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Control of Offshore Wind Turbines Connected to
Diode-Rectifier-Based HVdc Systems

Ali Bidadfar , Oscar Saborío-Romano , Nicolaos A. Cutululis , Poul E. Sørensen

Abstract—Diode-rectifier-based high voltage dc (DR-HVdc)
systems can be a promising low-cost solution for exporting
wind power from remote offshore wind farms to onshore
power systems. Industrializing the offshore DR-HVdc requires
technical maturation, achievable through in-depth studies and
pilot experiments. Deployment of offshore DR-HVdc systems
may entail a fundamental change of control philosophy in wind
turbine (WT) converters from grid-following control to grid-
forming. This paper proposes a new grid-forming control for DR-
connected offshore WT converters. The proposed controller uses
two sequential control loops to regulate WTs’ active power, and
maintain the frequency and voltage of the offshore ac network.
The first control regulates the active-power mismatch of each
WT into a voltage angle deviation, which leads to a frequency
change. The second control adjusts the WT’s alternating voltage
magnitude to counteract the frequency change. An internal cur-
rent control loop is used to limit the fault current and eliminate
high-frequency resonances in the system. The proposed control is
verified by electromagnetic transient simulations, including fault-
ride through, WTs power change, reactive power disturbance,
and WTs outage.

Index Terms—Offshore wind farms, diode rectifiers, HVDC,
converter control.

I. INTRODUCTION

OFFSHORE wind installation is proliferating worldwide.
Europe’s cumulative offshore wind capacity reached

18.499 MW at the end of 2018 [1]. Further increase in
offshore wind power, various developments are focused on
its generation and transmission systems. High-voltage ac links
are predominantly used in offshore transmission [2]. However,
the use of the ac links is limited to the offshore wind farms
(OWFs) located relatively close to the shore (less than around
80 km, if not compensated at the middle). For remote OWFs,
the high voltage dc (HVdc) power transmission system is
a cost-effective solution. To date, the power conversion in
offshore HVdc transmission has been based on the voltage-
sourced converters (VSCs), which provide technical advant-
ages such as independent control of active and reactive power,
current control, and grid-forming capability.

Diode-rectifier-based HVdc (DR-HVdc) has been received
an interest in possibly being used as a transmission system
for remote OWFs [3]–[8]. Compared to the conventional
VSC-based HVdc (VSC-HVdc), DR-HVdc can provide ad-
vantages such as smaller footprints in offshore platforms,
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higher efficiency, higher reliability (since it has less power
electronic components) [9], and lower costs [7]. The main
drawback of DR-HVdc, however, is the lack of grid-forming
capability at its offshore ac terminals. Therefore, most of the
proposed applications of such a transmission system rely on
a fundamental change in the control philosophy of offshore
WT converters, from grid-following to grid-forming units [3].
Such change in control philosophy is, however, one of the main
obstacles for the industrialization of DR-HVdc technology.

For the first time, the grid-forming control was proposed
in [3] for DR-connected WTs, maintaining the voltage and
frequency in the farm with a centralized control scheme. This
control scheme was further advanced to perform fault ride-
through [5], and have more satisfying harmonic mitigation, and
hence, smaller filter size in the rectifier station [10]. Another
type of grid-forming control was proposed in [11], using the
global positioning system (GPS) to provide a synchronizing
signal to WT converters. A distributed phase-locked loop
(PLL) based frequency control was proposed in [8] as a
decentralized control enabling each WT to operate as a grid-
forming converter without a need for communication links or
GPS signal. This control method was improved to have better
performance under faulty conditions [12], and was validated
achieving frequency support to onshore power systems [13].

This paper proposes a new grid-forming control for DR-
connected offshore WT converters. In the proposed control
scheme, the active power change of each WT is initiated by
regulating the voltage angle of the WT converters. The voltage
angle change without proper regulation of voltage magnitude
results in a frequency deviation, which is detected by all WT
converters. Such deviation is then translated into a voltage
magnitude change via a proportional-integral (PI) regulator in
each WT converter. As a result, all WT converters change their
voltage magnitude, synchronously. The synchronous change of
voltage magnitude is the distinguishing feature of the proposed
control from those in [3], [8], [11], it prevents the reactive
power swing among WTs.

