
Received June 19, 2020, accepted August 7, 2020, date of publication August 10, 2020, date of current version August 21, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3015614

Frequency-Coupled Impedance Modeling and
Resonance Analysis of DFIG-Based Offshore
Wind Farm With HVDC Connection
YONGGANG ZHANG , (Graduate Student Member, IEEE),
CHRISTIAN KLABUNDE, (Member, IEEE), AND
MARTIN WOLTER, (Senior Member, IEEE)
Institute of Electric Power Systems, Otto von Guericke University Magdeburg, 39106 Magdeburg, Germany

Corresponding author: Yonggang Zhang (yonggang.zhang@ovgu.de)

This work was supported by the China Scholarship Council (CSC) under Grant 201608320229.

ABSTRACT Motivated by recent years’ resonance incidents in wind-integrated power systems, this paper
investigates the resonance-induced harmonic distortion and stability issues in doubly fed induction gener-
ator (DFIG)-based offshore wind farm (OWF) with high-voltage direct current (HVDC) grid connection.
To accurately capture the dynamic characteristics of DFIG-based wind farm, a comprehensive impedance
modelling considering the detailed PI control loop and DC dynamics of wind turbine as well as the cable
connections of the medium-voltage (MV) collector system is conducted. Through stepwise simulation
verifications, aggregated modelling of MV collector system is proved to be suitable for wideband resonance
analysis. On this basis, the resonance analysis regarding grid topology change and controller parameter
variation is conducted and the impact of frequency coupling on subsynchronous resonance (SSR), middle-
and high-frequency resonances is analyzed using the aggregated models derived from a practical HVDC
connected DFIG-based OWF. The strength or degree of the frequency coupling between the sequence
impedances of wind farm, which is induced by the asymmetrical converter control of wind turbines, is found
to be dependent on the impedances of all the components of the system.Moreover, case studies are conducted
to demonstrate the importance of including the frequency coupling in SSR stability assessment. Simulations
in MATLAB / Simulink validate the modelling and resonance analysis.

INDEX TERMS Aggregated modelling, doubly fed induction generator (DFIG), medium-voltage (MV)
collector system, wind farm, resonance analysis, HVDC.

I. INTRODUCTION
Over the last decade, many offshore wind farms (OWF)
have been developed and integrated into grids through
high-voltage direct current (HVDC) transmissions in the
North and Baltic Seas. The interactions among wind turbines
(WTs), HVDC converters and passive grid components can
introduce a variety of inductive-capacitive (LC) resonances.
The stimulation of such resonances may amplify harmonic
distortions to a level that violates the recommended limit val-
ues as given in IEEE Std. 519-2014 [1] or induce oscillation
instability when the damping of a resonance mode is quite
small or negative [2]. The consequences of the resonance
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problems can be the blocking of HVDC converter, trip-out of
WTs or the destruction of grid assets, as reported in [3]–[5].
Identification and mitigation of such resonances under all
possible operating conditions and grid configurations is
becoming essential for power system operators [6].

On the resonances in wind-integrated power systems,
the sub-synchronous resonance (SSR), middle- and high-
frequency resonances (typically at the frequency range from
one or several hundredHz to a few kHz) betweenDFIG-based
wind farm and AC grids, as well as the SSR between
full-converter based wind farm and HVDC system have
been intensively studied in recent years [7]–[13]. The used
AC grids are usually series-compensated grid or weak grid.
Additionally, the resonances between DFIG-based OWF and
HVDC grid connection are investigated in [2], [14]–[16].
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However, all the above studies that are related to DFIG-based
WT have at least one of the following model simplifications:
(1) simplified DFIG impedance model ignoring the con-
verter outer loop control and DC side dynamics; (2) simple
single-machine wind farm model without considering the
internal cable connections; (3) aggregated wind farm model
neglecting the capacitance effect of the collecting cables.
These modeling simplifications made to DFIG-based wind
farm are not in favorable of the accurate identification of the
resonances in the large-scale DFIG-based OWF with tens of
widely distributed WTs.

As for the impedance modelling of DFIG-based WT,
most recent publications either have not incorporated the
detailed double-loop PI control or neglect the DC side
dynamics [17]–[19], which makes them incapable of cap-
turing the exact low-frequency impedance responses of
DFIG-based wind energy conversion system [20]. Addi-
tionally, the frequency coupling between the sequence
impedances of DFIG-based WT are often neglected in sta-
bility analysis [2], [21], [22], which can lead to wrong judge-
ment in the assessment of SSR stability [18], [20]. In order
to accurately evaluate the risks of resonances for a wide fre-
quency range, this paper derives a detailed impedance model
of DFIG-based WT taking into account of all relevant con-
trol dynamics. Unlike the impedance model derived in [20],
where the dq frame impedances are linearly transformed to
modified sequence impedances, as defined in [23], this paper
transforms the dq frame impedances to the real sequence
impedances through both linear transformation and frequency
shifting. Moreover, the more commonly applied outer-loop
control with rotor speed PI controller [24], [25] instead of
active power PI controller [20] is adopted in this paper.

Regarding the large number of WTs in modern OWFs,
aggregated single-machine model is usually used in reso-
nance analysis, and the most widely used aggregation model
is based on the equivalent power loss or voltage drop aggrega-
tion technique [26], [27]. For a wind farm with tens of WTs,
the wideband impedance characteristic of the wind farm can
hardly be directly measured in simulation due to the huge
computational burden, thus can rarely be used to validate
the aggregated single-machine model. To tackle this issue,
a stepwise simulation validation approach is proposed to
check whether aggregated single-machine model is suitable
for wideband resonance analysis.

Based on the detailed impedance modeling of DFIG-based
WT and the aggregated modelling of medium-voltage (MV)
collector system, this paper furtherly analyzes the resonances
in the frequency-coupled multi-input multi-output (MIMO)
system using the equivalent single-input single-output (SISO)
sequence component systems. The nodal impedances at the
point of common coupling (PCC) for wind farm and HVDC
transmission are used to identify the critical resonance modes
and evaluate the risk of oscillation stability and amplification
of harmonic distortions. The impact of the frequency cou-
pling between the sequence impedances of the DFIG-based
OWF on SSR, middle- and high-frequency resonances are

analyzed considering grid topology change and controller
parameter variation.

The rest of this paper is organized as follows: Section II
presents the dq-domain impedance modelling of DFIG-based
WT and its transformation to sequence domain impedances.
Section III follows with the aggregated modelling of wind
farm MV collector system and the assessment of its suitabil-
ity for wideband resonance analysis. Section IV addresses
the resonance issues observed between DFIG-based OWF
and HVDC transmission through cases studies. Section V
presents the simulation validation ofmodelling and resonance
analysis and section VI concludes the work.

