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Abstract—Field experience has shown that sub-synchronous
oscillation (SSO) and harmonic resonance can occur between
wind farms (WFs) and high voltage dc (HVDC) systems. The
oscillations can appear in the presence of background harmonics
due to the interaction between the wind energy conversion
system’s (WECS) converter controller, HVDC converter con-
troller and the impact of the interconnection system impedance.
However, the root causes of these oscillations observed in the
field are not entirely understood and they can be attributed to
various sources within the components and controllers of the
interconnected system. This paper explores the possible causes
of these oscillations by investigating the impact of controllers and
components in the wind farm and in the voltage source converter
(VSC)-based HVDC transmission system. In order to understand
this phenomena, the impedance of both the wind farm and the
HVDC from the offshore ac collection point are analytically
derived to identify potential resonance points. The impedance
frequency responses of the wind farm and the HVDC converter
indicate the potential resonance at low frequency. The origin of
these oscillations can be attributed to the propagation of the
WECS resonance through the WECS full converter dc link and
the interaction between the WECS and the HVDC system. Once
the source and the load impedance are identified, an impedance-
based stability method is adopted in order to determine the
stability. In an attempt to improve the oscillatory phenomena, an
active damping scheme is implemented on the offshore HVDC
rectifier. An analysis and time domain simulation results with its
respective harmonic spectra show that the implemented active
damping is very effective in eliminating the oscillations observed
in the interconnected system. Moreover, this paper presents the
role of the ratio between the bandwidths of the interconnected
areas, as having an essential role in the root cause of the
instability. The general rule is observed that when the bandwidth
of the HVDC rectifier (which is the source) is faster than the
bandwidth of the load (WFs inverter); the system operates stably.

Index Terms—High voltage dc (HVDC), Offshore grid, Stabil-
ity Analysis, Harmonic Resonance, Subsynchronous Oscillation,
Active damping, wind farm, Control of Voltage Source Converter
(VSC).

I. INTRODUCTION

W ITH rapid development of offshore wind power, the
power rating of the offshore wind farm is becoming

larger as the installation moves farther offshore and it thus,
requires long transmission line to connect to the main ac
grid [1]. High voltage dc (HVDC) transmission system is one
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feasible way to integrate the offshore wind power [2]- [5].
The HVDC system has been dominated by line commutated
converters (LCC); however, voltage source converters (VSCs)
which include two-level, multi-level [6] and modular multi-
level converters [7], [8] are increasing dramatically due to
having superior system performance and controllability [9].

The stability of the offshore wind power network connected
through HVDC transmission line is a critical problem since
there is no direct connection at ac collection (ACC) bus
to a strong ac grid. Field experience has shown that sub-
synchronous oscillation (SSO) and harmonic resonance can
occur between wind farms and HVDC systems [10]. The os-
cillations can appear in the presence of background harmonics
and is arguably resulting from the controller interaction of the
wind energy conversion system (WECS) converter controller
and HVDC converter controller [11]. These SSO and harmonic
resonance phenomena are reported by many researchers and
different mitigation techniques are proposed [12]- [20]. These
analysis are mainly for the WECS connected directly to the
main ac grid or connected to main ac grid through HVDC
system where wind farms are represented by simple constant
power source neglecting the control dynamics of the wind tur-
bine drive train. However, the root cause of these oscillations
observed in the field are not entirely understood and they can
be attributed to various sources within the components and
controllers of the interconnected system.

In this study, a full-scale type-four WECS is investigated
which is connected to the main ac grid through two-level VSC-
based HVDC system. The system is shown in Fig. 1. It has
two wind farms which are connected to the ACC bus through
offshore sea cable. The power is transferred to the grid through
HVDC line. There is no rotating machine connected to ACC
bus. The control architectures of the converters are as follows:

• The ACC bus side WECS converter regulates the dc
voltage and reactive power of the WECS.

• The WECS generator side converter is a simple full
bridge diode rectifier [21]. The speed of the generator
is controlled by means of controlling the dc link current
of the WECS. A dc-dc converter is used to regulate the
dc link current of the WECS which inner control loop is
the dc link current control and the outer control loop is
a speed control of the wind turbine generator (WTG).

• The ACC bus side offshore HVDC converter is used to
control the ac voltage. In this case, a inner loop current
controller and a outer loop voltage controllers are also
assumed. An active damping method is implemented for
this converter.

• The ac grid side onshore HVDC converter regulates the
dc link voltage and reactive power.
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Fig. 1: Overview of the investigated system structure: VSC-based HVDC system for integration of wind farm.

The operation of the interconnected system is found to be
poor without the closed loop ac voltage controller at ACC bus
side converter of the HVDC system. The system performance
is improved when a close-loop ac voltage control is used;
however, an oscillatory phenomena around 15 Hz is observed
when the closed loop ac voltage control is introduced due
to interaction of the control dynamics and the impact of the
impedance on the system dynamics. In order to understand
this phenomena, the impedance of both the wind farm inverter
and the HVDC rectifier from the offshore ac collection point
are analytically derived and the impedance-based stability
criteria, which is a simple method for analysis a complex
power electronics based power system [22]- [27], is adopted
to analyze the stability of the interconnected system. Once
the source and the load impedance are analytically obtained,
the impedance-based Generalized Nyquist Stability Criteria
(GNC) is applied to predict the stability of the interconnected
system [28]. The frequency domain impedance characteristics
both for the wind farm and the HVDC rectifier from the
offshore ACC point are presented to identify the potential
resonance points. The Nyquist plots of the impedance ratio of
the HVDC converter to the wind farm indicate the potential
resonances at low frequency. An active damping scheme
is implemented on the current compensator of the offshore
HVDC rectifier in an attempt to improve the oscillatory
phenomena. An analysis and time domain simulation results
with its respective spectral analysis show that the implemented
active damping is very effective in eliminating the oscillations
observed in the interconnected system. The proposed active
damping scheme can significantly reduce the magnitude of the
source (HVDC rectifier) impedance at low frequencies which
improves the stability of the interconnected system. Moreover,
this paper is introducing a discussion of the role of the ratio
between the bandwidths of the interconnected areas, as having
an essential role in the root cause of instability and in being
a strong factor to be taken into account in the shaping of the
impedances to maintain stability.

