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Frequency Control of Offshore Wind Farm with
Diode Rectifier-based HVDC Connection

Ashkan Nami, Jose Luis Rodriguez-Amenedo, Member, IEEE, Santiago Arnaltes, Miguel Ángel Cardiel-Álvarez,
and Roberto Alves Baraciarte

Abstract—This paper presents a direct frequency control for
offshore wind farms (OWFs) connected to the diode rectifier
(DR)-based high voltage direct current (HVDC) link. The fre-
quency control is guaranteed through reactive power balance
at the DR station without a capacitor bank placed at the DR
station; while AC-voltage magnitude is clamped by the DR,
provided that the HVDC link voltage is imposed by the onshore
inverter. The control system is implemented by a voltage source
converter (VSC) connected to the DR station. The VSC is also
used to compensate harmonic currents, leading to passive AC-
filters being also removed from the DR station. The proposed
control system provides comparative advantages in terms of DR
station volume and OWF installation cost with other centralized
controls where besides a VSC, a high-voltage large capacitor bank
is needed to be placed at the DR station. A new average-value
model (AVM) of the DR system is derived to test the proposed
frequency control, while the stability of the system is evaluated
through a small-signal analysis. The proposed control system
performance and the accuracy of the proposed AVM are verified
through a detailed switching model of the system using operation
of a cascaded H-bridge VSC.

Index Terms—Offshore wind farm (OWF), high voltage direct
current (HVDC), diode rectifier (DR), voltage source converter
(VSC), frequency control, average-value model (AVM).

I. INTRODUCTION

NOWADAYS, renewable energy generation is very im-
portant due to the target of reducing greenhouse gas

emissions in electricity generation. The better offshore wind
conditions in terms of wind speed and resource availability
have made offshore wind farms (OWFs) to be an emerging
electricity generation solution. The distance from an OWF
to the onshore defines the interconnection to be used [1].
Therefore, for OWFs situated far away from the onshore,
high voltage direct current (HVDC) links are the preferred
technology.

Current OWF projects with HVDC connection use voltage
source converter (VSC) in the offshore rectifier station. But,
the possibility of using diode rectifier (DR) in the offshore
substation which was first reported in [2], has recently received
an increasing interest given its lower cost and losses together
with its higher reliability compared to the VSC-based HVDC
[3]. A compact solution with DR integrated in the transformer
oil insulation is presented in [2] leading to the volume of
the offshore platforms and as a result, the installation and
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maintenance costs being reduced considerably [4]. However,
this solution requires passive AC-filters to be placed at the
DR station to improve its performance. Moreover, an umbilical
cable interconnecting the onshore to the offshore AC-grid pro-
posed in [2] is needed for the black start of OWFs connected to
the DR-based HVDC link. But, the main drawback of the DR
solution for OWF applications is that the system frequency has
to be controlled to guarantee the DR commutation, given that
the isolated offshore AC-grid can not generate the required
frequency with the conventional wind turbine (WT) control
systems. There are two different frequency control solutions
addressed in the literature to overcome this drawback: dis-
tributed and centralized.

In distributed solutions, the capability of wind turbine gener-
ator systems (WTGSs) is used to impose the system frequency
depending on the type of WTs used, thereby changing in all
the conventional WT control systems. A distributed frequency
control implemented by type-4 WTs is presented in [5], which
is derived from the dynamics of a capacitor bank placed at the
DR station. However, it depends on many measurements and
needs the point of common coupling (PCC) voltage angle to
be sent to WTs controller through a communication channel,
further failing in robustness. Using the same control strategy,
the proposal in [6] allows a distributed frequency control with
reduced passive filter banks placed at the DR station, thereby
improving the offshore platforms footprint. In [7], type-3
and type-4 WTs behave as AC-voltage sources controlling
their terminal voltages using standard P/f and Q/V droops.
Therefore, in this solution, the PCC voltage magnitude is
controlled to transfer the desired power reference. But, in [8],
P/V and Q/f droops are used where communications between
WTs are needed. These communications are supposed to be
removed in [9]. Nevertheless, the control still needs a remote
voltage angle to be received in WTs controller, and it has to
be through communications which are not considered. In [10]
and [11], a Q/f droop is proposed in which communications
between WTs are not needed, while no phase-locked loop
(PLL) is used in [11]. The use of global positioning system
(GPS) signal is proposed in [12] and [13] to synchronize
all WTs current injections. This way the reactive power of
each of the WTs is not controlled and, as a result, they
could exceed their limits. A droop is proposed to overcome
this drawback, but it couples the active and reactive power
control of WTs. In [14], a control based on adding parallel
and orthogonal components to the terminal voltages of WTs
is proposed which relies on centralized and decentralized
measurements. A distributed solution for OWFs connected
to the thyristor rectifier (TR) is also presented in [15], [16]
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and [17] where the terminal voltages of the type-3 WTs are
controlled and the active power balance at the TR station is
adjusted by modifying the TR firing angle needed for the
frequency control. Thus, this control is based on a frequency-
dependent load.

