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makes voltage control more challenging. This paper
briefly describes a wave-to-wire model of an array of
wave energy converters (WECs). The effects of
physical positioning of the WECs in the array and
adjustments of control parameters are discussed.
Through the application of these methods the
penetration level of distributed generation from marine
energy sources can be increased with a good power
quality still being maintained.

Abstract
This paper describes a wave-to-wire model of an
array of wave energy converters (WECs). Effects of
the physical positioning of the WECs and the
adjustment of control parameters are presented.
The results obtained from this paper demonstrate
the overall effects of storage on real power
production and imaginary power control on
network voltage profile. Characteristics of the raw
mechanical power produced by an array of 48
WECs are also presented. The opportunities for
improved network integration are identified and
discussed.

2.

The wave-to-wire model has been developed in
MATLAB/Simulink because of their widespread use in
the academic and industrial communities. It is a
transient model and is used to accurately reproduce the
effects of the mechanical and the electrical control
systems as well as to correctly capture the effects of the
variable input power on the electrical network. A
power flow solver code written in MATLAB is also
utilised.
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and imaginary power control, wave energy converter array

1.

The wave-to-wire model

Introduction

Security and sustainability are two important
questions in the field of energy for which answers are
required. Today, most countries have realised that their
dependence on the conventional sources of energy like
oil, gas and coal do not answer these questions well
enough. The stringent carbon dioxide emission targets
set under the Kyoto protocol and the 2020 European
Union/United Kingdom targets for renewable energy
further imply that renewable sources of energy like
wind, biomass, hydro, geothermal, wave and tidal will
have a significant role to play in our future.
Most of the renewable energy resources are found in
remote, rural areas where electricity networks are
weak. The low inductance to resistance (X/R) ratio,
typical of weak distribution systems, makes the
distribution network more vulnerable to large voltage
variations when there is only a small increase in the
power output from a connected generator. In addition
to this, the varying nature of the primary energy source

3.

Modelling of the wave resource

The primary input to the wave-to-wire model of an
array of WECs is a time series of wave surface
elevations. This can be obtained from actual
measurements made at the site where the WECs are to
be placed or can be generated using spectral
representations of the sea at the site. The spectral
method assumes linearity of the sea. The two parameter
Bretschneider spectrum (often labelled as the Modified
Pierson Moskowitz spectrum) is used to generate the
time series of wind generated wave elevations at the
points where the WECs are placed. It is suitable for the
open sea conditions and therefore can be used to model
seas off the western coast of Scotland owing to the
large fetch across the Atlantic Ocean. The spectrum in
terms of the significant wave height (Hs) and mean
wave period (T1) is [1]:
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E( f , t) = 0.11 Hs2 T1 (T1 f )−5 exp[−0.443/(T1 f )4 ] , (1)

reaction force on the WEC which is described in the
model by
F pto (t ) = b pto z& (t ) ,
(6)

where f is the frequency in Hertz and T1 is in seconds.
A short-crested sea, which is not unidirectional, is
modelled using the following two-dimensional
spectrum [2]:
E ( f , θ , t ) = E ( f , t ) D ( f ,θ ) ,
(2)
where E(f,t) is the one-dimensional spectral density
function and D(f,θ) is the angular spreading function.
For this work, the hyperbolic-secant-squared spreading
function
D( f ,θ ) = 0.5 β sec h 2 {β [θ − θ m ( f )]} , (3)

where bpto is the damping coefficient of the PTO and
z(t) is the WEC’s displacement in heave [7]. The
instantaneous power extracted from the WEC is
modelled by
P(t ) = b pto z& 2 (t ) .
(7)

and kj, fj, and φjk, respectively denote the wave number,
frequency and the random phase component of wave
component jk [5]. To avoid a cyclic repetition of the
wave elevation, when Hs and T1 are kept constant, the
phase angle φjk of each frequency component is
changed by a tiny amount at each time-step until the
end of the simulation.

(6) and (7) imply pure real control of the WEC where
the PTO force is in phase with velocity.
For tuning the buoys, their natural frequency is set
equal to the frequency with the maximum energy
content of the spectrum. In addition, the buoys are also
set to be critically damped. In the case of nonstationary seas, where the wave spectrum is constantly
changing and the corresponding peak frequency varies
as well, the natural frequency of the buoys is fixed to
be the time-average of this peak frequency.
Fortunately, the variation of this dominant wave
spectrum frequency remains within a small band and
consequently, choosing to tune to the average
frequency is a reasonable strategy.
To model the smoothing of the raw mechanical
power produced by the WECs and to provide on board
energy storage and power conditioning, gas charged
(nitrogen) accumulators are used. The amount of
energy that must be stored and the level of power
smoothing required determine their size [8]. Long term
storage is bulky and expensive. A significant
improvement in the quality of the raw mechanical
power produced by the wave farm was seen with the
use of on-board accumulators. The use of accumulators
reduced the high frequency (wave-to-wave) raw
mechanical power fluctuations. Increasing the size of
the accumulators increased the average real power fed
into the network by the wave farm. Some of these
results were presented at an earlier conference [9].

