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Power hardware-in-the-loop simulations of
grid integration of a wave power park
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Abstract—This paper describes experiments conducted at
the Centre for Marine and Renewable Energy Ireland (Ma-
REI) in Cork, Ireland. Integration of a single wave energy
converter (WEC) and a wave power park (WPP) consisting
of three and ten WECs in a (micro-) grid is studied in real
time using the power hardware-in-the-loop (PHIL) equip-
ment. Two different ways to emulate the output power from
a WEC and a WPP are used. A single WEC is emulated using
a squirrel cage induction generator (SCIG) run by a grid-
powered motor. A hydrodynamic model of a point absorber
with a permanent magnet synchronous generator is imple-
mented in MATLAB/Simulink and used to emulate an irreg-
ular output power from a WEC. In the other case, a WPP is
emulated using a Triphase power converter where the DC
currents are injected at the DC-link of the converter. The
time series of currents for the DC-link injection are based
on data obtained in earlier offshore experiments conducted
at the Lysekil research site, Sweden. To emulate a WPP, the
experimental output currents from one WEC are replicated
three and ten times, superimposed following different sce-
narios and rectified. The rectified currents are used as an in-
put for the DC-link. Different scenarios of superimposing
are considered covering the worst and the best case scenar-
ios. Power fluctuations, interaction with the main grid and
microgrid, load bank and batteries are studied for different
wave conditions.

Keywords— energy storage system, grid integration,
hardware-in-the-loop, microgrid, power fluctuations, wave
energy converter, wave power, wave power park.

I INTRODUCTION

CEAN waves contain a large amount of energy and

researchers and engineers across the globe are seek-

ing for an efficient way to harvest wave power and
convert it to electrical power. Different devices have been
invented and tested through the decades, see e.g. [1]-[3].
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The wave energy converter (WEC) concept developed
and studied at Uppsala University,
(www.teknik.uu.se/electricity/), is a point absorber with a
permanent magnet direct drive linear generator power
take off (Fig. 1). The system is scalable and robust. With the
current design parameters, each device can produce an
output power up to 100 kW depending of the wave cli-
mate. A key aspect of generating a significant amount of
power from the WECs at a specific site is to include several
WECs in a wave power park (WPP) [4] (Fig. 2) and to in-
terconnect them via a marine substation, as described in

e.g. [5].
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Fig. 1. Illustration of the wave energy converter.
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Fig. 2. Wave energy converters interconnected to a wave power
patk (courtesy of Seabased AB).

A. Grid integration of WPPs

Grid integration of variable power sources, particularly
WPPs, is an ongoing research. Little is known about grid
integration of WPPs.

Although several WEC concepts were tested offshore,
only some of them were reported as grid connected, e.g.
Pico plant in Portugal [6], LIMPET in UK [7], Wave Dragon
in Denmark [8], Pelamis in Scotland [8]. To the authors’
knowledge, there is no literature presenting experiments
on grid connected WECs and WPPs. Cost and insecurity of
performing full-scale experiments limits the availability of
data from actual WPPs.

Nevertheless, the researchers investigate grid integra-
tion of WPPs numerically. Wave farms flickers severity
was investigated for three different WEC concepts and dif-
ferent park configurations [9]. Impact of WPPs on power
system frequency for islanded electrical systems was ana-
lysed and use of different energy storage systems was dis-
cussed in [10]. A control strategy for an energy storage sys-
tem consisting of supercapacitors was proposed in [11]. A
hybrid energy storage system comprising batteries and su-
percapacitors with fully active topology was studied in
[12].

Since the step from computer simulations to offshore ex-
periments or full WPP deployment and grid integration
can be very large, other methods of grid integration emu-
lation are beneficial, particularly, power hardware-in-the-
loop (PHIL) can be used for this purpose.

B.  Power hardware-in-the-loop

Hardware-in-the-loop (HIL) systems usually consist of
a physical controller combined with a virtual plant exe-
cuted in real-time (RT) computer simulations. RT simula-
tions with HIL allow to test the controller at earlier devel-
opment stages, to discover eventual design issues at differ-
ent operational — including faulty and extreme — condi-
tions, to replace risky and expensive physical tests and,
thereby, to reduce the development costs [13].

PHIL systems have been widely utilized to study con-
trol strategies for grid integration of different renewable
energy sources (RESs) to the grid. Within the wave energy
field, PHIL was used to emulate output power of oscillat-
ing water columns [14], [15], heaving point absorbers [16],
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Fig. 3. Structure of the microgrid at UCC, MaREI facility.

