under condition of
Scenario 1.

The mechanism of SSO is explained as follows. As shown in
Fig. 12, the oscillating frequency of the system is determined
by the zero-crossing frequency in the reactance-frequency
curve (16.8 Hz). And the corresponding value in the resistance-
frequency curve at the oscillating frequency is -0.13 Q which
means the resistance of the whole system is negative. In
combination with Fig. 9, it is obvious that DFIGs behave as
an inductance in series with a negative resistance at resonance
point, whose interaction with WFVSC (represents as a positive
resistance-capacitance) constitutes the equivalent resonance
circuit. Since the negative resistance generated by DFIGs
overcomes the positive resistance of WFVSC and line, the
resistance of the equivalent resonance circuit is negative at
resonance point, which means the SSO phenomenon tends to
appear for the negative damping effect of the system. More
operating condition

The error of oscillating frequency measured in Fig. 12 is
slight compared with the value obtained from the spectrum
analysis in Fig. 4 (17.1 Hz). Generally speaking, within the
tolerance range, the results of two methods are in good agree-
ment with each other, which indicates that the SSO stability
criterion based on the equivalent resonance circuit is effective.
The reason lead to the error is that the mathematical process
of harmonic linearization is not completely accurate. Besides,
this criterion will be applied and validated in Section V
under different operation conditions according to the variation

of number of DFIGs, wind speed and converter controller
parameters.

B. Number of Grid-Connected DFIGs

According to the simplified equivalent circuit depicted in
Fig. 11, the resistance and reactance of DFIGs, WFVSC and
the whole system can be represented as (26). Evidently, the
number of grid-connected DFIGs has directly impact on the
equivalent impedance of rotor and stator.

r+Ky 1 Koy (0] — 0)?
sys = 2+~ i+ — (@1 2) 5
nSlip n va(a)l—a)) + K5,
Rdﬁg Ruysc
(26)
X oL+ L) ol Kiy(0 — o)
v n MR (0 — 0)?+ K2
N—_———— pv v
Xafig

Xvsc

In order to analyse the impact of the number of grid-
connected DFIGs (n) on SSO, the impedance-frequency
curves of DFIGs, WFVSC and the whole system are depicted
according to (26). As shown in Fig. 13, the curves denoted
with ’1° corresponding to the operating condition of Case
1 in Section II-B with n = 100 while the curves denoted
with 2’ corresponding to the same operating condition with
n = 120. Without loss of generality, the analysis of different
n is similar when other parameters of the system remain the
same. Therefore, the influence of 20% increase of n is analysed
as an example. Notably, the upper limit of n is restricted by
the capacity of VSC-HVDC system.

According to (26), with n increasing from 100 to 120, both
the equivalent reactance and resistance of DFIGs decrease with
an inverse proportional trend (the resistance becomes posi-
tively larger). The corresponding influence to the impedance
curves in Fig. 13 is represented as follows: both the reactance-
frequency curves of DFIGs and the whole system, Xqf,1 and
Xsys1, are shifted downward to Xgfgo and Xgyso. The zero-
crossing frequency in Xy and Xy are defined as fi and
f>» respectively, and the resonant frequency of the system
is increased from f; to f,. Both the resistance-frequency
curves of DFIGs and the whole system, Ry and Rgys), are
shifted upward to Rgfg> and Rsys2. As shown in Fig. 13, the
corresponding resistance in Rgy; at fi is defined as Ry while
the corresponding resistance in Rgys> at f> is defined as Rs.
Obviously, there is Ry > 0 > R, which means the equivalent
resistance of the system changes from positive to negative.
Hence, the SSO damping decreases with the increase of n
while the oscillating frequency increases at the same time.

The fundamental reason is that the downtrends of Ryse is
fast at subsynchronous frequency region. Since Rysg and Xafig
are the inverse proportional functions of n, the impact of n
on the impedance and oscillating frequency of the system is
significant when n is not large. However, this impact will be
weakened with n increases.

C. Wind speed

The rotor speed is directly determined by the wind speed
when DFIGs run under MPPT mode. Hence, the analysis of
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Fig. 13. Impact of the number of grid-connected DFIGs on the impedance-
frequency curves.

the wind speed can be equivalently replaced by the rotor speed.
According to (26), the equivalent negative resistance of DFIGs
is mainly contributed by the rotor since Sji, = (s — jor)/s <0
under subsynchronous speed. Furthermore, the lower the rotor
speed is, the more negative the slip is. In other words, the
absolute value of (r; + Kpr)/nSpjp is larger when the wind
speed is low, which means DFIGs will provide more negative
damping for the whole system. Therefore, the decrease of the
wind speed will increase the risk of SSO.