4.

6.

 2.61( f / f p )1.3 , for 0.56 < f / f p < 0.95

β =  2.28 ( f / f p ) −1.3 , for 0.95 < f / f p <1.6
1.24 ,
for f / f p >1.6


where

and θm is the

mean wave direction of the wave with frequency f is
used since it better represents wind-generated waves
[3]. The west coast of Scotland is an area with
predominantly wind generated seas [4], which justifies
this choice of the spreading function.
With the wave energy spectrum specified, the wave
elevation time series can be constructed. Assuming
wave linearity, the wave elevation time series is
obtained by using the Discrete Fourier Transform
(DFT) given by
J

K

∑∑A

ξ=

jk sin(2π f j t −k j x cosθk −k j y sinθk +φ jk )

,

(4)

j=1 k=1

where

A jk = ( E ( f j , θ k , t ) 2π ∆f j ∆θ k )1 / 2

is the wave amplitude

Time domain WEC model

In this study, a simple WEC model is employed.
This WEC is a semi-submerged, vertical, cylindrical
buoy, which is constrained to move only in heave under
the action of the wave excitation forces. It has a height
of 5.1m, a diameter of 3.3m and a draft of 3.1m. The
linear hydrodynamic modelling of the WEC results in
the following integro-differential equation of motion
for a heaving buoy WEC [6]:

The robustness of the hydraulic system, its better
power quality (through the smoothing introduced by
hydraulic accumulators) and its relatively lower cost
encouraged its use in this work. From amongst the
rotating electrical machines being used for distributed
generation today, the doubly-fed induction generator
(DFIG) was selected. Comparisons of the different
generator-power converter topologies are made in [10].
From these, the advantages of using a variable speed
DFIG, with back-to-back power electronic PWM
converters, become evident. Fig. 1 shows a block
diagram of a wave energy converter equipped by a
DFIG operating with a hydraulic power take-off. The
dynamics of the DFIG are modelled using the 5th order
state equations [11]. By proper control of the direct and
quadrature components of the rotor voltages, a
decoupled control of the real and the reactive power is
possible.

t

∫

( M + µ ∞ ) &z&(t ) + z& (t ) K (t − τ )dτ + bz& (t ) + kz (t ) = Fex (t ),

(5)

0

where M is the mass of the buoy, µ∞ is the added mass
at infinite frequency, z(t) is the vertical displacement of
the buoy, K is the radiation kernel, b is the damping
coefficient, k is the stiffness of the system and Fex(t) is
the excitation force.

5.

Generator model

Power take-off model

The action of the power take-off (PTO) imposes a
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The influence of the array configuration on the raw
mechanical power produced is one such aspect. Fig. 4
shows the configuration of a linear array of WECs,
which is used in this study. Though this is the most
basic array configuration, it is believed that its analysis
will reveal many characteristics, which will be
important for more sophisticated configurations. The
characteristics of the raw mechanical power from an
array of 48 WECs are discussed later in the paper.
More complicated array configurations will be
investigated in later studies.
A series of simulation runs were carried out with each
run having a different angle α and/or spacing d
between the WECs. For this work, an irregular,
multidirectional, non-stationary sea, obtained from the
modified PM spectrum, was employed, as described in
the preceding sections. The code was used to simulate a
5.5 hour period in the day when the sea was the most
energetic and the demand (load) was relatively low (i.e.
between 10000s and 30000s). Table 1 details all the
simulation runs that were carried out. In the table, λpeak
is the wavelength corresponding to the peak frequency
of the spectrum. As can be observed from the table, in
each run, one of the configuration parameters (d or α)
is varied while the other parameter is kept fixed. Since
we are dealing with non-stationary seas, the λpeak value
varies with time. It is assumed here that the WECs are
passively tuned to the peak frequency fpeak of the
spectra. Here fpeak is taken to be the average of fpeak(t),
which is shown in Fig. 5. Therefore, in this work, the
WECs are tuned to 0.0865 Hz. In simulation set 1, the
distance d between the WECs is varied. The reason for
choosing a WEC spacing which varies from 0.25λpeak
to 0.5λpeak can be appreciated with the aid of Fig. 6.
When two WECs are placed in a sinusoidal sea of
wavelength λ and are 0.25λ apart, their combined
power output is relatively “smooth”. Placing the WECs
0.5λ apart makes the power output in phase, leading to
constructive interference and a total power which is not
very smooth. This feature is obvious in the case of
sinusoidal seas and is also seen in irregular, stationary
seas [9]. However, even for an irregular, non-stationary
sea, it is hypothesized that a smoothing effect on the
combined power will be seen if the WECs are placed
0.25λpeak apart.
Fig. 7 shows the raw mechanical power (Pwec) from
the array of 6 WECs for simulation set 1. The figures in
this section show the raw mechanical power before it
undergoes any storage or smoothing and is then passed
to the generators. Only part of the power output where
λpeak of the non-stationary spectrum is approximately
equal to the tuning frequency of 0.0865 Hz is graphed
here (500s).