II. IMPEDANCE MODELLING OF DFIG-BASED WIND
TURBINE
Figure 1 shows the circuit and control diagram of the
investigated DFIG-based WT, which is comprised of an
induction machine, a rotor side converter (RSC) and a grid
side converter (GSC). Cascaded double-loop PI control in
synchronous reference frame (SRF) is adopted for both the
GSC and RSC. The RSC controls the active power of the
generator through regulating the rotor speed in the d-axis
control loop and controls the reactive power or the AC voltage
of the WT in the q-axis control loop. The GSC controls the
DC side voltage. Phase-locked loop is used to synchronize
the terminal voltage of the WT with grid voltage.

FIGURE 1. Circuit and control diagram of the investigated DFIG-based
wind turbine.

Since the converter control is implemented in SRF,
the impedance modelling of the DFIG-based WT will be
firstly conducted in dq frame, and then for easier simula-
tion validation and application in resonance analysis, it is
transformed to sequence domain. According to the dq frame
current and voltage relationships as illustrated in Figure 1,
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the frequency domain representation of the DFIG energy
conversion system are easily found to be

GSC Branch

{
1ig,dq = Ygsc1us,dq − a2×11udc
1igdc = b1×21us,dq − Y gdc1udc

RSC Branch

{
1is,dq = Y rsc1us,dq + c2×11udc
1irdc = d1×21us,dq + Y rdc1udc

DC Link Cdcs1udc = 1igdc −1irdc (1)

where the symbol 1 denotes small signal perturbation
or response, the voltage and current variables in bold
type denote the d- and q-axis component vectors, e.g.
1us,dq =[1usd1usq]T, the other quantities in bold type are
matrices, column or row vectors, and the underlined quan-
tities denote complex values. The basic idea of the dq-frame
impedancemodelling as given in (1) is: when imposing a volt-
age perturbation 1us,dq at WT terminal, the GSC and RSC
branches will have both AC current responses (1ig,dq and
1is,dq) and DC current responses (1igdc and 1irdc), and as
well, the DC link will have DC voltage response1udc. Jointly
solving the equations in (1) gives the relationship between
WT terminal voltage and feed-in current, as represented by

1iwt,dq = 1ig,dq +1is,dq = Ywt,dq1us,dq (2)

where

Ywt,dq = Ygsc + Y rsc +

(
c2×1 − a2×1

) (
b1×2 − d1×2

)
Y gdc + Y rdc + sCdc

(3)

with Ywt,dq denoting WT output admittance, Ygsc and Yrsc
denoting the output admittances of the RSC and GSC
branches under the assumption of a constant DC voltage, and
the other part of the admittance expression interpreting the
DC-coupling of the RSC and GSC branches. Details on the
derivation of the GSC and RSC models in (1) will be pre-
sented in sections II.A and II.B. Transformation of the model
in (3) to sequence domain impedances will be presented in
section II.C.

A. GSC BRANCH MODELLING
In the GSC branch, the converter control has two dq frames
due to the dynamic of the Phase-locked Loop (PLL): one
is the system dq frame (denoted by a superscript s), and
another is the controller dq frame (denoted by a super-
script c), as shown in Figure 2 [28]. The system dq frame
is defined by the grid voltage and the controller dq frame is
defined by the PLL, which estimates the frequency ω1 and
angle θ1(t) of the grid voltage to find the position of
the system dq frame. In a steady state, the controller
dq frame is aligned with the system dq frame. When
small-signal perturbations are added to the grid voltage,
the controller dq frame is no longer aligned with the system

FIGURE 2. Diagram of the system and controller dq frames.

dq frame because of the PLL dynamics. The angle difference
between the two dq frames is 1θ (t) = θPLL(t) − θ1(t), with
θPLL(t) denoting the PLL angle.

In order to deal with the nonlinearity in Park’s transforma-
tion, the transformation matrix (4), as shown at the bottom
of the page, can be decomposed into T(θ1(t)) and T1θ (t),
as given by

T (θPLL(t)) =
[

cos (1θ (t)) sin (1θ(t))
− sin (1θ (t)) cos (1θ(t))

]
︸ ︷︷ ︸

T1θ (t)

T (θ1(t))

(5)

where T(θ1(t)) denotes the Park’s transformation from phase
domain to the system dq frame, which equals to the rotation
of e−j(ω1t−π/2), and T1θ (t) denotes the transformation from
the system dq frame to the controller dq frame. Under the
assumption of a small1θ (t), cos(1θ (t)) can be approximated
to 1θ(t) and sin(1θ(t)) can be approximated to 1.

As the inputs of GSC control, the voltages and currents in
the system dq frame need to be transformed to the controller
dq frame by multiplying T1θ (t). To generate the modulation
signals for the power converter, the outputs of the cascaded
double-loop PI control need to be transformed back to the
system dq frame by multiplying T1θ (t)−1. The frequency
domain representation of the involved dq frame rotations are

ucs,dq = T1θu
s
s,dq, i

c
g,dq = T1θ i

s
g,dq,m

s
g,dq = T−11θm

c
g,dq (6)

where T1θ is the frequency domain representation of T1θ (t),
ucs,dq =

[
ucsd u

c
sq
]T
, uss,dq =

[
ussd u

s
sq
]T

and other quantities
follow the same notation. Performing small-signal analysis to
the voltage, current and modulating signals in (6) yields

1θ = GPLL(s)1u
s
sq

1ucs,dq = Gu
PLL1u

s
s,dq,1i

c
g,dq = Gi

PLL1u
s
s,dq +1i

s
g,dq

1ms
g,dq = Gm

PLL1u
s
s,dq +1m

c
g,dq (7)

where 1θ is the frequency domain representation of 1θ(t)
and

GPLL(s) =
HPLL

s+ Us1dHPLL
Gu
PLL =

[
1 Us1qGPLL
0 1− Us1dGPLL

]
Gi
PLL =

[
0 Ig1qGPLL
0 −Ig1dGPLL

]
Gm
PLL =

[
0 −Mg1qGPLL
0 Mg1dGPLL

]

T (θPLL(t)) =
2
3

[
sin θPLL(t)
cos θPLL(t)

sin(θPLL(t)− 2π/3)
cos(θPLL(t)− 2π/3)

sin(θPLL(t)+ 2π/3)
cos(θPLL(t)+ 2π/3)

]
(4)
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with HPLL(s) = Kpp + Kpi/s and Us1d,Us1q, Ig1d, Ig1q,
Mg1d,Mg1q denoting the steady state values of the corre-
sponding voltage, current and modulation signals. Then per-
forming small-signal analysis to the GSC power-stage circuit
and converter control yields