The rest of the paper is organized as follows. Section II
describes the modeling and control of the HVDC system which
also includes the impedance modeling of the HVDC rectifier.
Section III presents the modeling and control of the WECS.
The stability analysis is presented in section IV. The section
V presents the method of mitigating the SSO. A discussion
is included in section VI. Finally the results of this study are
concluded in Section VII.
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Fig. 2: The VSC-HVDC converter station

II. HVDC SYSTEM MODELING AND CONTROL

A. System Configuration

The HVDC system depicted in Fig. 1 consists of converter
transformers, offshore HVDC rectifier (VSC-A), subsea dc
cable and grid side onshore HVDC inverter (VSC-B). The
VSC-HVDC system has a capacity of 200 MVA equivalent.
The VSC-A behaves as a voltage source to the ac terminal
and is connected to the ACC bus through a 145/200 kV, 50
Hz transformer with same rating as the converter. The VSC-B
is connected to the main ac grid of 380 kV through a 200/380
kV, 50 Hz, 200 MVA transformer. The HVDC-link dc voltage
is 400 kV and the length of the dc line is 200 km.

B. Analytical Modeling of VSC-HVDC

The electrical circuit of a VSC-HVDC converter for analyt-
ical modeling is shown in Fig. 2 where LcA and RcA are the
total series inductance and resistance of the converter, CfA is
the filter capacitance, Cdc is the dc link capacitance and LTA
and RTA are the equivalent series inductance and resistance of
the transformer. The modeling, analysis and the control of the
system will be presented in a synchronous reference frame
(SRF). The transformation of the three phase quantity from
stationary reference frame to SRF is based on the amplitude-
invariant Park transformation, with the d-axis aligned with the
voltage vector voA and q-axis leading the d-axis by 900. The
dynamic equations of the converter in per unit (pu) can be
given by [29], [30][

vodA
voqA

]
=

[
mdA

mqA

]
vdcA − ZoA

[
iLdA
iLqA

]
(1)

where

ZoA =

[
RcA + sLcA/ωb −ω1LcA

ω1LcA RcA + sLcA/ωb

]
;

ωb is the base angular frequency; ω1 is the fundamental
angular frequency in pu; mdA and mqA are the d-axis and
q-axis modulation index, respectively; the variable, s is used
as the differential operator, s=d/dt, and the voltages and the
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Fig. 3: Overview of the control structure of HVDC rectifier,
VSC-A.

currents are indicated in Fig. 2. The subscript ’A’ denotes the
VSC-A.

C. Control of VSC-HVDC

The HVDC system converters have different control ob-
jectives depending on their location and system modeling.
The point-to-point connection HVDC system used with the
purpose of integrating wind farm must have the dc and ac
voltage control objectives. The converter connected to the wind
power side ACC bus regulates the ac voltage and supplies
the sinusoidal voltage to the ACC bus and the other converter
connected to the ac main grid regulates HVDC-link dc voltage
and the reactive power. In this work, the focus is to study
the interaction between the WECS and the ACC side HVDC
converter, therefore the details of modeling, control and the
impedance model will be presented only for the ACC side
VSC HVDC assuming the dc voltage controller of VSC-B is
providing constant dc voltage input to VSC-A.

The overview of the control structure of VSC-A is shown in
Fig. 3. An outer-loop PI-controller is used to obtain the d-axis
and q-axis current reference of VSC-A. A current controller
is assumed to limit the current during abnormal operation.
The reference current to the current controller, iLd,refA and
iLq,refA can be defined by

[
iLd,refA
iLq,refA

]
=

GvA︷ ︸︸ ︷[
Hvac(s) 0

0 Hvva(s)

]([
vod,refA
voq,refA

]
−
[
vod
voq

])
(2)

and PI-controller transfer function is

Hvac(s) = kpvac + kivac/s (3)

where, vod,refA and voq,refA are the reference d-axis and q-
axis voltage, respectively; kpvac and kivac are the proportional
and integral gain of the PI-controller.

The inner-loop current-controller depicted in Fig. 3 is
assumed to be the widely used SRF PI-controller of the
VSC with decoupling term. The modulation index references
obtained from the current controllers, including the feed-
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Fig. 4: The VSC’s impedance verification setup based on shunt
current injection

forward terms can be given by[
md.refA

mq,refA

]
= GccA

[
iLd,refA
iLq,refA

]
+

[
vodA
voqA

]
− (GccA +GdelA)

[
iLdA
iLqA

]
(4)

where

GccA =

[
HiA(s) 0

0 HiA(s)

]
GdelA =

[
0 ω1LcA

−ω1LcA 0

]
and, iLd,refA and iLq,refA are the reference active and

reactive current components obtained from the outer loop
controller; the current compensator transfer function is HiA =
kpcA+kicA/s; kpcA and kicA are the proportional and integral
gain of the current controller, respectively.

D. Impedance Modeling of VSC-A

In order to solve (1) for impedance in frequency domain,
the modulating signal, mdqA should be found as functions of
iLdqA and vodqA in frequency domain. Applying linearization
on (2) and (4) and after rearranging, the modulation index of
VSC-A can be written as[

∆md.refA

∆mq,refA

]
= (I −GccAGvA)

[
∆vodA
∆voqA

]
−(GccA +GdelA)

[
∆iLdA
∆iLqA

]
. (5)

Assuming the dc voltage controller performance of VSC-
B is quite satisfactory and providing a constant dc voltage,
therefore for simplification of analysis, it is reasonable to
assume a constant dc voltage input to VSC-A. By doing this,
we are ruling out any influence of Background harmonics
coming from the on-shore grid.

Now after linearising (1) and inserting (5), gives the
impedance model of the HVDC rectifier, VSC-A in dq-frame
and can be given by

[ZdqA]2x2 = −Z0A + Vdc0AGPWM (GccA +GdelA)

I − Vdc0AGPWM (I −GccAGvA)
(6)

where GPWM is the PWM delay and can be modelled as
GPWM = 1/(1 + 1.5sTsw) and Tsw = 1/fsw; fsw is the
switching frequency; I is the 2x2 identity matrix and Vdc0A
is the dc voltage at operating point.
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Fig. 5: Comparison of Analytical model and the simulation
for input impedance of HVDC Rectifier, VSC-A (solid line
is analytical model and the circles are from the numerical
simulation)

The impedance model derived analytically is verified by
numerical simulation. The impedance model, [ZdqA]2x2 is
derived in dq-domain which is 2x2 matrix. A perturbation
current (5% of rated ac base current) at different frequencies
is applied as shown in Fig. 4 and the voltage is measured. Fast
Fourier Transformation (FFT) tool from SimPower System is
used to analyze the different harmonic voltage and current.
The impedance is calculated by dividing the voltage by current
at each frequency. Since the frequencies are referred to the
dq-frame, the perturbation is transformed back to the phase
domain in order to be compatible with the injection structure
as shown in Fig. 4. The current-controller is tuned based on
the symmetrical optimum criteria [31] and is found to be
HiA(s) = 0.6366+7.5/s in pu and the control loop bandwidth
is 400 Hz with 90 degrees phase margin. The ac voltage
controller proportional gain is kept 0.5 in pu with time constant
of 12.5 ms for integral term and the control loop crossover
frequency is 185 Hz with 60 degree phase margin. The ana-
lytical and simulation impedances are shown in Fig. 5 and the
parameters used for this system are given Table II in Appendix.
The solid line is representing the predicted impedances and the
circles show the results from the numerical simulation. Both
analytical and simulation impedances magnitude and phase
are in good agreement. If we neglect the PWM delay, the off-
diagonal terms of the dq-frame impedances become zero in
analytically, since this converter does not have any PLL and
the transformation angle for stationary abc to the dq is obtained
from system fundamental frequency as θ1 =

∫ t
2πf1dt as

shown in Fig. 3.