[17], an oscillating wave surge converter [18], and a two-
raft-type wave energy converter [19]. The methodology of
integration of a WEC into electrical infrastructure, chal-
lenges and limitations were discussed in [20].

C. Article outline

This paper describes the experiments conducted at the
Centre for Marine and Renewable Energy Ireland (MaREI,
www lir-notf.com/electricallaboratory) in Cork, Ireland, in
October 2018. The study is carried out to demonstrate the
behaviour of an intermittent power source — a single WEC
and WPPs — with the AC-microgrid and to test the effec-
tiveness of the proposed virtual synchronous generator
(VSG) control algorithms.

The rest of the paper is organized as follows. Firstly, the
testing setup at MaREI is shortly described. Secondly, in-
put to the PHIL equipment emulating performance of a
single WEC and WPPs is presented. Thirdly, conducted
experiments are outlined, and finally, challenges and limi-
tations of performed experiments are indicated.

II. EXPERIMENTAL SETUP

The Power Hardware-in-the-Loop (PHIL) experiments
presented in this paper were conducted at electrical labor-
atory of the Lir National Ocean Test Facility (NOTF) at the
MaREI Centre in University College Cork (UCC), Ireland.
A detailed description of the PHIL system is given in [21].
The microgrid setup running at 400 VAC line-line RMS
voltage is shown in Fig. 3.

The electrical laboratory includes a microgrid that con-
sists of a dual-bus three phase system. Generation, storage
and load elements can be added to the microgrid to build
up an extensive variety of test configurations. The mi-
crogrid can be operated in parallel with local grid or as an
islanded system. Sources of power include a 33 kVA diesel
generator, a wind/ocean energy emulator, and fully con-
trollable Triphase back-to-back 90 kW and 15 kW convert-
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Fig. 4. The rotatory emulator connected to the microgrid.

ers that can exchange power between the grid and mi-
crogrid offering excellent experimental flexibility. Storage
is provided by a 5 kWh lithium ion battery with 10 kW
peak power flows, which is controlled by one of the 15 kW
back-to-back converters. Full controllable and adjustable
loads with leading and lagging power factors are available
including a 50 kVA Crestchic loadbank. Robust system
control is provided by industry standard PLCs, while high
speed data acquisition is offered by National Instruments
cRIO system. An Opal-RT PHIL system OP5600 provides
advanced grid specific grid emulation capabilities.

The wind/ocean energy emulator (Fig. 4) consists of two
directly coupled electrical machines: a prime mover, acting
as a WEC, and the other acting as the rotatory generator.
The generator is connected to the microgrid using a back-
to-back power converter topology. The real-time simulator
uses MATLAB/ Simulink to interact directly with the em-
ulator, allowing for more accurate and complex modelling.
The control algorithms were executed in the PHIL con-
nected to the PC.

The microgrid was developed with an extensive
SCADA system, which allows for high frequency sam-
pling of the electrical power flow. The SCADA system in-
cludes voltage transducers for all three phases for both
buses of the microgrid. In addition to the voltage transduc-
ers, each individual device attached to the microgrid, in-
cluding the local grid connection, has current transducers
for each phase. Fig. 5 shows a single line diagram for con-
figuration of the microgrid as applied for the experiments
presented here, this includes the voltage and current trans-
ducers.

The system is controlled by the National Instruments
(NI) cRIO and allows for sampling frequencies of up to 40
kHz. The ability to sample the current and voltage trans-
ducers at such high frequencies permits full waveforms
detection via data collected. By gathering full waveform
electrical data, investigations of active and reactive power
as well as total harmonic distortion and induced flicker can
be applied to the experimental data. The experiments pre-
sented in this paper included a sampling frequency of 10
kHz, which was the maximum frequency that could be ap-
plied due to the large number of signals being sampled
simultaneously.
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Load Bank
’\/ 15 kW ==

15 kw
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Fig. 5. Single line diagram of experimental configuration.

III. INPUT TO PHIL

Two types of experiments were conducted and, there-
fore, two types of input data to the PHIL were used. One
set of experiments was based on a hydrodynamic model of
a single point absorber as described in Section D. In the
other set of experiments, a power flow from a WPP was
determined from experimental data obtained in offshore
experiments in Lysekil, Sweden. The input data to the sec-
ond set of experiments is described in Section E.