1uss,dq = ZRL1i
s
g,dq +1m

s
g,dqGdUdc0 +Mg1Gd1udc

1mc
g,dq =−Ggi(s)

(
1irefg,dq −1i

c
g,dq

)
+ Kgd1icg,dq +1u

c
s,dq

1irefg,dq = −hvdc1udc (8)

whereMg1 =[Mg1d Mg1q]T, Gd(s) = 1/(1+ 1.5Tss) denotes
the digital control delay for 1.5 times of sampling periods,
Udc0 denotes the steady state value of DC voltage and

ZRL =
[
Rg + sLg/ωb −ω1Lg

ω1Lg Rg + sLg/ωb

]
Ggi(s) =

[
Hgi(s) 0

0 Hgi(s)

]
Kgd =

[
0 ω1Lg

−ω1Lg 0

]
hvdc =

[
Hvdc(s)

0

]
with Hgi(s) = Kgp + Kgi/s denoting the GSC current
PI controller, Hvdc(s) = Kvp + Kvi/s denoting the GSC
DC voltage controller and ωb is the base angular frequency
for the per unit system. Jointly solving the equations in (7)
and (8) yields

1isg,dq = Ygsc1u
s
s,dq − a2×11udc (9)

where the detailed expression of Ygsc and a2×1 are given
in Appendix A. Assuming an ideal lossless model for the
converter, the time domain per unit representation of
the power balance between the AC input and DC output of
the GSC can be written as

p(t) = igdc(t)udc(t) = Re
{
i∗g,dq(t)ug,dq(t)

}
(10)

where i∗g,dq(t) = isgd(t)−ji
s
gq(t) and ug,dq(t) = usgd(t)+ju

s
gq(t).

Substituting ug,dq = ms
g,dqGd into the frequency domain

representation of (10), performing small signal analysis to
and rewriting the resulted equation can give

1igdc = Gd

(
MT

g11i
s
g,dq + I

T
g11m

s
g,dq

)
(11)

where Ig1 =[Ig1d Ig1q]T. Furtherly substituting the modulat-
ing signals in (7) and (8) as well as the AC current signal in (9)
into (11) yields

1igdc = b1×21u
s
s,dq − Y gdc1udc (12)

where the detailed expressions of b1×2 and Ygdc are given
in Appendix A. Finally, the equations in (9) and (12) can
represent the admittance model of the GSC branch.

FIGURE 3. The induction machine model in system dq frame [25].

B. RSC BRANCH MODELLING
Figure 3 shows the induction machine model in system dq
frame, in which all the rotor side quantities are reflected to
the stator side and the variables us(t), is(t), ψ s

(t), ur(t), ir(t)
andψ

r
(t) denote the space vectors composed of d- and q-axis

components, e.g. us(t) = usd(t)+ jusq(t).
According to relationships between the rotor and stator

voltages and the rotor and stator currents as illustrated by
Figure 3, their frequency domain small-signal representation
can be written as

1uss,dq =
[
Rs + sLs −ω1Ls
ω1Ls Rs + sLs

]
︸ ︷︷ ︸

Zss

1iss,dq

+

[
sLm −ω1Lm
ω1Lm sLm

]
︸ ︷︷ ︸

Zsr

1isr,dq

1usr,dq =
[

sLm −ωslipLm
ωslipLm sLm

]
︸ ︷︷ ︸

Zrs

1iss,dq

+

[
Rr + sLr −ωslipLr
ωslipLr Rr + sLr

]
︸ ︷︷ ︸

Zrr

1isr,dq (13)

where Ls = Lls + Lm,Lr = Llr + Lm and ωslip = ω1 − ωr
with ωr denoting the rotor speed.

In comparison with the Park’s transformation of GSC con-
trol, the angle needed for the Park transformation in RSC
control involves not only θPLL(t), but also the angle of the
rotor speed θr(t). Therefore, the Park’s transformation in RSC
control can be decomposed into

T (θPLL(t)− θr(t))

≈

[
1 1θ(t)−1θr(t)

− (1θ (t)−1θr(t)) 1

]
︸ ︷︷ ︸

T1θ r(t)

×T (θ1(t)− θr1(t)) (14)

where θr1(t) denotes steady state value of the rotor speed
angle, 1θr(t) = θr(t) - θr1(t), T(θ1(t)-θr1(t)) denotes the
Park’s transformation from the phase domain to the system
dq frame and T1θr(t) denotes the transformation from the
system dq frame to the controller dq frame. Since the fre-
quency domain representation of 1θ (t), i.e. 1θ , is already
obtained in (7), only the frequency domain representa-
tion of 1θr(t), as defined by 1θr, is needed to get fre-
quency domain representation of T1θ r(t), as defined by T1θr.
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For the induction machine of the wind turbine, the time
domain motion, electromagnetic torque and stator voltage
equations can be written as

J
dωr

dt
= Tm(t)− Te(t)

Te(t) =
(
ψsq(t)ird(t)− ψsd(t)irq(t)

)
Lm/Ls

≈ ψsq(t)ird(t)Lm/Ls

usd(t) =Rsisd(t)+
dψsd(t)
dt

− ω1ψsq(t) ≈ −ω1ψsq(t) (15)

where Tm and Te represent the mechanical and electromag-
netic torques and J is the turbine moment of inertia [25].
Performing small-signal analysis to the equations in (15) and
jointly solving them in frequency domain yield

1ωr =
UsdLm
ω1LsJs︸ ︷︷ ︸
Gwr

1ird, 1θ r =
UsdLm
ω1LsJs2︸ ︷︷ ︸
Gwtr

1ird (16)

Furtherly performing small-signal analysis to the frequency
domain representation of the involved dq-frame rotations in
the RSC control, i.e. icr,dq = T1θri

s
r,dq and ms

r = T−11θrm
c
r ,

yields

1icr,dq = Gri
PLL1u

s
s,dq + G

i
wtr1i

s
r,dq

1ms
r,dq = Grm

PLL1u
s
s,dq + G

m
wtr1i

s
r,dq +1m

c
r,dq (17)

where

Gri
PLL =

[
0 Ir1qGPLL
0 −Ir1dGPLL

]
Gi
wtr =

[
1− GwtrIr1q 0
GwtrIr1d 1

]
Grm
PLL =

[
0 −Mr1qGPLL
0 Mr1dGPLL

]
Gm
wtr =

[
GwtrMr1q 0
−GwtrMr1d 0

]
with Ir1d, Ir1q, Mr1d,Mr1q denoting the steady state values of
the corresponding current and modulation signals. For the
RSC control, the small-signal representation can be written
as

