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Abstract—The real-world interaction of an offshore wind farm
with a voltage source converter (VSC)-based HVDC is complex
due issues such as noise, randomness of event timings, and
hardware design issues that are not well explored. Numerical sim-
ulations are widely accepted and cost effective tool to test a wide
variety of different cases, however, the fidelity of the results is
difficult to assess. Higher fidelity can be obtained with scale-down
experiments, however, this solution has a limited test coverage.
The power-hardware-in-the-loop (PHIL) approach offers a good
trade-off between test fidelity and test coverage. The hardware
part allows a high fidelity of the results whereas, the software
simulation part allows an extensive study of different cases at
a reasonable cost. This paper presents a PHIL implementation
of an offshore wind farm connected with a VSC-based HVDC.
The offshore wind farm is emulated in a real time simulation
environment, and a grid emulator is used as power interface
between the emulated system and the hardware system, i.e. VSC-
based HVDC substation. The interaction of real time models and
hardware is demonstrated with experiment results.

I. INTRODUCTION

In the near future, offshore wind energy is predicted to be
the predominant renewable sources of energy that can help
to accommodate much of the ever increasing energy demand.
However, high penetration of offshore wind energy represents
a unprecedented challenge of the grid integration due the
intermittent and nondispatchable nature of the wind resource
[1]. Moreover, the interconnection of resource located far away
of the connection point suggests high voltage direct current
(HVDC) solutions [2]. The dominant technology in HVDC is
based on current source converters (CSC) or line commutated
converter (LCC) [3]. However, the use LCC technology is
discarded due the filtering requirement that make a large
footprint that is non-viable in offshore applications. Therefore,
voltage source (VSC)-based HVDC technology is an attractive
solution because of the ability to operate active and reactive
power flows independently, start up capability and relatively
small footprint in offshore installations [4].

Numerical simulations have been widely accepted for in-
terconnection studies of renewable sources and HVDC. The
accuracy of the numerical simulations are limited by the

mathematical models of each component. The complexity
of the models depend on the computation resources and it
reflects on the simulation running time. Scaled experiments
are an irreplaceable step before the real application. How-
ever, scaled experiments are expensive, and less flexible if
some reconfiguration is needed. Hardware-in-the-loop (HIL)
is a relatively new trend of combining simulation models
that are synchronized with a real-time clock, i.e. real-time
simulation models, and key hardware elements of the system.
This approach provides flexibility in recreating wide range of
operating conditions, i.e. improve the test coverage while the
hardware can give a very accurate results. Moreover, power
amplifiers can be installed in the HIL approach, which is
called power-hardware-in-the-loop (PHIL), to interface with
power equipments such as converters, transformers or elec-
trical machines. The power amplifier can provide or absorb
power, since it has a bidirectional structure, the hardware
under test can be tested with actual power exchange. There are
several examples of HIL in different fields such as automotive
systems [5] [6], robotics [7], and power system [8]. In power
electronics, PHIL has been used to study energy storage [9],
electric drives [10], microgrids [11], etc. There are several
examples of HIL and PHIL related with the integration of
wind farms. In [13], a HIL implementation of a real variable
speed wind turbine using squirrel-cage induction generator
interacting with a emulated turbine and electrical network is
presented. A HIL-based simulator for a variable-speed wind
turbines is developed in [14] where simulated plant interacting
with the real controller. In [12], a PHIL implementation
of variable-speed wind turbines connected with a microgrid
testbed is presented. This paper addresses the PHIL approach
for emulating an offshore wind farm connected with an VSC-
HVDC. In the simulation environment, an aggregate model of
a variable-speed wind farm is considered. The equivalent wind
turbine contains a fully rated converter connected to a gearless
permanent magnet synchronous machine. The HVDC substa-
tion is included in the hardware environment, i.e. a two-level
converter that interact with a grid emulator, which received



reference from the simulation environment. The structure of
this paper is as follows: Section II develops the modeling of
PMSG -based wind turbine. Section III describes the PHIL
setup. Section IV presents experimental results. Section V
gives some concluding remarks.

II. MODELING OF THE WIND FARM

Variable-speed wind turbines using fully rated converters
(FRC) are an attractive solution for offshore. This configu-
ration has a number of advantages which include: (i) wide
speed range of operation (ii) independent control of active
and reactive power to the grid (iii) reduced mechanical stress.
In this paper, the configuration FRC has been selected to
investigate the interaction between the VSC-based HVDC
system and the offshore wind farm. It is also expected that
most of the turbines will be of this type in future developments.