III. WIND ENERGY CONVERSION SYSTEM MODELING
AND CONTROL

A. System Configuration

The investigated system shown in Fig. 1 has two wind farms
which are connected to an ac collection point through a 25/145

Generator

Converter

Grid

Converter

Fig. 6: The wind turbine generator including full-scale con-
verter and filter

WECS dc link

dcwC

cwL cvwV
owv

Ldi

Lqi


,Ld refi



odv





,Lq refi

 

cwL



oqv

cwRTW TWL R
LwI










cwL

PLL

current controller

V  controllerdc

PWM and Gate 

Driver

g

A

B

C

+

N

-

Three-Level Bridge

dm

qm

WECS converter

(Grid side )

abc
dq



𝐾𝑝𝑐 +
𝐾𝑖𝑐
𝑆

 

𝐾𝑝𝑐 +
𝐾𝑖𝑐
𝑆

 𝐾𝑝𝑣𝑑𝑐 +
𝐾𝑖𝑣𝑑𝑐
𝑆

 

dcwV

,dc refv

dcv


PLL

a b c
d q

PLL
fwC

PLL

dcwI
0I

a b c
d q

PLL

PLL

Fig. 7: Overview of the control structure of Wind Power
Inverter.

kV transformer and 10 km long undersea cable. The wind
turbine generators (WTGs) are assumed to be a full-scale type-
four WECS as depicted in Fig. 6. The detailed control of the
wind turbine including the pitch regulator and generator speed
regulator is presented in [32]. Each wind farm is assumed
to have 28 turbines with 2 MW rating each. To simplify the
system model, 28 turbines are lumped into one unit of 56 MW
generation capacity.

B. Control of WECS

A full-scale converter system is utilized to transfer the
energy produced by the wind turbine. In generator side, a full
bridge diode rectifier is used which simplifies the converter
control interaction. It transfers the energy produced by the
wind generator to dc side. A two-level VSC converter is used
in grid side. In between these two ac-dc converters, a dc-
dc converter is used to regulate the speed of the WTG by
controlling the dc link current of WECS.

The dynamic equation of WECS grid side VSC in pu can
be given by[

vodw
voqw

]
=

[
mdw

mqw

]
vdcw − Z0w

[
iLdw
iLqw

]
(7)

Cdcw
dvdcw
dt

= I0 − idcw (8)

where

Z0w =

[
Rcw + sLcw/ωb −ω1Lcw

ω1Lcw Rcw + sLcw/ωb

]
.

The current controller as shown in Fig. 7 is assumed to be the
widely used SRF PI controller of the VSC with decoupling
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term. The modulation index references obtained from the
current controllers can be given by[

md,refw

mq,refw

]
= Gccw

[
iLd,refw
iLq,refw

]
+

[
vodw
voqw

]
−(Gccw +Gdelw)

[
iLdw
iLqw

]
(9)

and defined,

Gccw =

[
Hiw(s) 0

0 Hiw(s)

]
Gdelw =

[
0 ωPLLLcw

−ωPLLLcw 0

]
where iLd,refw and iLq,refw are the d- and q-axis current

references, respectively; the current compensator transfer func-
tion is Hiw(s) = kpcw + kicw/s where kpcw and kicw are
the proportional and integral gain of the current controller,
respectively and ωPLL is the frequency of the PLL in pu.

A PI-controller is used in the outer-loop to control the dc-
link voltage of WECS. The overview of the control structure
is depicted in Fig. 7. The reference d-axis current to current
controller, iLd,refw is defined by

iLd,refw = Hvdcw(s)(vdc,refw − vdcw)(−1) (10)

and defined,

Gdc =

[
Hvdcw(s) 0

0 0

]
where, vdc,refw and vdcw are the reference and measured dc

voltage of WECS dc link, respectively; Hvdcw(s) = kpvdc +
kivdc/s and kvdc and kivdc are the proportional and integral
gain of the dc voltage controller.

The phase locked loop (PLL) is used to track the frequency
[33] which acts as a closed control loop. A second order PLL
is assumed as shown in Fig. 8 and neglecting the dynamics of
low pass filter, the instantaneous frequency deviation, δωPLL
can be given by

dδθPLL
dt

= δωPLL = HPLL(s)vPLLoqw (11)

and the angle difference,

δθPLL = θPLL − θ1 (12)

where PI controller transfer function, HPLL(s) = kp,PLL +
ki,PLL/s and kp,PLL and ki,PLL are the proportional and
integral gain of the PLL, respectively; θPLL is the transfor-
mation angle of PLL and θ1 is the transformation angle at
fundamental frequency. The frequency of PLL, ωPLL can be
found by adding the nominal frequency, ω1 with frequency
deviation and is given by

ωPLL = δωPLL + ω1 (13)

and transformation angle can be found by

dθPLL
dt

= HPLL(s)vPLLoqw + ω1. (14)

The transformation from stationary reference to dq-frame
can be described as vsow,αβ = ejθ1vow,dq at grid frequency and

abc
dq
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vsow,αβ = ejθPLLvPLLow,dq at WECS converter PLL frequency.
The relation between grid and converter dq-frame can be
written by

vPLLow,dq = e−jδθPLLvow,dq

= (cos(δθPLL) − jsin(δθPLL)) (vod + jvoq) (15)

and δθPLL is assumed to be very small which gives

vPLLodw + jvPLLoqw =(vodw + voqwδθPLL)

+ j(voqw − vodwδθPLL). (16)

Inserting this relation and applying Laplace transformation on
(11), the PLL transfer function can be written by

δθPLL =

GPLL(s)︷ ︸︸ ︷
HPLL(s)

s+ Vod0wHPLL(s)
∆voqw. (17)

The integral part of HPLL(s) is used to remove the quasi-
steady-state phase error and it appears when synchronous
frequency deviates from its nominal value. In steady-state,
∆voqw is zero, HPLL = kp,PLL is sufficient to keep δθPLL
to zero. GPLL(s) is assumed to be a first order low pass filter.
The bandwidth of PLL loop must be sufficiently small to reject
the harmonic resonance [34]. By a rule, it should be 10 times
less than the inner current control loop bandwidth, αcc=kpc/Lc
[35].