1usr = 1m
s
r,dqGdUdc0 +M r1Gd1udc

1mc
r,dq = Gri

(
1irefr,dq −1i

c
r,dq

)
+ K rd1icr,dq + Kus1ucs,dq

1irefr,dq = Gpq11i
c
r,dq + Gvar11u

c
s,dq + Gvar21i

c
s,dq (18)

whereMr1 =[Mr1d Mr1q]T and

Gri(s) = H ri(s)
[
1 0
0 1

]
K rd =

[
0 −ωslipLrδ

ωslipLrδ 0

]
Kus =

[
ωslipLm
ω1Ls

0
0 0

]

Gpq1 =
Hwr

Js

[
1 0
0 0

]
Gvar1 = Hvar

[
0 0
Is1q −Is1d

]
Gvar2 = Hvar

[
0 0
−Us1q Us1d

]
with H ri(s), Hwr(s) and Hvar(s) denoting the RSC current
PI controller, rotor speed PI controller and reactive power
PI controller respectively, and δ = 1 − L2m

/
(LsLr) denot-

ing the magnetic flux leakage coefficient of the induction

machine. Jointly solving the equations in (13), (17) and (18)
yields

1iss,dq = A−1 ·
{
GdUdc0B− ZrrZ

−1
sr

}
︸ ︷︷ ︸

Y rsc

1uss,dq

+ A−1M r1Gd︸ ︷︷ ︸
c2×1

1udc (19)

where the detailed expressions of A and B are given in
Appendix A. For the power balance between the AC input
andDC output of the RSC, the frequency domain small-signal
representation can be written as

1irdc = Gd

(
MT

r11i
s
r,dq + I

T
r11m

s
r,dq

)
(20)

where Ir1 =[Ir1d Ir1q]T. Jointly solving (17)-(20) yields

1irdc = d1×21u
s
s,dq + Y rdc1udc (21)

where the detailed expressions of d1×2 and Y rdc are given
in Appendix A. Finally, the equations in (19) and (21) can
represent the admittance model of the RSC and the induction
machine branch.

C. DERIVATION OF WT SEQUENCE IMPEDANCES
For the convenience of model validation and grid-level reso-
nance analysis using the phase or sequence-component quan-
tities, the developed dq admittance model as given in (3) can
be furtherly transformed to sequence impedances.

After adding small-signal perturbations to the grid voltages
us,abc(t), the phase-a voltage can be written as

usa(t) = U1 sin (ω1t)+ Up sin
(
ωpt + φup

)
+Un sin (ωnt + φun) (22)

where the subscripts p and n denote positive and negative
sequence components respectively. For the better clarification
of frequency coupling, it is set ωp = ωn + 2ω1. After
substituting the trigonometric functions in (22) with complex
exponential functions, its frequency domain representation
can be written as

U sa(ω) =


U1, ω = ±ω1

Up, ω = ±ωp

Un, ω = ±ωn

(23)

where Up = (Up/2)e±j(φup−π/2) and others follow the same
notation. Then performing the Park’s transformation in (4)
to (23), the voltage components in system dq frame can be
written as

U sd =


U1, ωdq = 0
±jUp, ωdq = ±(ωp − ω1)

∓jUn, ωdq = ±(ωn + ω1)

U sq =


0, ωdq = 0
Up, ωdq = ±(ωp − ω1)

Un, ωdq = ±(ωn + ω1)

(24)

147884 VOLUME 8, 2020



Y. Zhang et al.: Frequency-Coupled Impedance Modeling and Resonance Analysis of DFIG-Based OWF With HVDC Connection

Combining (23) and (24), the relationship between the dq
components and sequence components can be solved as[

U sd(ωdq)
U sq(ωdq)

]
=

[
j −j
1 1

]
︸ ︷︷ ︸

TZ

[
Up(ωp)
Un(ωn)

]
(25)

where the transformation matrix TZ also applies to the other
voltage and current quantities in this study. Rewriting the
equation 1iwt,dq = Ywt,dq1us,dq in (2) for s = jωdq gives[
U sd(ωdq)
U sq(ωdq)

]
=

[
Zdd(ωdq) Zdq(ωdq)
Zqd(ωdq) Zqq(ωdq)

]
︸ ︷︷ ︸

Zwt,dq(ωdq)=Y
−1
wt,dq(ωdq)

[
Iwtd(ωdq)
Iwtq(ωdq)

]
(26)

where Zwt,dq(s) denotes the dq domain impedance. Then
substituting the voltages and currents in (26) with the cor-
responding sequence components according to (25) yields[

Up(ωp)
Un(ωn)

]
=T−1Z

[
Zdd(ωdq) Zdq(ωdq)
Zqd(ωdq) Zqq(ωdq)

]
TZ︸ ︷︷ ︸

ZMwt,pn(ωdq)
m for s = jωdq

[
Ip(ωp)
In(ωn)

]

[
Up(s+ jω1)
Un(s− jω1)

]
= T−1Z

[
Zdd(s) Zdq(s)
Zqd(s) Zqq(s)

]
TZ︸ ︷︷ ︸

ZMwt,pn(s)

×

[
Ip(s+ jω1)
In(s− jω1)

]
(27)

where ZMwt,pn(s) =

[
ZM
pp(s) Z

M
pn(s)

ZM
np(s) Z

M
nn(s)

]
denotes the modified

sequence-domain impedance, as defined in [23]. By shifting
the frequency of ω1 for the voltage, current and impedance
terms in (27), i.e. substituting s with s − jω1 for the positive
sequence and sequence coupling terms, and substituting s
with s+ jω1 for the negative sequence and sequence coupling
terms, the real sequence-domain impedance Zwt,pn(s) can be
derived, which satisfies[
Up(s)
Un(s)

]
=

[
ZM
pp(s− jω1) ZM

pn(s+ jω1)

ZM
np(s− jω1) ZM

nn(s+ jω1)

]
︸ ︷︷ ︸

Zwt,pn(s)

[
Ip(s)
In(s)

]
(28)

where the off-diagonal elements of Zwt,pn(s) are not equal to
zero and they are induced by the asymmetrical PLL control
and the asymmetrical outer loop PI control of WT convert-
ers. The sequence impedance coupling in (28) reflects the
relationship between the voltage and current with different
frequencies. To be specific, when there is a positive-sequence
current/voltage perturbation with the frequency ωp ≥ 2ω1, a
negative-sequence voltage/current response will be induced
and the frequency satisfies ωn = ωp − 2ω1, but if ωp <

2ω1, the coupled frequency component will be in positive
sequence and the frequency satisfies ωp2 = 2ω1 − ωp.

III. IMPEDANCE MODELLING OF WIND FARM
MEDIUM-VOLTAGE COLLECTOR SYSTEM
This section firstly shows the present practices in the aggre-
gated modelling of wind farm MV collector system and then
presents the suitability of the aggregatedmodels for wideband
resonance analysis through comparing them with the detailed
model. Illustration of the aggregated single-machine model is
given in Figure 4.