But, in centralized solutions, a VSC is always needed to be
placed at the DR station to generate and control the system
frequency. In addition, the VSC can be used for the compen-
sation of DR harmonic currents, leading to the passive AC-
filters being partly or completely removed from the DR station.
Therefore, the centralized solutions can be implemented irre-
spective of the type of WTs used. Moreover, the VSC can be
used either as STATCOM with battery energy storage system
(BESS) integrated or as hybrid HVDC system in DC-series
and -parallel connection with the DR to black start of OWFs
in such applications. Therefore, the centralized solutions can
overcome all the drawbacks of the DR-based HVDC system
in which it is not required to change the conventional WT
control systems. In [18], [19], [20], [21] and [22], a centralized
frequency control using STATCOM for OWFs connected to
the TR is proposed. The STATCOM placed at the TR station
behaves as a slack bus and the TR firing angle is needed to
adjust the active power unbalancing detected by the variations
on the STATCOM DC-link. Therefore, this approach becomes
unfeasible with the DR solution. Concerning the DR solution,
a centralized frequency control using a hybrid HVDC system
consisting of the DC-series connection of a 12-pulse DR and
a two-level VSC is proposed in [23]. In this proposal, the
VSC controls the AC-voltage magnitude together with its DC-
link voltage using a voltage oriented control, leading to one
third of OWF rated power being transmitted through the VSC.
The same DC-series hybrid topology is used in [24] and [25],
while the two-level VSC is replaced by a modular multilevel
converter (MMC) in [25] used for the black start of OWFs
and the DC-ripple compensation during the DR operation.
However, in both approaches, WTs are responsible for the
frequency control. Furthermore, as another functionality of the
VSC, an active power filter (APF) scheme is implemented
in [23] and [24] to reach reduced DR passive AC-filters. In
[26], the parallel operation of DR and VSC is reported as
a centralized solution where its economic benefits compared
to the VSC-based HVDC are studied. Moreover, a hybrid
HVDC system consisting of DC-parallel connection of a 12-
pulse DR and a VSC is proposed in [27] where an additional
DC/DC power conversion is required to reduce the rated DC-
voltage of the VSC. The VSC power demand for OWF black
start, frequency control and harmonic current compensation is
studied as well. However, in these proposals, passive AC-filter
banks are still needed to be placed at the DR station to remove
low-order harmonics from the AC-voltage.

In [28], the principles of a direct frequency control using
reactive power balance at the DR station bus are proposed.
This can be achieved through a controlled reactive power
generated by a VSC placed at the DR station. The VSC
power demand for the frequency control depends on the system
and control parameters and the transients in the system, as
analyzed in [29]. However, this centralized solution is derived
from an average-value model (AVM) of the DR system where
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Fig. 1. Proposed system: Using a VSC for connection of an OWF through
the DR-based HVDC link without a capacitor bank placed at the DR station.

a high voltage large capacitor bank is also needed to be placed
at the DR station. This demands larger offshore platforms for
the DR stations, further increasing the OWF installation cost.
Using the same control strategy, [29] presents an APF scheme
embedded in the frequency control, which is implemented by
a VSC placed at the DR station, thereby removing the DR
passive AC-filters. However, a capacitor bank is still needed
to be placed at the DR station for the frequency control.

This paper presents a direct frequency control which allows
the connection of an OWF through the DR-based HVDC
system without a capacitor bank placed at the DR station. The
proposed control system is implemented by a VSC connected
to the DR station bus; while the AC-voltage magnitude is
clamped by the DR, provided that the HVDC link voltage
is imposed by the onshore inverter. In addition, the VSC is
used for the DR harmonic currents compensation, resulting in
no passive AC-filters being required at the DR station as well.
Therefore, using the proposed control system, the required DR
station volume and as a result, the OWF installation cost can
be relatively reduced in comparison with other centralized so-
lutions in which besides a VSC, a high voltage large capacitor
bank is also needed to be placed at the DR station. A new AVM
of the DR system for such applications is also derived to test
the proposed frequency control principles, while the stability
of the system with embedded frequency control is proved
by a small signal analysis. Furthermore, the performance of
the proposed control system as well as the accuracy of the
proposed AVM are verified through the detailed switching
model (DSM) of the system using the operation and control
of a delta-connected cascaded H-bridge (CHB) VSC, which is
the most attractive topology for high voltage applications.