D. RSC Current Loop Gain Ky

According to (26), the equivalent resistance of DFIGs can be
expressed as (7 + Kpr) /nSyp + rs/n. The proportional gain Kp;
of RSC current controller has directly impact on the resistance
of the rotor. And the resistance of DFIGs will become negative
when K, is set to a relatively large value in order to achieve
the requirement of the response speed and tracking accuracy.
Furthermore, the larger K results in much more negative
resistance of DFIGs which reduces the equivalent damping
and makes the system more vulnerable to SSO.

E. WFVSC Voltage Loop Gain Kpy

In order to analyse the impact of the proportional gain Ky
in voltage controller of WFVSC, the impedance-frequency
curves of DFIGs, WFVSC and the whole system are depicted
according to (26). As shown in Fig. 14, the curves denoted
with ’1’ corresponding to the operating condition of casel
in Section II-B with K}, = 2.0 pu while the curves denoted
with ’2’ corresponding to the same operating condition with
Kpy = 2.2 pu. Without loss of generality, the analysis process
of the different K,y is similar when other parameters of the
system remain the same. Therefore, the influence of the 10%
increase of K,y is analysed as an example. Notably, the upper
limit and lower limit of K,y are restricted by the cost of devices
and the demand of response speed respectively.

According to (26), with K,y increasing from 2.0 to 2.2
pu, the equivalent reactance of WFVSC follows a parabolic

trend increase while the equivalent resistance of WFVSC de-
creases with an inverse proportional trend. The corresponding
influence to the impedance curves in Fig. 14 is represented
as follows: both the reactance-frequency curves of WFVSC
and the whole system, Xys1 and Xy, are shifted upward
t0 Xysc2 and Xgys2; The zero-crossing frequency in Xgys and
Xsys2 are defined as f and f, respectively, and the resonant
frequency of the system is reduced from f; to f>; Both the
resistance-frequency curves of WFVSC and the whole system,
Rysc1 and Rgys1, are shifted downward to Ryse2 and Rgys2. As
shown in Fig. 14, the corresponding resistance in Rgys1 at fi
is defined as Ry while the corresponding resistance in Rgys> at
f> is defined as R,. Obviously, there is R; < 0 < Ry, which
means the equivalent resistance of the system changes from
negative to positive. Hence, the SSO damping increases with
the increase of K,y while the oscillating frequency decreases
at the same time.
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Fig. 14. Impact of Ky on the impedance-frequency curves.

F. WFVSC Current Loop Gain Ky

According to the analysis in Section III-C, Z./(H.(s)Hy(s))
is neglected when focusing on the influence of Ky. However,
in order to analyze the impact of WFVSC current loop gain
Ky on the SSO characteristics, this term is reconsidered here
while with Kj, neglected.

Z.  _ oXe  K(o-o)
He(s)H,(s) — o1Kpy KZ(0) — )+ K2 @n
ijc(wl - O))2

)

According to (27), the influence of this term is equivalent
to inserting a positive resistance in series with an inductance
to the impedance model of WFVSC. Similar to the analysis
in Fig. 14, when K, increases near the critical point of os-
cillation, the equivalent inserted reactance follows a parabolic
trend increase which leads to a rise in the reactance-frequency
curves of WFVSC and the whole system. Correspondingly, the
resonant frequency of the system is reduced and the decrease
of the positive resistance of WFVSC and the whole system

K2 (0 — 0)>+ K2
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is offset. Therefore, the system damping is enhanced with the
increase of K. while the oscillating frequency decreases at
the same time.

G. PLL Control Gain Kypn

The effect of PLL dynamics on the SSO analysis is not yet
considered in the above parts. In this part, the influence of PLL
parameters on the SSO characteristics is studied based on the
impedance model in (17) which takes the PLL dynamics into
consideration.

According to (17), the influence of PLL mainly reflects on
the term (irdHr(S - jC()])/S]ip(S) + Urd)Tpll(S - jwl) which is
too complex to simplify and analyse directly. Therefore, the
impedance-frequency curves of DFIG in the subsynchronous
frequency region are depicted in Fig. 15 to help the analysis
of the impedance-frequency characteristics of DFIG with
different bandwidths of PLL.

'
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Fig. 15. The impedance-frequency curves of DFIG with different PLL
controller gain K.

Note that when the bandwidth of PLL increases with Ky
from 60 to 200 pu, the equivalent resistance of DFIG becomes
more negative while the reactance is slightly reduced. By com-
bining Fig. 14, this trend of the change means the oscillating
frequency of the system increases and the equivalent resistance
of the system becomes more negative. It can be concluded
that the wider the bandwidth of PLL, the more significant
its negative effects on the system damping and the system
stability. In other words, though the larger K results in the
faster response speed of the converter control, SSO is more
likely to happen due to the increased negative real part of
DFIG output impedance. Therefore, the parameters of PLL
is important in the study of SSO between DFIGs and VSC
system.