FIGURE 4. Aggregated single-machine model of MV collector system.

Figure 5 shows the typical configuration of an OWF with
radially distributedMV collector systems. EachMVmain bus
connects M arrays of WTs, and in the m array, Nm WTs are
interconnected through Nm sections of collecting cables.

FIGURE 5. Typical radially distributed OWF configuration.

A. POWER LOSS BASED AGGREGATION MODEL
Assuming each WT injects the same amount of current IWT
at fundamental frequency, the total current contributed from
the radial m is given by

Im=
Nm∑
n=1

Im,n = NmIWT, m =1, 2, . . . ,M , n =1, 2, . . . ,N

(29)

where n represents the nth WT in the arraym and Im,n denotes
the injected current. For each cable section, the nominal PI
model with lumped parameters is adopted [29]. If defining
the equivalent series impedance of all the cable sections in the
arraym as Zm, the power loss in the arraym can be represented
by

I2mZm =
Nm∑
n=1

(
n
Im,n
Nm

)2

Zm,n (30)

where Zm,n = Rm,n+sLm,n denotes the series impedance of
the cable section which connects the nth WT and the (n+ 1)th
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WT in the array m. Combining (29) and (30), Zm is solved as

Zm =
1
N 2
m

Nm∑
n=1

n2Zm,n (31)

Combining the current and power loss equations as given
in (32), the equivalent series impedance Zmvc of all the cables
of a MV collector system as well as the lumped resistance
Rmvc and inductance Lmvc can be solved, as shown in (33).

Imv =

M∑
m=1

Im =
M∑
m=1

NmIWT, m = 1, 2, . . . ,M

I2mvZmvc =

M∑
m=1

I2mZm (32)

Zmvc =

M∑
m=1

I2mZm

/
I2mv =

M∑
m=1

N 2
mZm

/(
M∑
m=1

Nm

)2

Zmvc(ω1) = Rmvc + jω1Lmvc (33)

For the aggregation of the shunt admittance of the dis-
tributed cables, the capacitances of all the cable sections can
be simply added together [26]. So the equivalent capacitance
Cmv and the resulted shunt admittance Ymv of a MV collector
system can be represented by

Cmvc =

M∑
m=1

N∑
n=1

Cm,n,Ymvc = jωCmvc (34)

As for the aggregation of WTs, all the WTs of a MV
collector system can be assumed in direct parallel connec-
tion due to negligible series impedances of the collecting
cables compared with WT impedances. Furtherly assuming
all theWTs are under the same operating point, the equivalent
impedance of theWTs taking into account the terminal filters
and step-up transformers can be represented by

Zwt,agg =
(
(Z−1wt + 1/ZFE)

−1
+ ZTE

)
/Nwt (35)

where Zwt is the abbreviation for Zwt,pn, ZF represents
the impedance of WT terminal filter, ZT represents the
impedance of WT step-up transformer and Nwt is the total
number of WTs.

Finally, the output impedance of the aggregated MV col-
lector system as illustrated in Figure 4 can be written as

Zmv =

((
(Z−1wt,agg + 0.5YmvcE)

−1
+ ZmvcE

)−1
+ 0.5YmvcE

)−1 (36)

B. VOLTAGE DROP BASED AGGREGATION MODEL
For the same MV collector system as shown in Figure 5,
the voltage drop of the mth wind array can be represented by

ImZm =
Nm∑
n=1

nIm,nZm,n =
Nm∑
n=1

n
Im
Nm

Zm,n (37)

where Zm denotes the equivalent impedance of that array.
According to the current relationship as given in (29), Zm can
be solved as

Zm =
1
Nm

Nm∑
n=1

nZm,n (38)

Furtherly according to the parallel circuit theory, the equiv-
alent series impedance of all the cables of a MV collector
system can be represented by

Zmvc =
1∑M

m=11/Zm
(39)

For the aggregation of the shunt admittance of the dis-
tributed cables, the equations in (34) still apply. The equiv-
alent impedance of all the WTs can be derived as in (35) and
the equivalent output impedance of the MV collector system
can be deduced as in (36).

C. DETAILED MODEL AND ACCURACY ANALYSIS
Figure 6 shows the equivalent circuit of the mth wind array
of a MV collector system. Neglecting the voltage differences
amongWT terminals, all WTs can be modelled with the same
output impedance, thus the output admittance of the wind
array can be derived as in (40). The output impedance of
the wind array Zm,str as well as the output impedance of the
complete MV collector system Zmv can be derived as in (41).

Y1,sec=

(
Zm,1E+

(
0.5Ym,1E+ Z

−1
wt

)−1)−1
+ 0.5Ym,1E

Y2,secs =

(
Zm,2E+

(
0.5Ym,2E+ Z

−1
wt + Y1 sec

)−1)−1
+ 0.5Ym,2E (40)

. . .

YN ,secs =

(
Zm,NE+

(
0.5Ym,NE+ Z

−1
wt

+ YN−1,sec s
)−1)−1

+ 0.5Ym,NE

Zm,str = Y−1N ,sec s

Zmv =

(∑
M
m=1Z

−1
m,str

)−1
(41)

FIGURE 6. Equivalent circuit of the mth wind array.

The detailed model derived in (40) and (41) is then used
to check the accuracies of the aggregated single-machine
models. The test MV collector system is set to have 40 WTs
distributed in 6 wind arrays. The cable settings of theMV col-
lector system are shown in Figure 7, in which the parameters
of the cable sections are estimated from ABB user’s guide
for submarine systems [30], as presented in Appendix B.
The frequency scanning of the aggregated models and the
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FIGURE 7. Cable settings of the test MV collector system.

detailed impedance model is shown in Figure 8. For the
detailed impedance model, an extra scenario without consid-
ering cable capacitances is shown for comparison. For space
reason, only the positive sequence impedance Zpp and the
coupling term Zpn are presented. Same observations can be
seen for the other impedance terms. For this specific MV col-
lector system, neglecting the cable capacitances introduces
large error at the frequencies starting from 200 Hz, while
the power loss and voltage drop based aggregation models
show acceptable accuracy at the frequencies between 5 Hz
and 3 kHz.

FIGURE 8. Frequency scanning to different impedance models of the test
MV collector system.

IV. RESONANCE ANALYSIS OF DFIG-BASED OWF WITH
HVDC CONNECTION
Figure 9 shows the test grid and relevant parameters.
A 400 MW OWF with 80 DFIG-based WTs are connected
to an offshore HVDC converter station through short high
voltage submarine cables. The MV collector systems are
represented by the power loss based aggregation model as
derived in Section III.