II. SYSTEM DESCRIPTION

Fig. 1 shows an OWF connected to the onshore grid through
the DR-based HVDC link. The DR station consists of a twelve-
pulse diode bridge connected to the PCC through a transformer
Tr. A VSC is connected to the DR station bus, that is always
needed for the centralized frequency control of the isolated
offshore AC-grid in opposition to the decentralized control
[11]. But, the high voltage large capacitor bank C, which
was originally needed for the objective of derivation of the
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Fig. 2. Overall control scheme of the VSC.

frequency control principles, is removed from the DR station,
given the proposed control system (described in Subsection
III-B). In addition, the VSC is used to compensate harmonic
currents generated by the DR, thereby removing passive AC-
filters from the DR station as well. The VSC current injected
to the DR station bus is If , while Ig is the offshore AC-grid
current flowing into the PCC, the PCC voltage being V . Note
that the onshore inverter can be line-commutated converter
(LCC) or VSC, but it has to be operated in constant DC-
voltage mode for successful operation of the system.

III. CONTROL STRATEGY

In this section, the required VSC control scheme imple-
mented in the synchronous (dq) reference frame is presented.
Note that d and q subscripts refer to the corresponding
vector components. It is also worth mentioning that, lowercase
notation represents the per-unit values of the variables and
parameters.

A. Overall Control Scheme

Fig. 2 shows the overall control scheme in which the
required VSC reference voltage (vref

f ) for both the frequency
control and the harmonic compensation is generated. As
observed, d- and q-components of the VSC reference current
(irefd,f and irefq,f ) are given by the DC-link voltage control
and the proposed frequency control (described in Subsec-
tion III-B), respectively. Using the conventional proportional-
integral (PI)-based current controller, d- and q-components
of the VSC current (id,f and iq,f ) are controlled to follow
their reference values. This leads to the corresponding vector
components of the VSC reference voltage (vrefd,f and vrefq,f )
being determined. Note that xf used in the cross-coupling
terms of the controller is the reactance of the VSC line reactor.
However, the reference voltages vrefd,f and vrefq,f are needed only
for the frequency control and successful operation of the VSC.

Therefore, an APF scheme embedded in the frequency
control is also needed for the harmonic current compensation,
as shown in Fig. 2. For this purpose, a PI-based selective
harmonic compensation (SHC) technique [29] is used in the
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Fig. 3. Simplified model of the system.

APF scheme. The SHC is separately carried out on both d-
and q-components of the offshore AC-grid current (id,g and
iq,g) to eliminate their harmonic orders h = 12 k (k = 1, 2, ...),
thereby removing the corresponding harmonic orders from the
PCC phase voltages (shown in Subsection VI-B). This leads
to d- and q-components of the APF reference voltage being
obtained which are added to vrefd,f and vrefq,f , respectively. Then,
their outputs are transformed back to three-phase quantities to
generate vref

f . Finally, by passing vref
f through the modula-

tor, the required gate signals of the VSC are provided.
Note that the DC-link voltage control scheme and the type

of modulation depend on the VSC topology used, whereas
the frequency control scheme can be used with any VSC
topology. Moreover, the conventional voltage oriented control
using PLL, that is needed for the synchronization of the VSC
output voltage with the controller reference frame, becomes
unfeasible due to the missing AC-voltage source [12]. There-
fore, the reference voltage angular position (θ0) used in the
overall control scheme is obtained internally by integrating
a desired angular frequency (ω0), as shown in Fig. 2. As a
result, given that no PLL is used, θ0 is not subject to any grid
disturbance.

In the following subsection, the obtainment of the reference
irefq,f needed for the frequency control is described, which is
within the scope of this work.

B. Frequency Control

For objective of the derivation of the frequency control
principles, Fig. 3 shows a simplified model of the proposed
system depicted in Fig. 1. The OWF is represented by the
offshore AC-grid active and reactive powers injected to the
PCC (Pg and Qg), which are independent of the WT tech-
nology (type-3, type-4, etc.). In addition, a controlled reactive
power (Qct) given by the VSC is injected in the DR station
bus. The rectifier transformer is represented by its short-circuit
reactance (Xt) whose current is Ir. This provides the rectifier
AC-side voltage (V r) determining active and reactive powers
drawn by the DR (Pr and Qr).

