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Abstract: This contribution presents the control of the electrical system of a Wave Energy Con-
verter (WEC) prototype developed by SINN Power. Due to the movement of the waves, the generated
power has a very high fluctuation with a period of a few seconds. To be able to use this power, it has
to be smoothed. The used Energy Storage System (ESS) is a supercapacitor bank, which is directly
connected to the DC-link. Therefore, the DC-link voltage has to fluctuate according to the generated
power, to charge and discharge the capacitors. The smoothed power is used to charge batteries with
a DC/DC converter, which is typically used for photovoltaic applications. The DC-link voltage can
be controlled with the current through the DC/DC converter, yielding a nonlinear control system
where a stability analysis is carried out to prove a safe and stable operation. Measurement results at
the prototype under typical sea conditions are presented, which fit the simulation results. With the
presented control system, smooth power output can be guaranteed.

Keywords: Wave Energy Converter; power smoothing; energy storage system; supercapacitor bank;
EDLC

1. Motivation and Problem Statement

Due to the climate crisis, renewable energy resources must play a fundamental role
in the future energy system. As wave energy has a higher continuity than both solar and
wind energy, it has the potential to become an important part of the energy generation of
tomorrow ([1] Section 2.2), [2,3].

SINN Power has developed a Wave Energy Converter (WEC) and installed their third
prototype. The WEC works as a point absorber. The prototype of a single module of the
power plant is mounted on the harbour wall of Heraklion on the Greek island of Crete, as
shown in Figure 1. It consists of a floating buoy, a rod and generator units.

A common challenge for wave energy converters is power smoothing. The fluctuations
of ocean waves range from a second-by-second basis (from wave to wave), to hourly, daily
and seasonal fluctuations [4,5]. The generated electrical power fluctuates with the waves’
movement and a period of a few seconds. In [6], optimal control of a WEC is proposed,
where it is assumed that power smoothing is already handled internally in the mechanical
or electrical power take-off components of the WEC. However, a lot of effort is required to
smooth the second-by-second fluctuations. It can be shown that an arrangement of multiple
WECs in a wave energy farm leads to a more uniform overall power, due to their spatial
positioning and the resulting time delay of the waves at the single WEC modules [7–10].
The integration of WEC farms into offshore wind energy farms also offers strong synergies
[11–13].
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Figure 1. Picture of the WEC prototype in Crete.

Despite the general challenge of power smoothing, in particular, for the proposed
novel WEC prototype, the most power is generated when the wave pushes the floating
buoy upwards. In the downward movement, only the gravitation force of the floating buoy
and the rod produce power. During the reversal points, where the speed is zero, the power
is zero as well. Hence, the electrical power must be smoothed before it is fed into the grid.
In the grid, fluctuating power could cause instability, like large voltage variations, flickers
and harmonics [14–17].

To smooth this fluctuation with battery storage, it must be sized for the peak current,
which can be costly. Furthermore, the very high number of cycles reduces the lifetime of
the battery. When using a hybrid system consisting of batteries and supercapacitors, the
battery storage can be smaller and will last longer. The supercapacitors, with their high
power density, can withstand the high current peaks, while the batteries, with their high
energy density, can provide or store the power over a long period of time [18–20].

In renewable energy applications, supercapacitors are used to smooth the power vari-
ations and to fulfil the grid requirements, such as the Low Voltage Ride Through (LVRT)
capability [18,21,22]. In [17,23–26], different technologies such as flywheel, Superconduct-
ing Magnetic Energy Storage (SMES) and a hybrid system with a combination of flywheel
and battery were considered to smooth the output power of a wave energy application.

Because of their simplicity, supercapacitors are often chosen for the short-time Energy
Storage System (ESS) in WECs. In [16,27–31], the supercapacitors are connected to the
DC-link with a bidirectional DC/DC converter. This allows separate control of power flow
and DC-link voltage, which also leads to better utilization of the storage. In [32], a hybrid
ESS with Li-ion batteries and supercapacitors is used to smooth the output power of WEC
that generates a bidirectional power flow, due to its control strategy.