The HVDC link is assumed to have a constant DC voltage
due to its strong onshore grid connection. The wind farm side
VSC converter (WFVSC) is regulated to maintain a constant
AC voltage for the connected OWF. For the purpose of better
dynamic performance, a single loop PI control structure is
adopted in the WFVSC [31], [32]. Since there is no PLL and
the dq frame control is symmetrical, the AC side sequence
impedances of the WFVSC are frequency-decoupled, which
can be written as

Zvsc,p (s) =
Rc + sLc − jKdKpwmGd (s− jω1)

1+ KpwmHPI (s− jω1)Gd (s− jω1)

Zvsc,n (s) =
Rc + sLc + jKdKpwmGd (s+ jω1)

1+ KpwmHPI (s+ jω1)Gd (s+ jω1)
(42)

where Zvsc,p (s) denotes the positive sequence impedance,
Zvsc,n (s) denotes the negative sequence impedance,Gd (s) =
1/(1 + 1.5Tss), HPI (s) = Kvp + Kvi/s and Kpwm is the gain
of the PWM unit. Taking into account the AC filters and
the coupling transformer of the WFVSC, the positive- and
negative-sequence impedances of the HVDC grid connection
can be derived as

ZG,p(s) = 1/(1/Zvsc,p(s)+ 1/Zfilters(s))+ Z ctr(s)

ZG,n(s) = 1/(1/Zvsc,n(s)+ 1/Zfilters(s))+ Z ctr(s) (43)

where Zfilters(s) denotes the overall impedance of the 5th

and 7th single-tuned filters as well as the 27th and 54th

high-pass damped filters, and Z ctr(s) denotes the short circuit
impedance of the coupling transformer.

Since the two 155 kV branches of the OWF are identical,
the equivalent output impedance of the OWF looking from
PCC can be formulated as

ZWF,pn(s) =
1
2

((
(Z−1mv + ZT + 0.5Yhvc)

−1
+ Zhvc

)−1
+ 0.5Yhvc

)−1 (44)

where

ZT =
[
ZT 0
0 ZT

]
Zhvc =

[
Zhvc 0
0 Zhvc

]
Yhvc =

[
Y hvc 0
0 Y hvc

]
with ZT denoting the short circuit impedance of the 33
/ 155 kV wind farm transformer, Zhvc and Y hvc denoting
the series impedance and shunt admittance of the 155 kV
cables. The nonzero off-diagonal elements of the sequence
impedance matrix ZWF,pn(s) as defined in

ZWF,pn(s) =
[
ZWF,pp(s) ZWF,pn(s)
ZWF,np(s) ZWF,nn(s)

]
(45)

make the DFIG-based OWF with HVDC grid connection a
MIMO system. The root causes of the coupling between the
positive and negative sequence impedances of the OWF are
the PLL and asymmetrical d- and q-axis control structures in
the DFIG energy conversion systems. For the better under-
standing of the impedance coupling in (45), the sequence
equivalents of the investigated MIMO system in case of
a shunt current perturbation are presented in Figure 10.
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FIGURE 9. Diagram of an aggregated DFIG-based OWF with a two-level VSC-based HVDC connection.

FIGURE 10. Sequence equivalents of the HVDC-connected OWF. The
perturbation Ip and the responses UPCC,p, IWF,p, IG,p are at frequency ωp
and the responses UPCC,n, IWF,n are at the frequency ωp − 2ω1.

Given a positive sequence current perturbation Ip at the fre-
quency ωp, the system will have both the positive sequence
responses UPCC,p, IWF,p, IG,p at the same frequency and the
negative sequence responses UPCC,n, IWF,n at the frequency
ωp − 2ω1. Note that for ωp < 2ω1, the negative sequence
responses at the frequencyωp−2ω1 actually correspond to the
positive sequence responses U∗PCC,n, I

∗

WF,n at the frequency
2ω1−ωp [34], where the superscript ∗ denotes the conjugation
operation.

In terms of the positive sequence current perturbation,
the sequence equivalents of the HVDC-connected OWF as
given in Figure 10 can be formulated as

UPCC,p = ZWF,pp(s)IWF,p + ZWF,pn(s)IWF,n

UPCC,p = IG,pZG,p(s)

UPCC,n = ZWF,nn(s− j2ω1)IWF,n + ZWF,np(s− j2ω1)IWF,p

UPCC,n = −IWF,nZG,p(s− j2ω1) (46)

Jointly solving the equations in (46) yields the equivalent
SISO sequence impedances of the wind farm, as given in

ZWF,p(s)

= UPCC,p/IWF,p

= ZWF,pp(s)−
ZWF,pn(s)ZWF,np(s− j2ω1)

ZWF,nn(s− j2ω1)+ ZG,n(s− j2ω1)

ZWF,n(s− j2ω1)

= UPCC,n/IWF,n

= ZWF,nn(s− j2ω1)−
ZWF,pn(s)ZWF,np(s− j2ω1)

ZWF,pp(s)+ ZG,p(s)
(47)

where ZWF,p(s) denotes the equivalent SISO positive
sequence impedance, ZWF,n(s − j2ω1) denotes the equiva-
lent SISO negative sequence impedance with the frequency
shifting of 2ω1, and the last term in each impedance equation
interprets the frequency coupling. The frequency couplings
as represented in (47) are not only determined by the off-
diagonal elements of the wind farm impedance ZWF,pn(s), but
also determined by the diagonal elements of ZWF,pn(s) as well
as the grid impedances ZG,p(s) and ZG,n(s) that are related
to all the grid components of the system. The strength of
frequency couplings can be evaluated by the proximity of the
real sequence impedances to the equivalent SISO sequence
impedances, i.e. the proximity of ZWF,pp(s) to ZWF,p(s) and
the proximity of ZWF,nn(s) to ZWF,n(s).
For the identification of the resonances in the frequency-

coupled MIMO system, the PCC nodal impedances of the
equivalent SISO sequence systems as formulated in (48)
will be used. Through performing frequency scanning to
ZPCC,p(s) and ZPCC,n(s), the resonances of the system can
be found by the peaks of the magnitude versus frequency
plots, and the damping of the resonances can be determined
by the angle variations around the resonance frequencies in
the angle versus frequency plots. If the phase variation around
a resonance frequency is greater than 180o, i.e. a resonance
with negative damping, the resonance is unstable [2]. Oth-
erwise, the resonance may amplify the harmonic distortion
at the resonance frequency and the amplification degree is
proportional to the impedance magnitude.