The dynamics of the simplified model in Fig. 3 represented
in the dq reference frame rotating at ω0 can be written as
follows:

v − vr =
xt

ω0

dir
dt

+ j xt ir (1)

where ir is the rectifier current vector, and v and vr are the
PCC and rectifier voltage vectors, respectively. Note that since
no PLL is used, the synchronous axis is not oriented on v
(vq 6= 0), as shown in Fig. 4.
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Fig. 4. Vector diagram in both the stationary and synchronous reference
frames.

Multiplying both left and right-hand sides of (1) by the
conjugate of ir, (2) is given.

v ir
∗ − vr ir

∗ =
xt

ω0

dir
dt

ir
∗ + j xt ir

2 (2)

where ir is the magnitude of ir and ∗ denotes the complex
conjugate operator.

Then, the term
dir
dt

ir
∗ in (2) can be analytically expressed

in its dq components as

dir
dt

ir
∗ =

did,r
dt

(id,r − j iq,r) +
diq,r
dt

(iq,r + j id,r) (3)

Using this expression, (2) can be split in its real and
imaginary terms in the following set of equations:

pg − pr =
xt

ω0
(id,r

did,r
dt

+ iq,r
diq,r
dt

) (4)

qg + qct − qr − qt =
xt

ω0
(−iq,r

did,r
dt

+ id,r
diq,r
dt

) (5)

where qt = xt ir
2 is the reactive power of the rectifier trans-

former.
The right-hand sides of (4) and (5) are modified using the

transformation from Cartesian to polar coordinates system.
This leads to the dynamic equations whose state variables are
magnitude and angle of ir. For this purpose, a set of equations
defining the polar derivatives as a function of the Cartesian
derivatives is presented in (6).

ir
dir
dt

= id,r
did,r
dt

+ iq,r
diq,r
dt

ir
2 dδi
dt

= −iq,r
did,r
dt

+ id,r
diq,r
dt

(6)

where δi = δv −ϕ stands for the angle of ir, while δv stands
for the angle of v and ϕ is the angle between v and ir, as
shown in Fig. 4.

Using the expressions in (6), the dynamic equations (4) and
(5) can be rewritten as follows:

1

ω0

dir
dt

=
ir
qt

(pg − pr) (7)

1

ω0

dδi
dt

=
qg + qct − qr

qt
− 1 (8)

dq
abc

PI

Fig. 5. Proposed frequency control scheme.

According to (8), the reactive power balance at the PCC
determines the dynamic of δi, further driving the dynamic
response of δv . Then, the frequency control can be guaranteed
by maintaining δv equal to zero in order to align v along
the d-axis (vq = 0) as the synchronous axis rotates at the
desired frequency (e.g. 50 Hz). This is used to derive the
frequency control principles based on the control of the q-
component of the PCC voltage vq in the dq reference frame
which is generated internally. Furthermore, given that the
system frequency can be expressed as ω = ω0+ dδv

dt , (8) can be
transformed into a certain expression of frequency depending
on the reactive power balance at the PCC as follows:

ω

ω0
qt = qg + qct − qr (9)

However, in the reactive power balance stated in (9), both
qr and qt are the reactive powers drawn by the DR station
depending on the active power transmitted which can not be
controlled. Moreover, the incoming OWF reactive power qg
depends on the power factor settings at the WTGSs and the
length of the AC-cables. Therefore, the additional qct gener-
ated by the VSC can be used to achieve the reactive power
balance and as a result, to guarantee the frequency control.
Note that the maximum instantaneous qct depends of the
system and control parameters and the transients in the system
[29]. Finally, according to the aforementioned explanations,
the proposed frequency control scheme is derived where vq is
controlled to be zero (δv = 0) using a PI controller resulting
in the q-component of the VSC reference current irefq,f being
set, as shown in Fig. 5.