However, the publications mentioned above lack a detailed model and explanation
of the control system for power smoothing, which will be addressed here. In this work,
the supercapacitor is directly connected to the DC-link, due to its simplicity and the
absence of a bidirectional DC/DC converter, at the time the prototype had to be installed.
A unidirectional DC/DC converter is used to charge the battery storage.

The contributions of this paper are: (i) a detailed explanation of the electrical system
of a novel full-sized WEC, (ii) introduction of a new DC-link voltage controller with the
additional objective of power smoothing; furthermore, (iii) derivation of a nonlinear state-
space model, (iv) a stability analysis is conducted to proof a safe and reliable operation,
(v) validation by real measurement results at the prototype under harsh sea conditions and
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(vi) comparison of the measurement results with the simulation to prove the correctness of
the model.

In the following, the control of the electrical system of the single WEC module is
presented. First, the electrical system with its components will be explained, followed by a
stability analysis in Section 4. Section 3 describes how the power smoothing is done and
how the control of the DC-link works. Finally, in Section 5, the measurement results are
presented and compared to the simulation results.

2. Electrical System of the Wave Energy Converter

Figure 2 shows the simplified schematic of the WEC’s electrical system as it is realised
at the test site. The supercapacitor bank and the DC/DC converter are described in more
detail in the following.

DC

DC

DC-linkGenerator units

PMSM

Supercapacitor bank

Battery storage

udc

iw

ic

ibatis

ubat

Braking chopper

VSI

PMSM

VSI

0
0

0

pw ps

pc

Figure 2. Simplified schematic of the electrical system of the wave energy converter and illustration
of the power flow, where pw is the fluctuating power from the WEC, pc is the power flowing in and
out of the supercapacitors and ps is the smoothed power flow to the battery.

The generated energy is used to charge batteries. This allows for more flexibility and is
more tolerant to fluctuations, which can occur during the tests of different control strategies.
The energy in the batteries is used for various peripherals, which ensures that the batteries
do not become fully charged, so that the energy generated by the WEC can always be
stored. The charging is done by means of a unidirectional DC/DC converter, connected to
the DC-link.

Power smoothing requires energy storage that stores the power peaks in the up-
wards movement and releases it during time periods of less power generation. Here, a
supercapacitor bank is used, which is directly connected in parallel to the DC-link.

A braking chopper is integrated as a safety measure to dissipate excess energy. This
prevents the voltage to rise over a specified limit. The chopper works completely indepen-
dently and is therefore considered a disturbance to the control system. Moreover, if the
control system is working correctly, the chopper does not need to intervene.
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2.1. Generator Units

The floating buoy of the WEC swims on the water and moves up and down with each
wave. The rod is attached to the buoy and moves with it. Over the rolls of multiple generator
units, which are pressed on the rod with springs, the vertical movement is converted into a
rotary movement. The main components of the generator unit are a gearbox, a Permanent-
Magnet Synchronous Machine (PMSM), and a Voltage Source Inverter (VSI). The rated
power of one generator unit is about 3 kW.

The current through the PMSM is controlled by the VSI, which allows the torque of
the generator rolls to be controlled. Thus, the mechanical power can be converted into
electrical power by braking the movement of the rod. All DC outputs of the generator units
are connected in parallel to the DC-link, which is also the connection to the shore.

The maximum allowed DC-link voltage is 400 V, due to the voltage rating of the electri-
cal components in the VSI. For additional safety, the voltage is limited to udc,max = 380 V.
The VSI requires minimal voltage for the current control, which is related to the rotational
speed of the PMSM. Here, the voltage should not fall below udc,min = 300 V. The nominal
voltage is udc,nom = 350 V.

The generator unit and the implemented current control were presented and optimized
in a previous work [33].

2.2. Supercapacitor Bank

A supercapacitor, also called an ultracapacitor or Electric Double-Layer Capaci-
tor (EDLC), is characterized by its very high capacitance, reaching up to several 1000 F.
Consequently, the voltage rating is rather low, typically under 3 V. The electrical parameters
of the used supercapacitor cell are listed in Table 1.

Table 1. Eletrical parameters of the used supercapacitor cell, produced by Maxwell Technologies [34].