Currently, wind farm manufactures have a number of dif-
ferent options for FRC-based wind turbines. Some exam-
ples include geared synchronous machine based (e.g. Vestas
V112, Gamesa G128, Kenersys K82 ), gearless synchronous
machine-based (e.g. Lagerwey L.82) and geared asynchronous
machine-based (ABB) wind turbines. In this paper the config-
uration shown in Figure 2, which is based on a gearless syn-
chronous generator connected with a back-to-back converter
is considered.

The control schemes discussed in this paper are applicable
to any synchronous generator with IGBT converters regardless
of either geared or gearless drive train. The rotor model and the
control strategy of the PMSG-based wind turbine are presented
below.

A. Rotor model

The power P, that can be extracted by the turbine as
mechanical power, in this case a three-bladed horizontal-axis
wind turbine, is given by

1
P, = EpAC,, B,V (1)

where p is the air density, A is the swept area of the blades,
vy is the wind speed, and C, is the power coefficient function.
C, is a function of the of the pitch angle 8 and the tip speed
ratio A which defines the performance of a wind turbine and is
defined as the relation between rotor speed w and wind speed
Vv, as shown below:
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where R is the turbine radius. There are several methods to
determine C), such as blade element theory, lookup tables, and
analytical approximations [15]. This paper uses the following
numerical approximation for given values of 5 and A
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As can be seen from (1), the maximum power is directly
proportional to C,. Optimum C, for a given § is achieved
by changing A. This is the reason for using variable-speed tur-
bines; when the wind changes, a variable-speed turbine is able
to adjust the speed to achieve optimum power coefficient and
hence maximum power from the wind can be extracted. The
drive train is modeled using a one-mass model. This means
that the rotor uses a lumped mass model and the dynamics
of the shaft is neglected. The mathematical expression of the
one-mass model is given by:

d
2H—w, =T, -T, 2
dtw @)

where H is the inertia constant, w is the rotor speed, and T,
and T, are the mechanical and electric torques. The accuracy
of the one-mass model is sufficient when considering the
decoupling between the grid and the turbine through the power
converter.

B. Control of PMSG-based wind turbine

The controller design of the turbine can be divided into
two parts: the generator side (GSC), and the AC grid side
controller (ACGC). The GSC controls the rotor speed to
achieve the maximum power at low wind conditions and the
ACGS regulates the DC-link voltage for the proper operation
of the back-to-back converter. More details about each part of
the turbine controller are given below.

1) Generator side controller: The objective of the GSC is
to extract the maximum power in the variable speed region
described above. The GSC directly controls the power using
the steady-state characteristic of the wind turbine shown in
Figure 1. This steady-state characteristic shows the output
mechanical power versus the turbine rotor speed w with no
pitch control action.

As can be seen in Figure 1, for a given rotor speed, and for
each wind speed, there is a maximum power point (MPPT).
The optimum power line is formed by the points of maximum
power. The task of the GSC controller is to track the MPPT
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Figure 1: Rotor-speed wind characteristic
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Figure 2: Block diagram of the GSC and ACGS controllers of the wind turbine

for any particular wind condition. The idea is to operate over
the optimal power line such that the maximum power can be
continuously extracted from the wind.

To facilitate the controller design, the d-axis has been
aligned with the rotor flux ¥, hence g-axis is 90° ahead of the
d-axis. The decoupling assumption is used, so Vector control
allows the torque and the flux magnitude of the machine
to be controlled independently. The objective of the inner
loop is to control the regulation of is4, towards its reference,

s«

T . .
iy g = [is 455 q] . The. inner loop regulates Is.dg- The cross-
coupling terms are eliminated, and a proportional term &,
allows the regulation of is4, towards its reference. Here, g4,
takes the following form:

Usaqg = —Lg U-)rJiqu + w, [0, lP]T + kpl;qu 3)

Since the g-axis is 90° ahead of the d-axis in the direction
of rotor rotation.The outer loop can regulates the speed using
a simple PI acting over that produces the reference i v The
i p is written as

is, = (k,,z + 1%)&) 4
where @ £ w* — w and w* is the reference turbine speed.
kp> and kj are the proportional and integral gains of the
PI controller. iy, which is kept at zero to minimize resistive
losses. Notice that w* can be obtained using the optimal line
illustrated above in Figure 1.

2) AC grid side controller: In this approach, the d-axis is
aligned with the offshore ac voltage. Under these conditions
active power and reactive power are decoupled. As with the
case of GSC, the control design is divided into two loops: inner
and outer. The inner loop has the same objective of regulating
the current igy, towards its reference. The following controller
UG4q 1s proposed:

. ki, it
UGy = Lewligay +vGag+ (kp3 + f) iGdg &)

where k3 and k;3 are the proportional and integral gains of
the PI controller.