The control scheme includes inner-current control to limit
the fault current and alleviate the system’s high-frequency
resonances. The proposed control benefits from:

• being relatively simple, having fewer control parameters
to tune, compared to other controls proposed for DR-
connected offshore WTs,

• enabling each WT to control its active power independ-
ently,

• being decentralized, requiring neither communication
links nor GPS signal, and

• limiting fault current and mitigating system resonances.
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Fig. 1. A schematic diagram of an offshore wind power plant connected to HVdc via diode rectifier converters.

The rest of the paper is organized as follows. The models
of offshore wind farm, DR platform and export system used
for analyses and simulations are explained in Section II. The
details of the proposed control approach are given in Section
III. Section IV presents the simulation results and the paper
is concluded in Section V. All control and system parameters
used for simulations are provided in the Appendix.

II. WIND FARM AND WIND TURBINE MODELS

Figure 1 shows the schematic diagram of the studied system.
The system is based on the model described in [13]–[15]
and consists of a 400 MW OWF connected to an onshore ac
network by means of a monopolar DR-based HVdc link. The
onshore ac network has been modeled as a grid with a short
circuit level of 8000 MVA and X/R ratio of 15. The onshore
HVdc terminal consists of VSCs, which control the voltage
on their dc terminals and the reactive power injected into the
onshore ac network.

The offshore HVdc terminal, labelled in Fig. 1 as "DR
Platform", consists of two (uncontrolled, line-commutated)
diode-based 12-pulse rectifiers (DRs) connected in series, with
corresponding reactive power compensation and filter bank on
their ac side [13].

The OWF has 50 WTs with 8 MW nominal production
capacity. The WTs use fully-rated (type-4) power electronic
converters connecting to offshore ac grid. The WTs are laid
out in 6 strings in the OWF. The first string, comprised of
WTs 1–9 is represented in detail. The second string, consisting
of WTs 10–18, is aggregated into an equivalent 72 MW WT
and corresponding cable equivalent π circuit using the method
proposed in [16]. Likewise, the other 4 strings, comprising
WTs 19–50, are aggregated into an equivalent 256 MW WT
and corresponding cable equivalent π circuit.

For computational efficiency, dynamics in each WT dc link
and behind it are not considered, and the VSCs’ direct voltage
is thus assumed constant (ideally regulated by the back-end/
machine-side converter) as justified in [3], [4], [8]. Pulse-width
modulation (PWM) is assumed to be implemented within a
linear range. Switching effects and any delay due to PWM
implementation are taken into account as explained in the next
Section. The average-value models are used to represent all
WT converters.

The schematic diagram of a WT’s grid-side converter is
shown in Fig. 2. The ac components, phase reactor and filter-
bus capacitor, are indicated with Lc and Cf, respectively. The

Lci
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−
Cf
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+

−

Fig. 2. Schematic diagram of a wind turbine’s grid-side
converter and its ac components.

three-phase electrical parameters (currents and voltages) are
represented with bold letters. v is the converter’s internal
voltage vector, i is the converter current vector, and u is the
filter-bus voltage vector. The main goal of the proposed control
is to regulate the v such that WTs grid-side converters can
control their active power, maintain the offshore frequency
and establish reactive power balance in entire wind farm.

III. CONTROL MODEL DESCRIPTION

A. Control Requirements

The grid-side converters of the WTs, connected to a DR-
connected OWF, operate as grid-forming converters and are
expected to meet some control requirements [8], such as WTs
active and reactive power control, ac voltage and frequency
of offshore ac grid control. To satisfy such requirements, this
paper presents the control system, shown in Fig. 3 for these
converters.