Figure 1: Block diagram of the WEC model including
control and network.

With respect to the wave energy conversion, the high
order effects of the rotor- side converter do not affect
the operation of the system. Therefore, the power
converters are modelled as a simple controlled voltage
source [12]. The network side converter is normally
allowed to exchange only real power with the network
when the machine operates at unity power factor. When
this is the case, the converters only need to be rated at
30% of the rating of the machine, which reduces the
cost of the system. For voltage control, power factor
control or hybrid control, the network side converter
will be required to either deliver or absorb reactive
power from the network. The rating of the converters
would need to correspondingly increase to
accommodate this exchange of reactive power.

7. WEC farm
network model

electrical

layout

and

Fig. 2 shows the electrical layout of the WEC farm.
A 0.75 MW wave farm is considered for this study with
6 WECs, each rated at 125kW. The WECs are capable
of operating between 0.95 leading and 0.95 lagging
power factors. For the purposes of this paper, the
submarine cable connections are short enough to be
considered to have negligible impedance. Buses 2 and
3 are either side of an 11000:400V, 200 kVA
transformer, with 5% impedance and manually set offload voltage taps. A 12 km long 11kV overhead line (of
ASCR 34/6 conductors [13]) links buses 2 and 1. Bus 1
represents the edge of the 11kV network and the
connection to the infinite grid. A varying load with a
maximum demand of 100kW at 0.95 power factor
lagging, which pre-existed the wave farm at bus 3,
models the demand of a small village that lies next to
the shore. Fig. 3 shows the variation of the load over a
24 hour period.

8. Investigating
configuration

the

effects

of

array

The preceding sections of this paper have described
the present wave-to-wire model. Many interesting
aspects of electricity production from WEC farms can
be investigated using it.

Figure 2: Radial network model of a hypothetical rural
distribution feeder with the WEC array generating electrical
power at UPF.
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would have been produced due to the alignment of the
array. The definition of the spreading function, where
significant spreading in the waves is seen even at ±30˚
from the dominant wave direction, also plays a role in
producing this effect.

WECs

d

α
dominant
direction
of wave
propagation

0.25λ Spacing
η

Power
WEC 1
WEC 2

Figure 4: Configuration of present linear array of WECs with
respect to the dominant direction of the wave propagation [9].

x

0.5 λ Spacing

The variance of Pwec with respect to its moving
average for the three cases is shown in Table 2. The
lower the variance the smoother Pwec is. As can be
observed in Fig. 7 the raw mechanical power is
smoothest when the WECs are placed 0.25λpeak apart
with this smoothness progressively decreasing as d is
increased to 0.5λpeak.
Simulation Set

No. of
WECs

WEC spacing d

Angle α

1

6

0.25λpeak, 0.375λpeak,
0.5λpeak

0°

η

WEC 1
WEC 2
Combined

t

Power

WEC 1

x
WEC 2

WEC 1
WEC 2
Combined

t

Figure 6: Schematic showing the combined power from two
WECs in a sinusoidal sea, when they have 0.25λ spacing and
0.5λ spacing.