D. WEC hydrodynamic model

The WEC motion in heave is described by two equations
[22]:

myZy, = F, — K. —F, — Fgp + F, — F, (1)
myZy = Fy — Fg — Fgr — Fos — I )

where m;,, and m, are the buoy and translator mass respec-
tively, z, and z, are the buoy and translator displace-
ments, F, is the excitation force, E, is the radiation force, F,
is the hydrostatic stiffness force, Fy;, and Fj, are the gravity
forces of the buoy and the translator respectively, F, is the
buoyancy force, F, is the wire force used for coupling be-
tween the buoy and the translator motion, F; is the electro-
magnetic damping force, F,; is the end stop spring force,
and F is the retraction spring force. More detailed defini-
tion of forces acting on the WEC are given below and can
be grouped as forces acting on the buoy and forces acting
on the translator (Fig. 6). Friction force is neglected in this
model, and connecting wire is assumed to be non-sagging
and well stretched.

1)  Forces on the buoy

The excitation and radiation forces are dependent on the
amplitude and frequency of the incident wave and calcu-
lated from hydrodynamic coefficients obtained by means
of WAMIT [23], a package software based on the potential
linear flow theory.

In the time domain, the excitation force is given as a con-
volution of the impulse response function (IRF) of the ex-
citation force fe(t) and the water surface elevation at the
given point n(t).
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Fig. 6. Illustration of forces acting on the buoy and translator [22].

F,(t) = fo(©) *n(®) ®)

For a regular wave 1(t) = Asin(wt) with the amplitude
A and the angular frequency w, the excitation force is given

by
F,(t) = |F ;(w)| - Asin(wt + ¢, (w)) (4

where |FA e(w)| and ¢, (w) are the amplitude and the phase
of the excitation force coefficients at the given wave fre-
quency w.

The radiation force in time domain is found from

Fo(t) = mg(0)2,(t) + £(t) * 2,(t) ®)

where m, () is the added mass at infinite frequency and
f.(t) is the IRF of the radiation.
The hydrostatic stiffness force is obtained as follows:

Fup(t) = c- z,(t) (6)

where c is the hydrostatic stiffness coefficient.

The buoy gravity and buoyancy forces are constant
forces given by F,, =m,g and F, = pgV respectively,
where g is the gravitational acceleration, p is the sea water
density and V is the volume of the submerged part of the
buoy.

The wire force F,, is modelled as a very stiff spring that
can also slack if the buoy displacement is greater than the
translator displacement.

k,(z, —z,), ifz, >z
Ro(®) = {0:”( ’ g othebrwisé ™

where k,, is the wire spring coefficient. The wire force cou-
ples the motion of the buoy and translator.

TABLEI
INPUT PARAMETERS TO A HYDRO-MECHANICAL MODEL [24]

Symbol  Quantity Value

my, Buoy mass 2000 kg
mg Translator mass 1200 kg

R Buoy radius 1.5m

ky, Wire spring coefficient 833 kN/m
ks Retractive spring coefficient 6.2 kKN/m
Fy Pre-tension of retractive spring 8.12 kN
L, Distance to the upper end stop spring  0.907 m
ky Upper end stop spring coefficient 238 kN/m
L Distance to the lower end stop spring ~ 0.890 m
ky Lower end stop spring coefficient 211 kN/m
14 Damping force coefficient 50 kNs/m

2) Forces on the translator

The damping force is determined as a viscous damping
with a constant coefficient y and the impact of varying ac-
tive area [24] was neglected.

Fa(t) =y - Z.(t) ®)

The damping coefficient y was optimized for each tested
wave.

The translator gravity force is given Fy, = m.g.

The end stop forces are modelled as spring forces acting
only when the translator only when the translator touches
either of the end stop springs.

ku(Zt - lu), let > lu,
kl(zt + ll), ith < —ll, (9)
0, otherwise

Fos (t) =

where k,, and k; are the spring coefficients of upper and
lower end stops, and [, and [; are the distances to the up-
per and lower end stop springs, respectively.

The retraction spring force is defined by

F(t) = Fo + ksz, (10)

where F, is the pretension applied to the spring and k; is
the retractive spring coefficient.

Input parameters to the hydrodynamic model are given
in Table I.