B. Overview of the Proposed Control System

Figure 3 shows the proposed control overview for the WTs’
grid-side converters. The proposed control scheme has two
main layers: an outer control and an inner control layer. The
outer one consists of controllers for active power, reactive
power, and offshore grid frequency. The outputs of these
controllers are θ0 and V0, which are respectively, the angle
and magnitude of the initial reference vector, vd0 + jvq0, of
the converter’s voltage v.
In the inner control layer, the converter’s current is controlled
using the inputs from the outer control loop, and the system
measurements, consisting of filter-bus voltage u and converter
current i. The output of this current control loop—eventually
the output of the entire control system—is the final reference
vector, vdref + jvqref, of the converter’s voltage.
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Fig. 3. Overview of the proposed control scheme for DR-connected grid-forming WT converters.
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Fig. 4. Block diagram of the PLL used for dq-frame con-
trol and synchronization purpose of the DR-connected grid-
forming WT converters.

Fig. 5. Space vector diagram of voltage and current of a WT
with the grid-forming control scheme shown in Fig. 3

.

The angle reference of all dq components of electrical
parameters (currents and voltages) is generated by a phase-
locked loop (PLL), shown in Fig. 4, synchronized to the
filter-bus voltage u. This PLL also estimates the frequency
deviation, ∆ω, used in the outer layer of the proposed control,
shown in Fig. 3.

C. Outer Control Layer

Similar to the power-angle control [17], [18], in the pro-
posed control scheme, the active power P is controlled by
regulating the converter’s voltage angle, θ0. However, since
a DR-connected OWF is a passive network, increasing the
voltage angle without providing enough voltage magnitude
results in a frequency increase, without any change in the
active power, flowing from ac to dc side of the DR converters.
To establish the power flow through DR converters, while
keeping the power-angle control concept, in the proposed
control method, the frequency deviation is used to change the
voltage magnitude, V0, through a PI regulator to retain the
offshore frequency to its nominal value. As a result, increasing
voltage angle results in an increase of voltage magnitude, and
consequently, an increase of active power.

In the outer control loop, a proportional controller is used
to establish the wind farm’s reactive power by WTs grid-side
converters. To prevent significant reactive power-flow from
WTs to the offshore substation in high active-power genera-
tion condition—to compensate the DR’s low power factor—a
passive reactive-power compensation has been included in the
offshore substation. The V ∗, in the proposed control method,
is selected to be the nominal voltage magnitude (in pu) of
the grid, and its role is to keep the voltage of WFs close to
nominal value when the farm does not produce power.

Converting V0 and θ0 into dq components as vd0 =
V0 cos (θ0) and vq0 = V0 sin (θ0), the initial voltage reference
vector vd0 + jvq0 is generated to be used in inner control
layer. The space vector diagram of voltage and currents of the
controller is shown in Fig. 5.

D. Inner Control Layer

A current controller is needed, firstly, to limit the fault
currents, and secondly, to provide damping to high-frequency
resonances [19]. The reference values of this controller, how-
ever, should be provided using the outputs of the outer control
layer. From dynamic behaviour perspective, the converter
should reach a steady-state—when subjected to any change of
setpoints or system disturbances—with satisfying performance
and robustness. Based on this basic concept, the steady-state
equation of the converter’s phase reactor is used to derive the
current reference vector idref + jiqref as

idref + jiqref =
(vd0 + jvq0)− (udref + juqref)

jωLc
(1)

where udref + juqref is the reference vector of the filter-bus
voltage, and is chosen as 1 + j0 pu. This selection is fair,
since under the steady-state operation, the direct component
of the filter-bus voltage is around 1 pu, and its quadrature
component is forced to be zero by the PLL.