0°, 30°,
60°, 90°
Table 1: Array configuration setup for the two sets of runs.
2

6

0.25λpeak

The same variance effect can be seen in Table 3 even
for the full simulation runs (5.5 hour). The results are in
good agreement with the argument above pertaining to
Fig. 6 and sinusoidal seas. That is, even in irregular,
non-stationary seas, a smoothing effect is seen when
the WECs are placed 0.25λpeak apart. Hydrodynamic
interactions between the individual WECs have not
been considered here. However, this power smoothing
will also be seen if the WECs are placed 0.75λpeak (or
1.25λpeak or 1.75λpeak etc) apart and it is well known
that hydrodynamic interactions decrease with increased
spacing between the WECs.
Fig. 8 also displays a similar effect to the one
observed above. When α=0˚, the aggregate power
output is relatively smooth. The smoothness
progressively decreases as α is increased to 90˚, in
which case the array is perpendicular to the dominant
wave direction. The values of the variance for both the
500 second and the 5.5 hour run corroborate this. It can
be observed that the values of the variance are very
close to each other for α=0˚ and α=30˚ in Tables 4 and
5. This can be attributed to the fact that we are
considering non-stationary seas where λpeak varies with
time.

Figure 7: Instantaneous cumulative raw power for 6 WECs
arranged in a line parallel to the dominant direction of wave
propagation, with varying spacing. (a) 0.25λpeak, (b)
0.375λpeak and (c) 0.5λpeak spacing.
Run (500s)

Variance ( W 2 )
6 WECs, d = 0.25λpeak, α = 0°
5.1920e4
6 WECs, d = 0.375λpeak, α = 0°
2.0182e5
6 WECs, d = 0.5λpeak, α = 0°
2.7566e5
Table 2: The variance of power time series about their
moving average for the 500 seconds run.

9.

Network impacts and mitigation

The distribution network operators (DNOs) require
the electricity supplied by the public distribution
network to meet certain voltage characteristics. With
respect to voltage magnitudes, the nominal voltage on
the load bus should be maintained within ±6% under all
power flow conditions. Prior to the connection of the
WECs, the voltage of bus 1 was maintained at 1.03
p.u., by setting the tap changing transformer
appropriately, to compensate for the voltage drop on
the lines when supplying the load at bus 3. Once the
wave farm is connected, the real and reactive power
demand of the load is supplied by the farm with any
excess power fed back to the infinite grid. This reversal
of the power flow can potentially cause a voltage rise
on bus 3, which can exceed the statutory upper limit of
1.06 p.u. The network interface protection would
operate to trip the array of WECs and clear over-

Figure 5: Variation of f peak with time.

The relatively high value of the variance for the α=0˚
case is due to the fact that the sub-optimal placing
(because λpeak varies) overrides the smoothing that
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voltages above say 1.055 p.u. that lasts for longer than
500 ms.
Means must therefore be tested to keep the voltage
within the permissible range. The local voltage can be
controlled within limits by tapping down the OLTC
transformer at the substation. However, the OLTC
transformer only allows a coarse control (in steps) and
is not fast enough to counter changes in the sea states.
Additionally, tapping down the transformer would
bring down the voltage below the lower limit when the
sea becomes less energetic or if the array is
disconnected. Another option is to increase the size of
the on-board accumulators. Fig. 9 shows the effects that
an increase in the accumulator volume, from 0.01m3 to
0.5m3 per WEC, has on the voltage quality. The
increase in the accumulator volume is seen to smooth
the high frequency voltage variations (caused by waveto-wave power variations). The lower frequency
variation is not addressed by an increase in the size of
the accumulator. The most significant advantage
brought about by the increase in the short term storage
is the augmentation of energy exported from the wave
farm [9].
Run (5.5 hours)
6 WECs, d = 0.25λpeak, α = 0°
6 WECs, d = 0.375λpeak, α = 0°
6 WECs, d = 0.5λpeak, α = 0°

Fig. 10 shows the voltage at bus 3 when the DFIGs of
the array are operated at different excitations (power
factors). Here it is seen that for power factors close to
UPF and lower, the voltage variation is minimised.
This is similar to the results published in [9] where the
analysis was done for a constant load. However,
operating the wave farm at a constant power factor may
not be suitable for a larger wave farm with a wider
variation in the generated power.

10.