C. Impedance Model of ACC side WECS VSC
In order to solve (7) for impedance in frequency domain,

the modulating signal, mdqw should be found as functions of
iLdqw and vodqw in frequency domain and also it is necessary
to find the relation between ac and dc side. An ideal lossless
model is assumed for the converter. Therefore power balance
constraint between dc and ac side can be given by

idcwvdcw = (iLdwmdw + iLqwmqw)vdcw. (18)

Assuming the output power of WECS constant for a partic-
ular wind speed, therefore, it can be written as

∆Pdcw = 0 = Idc0w∆vdc + Vdc0w∆idc

and
Rdcw=∆vdcw/∆idcw = −Vdc0ww/Idc0w.

The relation between Io and vdcw including the dc-dc converter
inductance can be written as

Io = − 1

sLdcw +Rdcw
vdcw (19)
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Linearising (8), (18) and inserting (19), it can be written[
∆vdcw

0

]
= −Gvi

[
iLdw
iLqw

]
−Gvd

[
mdw

mqw

]
(20)

where
Gvi =

[
Zdcmd0w Zdcwmq0w

0 0

]
;

Gvd =

[
ZdcwILd0w ZdcwILq0w

0 0

]
;

Zdcw =
sLdcw +Rdcw

s2CdcwLdcw + sCdcwRdcw + 1
.

The modulation index references in (9) are in PLL reference.
It is necessary to convert them into system reference. The
voltage and current in system reference can be converted using
transfer function of PLL derived in (17) and can be written as

[
∆icd
∆icq

]
=

[
∆isd
∆isq

]
+

Gi
PLL︷ ︸︸ ︷[

0 GPLL(s)Isq
0 −GPLL(s)Isd

] [
∆vsd
∆vsq

]
(21)

[
∆vcd
∆vcq

]
=

Gv
PLL︷ ︸︸ ︷[

1 GPLL(s)V sd
0 1 −GPLL(s)V sd

] [
∆vsd
∆vsq

]
(22)

and the modulation index in system reference can be given
by [

∆mdw

∆mqw

]
= G−1

A

(
GB

[
∆iLdw
∆iLqw

]
+GC

[
∆vodw
∆voqw

])
(23)

where

GA = (I +GpwmGccwGdcGvd)

GB =Gpwm (−Gccw +Gdelw −GccwGdcGvi)

GC =Gpwm((−Gccw +Gdelw)GiPLL +GvPLL

−GccwGdcGvq)

and define the modulation index at operating point

GD =

[
md0w 0
mq0w 0

]
.

Now applying linearization on (7) and substituting (20) and
(23), gives the impedance model of ACC side WECS VSC in
frequency domain as

[Zdqw]2x2 =
−Z0 + Vdc0wG

−1
A GB −GDGvi −GDGvdG

−1
A GB

I − Vdc0wG
−1
A GC +GDGvdG

−1
A GC

.

(24)

The impedance model, [Zdqw]2x2 is derived in dq-domain
which is a 2x2 matrix. This model is verified by numerical
simulation. Same small-signal perturbation method as HVDC
rectifier is applied to validate the impedance model. The
analytical and simulation impedance is shown in Fig. 9 and
the parameters for the controller and electrical circuit is given
in Table III in Appendix. The solid line is representing the
predicted impedance and the one with circles is from the nu-
merical simulation. Both analytical and simulation impedance
magnitude and phase are in good agreement. In the analytical
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Fig. 9: Impedance model verification of ACC side WECS VSC
for dc voltage control (solid line is analytical model and the
circles are from numerical simulation)

model the delay caused by sampling and the anti-aliasing filter
is neglected which cause a little deviation in simulation in the
off-diagonal elements.

IV. STABILITY ANALYSIS AND SIMULATION RESULTS

A. Impedance-Based Stability Analysis
The small-signal impedance model of interconnected system

is shown in Fig. 10 where ZHVDC,ACC and ZW,ACC are total
impedance of VSC-A and wind turbine from the offshore ACC
point, respectively. The subscript for the dq has been dropped
in the equivalent circuit. ZHVDC,ACC in (25) is found together
with the parallel connection of HVDC inverter output filter
impedance and series connection of transformer impedance.

ZHVDC,ACC,dq = ZT,dq +
(
Z−1
dqA + Z−1

Cf,dq

)−1

(25)

In abc frame the transformer impedance is

ZT,abc =

RT + sLT 0 0
0 RT + sLT 0
0 0 RT + sLT

 (26)

and the filter impedance is

ZCf,abc =

sCf 0 0
0 sCf 0
0 0 sCf

−1

. (27)

wI
, CCW AZ

,ACCHVDCZ
ACCvI

sv

Wind Turbines VSC HVDC Inverter

Fig. 10: Impedance based equivalent model of offshore ac grid
system
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The impedance model of the converter is derived in dq
domain, therefore it is necessary to convert the abc frame
impedance into d−q frame impedance which can be given by

ZT,dq =

[
RT + sLT −ω1LT
ω1LT RT + sLT

]
(28)

ZCf,dq =

[
sCf −ω1Cf
ω1Cf sCf

]−1

. (29)

ZW,ACC in (30) is the impedance of the wind farm including
impedance of the wind inverter output filter, transformer
leakage inductance and the ac cable impedance, where n is the
number of wind farms connected in parallel. The wind farms
are identical in structure and control, and two wind farms are
connected to the ACC bus, hence n=2.

ZW,ACC,dq =
1

n

(
Zcable + ZT,dq +

(
Z−1
dqw + Z−1

Cf,dq

)−1
)

(30)

However, if the output power of the wind farms differs from
each other, it is necessary to calculate the impedance of the
wind power inverter separately for individual operating point
and the total impedance of the wind farms can be calculated
based on the parallel connection rule.

Based on this representation in Fig. 10, the response of the
ACC bus voltage can be written as

VACC,dq(s) = (Vs,dq(s) + ZHVDC,ACC,dq(s)Idq(s))(
I +

ZHVDC,ACC,dq(s)

ZW,ACC,dq(s)

)−1

. (31)

For system stability studies, it is assumed that
1) The ac voltage of VSC-A is always stable when un-

loaded; and
2) The WECS current is stable when it is connected to

stable source.
Therefore, the stability of the interconnected system depends
on the second term of right-hand side of (31) and the ACC
bus voltage will be stable if and only if the impedance ratio,
ZHVDC,ACC,dq/ZW,ACC,dq which can be defined as the minor
loop gain of feedback control system as

G(s)H(s) =
ZHVDC,ACC,dq(s)

ZW,ACC,dq(s)
(32)

meets the Generalized Nyquist Stability Criterion (GNC) [22]-
[28].