The proposed control method utilizes the conventional inner
current control scheme [20], [21] to generate the converter’s
alternating voltage reference, vref, as shown in Fig. 3. The
reference vector is used in PWM to generate the driving
signals for the converter switches. In per unit, the converter
voltage and its reference can be expressed as v = eTdtvref
[19], where Td represents the total time delay of the PWM
and measurement processes and is commonly assumed to be
Td = 1.5/fs, where fs is the switching frequency.
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E. Boundaries of Control Parameters

The lowest phase angle of the converter’s voltage is selected
as zero, i.e., θmin = 0, to prevent reverse active power flow
through the WT grid-side converters (from ac to dc terminals).
However, during energization and start-up condition, in which
the WT may consume power from ac grid, the lowest phase
angle is chosen differently. The energization process of DR-
connected OWFs has been discussed in [22].

The maximum phase angle is adapted from the power-flow
equation as

KθPref =
sin(θmax)

ωLc
(2)

where Kθ = 1.1, and the magnitude of converter and filter
bus voltages are assumed to be 1 pu. To curb the overshoot
of the active power under transients and prevent the increment
of θ0 under faults (when Pref cannot be reached), there should
be an upper limit to θ0. Such limit is indicated as θmax. To
determine the value of θmax, it is assumed that a 10% of active
power overshoot is allowed. Kθ (maximum power deviation
coefficient) is thus selected as 1.1, which indicates 110% of
the reference power.

To limit the fault current, the reference current components
in dq frame must be limited. Different limitation schemes
can be used, based on system requirements. For example,
in [8], the fault current control priority is given to reactive
current in order to maintain the OWF’s reactive power balance
under disturbances. In this paper, through simulation results,
it is witnessed that only by a limited amount of reactive
current injection from WT converters, an acceptable fault ride-
through can be fulfilled. Therefore, the reactive current limits
are adopted as iqmax = −iqmin = 0.25 pu. The active current
component is limited to idmin = 0 and idmax = KidmaxPref,
where Kidmax = 1.1. Similar to the lower limit of the voltage
angle, the idmin can posses a different value during energization
and start-up processes.

F. Mathematical Basis of the Proposed Control

Active power flow through the HVdc link, shown in Fig.
1, is determined by the difference in direct voltage at its
terminals. This can be mathematically expressed as

Pon =
(VD,off − VD,on)VD,on

RD
, (3)

where Pon is the active power flowing from the HVdc link
into the onshore HVdc converter, VD,on is the onshore HVdc
terminal direct voltage, which is controlled by the onshore
HVdc converter, RD is the HVdc link resistance, and VD,off is
the offshore HVdc terminal direct voltage. The voltage at the
ac side of the diode rectifiers can be calculated as

Vac,off =
πT

3
√

2B
VD,off +

TXt√
2
ID , (4)

where T is the DR transformer turns ratio, B is the number
of (6-pulse) diode bridges connected in series (on their dc
terminals), Xt is the DR transformer leakage reactance, and

ID is the direct current flowing through the HVdc link, which
can be expressed as

ID =
(VD,off − VD,on)

RD
. (5)

Substituting (4) and (5) in (3), the active power flow to the
shore can be expressed as

P = K1Vac,off +K2 . (6)

Assuming that the onshore HVdc converter keeps VD,on at
a fixed value, the constant parameters K1 and K2 can be
obtained as

K1 =
3
√

2B VD,on

T (πRD + 3BXt)
, K2 =

π V 2
D,on

πRD + 3BXt
. (7)

As can be bserved from (7), to establish an active power flow
from the DR-HVdc-connected OWF to shore, the alternating
voltage magnitude of the offshore ac grid must be regulated.
This regulation is made by the WT grid-side converters.

Since such OWFs would be comprised of many grid-
forming WTs and no high-power grid-forming HVdc con-
verter, such WTs may oscillate against one another. Therefore,
besides controlling the active power generation/flow, another
control objective should be to ensure the stable operation of
many parallel grid-forming WT converters. These two object-
ives must be fulfilled by controlling the angle and magnitude
of the alternating voltage at terminals of the WT grid-side
converters. If, by any means, such voltage magnitude can
be changed synchronously, the risk of oscillations (especially
reactive power oscillations) among WT converters decreases.
In order to do this, voltage magnitude control based on
the frequency deviation is proposed. Since the frequency is
a universal parameter, its deviation is seen equally by all
converters, and as a result, their voltage magnitude can be
changed at the same time.