ZPCC,p(s) =
ZWF,p(s)ZG,p(s)

ZWF,p(s)+ ZG,p(s)

ZPCC,n(s) =
ZWF,n(s)ZG,n(s)

ZWF,n(s)+ ZG,n(s)
(48)
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In the authors’ previous work [2], it is demonstrated when
DFIG-based OWF operates under low wind speed or receives
a control command for lowering its active power output, the
rotor speed of the wind turbines will be decreased and it can
increase the risk of SSR instability. Additionally, the variation
of the in-service WTs as well as the change of the switching
states of the MV collector cables can greatly change the
resonance frequencies and increase the risk of resonance
stimulation under critical conditions. On this basis, this paper
will no longer comprehensively analyze the risk of reso-
nances with respect to various operating conditions and grid
configurations, but show the impact of frequency coupling
on the risk of resonances using two simple cases: (1) control
parameter variation; (2) grid topology change.

A. IN CASE OF CONTROL PARAMETER VARIATION
A lot of publications have shown the negative influence
of a large proportional coefficient of the RSC current con-
troller H ri(s) = Krp + Kri/s on SSR stability [7], [8], [33].
Figure 11 shows the impedance responses of the simu-
lated DFIG system under different Krp. It is observed,
as Krp increases, the angles of the positive sequence
impedance Zpp and the coupling impedances Zpn and Znp
will increase to be above 90◦ or decrease to be below −90◦

in the subsynchronous frequency area, which indicates neg-
ative resistances at the corresponding frequencies. For the
scenarios Krp = 0.15 and Krp = 0.45, the impact of Krp

FIGURE 11. Impact of the proportional coefficient K rp of the RSC current
controller on the output impedances of the simulated DFIG-based WT.

on the frequency coupling of the investigated DFIG-based
OWF is shown in Figure 12. To reflect the resonance points of
the studied MIMO system, the positive sequence impedance
of the connected HVDC system is also shown in Figure 12.
Through comparing ZWF,p with ZWF,pp, it can be observed
the frequency coupling mainly exists in the frequency range
less than 100 Hz, and the strength or the degree of the
frequency coupling in the scenario Krp = 0.45 is greater
than that in the scenario Krp = 0.15. At the frequencies
above 100 Hz, the frequency coupling is not observable, thus
can be neglected. Since the impact of the frequency cou-
pling on the negative sequence impedance of the investigated
OWF is negligible, it is not shown here.

FIGURE 12. The real and equivalent SISO positive sequence impedances
of the investigated OWF as well as the positive sequence impedance of
the HVDC grid connection.

In Figure 12, it can also be observed, there are sev-
eral resonance points determined by the cross-points of the
magnitudes of ZWF,p/ZWF,pp and ZG,p and the variation of
Krp mainly influences the SSR resonance mode. To better
show the impact of the frequency coupling on the SSR,
the PCC nodal impedances of the equivalent SISO positive
sequence system as well as the corresponding impedances
neglecting the frequency coupling are shown in Figure 13.
In Figure 13 (a), the frequency coupling is included. For
the scenarios Krp = 0.45 and Krp = 0.5, the resonance
peaks at around 10 Hz and 90 Hz in the magnitude plots
indicate strong frequency coupling and the negative real part
values of the PCC nodal impedances at the SSR frequencies
indicate SSR instability [2]. As for the PCC nodal impedances
neglecting the frequency coupling (by setting ZWF,p =

ZWF,pp), the SSR mode is stable for Krp = 0.45, which is
indicated by the positive real part value of the impedance at
the SSR frequency, as shown in Figure 13 (b). Thus for the
scenario Krp = 0.45, neglecting the frequency coupling leads
to a wrong stability assessment result.

In practical operating conditions, the HVDC connected
DFIG-based OWF may also have such SSR instability risks
when wind speed is quite low or the OWF receives a lowering
power generation command from its superior level control
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FIGURE 13. Impact of K rp on the PCC nodal impedances of the
equivalent SISO positive sequence system at frequencies below 100 Hz.

center [2], [7]. Therefore, including frequency coupling in the
modelling and resonance analysis plays an important role in
the correct identification of low-frequency resonance stabil-
ity and can help system operators to take proper preventive
corrections.

B. IN CASE OF GRID TOPOLOGY CHANGE
By the startup or shutdown of the investigated OWF or when
a three-phase fault occurs to one of the two HV feeders in the
OWF, the system may go through the transition from both
155 kV branches integrated into grid (with 400 MW feed-in
power) to only one 155 kV branch integrated into grid (with
200MW feed-in power). The dominating resonancemodes of
the system can be more or less varied, as shown in Figure 14.

As observed, following the change of the grid topology,
the last resonance mode is most significantly influenced. The
resonance frequency is varied from 1038 Hz to 1259 Hz,
which matches the sideband frequency of the wind farm side
HVDC converter, moreover, the impedance magnitute of this
resonance mode is largely increased. The stimulation of the
resonance can greatly amplify the switching harmonics and
limit the power transfer along the MV and HV cables. For
the other resonance modes, the influence of the grid topology

FIGURE 14. Impact of the grid topology change on the PCC nodal
impedances. Solid lines: equivalent SISO positive sequence system.
Dashed lines: equivalent SISO negative sequence system.

change on them are relatively small. Since the frequency
coupling mainly exists in the low-frequency area and the SSR
mode maintains sufficient phase margin following the grid
topology change, ignorging the frequency coupling effect will
not have much influence on the SSR stablity as well as on the
risks of the other resonance modes.

When taking into account various operating conditions
and grid configurations, the resonance frequencies of the
dominating resonance modes in Figure 14 can be changed by
up to 1 kHz and sharp resonance peaks can be introduced [2].
The existance of the charateristic harmonics may cause the
stimulation of one or more resonances and induce the ampli-
fication of harmonic distortions. Generally, as long as the
resonances do not make the system enter into critical stable
states, the frequency coupling effect can be neglected for the
simplicity of resonance analysis.

V. SIMULATION VALIDATION
To validate the results of the theoretical modelling and res-
onance analysis as presented in Chapters II-IV, the detailed
DFIG model developed by MATLAB is adopted in simula-
tion [24]. Note that the control structure of the wind turbine
is modified according to Figure 1. The test grid as shown
in Figure 9 is built in MATLAB / Simulink. The parameters
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of the MV collector systems (including cables and WTs) and
the aggregated single-machine representations are available
in Appendix B and C. The DC side of the offshore HVDC
converter station is simplified to an ideal DC voltage source.

A. MODEL VERIFICATION
To measure the impedance responses of the simulated DFIG-
based WT, the MV collector system, as well as the two-level
VSC based HVDC converter under small-signal perturba-
tions, the series voltage injection approach as discussed
in [23], [35] is applied in simulations.