The impedance ratio in dq-domain is a 2x2 matrix, hence
multi-variable Nyquist stability criteria need to be applied
to determine the stability of the interconnected system. The
off-diagonal elements have an important role on the stability
[36], [37]; however, their impact can be neglected in some
cases, for example, in the case when the converter operates
in unity power factor mode [38], [39], the matrix of the
minor loop gain, (ZHVDC,ACC,dqZ−1

W,ACC,dq) is diagonally
dominant [40]. The diagonal elements of the HVDC rectifier
impedance are 10 times higher than the off-diagonal elements,
and are diagonal dominant, shown in Fig. 5. The reactive
power reference of the wind power inverter is zero, which
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Fig. 11: Nyquist plot of impedance ratio: (a) the HVDC
rectifier connected with CPL and (b) the wind farms connected
with an ideal grid.

means, the wind power inverter is operating in unity power
factor mode. Moreover, diagonal elements of the wind farm
impedance seen from ac collection bus are 10 dB higher
than the off-diagonal elements and are diagonally dominant.
Since, the matrix, (ZHVDC,ACC,dqZ−1

W,ACC,dq) is diagonally
dominant over entire Nyquist path, the stability of the inter-
connected system can be determined by the d-axis and q-axis
impedance ratios and the off-diagonal elements can be ignored.

B. Stability of HVDC System with No-Load and CPL

The first assumption is trivial and minimum requirements
for a HVDC transmission system installed in the purpose
of integrating wind farms [11] and it has been verified for
two cases, case 1: with no load condition and case 2: by
connecting a constant power load (CPL). The power of the
CPL is equivalent to the power of the wind farms. Note that the
wind farms have been disconnected. The stability analysis has
been performed by checking the Nyquist plot of the impedance
ratio where the CPL load is simulated as ZW,ACC,dq and the
Nyquist plot is shown in Fig. 11 (a). Since, the Nyquist plots
do not encircle the point (-1, j0), the HVDC system operates
stably which is further confirmed in time domain simulation.
There is no oscillation in both the ac side and the dc side of
the HVDC rectifier. The input dc voltage of HVDC rectifier
is constant; therefore, for simplification of analytical analysis,
it is reasonable to replace the onshore dc voltage controlled
HVDC inverter by a dc voltage source and the onshore HVDC
inverter controllers do not affect the analysis. However, if the
HVDC system is unstable (for example oscillatory behaviour
in the dc link voltage) before connecting to the wind farms,
then it will be a stability problem of the HVDC system itself
and it will not be an interaction phenomena of the controllers
of the wind farm inverter and the HVDC rectifier.

C. Stability of Wind Farm with Ideal Grid

The wind turbine model has a drive train based on 2-
masse model, a pitch control and a speed regulator which can
introduce oscillation if they are not properly designed. Hence,
the second assumption must be verified. In this paper, this
assumption is verified by frequency domain analysis and also
by numerical simulation. To identify if there is any oscillation
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Fig. 12: The PCC voltages and currents of WECS, the dc link
voltage of WECS and the PCC active power of WECS when
it is connected to an ideal ac grid

coming from the wind power inverters, the wind farms have
been connected to an ideal grid instead of the HVDC system.
Fig. 11 (b) shows the Nyquist plot of the impedance ratio
for 10% and 100% wind power output where the HVDC
system impedance is simulated by an ideal grid. The phase
margin of the Nyquist plot of the d-axis impedance ratio is
becoming smaller for the high wind power output meaning
that the stability margin is reduced, while the q-axis impedance
remains the same, since the q-axis impedance does not depend
on the active power [23]. Moreover, if the grid strength is
reduced by increasing the grid impedance, the phase margin of
the Nyquist plot becomes smaller which decreases the stability
margin of the system. The high output power causes high
output current which increases the losses and reactive power
consumption in the system and can provoke the instability.

Fig. 12 shows the PCC voltages and currents of the WECS
VSC, the WECS dc link voltage and the active power at PCC
of the WECS inverter. The wind farms system operates stably
and there is no oscillation either in the ac side or in the
dc link of the WECS which has confirmed that there is no
intrinsic oscillation coming from the wind farms. As can be
seen in Fig. 12, the wind power output is constant; therefore,
the turbine mechanical control including the generator and
the diode rectifier and the dc-dc converter can be replaced
by a constant power source in the analytical formulations;
hence these assumptions on the generator side converter and
the dc-dc converter do not affect the results of the analysis.
However, if the wind farms become unstable in ideal grid
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Fig. 14: Nyquist plot of impedance ratio for 10% and 100%
wind power output (Blue-line is for the d-axis impedance ratio;
green-line is for the q-axis impedance ratio and red-line is the
unit circle.)

connected mode, then the cause of the oscillation will not
be an interaction problem of the wind farm inverter and the
HVDC rectifier. It will be a stability problem of the wind farm
itself.

D. Stability of HVDC System with Wind Farm

Now the wind farms have been connected to the HVDC
system. Fig. 13 shows the d-axis and q-axis impedance of the
HVDC rectifier, ZHVDC,ACC,dq and the wind power inverter,
ZW,ACC,dq seen from the ACC bus. As can be seen, both
the d- and q-axis impedance of the HVDC rectifier are equal,
since the HVDC rectifier does not have any PLL and there is
no coupling term in the converter itself. The first resonance
point in the HVDC rectifier impedance is resulting from the
integral term of the PI inner loop current control and the outer
loop ac voltage controller and the second resonance is because
of the LCL-filter. Similarly, the wind turbine inverter has a
low frequency resonance point in the d-axis resulting from the
cascaded dc voltage and current control; however in the q-axis
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there is no outer control, thus there is no resonant point similar
to the d-axis impedance at low frequency. The next resonance
is from the LCL-filter. The wind power inverter has also some
other resonances at high frequency which are caused by the
ac cable.