The frequency change, however, must be initiated by the
active power control loop. Since frequency is the derivative of
the voltage phase angle, adapting the classical power-angle
control satisfies the required frequency changes. To math-
ematically present the control mechanism, explained above,
it is assumed that any power mismatch is translated into a
phase angle deviation of the WT converter’s alternating voltage
through a PI controller, as

∆θ0 = −PIp(s)∆P (8)

The active power equation of a WT converter is stated as

P =
V U

Xc
sin (θv − θu) (9)

where Xc = ωLc, and V and U are the voltage magnitude of
converter voltage and filter bus voltage, respectively. The filter
reactance Lc is normally so small that the phase angle differ-
ence at its terminals is fairly small, so that sin (θv − θu) ≈
θv − θu. With such assumption, the phase angle deviation of
the filter bus voltage can be obtained from (9) as

∆θu = ∆θv −
Xc

V 0U0
∆P , (10)
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where V 0 and U0 are the corresponding steady-state values,
and ∆θv = ∆θ0. The frequency deviation is estimated by a
PLL that is locked to the filter bus voltage. The input to the
corresponding PI regulator in the PLL is the q-axis component
of the alternating voltage in the corresponding rotating (dq)
reference frame, which is calculated by means of the Park
transformation,

uq = U sin (θu − θs) , (11)

where θs(t) is the transformation/reference angle, generated
by the PLL. The angles in (11) are defined as θu(t) =
ω0t + ∆θu, θs(t) = ω0t + ∆θs, where ω0 is the rated
angular speed/frequency. Recalling that the PLL is locked
to the filter bus voltage, it can be assumed that that the
difference between θu(t) and θs(t) is so small that leads
to sin (θu − θs) ≈ θu(t) − θs(t) = ∆θu − ∆θs. Therefore,
considering (10) and neglecting voltage magnitude change,
i.e., U ≈ U0, uq in (11) can be expressed as

uq = U0∆θ0 −
Xc

V 0
∆P − U0∆θs . (12)

The frequency deviation ∆ω is estimated by the PLL via the PI
regulator as ∆ω = PIpll (s)uq. The reference angle deviation
∆θs is also generated withing the PLL by integration from the
frequency deviation, i.e., ∆θs = ∆ω/s. Thus,

∆ω = PIpll (s)

(
U0∆θ0 −

Xc

V 0
∆P − U0

s
∆ω

)
, (13)

which implies that the frequency deviation exists as long as
there is an active power mismatch in the control system.
On the other hand, the active power can be controlled by
manipulating the alternating voltage magnitude, as shown in
(9). Therefore, from (9) and (13) it is proposed to regulate the
voltage magnitude based on the frequency deviation, as

∆V0 = PIfrq (s) ∆ω. (14)

Based on (9), (13) and (14) the block diagram shown in Fig.
6 is obtained. The current control loop has been assumed to
have a closed-loop bandwidth of αc. It is also assumed that the
impact of the offshore array cables on voltage magnitude is
negligible. Therefore, the converter voltage V and the offshore
substation voltage Vac,off (4) have the same magnitude in per
unit.

PI
-

-
- ++

PLL
frequency current

controlcontrol
HVDC

power control

Fig. 6. Block diagram of active power control in a DR-HVdc
connected OWF with the proposed control.

Fig. 6 shows how employing frequency control together
with conventional power-angle control facilitates a change in
voltage magnitude, which in turn facilitates the desired active
power flow in a DR-connected OWF.

G. Comparison with Other Control Schemes

In the previously proposed grid-forming control methods
for DR-connected OWFs, described in [3] and [8], the active
and reactive power, as well as frequency, are controlled by
regulating the filter-bus voltage u. In other words, the outputs
of their outer control loop are the reference values fed to
the filter-bus voltage controller. Differently, in the proposed
control method in this paper, outputs of the outer control loop
are the reference values of the converter voltage v. Therefore,
there is no need for additional regulators to control the filter-
bus voltage, resulting in a simpler control system with low-
order dynamics.