Furthermore, according to (7), the active power balance
in the DR station bus determines the dynamic of ir. Given
that ir is proportional to the DR DC-current in the per-
unit system [28], the dynamic of the DR DC-voltage is also
determined by the active power balance based on the HVDC
link model. As a result, due to the relationship between
AC and DC-voltages of the DR [30] and [31], the active
power balance in the DR station bus drives the dynamic
response of the PCC voltage magnitude. Therefore, as can
be seen in Fig. 5, the d-component of the PCC voltage vd
defining the PCC voltage magnitude remains uncontrolled
and it automatically accommodates the voltage required for
transmitting the power through the DR (shown in Section VI).
This way the system frequency is controlled by regulation
of vq while the PCC voltage magnitude vd is clamped by
the DR operation, provided that the HVDC link voltage is
imposed by the onshore inverter. This makes the difference
between the proposed control system and the conventional
VSC-based grid forming using inner current control in which
VSC behaves as a slack bus through regulation of the AC-
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voltage magnitude [32]. Moreover, the operation and control
of the VSC used in the proposed system are different from the
conventional STATCOM in which reactive power is generated
through regulation of the AC-voltage magnitude.

IV. DIODE RECTIFIER STATION MODELLING

In this section, the AVM of the DR station and the HVDC
link is derived which is used to test the proposed frequency
control principles. For this purpose, the HVDC link is repre-
sented by a lumped T-model given in [33]. In addition, given
the onshore inverter operation in constant DC-voltage mode,
the inverter station is modelled as a DC-voltage source.

According to the aforementioned assumptions, Fig. 6a
shows the considered DR-based HVDC system to be modelled
with its corresponding input and output signals. As observed,
the DC-cable is represented by its parallel capacitor cc whose
voltage is vc and two series resistor-inductor branches depicted
by rdc1, ldc1 and rdc2, ldc2. This provides two different DC-
currents: The rectifier DC-current idc1 and the inverter DC-
current idc2, respectively. Moreover, the DC-voltage input at
the inverter station is vdi, while the rectifier DC-voltage is
vdr. Finally, v is the magnitude of the PCC voltage vector.
Note that, in this study case, the rectifier losses and system
harmonics are neglected, and the rectifier station consists of a
twelve-pulse diode bridge.

Considering the model in Fig. 6a, the dynamic equations
regarding the DC-side of the system are given in (10)-(12).

vdr − vc = rdc1 idc1 +
ldc1
ω0

didc1
dt

(10)

idc1 − idc2 =
cc
ω0

dvc
dt

(11)

vc − vdi = rdc2 idc2 +
ldc2
ω0

didc2
dt

(12)

Then, using the expression in (10), the rectifier power
balance is assumed given by:

pr = pdr = rdc1 idc1
2 +

ldc1
ω0

idc1
didc1
dt

+ vc idc1 (13)

where pdr = idc1 vdr is the rectifier DC-power.
In a per-unit system, the rectifier AC-current magnitude

ir is equal to kµ idc1 (ir = kµ idc1) [28] where kµ depends
on the commutation angle µ as detailed in Appendix A. By
substituting the aforementioned expressions of pr and ir in (7),
the final dynamic equations of the proposed model (14)-(17)
are derived.

f1 =
1

ω0

dδi
dt

=
qg + qct − qr

qt
− 1 (14)

f2 =
1

ω0

didc1
dt

=
idc1 (pg − rdc1 idc1

2 − vc idc1)

qt + ldc1 idc1
2 (15)

f3 =
1

ω0

dvc
dt

=
idc1 − idc2

cc
(16)

tx
cc

dc1r dc1l dc2r dc2l

12-pulse Diode
Bridge

PCC

(a) DR system to be modelled: Input and output signals of the proposed
AVM

PIsin

(b) Frequency control scheme for the pro-
posed AVM

Fig. 6. Overall scheme of the proposed AVM.

f4 =
1

ω0

didc2
dt

=
vc − vdi − rdc2 idc2

ldc2
(17)

However, besides these dynamic equations, some algebraic
expressions are needed for the model to determine the unde-
fined variables. For this purpose, by substituting (15) in (10),
the algebraic expression defining the value of vdr is given by:

vdr = rdc1 idc1 +
ldc1 idc1 (pg − rdc1 idc1

2 − vc idc1)

qt + ldc1 idc1
2 + vc

(18)
This expression, along with the algebraic equation (A.3)

detailed in Appendix A, yield the values of v and ϕ. Then,
the value of δv can be defined as δv = δi + ϕ (Fig. 4). In
addition, the total reactive power value of the rectifier plus its
transformer (qr + qt) is determined as follows:

qr + qt = pg tanϕ (19)