Fig. 14 shows the Nyquist plot of the impedance ratio
ZHVDC,ACC,dq/ZW,ACC,dq for the d- and q-axis when the
wind farms produce 10% and 100% of rated power. As can
be seen, the q-axis impedance ratio satisfies the GNC, it
doesn’t encircles the point (-1, j0), which means that the
interconnected system is stable for the q-axis input impedance
ratio; however, the d-axis input impedance ratio encircles the
point (-1, j0) regardless of the power level. Therefore, the
interconnected system is unstable for d-axis impedance ratio.
As can be seen from the d-axis Nyquist plot as shown in Fig.
14, the impedance ratio intersects the unit circle several times.
The first intersecting point is at around 14.5 Hz as shown in
the d-axis impedance in Fig. 13; therefore the system has one
of the unstable eigenvalue with 14.5 Hz frequency and will
have oscillatory behaviour at around 14.5 Hz which is caused
by the resonance point introduced by the cascaded control
loop of the HVDC rectifier and the wind power inverter. The
q-axis HVDC impedance intersects the wind power inverter
impedance several times as shown in Fig. 13; however the
system is predicted to be stable by the GNC plot for the q-
axis impedance as shown in Fig. 14. As can be seen in Fig.
14, the system is unstable regardless of the power levels and
it indicates that the instability phenomena is caused by the
controller interaction and not because of the power (energy)
flow. There is no change in the Nyquist plot of the q-axis
impedance, since q-axis impedances do not depend on the
active power flow [23].

At 50 Hz base, the bandwidth of the current control
loop of the wind power inverter is assumed to be less than
(0.2x2kHz/50=) 8 pu. Applying modulus optimum criteria,
the current controller is tuned at Hiw(s) = 0.573 + 3.6/s
in pu and the control-loop crossover frequency is 200 Hz with
90 degree phase margin [31]. Since the current control loop
is modelled as a low pass-filter and the high frequency is
removed by the high pass-filter, the frequency around 14.5 Hz
predicted in impedance characteristics has significant impact
on the system stability. The PLL PI controller transfer function
is HPLL(s) = 0.0844 + 4.6908/s in pu and the control loop
bandwidth is 9 Hz. The system is unstable predicted by GNC
even the bandwidth of the PLL of the wind power inverter is
sufficient low to reject the low frequency.

To validate the small-signal analysis above, a detailed time
domain simulation model of the interconnected system as
depicted in Fig. 1 has been built with detailed switching
model of the VSC and the drive train of the WTG in the
Matlab/Simulink environment associated with the SimPower-
System Blockset. Fig. 15 (a) shows the resulting 3-phase ac
voltages and currents at ACC bus from time domain response.
The spectrum from FFT of them are also shown in Fig. 15 (a).
It can be seen from the FFT both the voltages and currents at
ACC bus have low frequency oscillation at around 35 Hz and
65 Hz. As predicted from the d-axis Nyquist plot of impedance
ratio, there is a low frequency oscillation at 15 Hz which is
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Fig. 15: Offshore side: (a) The 3-phase instantaneous voltages
and currents at offshore ACC and FFT of them and (b) Active
power at offshore ACC of VSC-A, dc voltage of HVDC
system and FFT of them.

transformed into abc-frame as ±(f − f1) [17]. The active
power measured at the offshore ACC bus, the HVDC link
dc voltage and FFT of them are shown in Fig. 15 (b). Both
the active power at ACC and the dc link voltage of HVDC
system are the dc quantity and have a SSO at around 15
Hz as predicted from the impedance model. This oscillation
is noticed both for HPLL(s) = 0.0844 + 4.6908/s and
HPLL(s) = 0.0844 + 0.0/s and results from the interaction
between the HVDC rectifier and the wind power inverter.

This oscillation is moving towards the main ac grid through
the HVDC link. The 3-phase instantaneous voltages and
currents, FFT of current, the measured active power and the
FFT of the active power at the onshore PCC of VSC-B are
shown in Fig. 16. No ac voltage oscillation is noticed at the
onshore PCC of the VSC-B, since it is connected to a strong ac
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TABLE I: The source and the load bandwidth, the bandwidth ratio and the stability from the GNC.

Case Source Bandwidth Load Bandwidth Bandwidth Ratio Generalized Nyquist Stability
number (HVDC Rectifier) (WFs inverter) BWs/BWL Criterion

BWs BWL

1 185 Hz 200 Hz 0.925 (<1) Encircles (-1, j 0) [Fig. 14]
2 315 Hz 200 Hz 1.575 (>1) Does not encircle (-1, j 0) [Fig. 17]
3 336 Hz 200 Hz 1.680 (>1) Does not encircle (-1, j 0)
4 185 Hz 100 Hz 1.850 ( >1) Does not encircle (-1, j 0)
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Fig. 16: Onshore side: The 3-phase instantaneous voltages and
currents at PCC, FFT of current, measured active power and
FFT of active power at onshore PCC of VSC-B.

grid; however same frequency of oscillation in the current and
the power are identified. This oscillation is propagating from
the wind power inverter and the HVDC system as observed
in Fig. 15.

V. PROPOSED MITIGATION TECHNIQUE

A. Modified Control Bandwidth

The impedance of both the HVDC rectifier and the wind
power inverter can be reshaped by modifying the bandwidth
of the controllers. Thus, the impact of the control bandwidth
of the HVDC rectifier and the wind farms (WFs) inverter on
the stability is discussed below.

1) Impact of the Current Control Loop Bandwidth of the
HVDC Rectifier: Fig. 17 shows the Nyquist plot of the
impedance ratio for a modified bandwidth of the HVDC

−4 −3 −2 −1 0 1
−1.5

−1

−0.5

0

0.5

1

1.5

 

 

Real Axis

Im
ag

in
ar

y 
A

xi
s

100% Power, q−axis
100% Power, d−axis
Unit circle
10% Power, q−axis
10% Power, d−axis

Fig. 17: Nyquist plot of impedance ratio for 315 Hz bandwidth
of ac voltage control loop of HVDC rectifier for 10% and
100% wind power output.

rectifier controller as an example case where the current
controller is tuned at HiA = 1.2366 + 7.5/s in pu and the
control loop bandwidth is 773 Hz with 90 degree phase margin
while the original bandwidth was 400 Hz. For this current
control tuning, the bandwidth of the ac voltage control loop
(which is the source) becomes 315 Hz with 65 degree phase
margin and the bandwidth ratio of the source to the load (WFs
inverter) becomes greater than 1 (case 2 in Table I) while the
original bandwidth ratio was less than 1 case 1 in Table I).
As can be seen in Fig. 17, the Nyquist plots do not encircle
the point (-1, j0); hence the system is stable which is further
confirmed by numerical simulation.

2) Impact of the ac Voltage Control Loop Bandwidth of
the HVDC Rectifier: An example case has been shown for
increased bandwidth of the source (the ac voltage control loop
of the HVDC rectifier) while the current control-loop band-
width remains the same. The source bandwidth is increased by
increasing the proportional gain of the ac voltage controller to
Hvac = 0.75 + 40/s. The crossover frequency becomes 336
Hz with 50 degree phase margin and the bandwidth ratio of the
source to the load becomes greater than 1 (case 3 in Table I).
The interconnected system operates stably which is confirmed
by checking the GNC plot and by numerical simulation.