Comparing to the control scheme in [3], the proposed con-
trol system is centralized and uses only local measurements,
and thereby, does not require high-speed communication links.
Moreover, unlike that in [3], none of the proposed controller
settings (gains) directly depends on system component para-
meters, e.g., capacitance of capacitor bank at the offshore
station.

The offshore frequency is proportionally controlled in [3]
and [8], while in the proposed control, it is controlled by a PI
regulator, which eliminates the frequency error under steady-
state operation.

The current control and PLL structure employed in this
paper are the same as those used in [8] and [12]; however, with
different ways of current reference generation, implemented in
the outre control layer.

IV. SIMULATIONS

Simulations of the proposed control method are conducted
in PSCAD, and their results presented in this section. The
OWF, whose schematic diagram is illustrated in Fig. 1, is
used for simulations. To capture a thorough insight into the
capabilities of the proposed control approach its reactions
and operabilities under different operational scenarios are
evaluated. The chosen scenarios are expected to create more
severe and challenging conditions for the operation and control
of a DR-connected OWF. These scenarios include three-phase
short-circuit in the offshore ac grid, active power change of
the WTs, disturbance in reactive power control of the farm,
and wind turbines outage.

All control settings and system parameters used for simula-
tions are presented in the Appendix. For the sake of visibility
in simulation results, shown in figures of this section, the WTs’
active power setpoints are selected to be slightly different
from each other. The voltage V ∗ and reactive power setpoint
of all WTs are respectively selected to be 1 and 0 pu. The
base values of power and ac voltage for each WT converter
are 8 MVA and 0.69 kV (the rated voltage of converters),
respectively.

A. Three-phase Short Circuit at 66 kV Bus

To assess the fault ride-through capability of the proposed
control, a 100 ms three-phase solid short-circuit is applied on
66 kV bus (collection bus) of the offshore substation. Figures
7–9 show the results of this simulation. The dc-link voltage
of both ends of the HVdc link, as well as the instantaneous
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Fig. 7. Direct voltage of HVDC link (top), and alternating
voltage at DR platform (bottom) under short circuit at 66 kV
bus.

and rms value of the offshore alternating voltage are illustrated
in Fig. 7, the WTs’ active and reactive power in Fig. 8, and
converter currents in dq frame in Fig. 9.

The active and reactive power recovery after the fault is
satisfactorily fast (compared with similar studies implemented
in [5] and [12]) , with acceptable dynamics, i.e., without
experiencing significant over-shoots or undamped oscillations.
After such a rigorous incident, no reactive power interaction
(ping-ponging from WT to another) among the WTs. The
phenomenon can be the case between grid-forming converters,
without a strong grid supporting the reactive power balance.
The reason for such adequate performance is that the control
system of each WT converter uses the frequency deviation to
adjust the converter voltage magnitude. Since the frequency
deviation is a universal parameter, all WT converters measure
the same variation and adjust their voltage magnitude with
the same value, which results in an identical reactive power
response. However, not all converters supply the same amount
of reactive power under the fault, shown in Fig. 8, because
the distance of WTs to the fault location is different, and
they experience difference impedance under the fault. The
current magnitude of WTs is shown in Fig. 9, indicating that
the control system is capable of limiting the fault current.
However, it should be noted that the current control bandwidth
is selected as 400 Hz, which is almost twice that of grid-
following converters [19]. This bandwidth requires a faster
switching frequency, i.e., around 4 kHz for 50 Hz ac grid,
which is feasible with current IGBT (insulated-gate bipolar
transistor) switching technology.
With lower current control bandwidth, i.e., 200 Hz, some
spikes on converter currents are observed under such a short-
circuit event.
It is noteworthy that a severe short circuit at the HVdc link
has the same impact on the offshore ac grid as the three-phase
short circuit at 66 kV bus.
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Fig. 8. Active (top) and reactive (bottom) power of WTs under
short circuit at 66 kV bus.