3) Linear to rotational motion transform

The electrical generator for the RT simulator at the Ma-
REI is a squirrel-cage induction generator (SCIG). It is
brought into rotation by means of a rotary rig. To imitate a
linear generator motion with the SCIG, a variable torque
was applied to the rotary rid. Similar to the method de-
scribed in [25], the reciprocal velocity of the translator in
the linear generator was converted to a unidirectional an-
gular velocity of the SCIG varying within allowable limits
of the rotary rig. An example of this transform is plotted in
Fig.7.
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Fig. 7. Example of the reciprocal translator motion conversion to
the rotational motion of SCIG plotted over a period of 10 s.
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Fig. 8. A single line electric circuit diagram of the generator L9
connected via the subsea cable to a resistive load. I is the line current
through the load and V is the line-to-neutral voltage across the load.
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Fig. 9. An electrical layout of a wave power park consisting of

three WECs. Currents from each WEC are rectified using diode recti-
fiers and connected to a common DC-link. A similar electrical layout
was used for a wave power park consisting of ten WECs.

E. Experimental input data

The second set of input data was obtained using the out-
put power data from a WEC during offshore experiments
conducted in 2010 [26]-[28]. The offshore experiments
were carried out at the Lysekil test site located on the west
coast of Sweden. The WEC used in the experiments con-
sisted of a torus-shaped point absorbing buoy connected
via a stiff wire to the translator of a linear generator (called
L9). Parameters of the generator L9 and the sea cable re-
sistance are given in Table II [29]. The buoy consisted of six
tubular sections of a length of 3 m. The volume of the buoy
was 13.4 m® and the buoy weight was 3500 kg.

The WEC was connected to different delta-connected re-
sistive loads equivalent to Y-connected resistances of
495Q, 11 Q), and 27 Q. Line-to-neutral voltages V. and

TABLETI
PARAMETERS OF THE GENERATOR L9 [29]

Symbol  Quantity Value

|4 Voltage b 450 V

P Nominal power b 20 kW

Ry Generator resistance 10

Ly Generator inductance 20 mH

R, Cable resistance 054 Q

R, Load resistance © 495Q,110Q, and 27 Q

2 RMS line-to-line voltage
b at the translator speed of 0.7 m/s
¢Y-connected equivalent resistance

line currents I,;,. were measured onshore with sampling
frequency of 256 Hz and saved in 60 s time series. For mi-
crogrid experiments at UCC, the induced no-load voltages
Eqpc were calculated from V. using the single line dia-
gram (Fig. 8) and then used to obtain rectified voltage V.
and current I, (Fig. 9) to be injected at the DC-link of the
power converter during the tests at UCC.

The output power from one WEC is limited, therefore
the output power from three and ten WECs was combined
to emulate a power flow from a WPP. Since the goal with
this set of experiments was to validate control algorithms
for the midrogrid, we did not use any hydrodynamic
model to determine the power flow from each WEC in the
wave power park. Instead, we considered several different
scenarios including the worst case scenario, the best case
scenario and a number of intermediate scenarios. In the
worst case scenario, we assumed the same instantaneous
wave hitting all buoys at the same time, resulting in the
overlap of the currents from each WEC and for the best
case scenario the rectified currents flow to the DC-bus at
different time instants resulting in a smoother power injec-
tion to the microgrid (see Fig. 10).

An increasing number of WECs can lead to output
power smoothening but can have an opposite effect as
well. For example, considering the best case scenario, an
increasing number of WECs in a WPP leads to a smoother
power output from the WPP. If the WPP consists of three
WECs, the power variability for the given time period is
approximately 39 %, then for the WPP consisting of ten
WECs the power variability is about 24%, where the power
variability is defined as a relative standard deviation. For
the worst case scenario, an increased number of WECs im-
plies, on contrary, an increased variability of the power
output. It is around 74 % for the WPP of three WECs and
around 79 % for the WPP of ten WECs.

The output voltage V. and current I;. from the WPP
varied in amplitude, while the microgrid as UCC operated
at the constant 400 V AC. To determine the current control
of the power converters of the microgrid, the power output
of the DC simulations were used to determine the expected
current output of the WP system if it were operating at 400
V AC through the basic power conversion Eq. (11).

loc = Pac/Vac (11)
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Fig. 10. An example of power P, at the DC-link for the best and
worst case scenarios from a wave power park consisting of: (a) three
WECs; (b) ten WECs.