There is a belief that the power output from a wave
farm will become smoother as the number of WECs
increase. Some work done earlier [9] had investigated
this with small linear arrays of four, six and eight
WECs. Though the results obtained then showed the
smoothness of the raw mechanical power reducing as
the array size increased, the results were not
conclusive.
Here, an array of 48 WECs, each rated at 125kW, is
considered. The array consists of six rows of eight
WECs each. The spacing between two rows is 100m.
The distance between two WECs in the same row is
100m. No particular consideration is made in choosing
this spacing. The smoothing provided by the array of
48 WECs is compared with that provided by an array of
8 WECs excited by the same sea. The smaller array
consists of 2 rows of 4 WECs each with the same interrow and inter-WEC spacing as in the 48 WECs array.
A negligible accumulator size (0.0001 m3 per WEC) is
used in the simulations to isolate the smoothing
provided by the placement of the WECs from the
smoothing that would be provided by the accumulators.
Fig. 11 and 12 show the raw mechanical power
produced by the smaller (8 WECs) and the larger (48
WECs) array respectively. The sea is not very energetic
as can be observed from the power output of the array
rated at 1MW/6MW. The figures also show the moving
average and the mean of the generated power for the
two arrays. Table 6 shows the values of these quantities
for the two cases. It can be seen that both the variances
of the raw mechanical power from the 48 WECs array
are more than the corresponding variances of the 8
WECs array. Therefore, increasing the number of
WECs in an array does not necessarily make the raw
mechanical power produced smoother. However, in
moving from the 8 to the 48 WEC array the variances
do not increase by 6 fold. Consequently, the relative
variances do indeed decrease but this is not the case for
the absolute variances. Whether any absolute
smoothing is obtained by placing the WECs more
intelligently, taking into consideration the wave climate
at the location, is yet to be studied.

Variance (W2)
4.9499e4
1.2695e5
1.8622e5

Table 3: The variance of power time series about their
moving average for the 5.5 hour run.

Figure 8: Instantaneous cumulative raw power for 6 WECs
arranged in a line with varying orientations and with 0.25λpeak
spacing. (a) α = 0o, (b) α = 30o, (c) α = 60o, and (d) α = 90o.
Run (500s)

48 WECs farm case

Variance (W2)

6 WECs, d = 0.25λpeak, α = 0°
6 WECs, d = 0.25λpeak, α = 30°

5.1779e4
5.8850e4
2.1842e5
6 WECs, d = 0.25λpeak, α = 60°
4.7663e5
6 WECs, d = 0.25λpeak, α = 90°
Table 4: The variance of power time series about their
moving average for the 500 seconds run
Run (5.5 hours)
Variance (W2)
6 WECs, d = 0.25λpeak, α = 0°
4.9499e4
6 WECs, d = 0.25λpeak, α = 30°
4.7151e4
1.2317e5
6 WECs, d = 0.25λpeak, α = 60°
3.2467e5
6 WECs, d = 0.25λpeak, α = 90°
Table 5: The variance of power time series about their
moving average for the 5.5 hour run

11.

Conclusions

The wave modelling described in this paper has
shown that, even for broad spectrum and non-stationary
seas, some smoothing in the raw mechanical power can
be obtained by spacing the WECs in an array at odd-
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number multiples of one quarter of the dominant
wavelength relative to the predominant wave direction.

generated output, in the sea conditions modelled, were
chosen to study the early deployment of near-shore
prototype point absorbers. The electricity network
capacity and parameters were chosen to highlight the
effects of power delivery, array spacing, energy storage
and excitation control on the network voltage profile.
Larger arrays of more powerful WECs, farther
offshore, will be connected to higher voltage parts of
the distribution system but, nevertheless, will need to
be evaluated carefully for their aggregate network
impacts brought about by the phenomena described in
this paper.

Figure 9: Comparing the bus 3 voltage with accumulator size
of (a) 0.01 m3(b) 0.5 m3.
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Figure 10: Bus 3 voltages for various DFIG excitations with
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PF = 0.95 lagging.
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Figure 11: Raw mechanical power produced by the array of 8
WECs.

Figure 12: Raw mechanical power produced by the array of
48 WECs.
Parameter
Value
Parameter
48 WECs
8 WECs
Mean Pfarm (kW)
704.59 Mean Pfarm (kW)
Variance (w.r.t.
1.76e4 Variance (w.r.t.
mean)
mean)
Variance (w.r.t.
8.75e3 Variance (w.r.t.
moving average)
moving average)
Table 6: Real power variation characterization.

Value
118.57
4.42e3
2.0e3

Also, the existing belief that an increase in the number
of WECs in an array will improve the quality of the
raw mechanical power produced did not seem to hold
true for the array of 48 WECs considered.
The variation of the real and reactive power
produced by the array creates a power flow in the local
network that can cause voltage variation, which at
times can exceed the allowed limits. The voltage
variations exhibit the periodicity of the waves acting
across the array. The use of on board storage in the
form of accumulators and the control of fast acting
power electronics help improve the local voltage power
quality.
The size of the individual buoys and the WEC6