V. SIMULATION VERIFICATION

The time-domain simulations are conducted two-fold. First,
the number of the DFIGs and the wind speed are analyzed. On
the other hand, the impact factors of the control parameters
are also investigated. The comparisons with analytical models
in the previous sections are presented.

A. Number of Grid-Connected DFIGs and Wind Speed

As shown in Fig. 16, the equivalent resistance and the
oscillating frequency of the whole system are measured under

the operating condition. The number of grid-connected DFIGs
ranges from 60 to 180 and the wind speed ranges from 7.5
to 9.5 m/s, while other system parameters keep unchanged.
From the simulation results, it can be observed that the higher
the wind speed, the more positive the system resistance. The
higher the oscillating frequency means both the system stabil-
ity and the oscillating frequency have the positive correlation
with the wind speed. In addition, when the number of grid-
connected DFIGs increases under the fixed wind speed, the
system resistance decreases while the oscillating frequency
increases, which means the system stability has a negative
correlation with n while the oscillating frequency has a positive
correlation with n. It can be concluded that SSO usually
happens under a lot numbers of DFIG-WTs connected with
low wind speed.

Fig. 17 shows the output active power responses to the
sudden change of the load at =15 s under the different
operating conditions. As shown in Fig. 17(a), the critical wind
speed for SSO is 8.5 m/s on condition that the number of grid-
connected DFIGs is set to 100. When the wind speed is higher
than 8.5 m/s, SSO is divergent. Otherwise, SSO is convergent.
As shown in Fig. 17(b), SSO is intensified while the number of
grid-connected DFIGs increases from 100 to 120. Therefore,
the simulation results align with the analysis in Section IV-B
and Section I'V-C.
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Fig. 16. Impact of the number of grid-connected DFIGs under three different
wind speeds on the: (a) resistance, (b) oscillating frequency.
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Fig. 17. The output power varies with the number of grid-connected DFIGs
under three different wind speeds: (a) 100 turbines, (b) 120 turbines.

B. The Proportional Gains of PI Controllers

The impact of Ky, Kpy, Kpe and Kpi on SSO characteristics
is analysed in this part under the following operating condi-
tion: the number of DFIGs is set to 100, the wind speed is set
to 7.5 m/s, and other system parameters keep unchanged. And
the simulation results show the output active power responses
of wind farms for a sudden change of the load at #=15 s.

As shown in Fig. 18(a), the equivalent resistance and the
oscillating frequency of the whole system are measured with
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Ky in the range of 0.1 to 0.6 pu. It can be observed that the
larger the gain K, the more negative the system resistance
is, and the lower the oscillating frequency will be, which
means both the system stability and the oscillating frequency
have a negative correlation with K. It can be concluded
that SSO usually happens when K, is large. As shown in
Fig. 19(a), the critical value of K, for SSO is about 0.6 pu.
When K, increases from 0.1 to 0.6 pu, the convergence speed
of SSO becomes slower gradually and the oscillation state
finally changes from convergent to invariable. Therefore, the
simulation results align with the analysis in Section IV-D.

As shown in Fig. 18(b), K,y changes from 1.7 to 2.3 pu
in the measurements of the equivalent resistance and the
oscillating frequency of the system. As can be seen, the
system stability has a positive correlation with K, while
the oscillating frequency has a negative correlation with Kpy,
which means SSO usually happens when Ky is small. As
shown in Fig. 19(b), the critical value of K}y for SSO is about
2.0 pu, and the oscillation state changes from divergent to
convergent when K,y increases from 1.8 to 2.2 pu. In addition,
the SSO characteristics is affected more by K,y than by K,
according to the waveforms in Fig. 19(a) and Fig. 19(b).
Therefore, the simulation results align with the analysis in
Section IV-E.

Fig. 18(c) illustrates the result of measurements when Kpc
changes from 0.44 to 0.56 pu. It can be observed that the
system stability has a positive correlation with K. while
the oscillating frequency has a negative correlation with K.,
which means SSO usually happens when K is small. Ac-
cording to Fig. 19(c), the critical value of K. for SSO is
about 0.50 pu, and the oscillation state changes from divergent
to convergent When K. increases from 0.46 to 0.54 pu.
However, by comparing the waveforms in Fig. 19(b) and
Fig. 19(c), it can be found that K. has less impact on the
SSO characteristics than Kpy. This conclusion agrees with the
analysis in Section IV-F.