where qt = xt (kµ idc1)
2, resulting in the value of qr being

defined.
Finally, the dynamic equations (14)-(17), along with the

above-mentioned algebraic expressions and extra algebraic
equations detailed in Appendix A, constitute the proposed
AVM of the DR system depicted in Fig. 6a. Therefore, the
required input signals for the proposed model are the inverter
DC-voltage (vdi), the incoming offshore AC-grid active and
reactive powers (pg and qg) and the controlled reactive power
(qct); while the outputs are the system states, as can be seen
in Fig. 6a. Note that the proposed model is a totally new
AVM of the DR system as it does not require the dynamics
of a capacitor placed at the DR station to produce the outputs
[28]. Moreover, Fig. 6b shows the frequency control scheme
for the proposed AVM to determine the value of qct based
on the previously proposed frequency control principles. As
observed, the q-component of the PCC voltage vq is defined
as vq = v sin δv using the output signals of the model. Then,
vq is regulated to be zero through a PI controller, resulting in
the value of qct being set.
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V. CONTROL SYSTEM STABILITY ANALYSIS

In this section, the stability of the system with embedded
frequency control is evaluated using the small-signal studies.
For this purpose, the expression for the corresponding PI
frequency controller in the small-signal is presented in (20).
Note that subscript 0 refers to the steady-state value of the
variables.

∆qct = −(kp ∆vq + ki ω0

∫
∆vq dt) (20)

where ∆vq = v0 ∆δv = v0 (∆δi + ∆ϕ), provided that δv
equals zero in steady-state. kp and ki are the proportional and
integral control parameters of the PI controller, respectively.

Substituting the expression of ∆vq in (20) defines a new
state ∆x5, further adding a new dynamic equation to the
system given in (21).

f5 =
1

ω0

d∆x5
dt

= ∆δi + ∆ϕ (21)

In addition, the system's dynamic model given in (14)-(17)
is linearized around a steady-state operating point to analyze
the stability of the control system through its eigenvalues.
Then, the corresponding small-signal equations are as follows:

1

ω0

d∆x

dt
= A∆x+B∆u

∆y = C ∆x+D∆u (22)

where ∆x = [∆δi,∆idc1,∆vc,∆idc2,∆x5]>,
∆y = [∆δv,∆v,∆idc1,∆vc,∆idc2,∆qct]

> and
∆u = [∆pg,∆qg,∆vdi]

>.
However, in order to derive the linearized system, the

algebraic equations detailed in Section IV and Appendix A are
needed for the obtainment of the matrices A-D. Note that, in
this study, variable kµ used in the proposed model is assumed
constant with a value equal to steady-state [28].

Fig. 7a shows the eigenvalues of the system at different
active power operating points. The eigenvalues are obtained
under a hundred incoming active power operating points be-
tween pg0 = 0.01 p.u. and pg0 = 1 p.u. with the required input
parameters detailed in Appendix B. Note that, for the sake
of clarity, the least relevant eigenvalues which are the ones
with the non-positive real part far away from the imaginary
axis are not shown here. Furthermore, the arrows in Fig.
7a indicate the movement of the system eigenvalues based
on the active power increment and dominant state variables
are shown for each of the eigenvalues. As observed, the real
part of the obtained eigenvalues is negative which proves the
control system stability in all operating points. The zoomed
view of the complex eigenvalues whose dominant state is
∆vc is depicted in Fig. 7b. These eigenvalues are damped by
increasing the incoming active power, with the movement of
the eigenvalues towards more stable points. In addition, ∆x5
in Fig. 7b is the dominant state variable of the eigenvalues
which does not depend on the operating points.
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Fig. 7. Small-signal studies: Eigenvalues of the control system at different
active power operating points (arrows indicate increasing active power).

VI. SIMULATION RESULTS

In this section, the performance of the proposed control
system has been tested through two different simulations: The
AVM simulation and the DSM simulation. In the first, the
proposed model with embedded frequency control derived in
Section IV (Fig. 6) has been simulated for different study
cases in MATLAB/Simulink using the system and control
parameters detailed in Appendix B. In the second, one of those
study cases has been implemented in the DSM of the proposed
system (described in Subsection VI-B), while the accuracy of
the proposed AVM has been verified.

A. Average-value Model Simulation Results

Two different initial OWF incoming active powers pg01 =
0.1 p.u. and pg02 = 0.8 p.u. have been considered for the simu-
lation of the proposed AVM. Furthermore, the initial incoming
reactive power for both cases is zero. Then, the performance of
the proposed model has been tested by applying two scheduled
input changes. In the first, the incoming active power pg has
increased by 0.2 p.u. at t = 0.01 s. In the second, the incoming
reactive power qg has increased by 0.1 p.u. at t = 0.3 s.