3) Impact of the Current Control Loop Bandwidth of the
WFs Inverter: Another example case is shown for a decreased
bandwidth of the wind power inverter to 100 Hz with 90
degree phase margin while the source bandwidth remains the
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Fig. 18: Nyquist plot of impedance ratio for different band-
width of the wind power inverter’s dc voltage control loop.

same. For this tuning, the bandwidth ratio becomes larger
than 1 (case 4 in Table I) and the interconnection becomes
stable which is confirmed by the GNC and in the numerical
simulation.

4) Impact of the dc Voltage Control Loop Bandwidth of the
WFs Inverter: Since the oscillation frequency is around 15 Hz,
which is similar to the control loop bandwidth of the PLL and
dc link voltage control, their participation in the oscillation
have been investigated. First we have checked the impact
of the dc voltage control loop bandwidth on the stability.
Initially, the dc voltage controller is tuned with a crossover
frequency of 25 Hz and 160 degree phase margin and we
observed the 15 Hz oscillation in the interconnection. Fig. 18
shows the Nyquist plots for different bandwidth of the wind
power inverters dc voltage control loop. It has been observed
that the higher bandwidth of the dc voltage control loop the
more unstable the system becomes, while lower bandwidth
makes the system stable but degrades the system performance
significantly which is not desirable. The bandwidth of the dc
voltage control loop has no impact on the q-axis impedance as
shown in Fig. 18. The interconnected system remains unstable
for different bandwidth of the dc voltage control loop of the
wind power inverter.

5) Impact of the PLL Loop Bandwidth of the WFs Inverter:
The interconnected system has now been investigated for
different bandwidths of the PLL. The initial bandwidth of
the PLL is 9 Hz with 46 degree phase margin for which
15 Hz oscillation has been observed. Fig. 19 (a) shows the
PLL loop gain and Fig. 19 (b) shows the Nyquist plot of
the impedance ratio for 0.1 Hz, 9.25 Hz and 15.5 Hz PLL
bandwidth for the tuning of case 1 in Table I. As can be seen in
Fig. 19 (a), the PLL loop gains are stable with sufficient phase
margin; however the interconnected system is unstable for the
d-axis minor loop gain from Fig. 19 (b). The PLL bandwidth
has an impact only on the q-axis impedance [23]; therefore
the phase margin of the q-axis Nyquist plot is reducing for
higher bandwidths of the PLL. On the other hand, the d-
axis impedance remains the same for a change of the PLL
bandwidth. Thus, the PLL is not participating in the observed
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Fig. 19: (a) Wind power inverter’s PLL loop gain for different
PLL bandwidths and (b) Nyquist plot of impedance ratio for
different bandwidth of the PLL for the controller bandwidth
of case 1 of the Table I

oscillation, since the system is predicted to be unstable only
for the d-axis Nyquist plot.

Table I shows the source and the load bandwidth, the
bandwidth ratio and the stability from the bandwidth ratio of
the interconnected system. From the above test we have found
that the interconnected system operates stably as long as the
loop bandwidth ratio of the source to the load becomes larger
than 1. The ratio between the bandwidths of the interconnected
areas has an essential role in the root cause of instability and
is a strong factor to be taken into account in the shaping of the
impedances to maintain stability. The control loop bandwidth
is limited by the switching frequency of the VSC; therefore
it is not reasonable to increase the bandwidth of the control
loop, and on the other hand the slower bandwidth decreases the
system performance. Alternately, an active damping scheme in
the current compensator of the HVDC rectifier can be used to
remove the SSO. The detailed modeling and analysis of the
proposed active damping scheme is described below.

B. Active Damping Scheme

The phase voltage at ACC bus including the oscillatory
components at different frequency in time domain can be
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Fig. 21: Comparison of input impedance of HVDC rectifier,
VSC-A with (kad = 0.5) and without (kad = 0.0) active
damping. (Solid line is analytical model and the circles are
from numerical simulation)

written as

vabc(t) = V cos(2πf1t+ θ) +
∑

Vf cos(2πff t+ φf ) (33)

where V corresponds to the magnitude of fundamental voltage
at frequency f1; θ is phase angle of 3 phase voltage (0, 2π/3,
4π/3) and Vf corresponds to the magnitude of voltages at
different frequency ff with phase φf . In frequency domain,
it can be written by (34) where V1 = (V/2)e±jθ and
others follow the similar notation and in dq-domain it can
be represented by (35) [17].

Va[f ] =

{
V1 f = ±f1∑
Vf f = ±ff

(34)

Vod[f ] =

{
V cos(θ) dc∑
Vf [f ] f = ±(ff − f1)

(35a)

Voq[f ] =
∑

∓jVf [f ] f = ±(ff − f1) (35b)

The active damping is designed to suppress the oscillating
term from (35). The active damping is, based on injecting a
voltage component of counter phase with detected oscillation
in order to produce a cancellation effect, done with VSC-A
adding the modulating signal to the reference voltage in (4).
The oscillation is first isolated by high pass filtering and is
then multiplied by a gain KAD. The high pass filter function
is implemented by subtracting from measure voltage signals
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Fig. 22: The d-axis and q-axis impedance of HVDC converter,
ZHVDC,ACC,dq and wind power inverter, ZW,ACC,dq seen
from ACC bus including active damping term

a low pass filtered version of same voltages as shown in Fig.
20. The damping voltage reference is given by (36)

vo,dq,AD = KAD(− ωAD
s+ ωAD

vo,dq+vo,dq) = ρADvo,dq (36)

where
ρAD =

KADs

s+ ωAD

and ωAD is the cut-off frequency of the applied low-pass
filter. Including the active damping term, the modulation index
references of (4) from the current controller can be written as
follows:[

mcvd.refA

mcvq,refA

]
= GccA

[
iLd,refA
iLq,refA

]
+GAD

[
vodA
voqA

]
−(GccA +GdelA)

[
iLdA
iLqA

]
(37)

and
GAD =

[
1 − ρAD 0

0 1 − ρAD

]
.