Fig. 18(d) shows the result of measurements when K,y
changes from 20 to 220 pu. As can be seen, the system stability
has a negative correlation with K, while the oscillating
frequency has a positive correlation with Kp,py. According to
Fig. 19(d), the critical value of Ky, for SSO is about 60
pu. When K, increases from 60 to 200 pu, the divergence
speed of SSO becomes faster gradually and the oscillation state
finally changes from invariable to divergent. By comparing the
waveforms in Fig. 19(c) and Fig. 19(d), it can be found that
the influence of the PLL dynamics is not as large as the current
loop, but it should not be ignored for SSO analysis especially
when the bandwidth of PLL is large. This conclusion agrees
with the analysis in Section IV-G.

VI. EXPERIMENTAL RESULTS

To further verify the impedance model and the simulation
results, a dSPACE based hardware-in-loop (HIL) experiment
is carried out. The hardware platform of HIL experiment is
shown in Fig. 20. The main system is simulated in the DS1006
board where the controller is implemented on another dASPACE
platform (DS1104 board). The DS1104 board is equipped
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with eight digital-to-analogue channels and eight analogue-to-
digital channels to interface the measured signals to/from the
control system. The software code is generated by the Real-
Time WorkShop under a MATLAB/Simulink environment.

The advantages of HIL experiment compared with the simu-
lation are mainly as follows: there exist uncertain measurement
disturbances in the HIL experiment which cannot be accurately
considered in the simulation; the HIL experiment results
respond slightly slower than that of simulation results since
the existence of time delay of the real-time controller; Some
unknown harmonics may occur in the HIL experiment caused
by the capacitors or inductors between the signal transmission
cables and the dSPACE device.

The impedance measurement system shown in Fig. 21 uses
the DS1006 board to inject the current perturbation. The range
of impedance measurements in the experiment is 0 ~ 100
Hz with 20 measurement points. The parameters used in the
experiments are the same with the measurement in Fig. 8. The
experimental results of the sequence impedance measurement
for DFIG and WFVSC are shown in Fig. 21. It is evident that
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Fig. 20. The hardware platform of HIL experiment.

the experimental measurement results show good agreement
with the built impedance model, thus the sequence impedance
models of DFIG and WFVSC are validated.
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Fig. 21. Measurement results compared with model: (a) Impedance of DFIG,
(b) Impedance of WFVSC.

Then the simulation results are also validated. The parame-
ters used in the experiments are the same with the simulation
analysis. The terminal d-axis current and 3-phase current of
DFIG with the change of the number of DFIG-WTs, Kpp,
and Kpy are obtained from the real-time simulation of the
system on the DS1006 board. Fig. 22 shows these current
dynamics after a load disturbance at t = 15 s with the number
of DFIG-WTs are 100 and 120, respectively. It is clear that
the three phase current is distorted and the d-axis current
becomes divergent with the increase of the number of DFIG-
WTs. Figure 23 shows the current dynamics with the increase
of Kpy. In Fig. 23(a), the current is unstable with Ky = 1.8 pu,
which agrees with the simulation results in Fig. 19(b). When
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increasing Kpy to 2.2 pu, the current becomes convergent as
shown in Fig. 23(b). Besides, two sets of PLL parameters,
such as K,py = 60 and 200 pu, are tested in Fig. 24. It is
clear that the state of oscillation become worse when the
Kppin is increased, which closely correlate with the simulation
results in Fig. 19(d). According to the above analysis, it can
be concluded that the HIL experiment results and simulation
results match each other well.

Terminal d-axis Current of DFIG

A
e

Fig. 22. Measured terminal d-axis current and 3-phase current of DFIG
under different conditions: (a) number of DFIG-WTs is 100, (b) number of
DFIG-WTs is 120.

VII. CONCLUSIONS

DFIG-based wind farm faces potential risk of SSO when
connected to VSC-HVDC system. In this paper, the impedance
models of DFIG with and without considering the PLL dynam-
ics are both derived to help understand the mechanism and
characteristics of SSO. Then the impedance-based simplified
equivalent circuit of the system is proposed. On the basis
of this model, reasonable mechanism explanation of SSO is
revealed, and the impact factors of the SSO are further studied.
In addition, the effect of PLL control parameters on SSO is
also analyzed. It is revealed that the influence of the PLL
dynamics can not be ignored for SSO analysis when the
bandwidth of PLL is large.

As far as the operating conditions concerned, the risk of
SSO of the system increases in low wind speed condition and
when a limited number of DFIGs are connected. Regarding
the controller parameters, the system stability has a positive
correlation with K, and K,.. And the system stability also
has a negative correlation with Kj,; and Kppy. The mechanism
of the influence of these factors on SSO is that the change of
these parameters reshapes the total damping at the resonant
frequency. And SSO may appear due to the negative damp-
ing under the undesired operating conditions and controller
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