0 0.1 0.2 0.3 0.4 0.5

Time [s]

0.8

0.9

1

1.1

C
u

rr
en

t 
[p

u
]

1 5 9 10-18 19-50

Fig. 9. Current magnitude of converters under short circuit at
66 kV bus.

B. Changing the Active Power Production

A wind farm’s active power can be changed due to the
variations of wind speed, or a request of power-change from
system operators. However, each WT must be able to regulate
its active power production independently, regardless of the
power production of other WTs. To show the capability of
independent active power change, with the proposed control
approach, step-changes are applied to WTs’ active power
setpoints at different times. Generally, there are active power
ramp-rate limits, restricting the speed of change of the WTs’
active power [23]. In this simulation, the active power ramp-
rate has been chosen intentionally high, i.e., 4 pu/sec, to
see the performance (reference tracking) of the proposed
controller.
Under this simulation, the reactive power compensation in
DR-platform is kept constant, and WTs are assumed to be
responsible for balancing the reactive power in the offshore
network. It is also assumed that there are enough aerodynamic
power so that the WTs can operate with their nominal power
after increasing their setpoints.
The simulation results are presented in Figs. 10 and 11. It is
shown in Fig. 11 that how active power of WTs can be changed
independently without affecting other WTs production. How-
ever, the reactive power of all WTs are changed almost equally
to compensate the power factor of the DR converters. The
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Fig. 10. Direct voltage of HVDC link (top), and offshore
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reactive power change is more significant when most of WTs
(WTs 10–50) undergo an active power change. This is because
the power factor compensation of DRs requires more reactive
power.

The offshore frequency, shown in Fig. 10, experience larger
change when the active power change is significant. However,
it returns back to its nominal value since there is a PI controller
in the frequency control loop. The bigger the active power
change, the larger variation of the offshore frequency. For
instance, when WTs 19–50 change their active power the
offshore frequency undergoes a bigger change.

C. Outage of Reactive Power Compensator in DR Platform

In a DR-connected OWF, the reactive power flow is not
independent of active power flow. Higher active power flow
through DR converters requires higher reactive power flow as
well. However, to optimize the OWF operation in terms of
loss reduction and WTs loading, the reactive power required
by DR converters is supplied locally on the offshore platform
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Fig. 12. The rms voltage of DR platform (top) and offshore fre-
quency (bottom) when one of the reactive power compensators
on the DR platform trips.
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Fig. 13. Active (top) and reactive (bottom) when one of the
reactive power compensators on the DR platform trips.

to prevent substantial current flowing through the array cables
as well as WTs’ equipment.
To show the WTs’ reaction against reactive power disturbance,
and prove that WTs are able to continue operating and produ-
cing the desired power under such contingency, it is assumed
that one of the passive filters (which is also supply capacitive
reactive power) on the DR platform trips. The tripped filter
compensates 65 Mvar capacitive reactive power. It is expected
that the WTs immediately react to the reactive power deficit
and reestablish the balance without imposing a significant
disturbance on the active power production. Simulation results
for this scenario are shown in Figs. 12 and 13. The WTs
react almost immediately to the perturbance and increase
their reactive power, as shown in Fig. 13. The active power
production of the WTs, as well as the offshore voltage, are
not impacted significantly. However, the offshore frequency,
shown in Fig. 12, has been slightly changed, but it recovers
within a reasonably short time.