IV. RESULTS

F. Single WEC interfaced with microgrid

In the first category of experiments, a single WEC inter-
faced with microgrid was tested for different wave condi-
tions. The ocean energy emulator was connected to the mi-
crogrid via a Triphase 15 kW back-to-back power con-
verter in different topologies (grid, load, battery and the
diesel generator).

The reference torque from the hydrodynamic model is
used to control the motor speed and, hence, the rotatory
generator. The speed limits of the motor are between 400
rpm to 2300 rpm. The generator is a SCIG machine and its
stator is connected with the back-to-back power converter.
An example of the WEC line currents operating under the
wave conditions of 0.8 m wave height and 4.7 s wave pe-
riod connected via the back-to-back converter to a resistive
load bank is plotted in Fig. 11. The noisy signal of the WEC
line currents in Fig. 11(a) is related to varying torque on
the SCIG. The signals are output currents of SCIG before
the inverter. Nevertheless, the signals displayed in Fig.
11(b) show that the proposed control scheme is able to con-
trol the output power flow to the load bank reasonably sta-
ble.

L1 L2 L3

WEC line current (A)

0.05

Active power to load bank (kW)

0.05

Fig. 11. Illustration the first category of experiments for the 0.8 m
wave height and the 4.7 s wave period: (a) WEC output current; (b)
active power delivered to the 5kW resistive load bank.

G. RT simulations of WPPs

The second category of experimentation operated in
parallel with the local 3-phase, 400 V electrical grid, which
operated as a strong grid that the WPP was supplement-
ing. A Triphase 15 kW back-to-back power converter with
active and reactive current control was used to emulate the
WPP. Along with the WPP emulator, an electrical energy
storage system was emulated with a second 15 kW back-
to-back power converter that fed the lithium ion battery
bank. The power converters were controlled using
MATLAB/Simulink PHIL software developed by Triphase
and customised by the engineers at UU and UCC. The con-
figuration also included a local resistive load, which was
adjusted to match the needs of each experimental run. The
experiments were carried out for a duration of 60 seconds.
Figs. 12 illustrates line currents from the WPP to the bat-
tery bank (BB) for WPPs consisting of three and ten WECs.

In the experiment, a control algorithm aiming to smooth
out the output power from a WPP was applied. One can
see the smoothen current from the WPP. However, no
specific control on the BB was used, therefore, the current
to the BB contains noticable harmonics and the harmonics
content remains the same regardless of the number of
WECs in the WPP. Comparing the current to the BB in Figs.
12 (a) and (b), it is obvious that the power flow from the
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Fig. 12. Illustration the second category of experiments for the
WPP consisting of: (a) 3 WECs; (b) 10 WECs.

WPP with ten WECs is smoother, as the current amplitude
to the BB is less.

V. DISCUSSION

Both sets of experiments were subject to a number of
limitations.

Input into the PHIL comes from a mathematical model
that shall always be validated. The validity of the model
applied in the present study comes from earlier publica-
tions of UU’s research group [24]. Implementation of the
WEC damping force as a viscous damping does not fully
reflect a nonlinear behaviour of the damping force as it is
affected by the grid. In the future, an effective communica-
tion on the damping force between the ocean energy emu-
lator and the WEC mathematical model shall also be used.

A linear generator behaviour differs from the behaviour
of a rotational generator. Nevertheless, voltage and power
fluctuations of the linear generator can be emulated with
the variable speed rotational generator. These results are
sufficient for validation of control algorithms.

Since experimental data was used in WPPs’ RT simula-
tions, the WEC output power depends on the design of the
machine and the sea state. The WEC tested offshore was of
an earlier design and was not fully optimized. Unfortu-
nately, information about sea conditions for the moment

when the offshore experiment was conducted is not avail-
able. On the other hand, it is well known that the wave cli-
mate at the Lysekil test site are mild and, therefore, a lim-
ited wave power can be absorbed.

In RT simulations with WPPs, the hydrodynamic inter-
action between WECs was not considered. It can be imple-
mented in the future tests with WPPs containing even
larger number of WECs. On the other hand, the hydrody-
namic interaction between WECs is important for a collab-
orative control of each WEC in the WPP. In order to test,
how the slowly varying output power from the WPP is in-
jected to the grid, the assumptions made in the study are
sufficient.

The collected data is used for control algorithms valida-
tion. The detailed algorithms and results can be found in
[30], [31].
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