The outer loop regulates the DC voltage v, in the DC
link voltage of the back-to-back converter. The v, can be
controlled using the following control:

. kia )
in, = —(k,,4+?4)vdc (6)

where 7,4, £ V3.~ Vde; vy, is the reference of the DC voltage.
ky4 and ki represent the parameters of the PI controller. The
outer loop can also regulates the reactive power.

III. Power HARDWARE-IN-THE-LOOP IMPLEMENTATION

Figure 3 shows the PHIL platform for emulating the wind
farm with a VSC-based HVDC. In the simulated wind farm,
it was considered that wind speed and voltage measured in
a two-level VSC, v, as inputs as shown in Figure 3. The
output of the model is the reference currents, iy * for the grid
emulator. In the hardware section, a two-level VSC generates
a three-phase ac voltage with a fixed frequency i.e. operating
in island mode. A transformer is connected to the three-phase
ac current output of the grid emulator. A real time simulation
platform is used to control and monitor the the following:

« Dc voltage of the grid emulator

« Island mode control of the hardware converter

« Simulation of a wind turbine using the Simulink model

to generate a current reference of the grid emulator

A. Wind farm model

The wind farm, which uses an aggregate approach, is
designed assuming a 2 MW generation system connected to a
690 V and 50 Hz grid and operating at 1500 V dc voltage. In
this paper a configuration shown in Figure 1, which is based
on a back-to-back IGBT converters and a permanent magnet
synchronous generator with gearless drive train. . The main
parameters are shown in the appendix. The control schemes
discussed previously are applicable to any synchronous gen-
erator regardless the drive train, i.e. either geared or gearless
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Figure 3: PHIL implementation

drive train. Wind turbines have been emulated by scaling to
18 kW.

B. Real time simulator

For a PHIL setup, the model on the software side has
to be run in real time. To that extent, the Simulink model
is translated into C code with a software called RT-Lab.
This translated model is then run on a simulation platform:
OP5600 from Opal RT. This platform is designed to run real
time electro-magnetic transient simulations thanks to its four
processor cores running at 3.47 GHz. For this implementation,
all of the following is controlled in the real time simulator:

« Wind turbine model and wind interface
« Hardware converter control and interface
o Grid emulator control and interface

In this work, all the different subsystems described in Figure
3 are run with a 100 us time step.

C. Grid Emulator

The grid emulator is an Egston CSU 200: Compiso System
Unit 200kVA with six outputs. Three outputs are used as a
three-phase ac current sources with a magnitude limited to 14
A rms. Two outputs are used to generate the dc voltage of the
HVDC link at 700 V. The grid emulator is controlled by the
Simulink interface connected to the OP5600 platform.

D. VSC-based HVDC

The voltage source converters are rated to 60 kVA. The
whole device is composed by: converter, LCL smoothing filter,
switchgear, and the control system. The converters use two-
level configuration based on insulated gate bipolar transistors
(IGBTs) which is switching at 10 kHz. The grid connection is

through a LCL filter with the following parameters: converter-
side filter inductor 50 mH, capacitor 20 uF and grid side filter
inductor 200 mH. In order to isolate the converter from the
power source i.e. grid emulator, the converter is connected to a
delta-wye 1:1 transformer connected to the grid emulator. The
control of the hardware converter is included in the Simulink
model and the interface allows to display the ac voltage and
current, and the dc voltage. It also allows the user to choose
the frequency and amplitude of the ac output as is needed.
The controller is shown in Figure 3, which is an island mode
where amplitude and frequency is fixed.

E. Scaling

As the hardware converters available in the laboratory are
scaled down version of converters for offshore wind power
integration, their rated values are different from the rated
values of the software model emulating a 2 MW wind turbine.
The scaling of the voltage and current has to be performed
to generate relevant outputs for the hardware and for the
software. Table 1 gives the rated values for the two-level
hardware converter and the model. The converter is designed
to withstand an 90 A rms current and a 60 kW power, however,
for proof-of-concept, the power and current are scaled down
to 18kW and 25 A rms.