In each simulation, the measured object is connected to
an infinite bus or a resistive load. To handle the enormous
computation burden of tens of DFIG-based WTs in MAT-
LAB/Simulink, the model validation of the aggregated MV
collector system is divided into 2 steps. In the first step
simulations, the impedance reponses of an 8-WT array and
a 4-WT array are measured respectively, in which each WT
is represented by the detailed DFIG model and each cable
subsection is represented by the distributed parameters cable
model from Simulink library. In the second step simulations,
the impedance reponses of the MV collector system with
each wind array represented by a single-machine model are
measured. Figure 15, 16 and 17 shows the good match of the
analytical models with the simulation results.

FIGURE 15. Comparison of the analytical model with the simulation
impedance responses of the studied DFIG-based WT. Solid lines:
analytical models; Circles: numerical simulation results.

B. RESONANCE STIMULATION AND STABILITY
ASSESSMENT
Figure 18 shows the simulation results in case of control
parameter variation, when Krp is varied from 0.15 to 0.45
at 10 s, the system becomes unstable due to the formation of

FIGURE 16. Comparison of the analytical aggregation models with the
simulation impedance responses of an 8-WT array and the MV collector
system.

FIGURE 17. Comparison of the analytical model with the simulation
impedance responses of the wind farm side HVDC converter. Solid lines:
analytical models; Asterisks and circles: numerical simulation results.

the strong PCC current oscillation, which verifies the theoret-
ical analysis on the SSR stability assessment as presented in
Section IV. A. The frequency and damping of the SSR actu-
ally vary continuously with the growth of the resonance due
to the strong nonlinearities in the converter control induced
by the large SSR current [7], [36].

Figure 19 shows the simulations results in case of grid
topology change. When an HV feeder of the OWF is dis-
connected from the grid at 10 s, large high-frequency ripples
are observed in the PCC voltage waveform. According to
the FFT analysis as shown in Figure 20, they are induced
by the resonance amplification of the sideband harmonics
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FIGURE 18. PCC current and FFT analysis as K rp varies.

FIGURE 19. PCC voltage and current following the grid topology change.

FIGURE 20. PCC current and voltage FFT analysis. (a) Both 155 kV feeders
integrated into grid; (b) one 155 kV feeder disconnected from grid.

of the HVDC converter, which verifies the results of the
theoretical analysis as presented in Section IV.B. Accord-
ing to the recommended harmonic distortion limits as given

in [1], the 1250 Hz voltage harmonic in Figure 20 (b) vio-
lates the limit of 1.5% times of the fundamental value, and
the total harmonic distortion (THD) of the PCC voltage
in Figure 20 (b) violates the limit of 2.5% times of the
fundamental value.

VI. CONCLUSION
This paper presented the comprehensive impedance
modelling of DFIG-based wind turbine considering all the
relevant control dynamics for the frequency range from
several Hz to a few kHz. Through stepwise simulation verifi-
cations, the equivalent power loss based aggregationmodel of
a large-scale DFIG-based OWF was validated to be feasible
for wide frequency range of resonance analysis.

The resonances in the DFIG-based OWF with HVDC con-
nection were investigated using the PCC nodal impedances
of the equivalent SISO sequence systems. The impact of the
frequency coupling effect on the risks of resonances was
analyzed. Harmonic amplification and SSR stability issues
were demonstrated taking into account grid topology change
and control parameter variation.

The discussed frequency coupling of fundamental fre-
quency was found crucial when a SSR resonance mode is
approaching critically-damped stable state.When a SSR reso-
nance mode maintains sufficient damping regarding possible
operating conditions and grid configurations, the frequency
coupling effect can be neglected in the wideband resonance
analysis for simplicity.

For further works, the detailed modelling of pulse width
modulation (PWM) should also be integrated in resonance
analysis to address the extra frequency coupling of PWM
switching frequency, especially when the investigated fre-
quency range involves above half of the switching frequency.

APPENDIX
A. SYMBOLS DEFINITION
Detailed expressions of Ygsc and a2×1 in (9) can be written
as

Ygsc =

[
ZRL +

(
Ggi + Kgd

)
GdUdc0

]−1
·
{
E−

[
Gm
PLL + G

u
PLL

+

(
Ggi + Kgd

)
Gi
PLL

]
GdUdc0

}
a2×1 =

[
ZRL +

(
Ggi + Kgd

)
GdUdc0

]−1
×

(
GgihvdcGdUdc0 +Mg1Gd

)
(A1)

Detailed expressions of b1×2 and Y gdc in (12) can be
written as

b1×2 = Gd

[
MT

g1 + I
T
g1

(
Ggi + Kgd

)]
Ygsc

+GdI
T
g1

[
Gm
PLL +

(
Ggi + Kgd

)
Gi
PLL + G

u
PLL

]
Y gdc = Gd

{
−ITg1Ggihvdc

+

[
MT

g1 + I
T
g1

(
Ggi + Kgd

)]
a2×1

}
(A2)
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TABLE 1. Parameters of the simulated 5 MW DFIG-based wind turbine.

TABLE 2. Parameters of collector cables.

TABLE 3. Parameters of the aggregated WT representing Nwt single WTs.

Detailed expressions of A and B in (19) can be written as

A = GdUdc0

[
Gm
wtr −

(
Gri − K rd − GriGpq1

)
Gi
wtr

]
Z−1sr Zss

−GdUdc0GriGvar2 + Zrs − ZrrZ
−1
sr Zss

B = Grm
PLL −

(
Gri − K rd − GriGpq1

)
Gri
PLL

+
(
Kus + GriGvar1

)
Gu
PLL + GriGvar2G

si
PLL

+
(
Gm
wtr −

(
Gri − K rd − GriGwt

))
Gi
wtrZ

−1
sr (A3)

Detailed expressions of d1×2 and Y rdc in (21) can be
written as

d1×2 = Gd

[
MT

r1 + I
T
r1G

m
wtr − I

T
r1
(
Gri − K rd

− GriGpq1

)
Gi
wtr

]
·

(
Z−1sr − Z

−1
sr ZssY rsc

)
−GdI

T
r1

(
Gri − K rd − GriGpq1

)
Gri
PLL + GdI

T
r1G

rm
PLL

+GdI
T
r1
(
Kus + GriGvar1

)
Gu
PLL

+GdI
T
r1GriGvar2G

si
PLL + GdI

T
r1GriGvar2Y rsc

Y rdc = −Gd

[
MT

r1 + I
T
r1G

m
wtr − I

T
r1
(
Gri − K rd

TABLE 4. Parameters of the aggregated cable models.

− GriGpq1

)
Gi
wtr

]
Z−1sr Zssc2×1

+GdI
T
r1GriGvar2c2×1 (A4)

B. PARAMETERS OF MV COLLECTOR SYSTEM
See Tables 1–2.

C. PARAMETERS OF THE AGGREGATED MODEL
OF MV COLLECTOR SYSTEM
See Tables 3–4.
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