Finally, Fig. 8 shows the simulation results of the proposed
AVM for both cases where the dynamic response of controlled
reactive power qct, frequency f and PCC voltage magnitude v
are presented. It is worth mentioning that the reactive power
drawn by the DR station increases with the increment of the
active power transmitted. Therefore, as observed, the initial
value of qct set by the frequency control scheme depicted
in Fig. 6b has increased for the higher pg0 to satisfy the
reactive power balance at the PCC needed for the frequency
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Fig. 8. Controlled reactive power, frequency and PCC voltage magnitude
during incoming active and reactive power changes for the AVM.

control. The initial value of v has also increased for pg02 as a
consequence of higher initial active power which is clamped
by the DR, provided that the HVDC link is imposed by the
onshore inverter.

According to the aforementioned explanations, both qct and
v increase with the active power increment at t = 0.01 s.
However, v has not been affected by the change of qg at
t = 0.3 s while qct decreases to maintain the frequency at
its reference value (50 Hz). Note that the system's dynamic
response to the active power increment in the case with pg01
oscillates more compared to the one with pg02. This result can
be proved by the small-signal studies carried out in Section
V where the complex eigenvalues are damped with the active
power increment, as shown in Fig. 7b. Moreover, the steady-
sate response of v during the scheduled active power changes
proves that the DR acts as a voltage clamp on v in this system.

B. Detailed Switching Model Simulation Results

Fig. 9a shows the considered OWF for the DSM simulation
of the proposed control system, which has been fully built in
MATLAB/Simulink with the system and control parameters
detailed in Appendix B. The DR station consists of the
nonlinear model of a 12-pulse DR given by the Simulink
Library Browser (Simscape/Power Systems). A CHB VSC
has been considered in this study case for both the frequency
control and the harmonic compensation through generating a
controlled reactive power (Qct). For this purpose, a full DSM
of the CHB VSC has also been built in MATLAB/Simulink
consisting of three identical clusters with a delta connection, as
shown in Fig. 9b. Each cluster consists of a number of series-
connected H-bridges to reach the AC-voltage level depending
on the H-bridges DC-link rated voltages and is connected as
the delta branch through the reactance Xf . The IGBTs used
in the H-bridges have also been given by the Simscape/Power
Systems and their corresponding gate signals have been pro-
vided through the overall control scheme previously described
in Subsection III-A (Fig. 2), leading to the modulated cluster
voltages Vab,f , Vbc,f and Vca,f being generated. Note that the
model predictive control (MPC) technique [34] has been used
in the modulator block to obtain the CHB VSC switching

12-pulse Diode
Rectifier

rT

CHB 
VSC

Offshore Wind Farm
aggregated model

gX

PCC

cC

dc1R dc2Ldc2Rdc1L

(a) Considered OWF to be simulated

H-Bridge

H-Bridge

H-Bridge

fX

H-Bridge

H-Bridge

H-Bridge

H-Bridge

H-Bridge

H-Bridge
H-Bridge

(b) Delta-connected CHB VSC topology

Fig. 9. The DSM simulation model.

pattern, while the d-component of the CHB VSC reference
current (irefd,f ) has been determined by the DC-link voltage
control given in [35].

Furthermore, as can be seen in Fig. 9a, The OWF has
been represented by an aggregated model consisting of a
current-controlled AC-voltage source V g and a reactance Xg

given that the proposed control system can be implemented
irrespective of the type of WTs used. Then, the AC-voltage
V g is generated through the conventional power controller
where d- and q-components of the offshore AC-grid currents
are controlled to transfer the desired OWF incoming active
and reactive power references. Note that V g is synchronized
with the controller reference frame by using the conventional
voltage oriented control via PLL, provided that the system
frequency is controlled by the CHB VSC. This way the
offshore AC-grid current control becomes the same as the
WTGS control systems used in the conventional VSC-based
HVDC grid forming [36]. Therefore, using the proposed
control system, no changes are needed to be applied in the
conventional WT control systems.