The impedance based stability analysis is adopted again to
analyze the stability of the system with the proposed damping
scheme. The impedance model derived in (6) for HVDC
converter VSC-A is modified to include the damping term and
is given by

[ZdqA]2x2 = − Z0 + Vdc0GPWM (Gcc +Gdel)

I − Vdc0GPWM (GAD −GccGv)
. (38)

The impedance model derived analytically is verified by
numerical simulation and the result is compared with the
impedance model derived in (6) for the case without the
damping term. Fig. 21 shows the input impedance model
verification of HVDC rectifier where kad = 0 means that the
active damping term is disabled and kad = 0.5 means that the
active damping term is enabled with a damping gain of 0.5.
The cut-off frequency of the low-pass filter is set to 3.18 Hz.
As can be seen, the propose active damping can significantly
reduce the magnitude of the input impedance of HVDC
rectifier which means that it reduces the source impedance
in (31) and extends the stability margin by increasing both
phase-margin and gain-margin in GNC of the interconnected
system.
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Fig. 22 shows the d-axis and q-axis impedance of the
HVDC rectifier, ZHVDC,ACC,dq and the wind power inverter,
ZW,ACC,dq seen from ACC bus including the active damp-
ing term. By comparing the case without damping term as
shown in Fig. 13, the resonance point at low frequency in
the HVDC rectifier can be effectively removed by reshaping
the impedance and the HVDC rectifier impedance does not
intersect the impedance of the wind power inverter at any
frequency lower than 100 Hz. The remaining resonance point
in the HVDC converter is resulting from the LCL-filter.

Fig. 23 shows the Nyquist plot of the impedance ratio of
the interconnected system. As can be seen, neither the d-axis
nor the q-axis input impedance ratio of the HVDC rectifier
and the wind power inverter encircle the point (-1, j0) which
predicts the interconnected system will be stable.

The stability analysis discussed is performed for an equilib-
rium point with 100% wind power output. However, it might
not be valid for other operating points; therefore, it is necessary
to perform the stability analysis for all possible operating
points. In this analysis, the stability analysis is performed for
various operating points from 10%-100% wind power output
power. Fig. 24 shows the Nyquist plot of the impedance ratio
for two operating points at 40% and 100% wind power output
with the active damping term for a case of comparison and
the interconnected system is predicted to be stable for both
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Fig. 25: Simulation results with active damping: (a) The 3-
phase ac voltages and currents at ACC bus and (b) the active
and reactive power at ACC of HVDC rectifier, VSC A and dc
link voltage of HVDC system.

power levels.
To verify the theoretical analysis, a detailed simulation

model of the interconnected system including the damping
scheme in controller of the HVDC rectifier has been built.
The control structure including the damping scheme is shown
in Fig. 3. The active damping is implemented in such a way
that it can remove all frequencies except around 50 Hz. The
cut-off frequency of the low-pass filter is kept such that the
output of the filter is only the dc components of the offshore
ACC voltage. The active damping gain can be kept from 0
to 1. The system is investigated with the active damping for
a damping gain of 0.5. The time domain simulations have
been carried out for different operating points and the system
is found to be stable for all operating points. The 3-phase
instantaneous ac voltages and currents at ACC bus from time
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domain simulation are shown in Fig. 25 (a) and the active
and reactive power at ACC bus and the dc link voltage of the
HVDC system are shown in Fig. 25 (b). From the time domain
simulation it is clear that the system is stable as predicted by
theoretical analysis in GNC plot of the impedance ratio (Fig.
23) and the proposed active damping scheme can effectively
improve the oscillatory phenomena.

VI. DISCUSSION

Irrespective of the ability of the active damping to eliminate
these oscillations, the understanding of the oscillatory phe-
nomena at its source remain of crucial importance since they
not only decrease the power quality and cause poor system
performance but can greatly impact the stability of the overall
interconnected system. Even if the active damping scheme has
been effective in suppressing the oscillatory phenomena in
the case presented in this paper, the various configurations
and controllers in real life systems are not always known
in the details due to confidentiality and industry secrecy.
Therefore, further research efforts are needed in this field to
better understand the implications of the different components
and controllers in the manifestation of these oscillatory phe-
nomena. It is often argued in the literature that controller
interactions are the likely sources of these oscillations, but
rigorous proofs of this claim have not been yet well reported.
A very likely cause for this might simply be the lack of
well established tools for analysing and proving interactions
in multi-converter multi-controller power electronics systems.
Among the tools available today and widely used in power
systems research to analyse interactions between components
and controllers of the system, the participation factor and
sensitivity analysis tool is a good candidate. However, this
tool will require a very detailed knowledge of every single
parameter of the system under investigation.

Triggering the discussion on the need of such tools tailored
for the complexity level of power electronics system and
that can be less dependent on the very detailed knowledge
of the system, is also one of the aims of this paper. As
evidence coming from field experience shows more and more
the criticality of this problem on systems similar to the one
investigated in this paper, the scientific community in this field
will see new methods and tools for the stability analysis of
these systems emerging in the near future.

VII. CONCLUSION

This paper presented a preliminary exploration of the pos-
sible origins of the SSO and resonances observed in the inter-
connection of a wind farm and a VSC based HVDC system.
The SSO and sub-harmonic resonance phenomena at low fre-
quency is observed depending on the control implementation
and components of the wind farm and the HVDC system.
Analytical derivations of impedance frequency responses for
both the wind farm and the HVDC were derived and potential
resonance points were identified from the Nyquist plot of the
impedance ratio. These resonance points are also observed in
the form of oscillations in the time domain simulations of
the wind farm and the HVDC with their spectral analysis.

A closer and step by step analysis of each component and
controller of the wind farms and the HVDC indicates the
possible sources for these oscillations. The SSO originated in
the ac collection bus is arguably originated by the interaction
between the WECS inverter controller and the HVDC rectifier.
For testing the impact of controllers in mitigating the observed
oscillations, this paper proposed an active damping scheme in
the current compensator of the HVDC rectifier to improve such
oscillation phenomena. The detailed analytical modeling of the
damping scheme has been presented and the performance of
the active damping scheme has been verified by time domain
simulation. The oscillations are effectively eliminated with the
active damping scheme.

APPENDIX

TABLE II: The VSC-HVDC system parameters

Parameter Value Parameter Value
Rated Power, Sb 200 MVA Lc 0.08 pu
Rated ac voltage 200 kV Rc 0.003 pu
Rated frequecy 50 Hz Cf 0.074 pu
Trans. inductance 0.15 pu Vdc 400 kV
Trans. resistance 0.005 pu Ldc/km 2.615mH
Grid inductance 0.0271 pu Rdc/km 0.0011 Ω

Grid resistance 0.0191 pu Cdc 4.4 pu

TABLE III: Parameter of ACC side WECS VSC

Parameter Value Parameter Value
Rated Power, Sb 56 MW Lwf 0.15 pu
Rated ac voltage 575 V Rwf 0.15/50 pu
Rated dc voltage 1100 V Cwf 0.0344 pu
Trans. inductance 0.04 pu f 50 Hz
Trans. resistance 0.005 pu Cdc 6.16 pu
Lcable/km 0.2526mH Rcable/km 0.0843 Ω

Ccable/km 0.1837uF Cable length 10 km
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