D. Wind Turbines Outage

Another possible scenario that can happen in an OWF, is
the outage of WTs. Should for any reason some of WTs trip,
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of DR platform and the lumped model of WTs 10-18 (bottom).

the rest must be able to continue operating and produce their
reference active power. To analyze this scenario, it is assumed
that the aggregated string including 9 WTs (10–18) is suddenly
disconnected from the DR platform. The reaction of other WTs
in terms of active power production, maintaining the offshore
frequency, and establishing the reactive power balance in the
farm are observed from the simulation results, shown in Fig.
14 and 15. With a negligible transient, as shown in Fig. 14,
the active power production of the remaining WTs are not af-
fected. However, to maintain the reactive power balance in the
farm, the WTs immediately react with modifying their reactive
power. The alternating voltage and offshore frequency are
shown in Fig. 15. The offshore alternating voltage, shown as
VDR in Fig. 15, drops after the incident since the DR conducts
less active power comparing to pre-event. The frequencies of
offshore grid and the tripped WTs, shown in 15, are within
an acceptable limits, experiencing insignificant transients. The
dq components of the current of the tripped WTs are shown
in Fig. 16.
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Fig. 16. Inner current of the lumped model of WTs 10-18.

V. CONCLUSIONS

A grid forming control scheme was proposed for the wind
turbine converters in diode rectifier (DR)-connected offshore
wind farms. The controller initiates the active power control
by regulating the converter’s voltage angle, which leads to
a frequency deviation. This deviation is used to regulate
the alternating voltage magnitude of the converter, and con-
sequently, the magnitude of DRs’ ac-side voltage, which
results in power-flow control through the DRs. The frequency
control of the wind farm is established using a PI regulator for
each of the wind turbines. The proposed control approach has
a simpler structure with less dynamics compared with other
controllers with the same application. By means of simulation
results, it was shown that the proposed controller can limit
fault current, independently (from other wind turbines) change
the converter’s active power, satisfactorily react to reactive
power disturbances of the farms, and continue operating under
severe case of contingencies.

VI. APPENDIX

The controllers’ settings and system parameters used for
simulations are presented in this section. The time constant of
active and reactive power measurements is 10 ms. The same
time constant is applied for measuring alternating voltage mag-
nitudes. Control settings used for WTs’ grid-side converters
are given in Table I. All parameters shown in this table are
based on per-unitized values.

TABLE I
WTS GRID-SIDE CONVERTER CONTROL PARAMETERS

Active power controller kp = 0.05 ki = 6.66
Frequency controller kp = 62.8 ki = 157
Reactive power controller kQ = 0.3
Converter current controller kp = 1.5 ki = 33.3
Phase-locked loop (PLL) kp = 0.11 ki = 0.01
Maximum current coefficient Kimax = 1.1

A pair of export cables is used with frequency dependent
(phase) model options in PSCAD. The length of the cables
is 200 km with the core resistance of 1.72× 10−8 Ω m. The
dimensions of one of the cables is shown in Fig. 17.

A lumped T-model is used for array cables with inductance
of 4.0× 10−5 H/km, resistance of 0.01 Ω/km, and capacit-
ance of 0.0304 µF/m. The distance between every two WTs
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Fig. 17. Export cable dimensions and positions (horizontally
with respect to the fist cable, and vertically with respect to the
sea-bed) in meter.

in strings is 1 km, and distance from offshore substation to the
first WTs in each string is 2 km.

TABLE II
CONTROLLER AND COMPONENT PARAMETERS OF ONSHORE
MMC

Direct voltage control kp = 100 ki = 330

Reactive power control kp = 12 ki = 100
Inner current control kp = 2 ki = 50

MMC submodule 200 per arm C = 10 mF

Arm reactor R = 0.006 Ω L = 60 mH

TABLE III
WTS COMPONENTS’ SPECIFICATIONS

Base values S = 8 MVA V = 0.69 kV
Phase reactor Lc = 0.047 mH (0.25 pu)
Filter-bus capacitor Cf = 2671 µF
WT transformer Sn = 8.8 MVA Xl = 0.1 pu

The specifications of all of the components consisting pass-
ive filter, reactive power bank, transformer, and DR converters,
used in this paper, are given in [14] and [15].

The DR platform shown in Fig. 1 consists the power
components shown in Fig. 18. The platform consists of passive
filters, two three-winding transformers, four six-pulse diode
rectifiers and two dc reactors.
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