Table I: Wind farm model and hardware setup

Parameter Wind farm model = hardware converter
Rated power 2 MW 18 kW
Rated voltage (L-L rms) 690 V 400 V
Rated current (rms) 1849 V 25V
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Figure 4: Real time emulation of the PMSG-based Wind
turbine-Simulation

IV. EXPERIMENTAL RESULTS

The simulated wind farm is designed assuming a 2 MW
generation system connected to a 690 V and 50 Hz grid and
operating at 1500 V in the dc side. The wind farm have been
scaled down to 18 kW in order to interact with the size of
the lab equipment. The HVDC was emulated using two-level
VSC. One of them operates in island mode at 400 V and 50
Hz grid while is emulated using the grid emulator as shown
in Figure 3 which keep a constant dc voltage at 700 V. dc
cables have not been emulated for simplicity. Table II shows
the corresponding wind farm parameters,

Figure 4 shows the experimental results of the PHIL im-
plementation described above. Figure 4 a) shows the imposed
wind profile. Figure 4 b) shows the generator angular speed
and its reference in rpm. Figure 4 c) shows the active power
and reactive power in the generator. The wind profile consists

of an ascent ramp that carries the speed from 5 to 10 m/s
in about 10 s. A second ramp start at 70 s and increases the
speed until 12 m/s. A third ramp decreases the wind speed
7 m/s in 25 s. Finally, a ramp increases the wind speed up
to 10 m/s. Two wind gust increase and decrease the wind
speed at t =35 s and ¢ =120 s as shown in Figure 4a). A
white noise in injected in the wind profile. As the wind speed
is increased, the generator speed and the generated electrical
power are gradually increased following the maximum power
point until almost the rated wind speed is achieved at 80 s. In
the steady state, the theoretical values of the generator speed,
which is 30 rpm, and generated electrical power is about 2
MW, as can be verified in the experimental results. Notice
that the rated wind speed, 13 m/s, is not achieved and both
the rated rotor speed and power is slightly lower than the
rated values. Figure 4 c) shows the active and reactive powers
imposed by the grid emulator to the real converter. This power
is scaled down until 18 kW.

The results presented below are obtained with a steady
wind condition of 12 m/s. First, Figure 5a) shows the voltage
of one phase is displayed for the three measurement points
in Figure 3. The simulated voltage, which is fed into the
simulation model, and the real converter are resembled as was
expected. Notice that the real converter voltage is lagging by
30 degrees behind the grid emulator voltage due to the delta-
wye transformer. This phase shift had to be taken into account
during the implementation of the PHIL. The corresponding
currents are displayed in Figure 5 b). Due to the harmonics
in its voltage input, the model produces a distorted current as
a reference for the grid emulator. However, the grid emulator
is able to track properly the current reference imposed by the
model. The distortion in the current is also expected due the
harmonics in the input voltage.

V. CONCLUSION

Power hardware-in-the-loop approach combine hardware
devices with software simulation. The hardware part allows
a high fidelity of the results whereas, the software simulation
part allows an extensive study of different cases at a reasonable
cost. PHIL is an emerging approach still limited by the cost
of the hardware devices and the difficulties in the setting up
of experiments. In this paper the proposed grid integration
of wind farm using HVDC system was evaluated in a grid-
connection experiment as a proof of concept. The proposed
approach proves to be a useful tool for testing and evaluation
of simulated wind farms scenarios with hardware setups. The
proposed system has been validated through a demanding
case study where the wind turbine model was controlled
properly, the power extracted from the wind being amplified
and the close-loop behavior of the PHIL setup was stable and
predictable.

VI. FUTURE WORK

The future work for this work will be focused on:

« The improvement of the wind power generation model
e.g. the implementation of pitch angle control will allow
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controlling the turbine without any restriction on the wind
speed. A more realistic wind profile can improve the
fidelity of the results.

« An aggregate model has been used. In the future, several
wind turbines with different operating conditions can be
connected to the hardware.

« The representation of the HVDC using two converters and
new technologies such a modular multilevel concepts.

ACKNOWLEDGMENT

This project has received funding from the European Unions
Seventh Programme for research, technological development
and demonstration under grant agreement No 612748 (Best-
Paths) and No. 609795 (IRP Wind). Authors would like to
thank for the support.

[1]

[2]
[3]
[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

VII. APPENDIX

Table II: Wind turbine parameters model

Parameters Values  Units
Rated mechanical power 2.21 MW
Rated Voltage (line-to-line) 0.69 kV (rms)
Rated stator current 1849 A (rms)
Rated Stator Frequency 11.25 Hz
Rotor speed 30 rpm
d-axis synchronous inductance  1.21 mH
g-axis synchronous inductance  2.31 mH
Stator winding resistance 0.73 mQ
Rated rotor flux linkage 14 V.s.
Number of pole pairs 30
Total moment of inertia 100 kgm?2
Rated Mechanical Torque 693 kNm
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