Fig. 10 shows the performance of the proposed control
system for both the DSM and the AVM during the case
with the higher initial incoming active power considered in
Subsection VI-A. But, the scheduled input changes have been
simulated here for 4 s where the incoming active and reactive
powers have increased at t = 0.5 s and t = 2.5 s, respectively.
Finally, an appropriate performance of the proposed control
system can also be concluded from the DSM simulation with
the observations obtained by the AVM simulation, while the
accuracy of the proposed AVM is verified. However, due to
the implementation of the offshore AC-grid current controller
in the OWF aggregated model for the DSM, the incoming
active power change affects the dynamic response of the
incoming reactive power and vice versa. This results in a
slight difference between the dynamic responses of the DSM
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Fig. 10. Control system performance during active and reactive power changes
for both the DSM and the AVM.

and the AVM during the corresponding transients. Note that,
from the system studies of Fig. 3 and the simulations, it
can be concluded that the proposed control system provides
comparative advantages in terms of the DR station volume and
the OWF installation cost with any other centralized control
in which besides a VSC, a high voltage large capacitor bank
is also needed to be placed at the DR station [28].

Fig. 11 shows rectifier, CHB VSC and offshore AC-grid
phase currents (ir, if and ig), and PCC phase voltages (v)
for the DSM during the rated incoming active power when qg
equals 0.1 p.u. As observed, the DR harmonic currents do not
exist in ig because of the APF scheme (Fig. 2) implemented by
the CHB VSC. But, if contains the corresponding harmonic
components for the SHC. Therefore, the CHB VSC needs an
increased power rating of less than 2 % for the harmonic
current compensation at OWF rated power, although the
required reactive power for the frequency control accounts for
the largest part of the total CHB VSC rated power [27]. Finally,
as can be seen in Fig. 11, v does not have low-order harmonics
generated by the DR, thereby verifying the performance of the
proposed overall control scheme.

VII. CONCLUSION

This paper has presented a direct frequency control for an
OWF connected to the onshore through a DR-based HVDC
link. A VSC has been placed at the DR station to guarantee the
frequency control through satisfying reactive power balance
at the DR station bus without a capacitor bank placed at the
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Fig. 11. Rectifier, CHB VSC and offshore AC-grid phase currents, and PCC
phase voltages for the DSM during the rated incoming active power when the
incoming reactive power is equal to 0.1 p.u.

DR station. Then, considering the OWF active and reactive
powers as inputs, the control system has been derived from
a simplified model representing the AC-side dynamics of the
DR whose state variables are the polar components of the
rectifier current vector (i.e. magnitude and angle of the current
vector). In addition, given an APF scheme implemented by
the VSC, passive AC-filters have also been removed from the
DR station. Therefore, the required DR station volume and as
a result, the OWF installation cost can be relatively reduced
compared to other centralized controls in which besides a
VSC, a high voltage large capacitor bank is also needed
to be placed at the DR station. A new AVM of the DR
system for such applications has also been derived to test the
performance of the proposed frequency control principles, in
which the the dynamics of a capacitor bank is not needed to
produce the outputs. Moreover, the stability of the proposed
control system has been proved by a small-signal analysis.
Finally, the performance of the proposed control system has
been demonstrated using the operation and control of a delta-
connected CHB VSC in a DSM simulation of the system,
while the accuracy of the proposed AVM has been verified.
Both the AVM and the DSM simulations have verified a proper
performance of the proposed control system.

APPENDIX A
The extra algebraic equations needed for the proposed AVM

are as follows:

kµ =
1

2
(1 + cosµ)

√
1 + (µ csc2µ− cotµ)

2 (A.1)

rµ idc1 =
v

2
(1− cosµ) (A.2)

vdr = v − rµ idc1 = kµ v cosϕ (A.3)

where rµ =
π

6

xt

nb
is the commutation resistance and nb is the

number of six-pulse diode bridges.
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TABLE I
SYSTEM AND CONTROL PARAMETERS

Description Value

Sbase,ac 100 MVA
Vbase,ac 33 kV
Pbase,dc 100 MW
Vbase,dc 89.131 kV

nb 2 six-pulse bridges
Tr xt/nb = 0.12 p.u. (33 kV/33 kV)
xg 0.1 p.u.
xf 0.15 p.u.

rdc1 = rdc2 0.00765 p.u.
ldc1 = ldc2 0.57367 p.u.

cc 2.66347 p.u.
vdi 0.9609 p.u.
f0 50 Hz
kp 2 p.u.
ki 10/ω0 = 0.0318 p.u.

H-Bridges capacitor 8 mF
H-Bridges DC-link voltage 2.7 kV

Number of H-Bridges per phase 23
Switching frequency 2.5 kHz

APPENDIX B
Table I shows the system and control parameters used in

the simulations.
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