Electrical Parameter Symbol Value

Rated Capacitance Ci 350 F
Equivalent Series Resistor Resr,i 3.2 mΩ
Rated Voltage Unom,i 2.7 V
Absolute Maximum Voltage Umax,i 2.85 V
Absolute Maximum Current Imax,i 170 A
Maximum Leakage Current Ileak,i 0.30 mA

To achieve more dielectric strength, the capacitors can be connected in series. Due
to component tolerances and ageing, different voltages can occur at the single capaci-
tors during charging and discharging. Hence, to avoid overvoltage, the cells must be
balanced [35,36].

Here, the maximum allowed DC-link voltage udc is 400 V. Therefore, at least 149 cells
in series are necessary. The developed supercapacitor bank consists of Nc =160 in series
connected cells, divided into 16 modules with 10 cells each.

The balancing of the cells is achieved by a parallel connection of a balancing circuit to
each cell. It consists of a resistor and a serially connected bipolar transistor. An analogue
circuit compares the voltage of two consecutive cells and uses the transistor to control the
current through the resistor. The supercapacitor bank is shown in Figure 3.
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Figure 3. CAD figure of the supercapacitor bank with a photograph of one supercapacitor module of
the prototype.

The bank is modelled as an RC model, as shown in Figure 4. More detailed models,
such as the RC parallel branch model, are not considered, as the dynamic behaviour of the
RC model is sufficient for this case [37,38]. The current induced by self-discharging and
balancing is neglected in the model, as it occurs over a longer period of time during which
several waves appear, and is, therefore, not relevant to the dynamic behaviour.

ic

Resr

C uc

iw is

udc

Figure 4. Equivalent circuit of the supercapacitor bank.

Due to the series connection of the cells, the equivalent series resistors Resr,i of each
cell are summed up, resulting in the overall resistance

Resr =
Nc

∑
i=1

Resr,i . (1)

The overall capacitance C is given by

C =
1

Nc
∑

i=1

1
Ci

. (2)

Assuming that each cell has the same capacitance, the calculation can be simplified to

C =
Ci
Nc

. (3)

The VSI of the generator units has a DC-link capacitor to stabilize the voltage at their
terminals. However, they are very small compared to the capacitance of the supercapacitor
bank and can be neglected. The other parameters are calculated in the same way, leading
to the electrical parameters of the supercapacitor bank, listed in Table 2.
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Table 2. Electrical parameters of a supercapacitor bank.

Electrical Parameter Symbol Value

Rated Capacitance C 2.19 F
Equivalent Series Resistor Resr 512 mΩ
Rated Voltage Unom 432 V
Absolute Maximum Voltage Umax 456 V
Absolute Maximum Current Imax 170 A

Due to the limits of the DC-link voltage udc, the stored energy in the supercapacitors
cannot be utilized entirely. The maximally available energy is

∆Ec,max =
1
2

C
(

u2
dc,max − u2

dc,min

)
≈ 16.5 Wh , (4)

which can be used for power smoothing and represent about 38% of the possibly stored
energy. There are several methods to estimate the necessary storage size [27,39,40]. For a
rough estimation, it is assumed that the WEC produces the maximal power over 2 s, which
is a typical duration of a power pulse. In the prototype, 8 generator units with a rated
power of 3 kW are installed. To estimate the worst case, it is assumed that all generators
deliver their rated power over two seconds. Subtracting a realistic average power of 3 kW
for this condition results in energy of about 12 Wh, which can be covered by the installed
supercapacitor bank (see Equation (4)). This energy needs to be stored during the assumed
two seconds and is then continuously discharged until the next wave arrives. Thus, a
power fluctuation of about 7 times the average power can be suppressed.

2.3. DC/DC Converter

Figure 5a shows the DC/DC converter VarioString VS-70, made by Studer Innotec,
which is used to charge 48-V-batteries from the DC-link. The VarioString is designed to
be installed in a photovoltaic application, however, the specifications, listed in Table 3,
are perfectly suited for the application considered here. The very high efficiency is made
possible by an LLC resonant half-bridge topology, shown in Figure 5b. This topology
allows Zero Voltage Switching (ZVS), which leads to very low switching losses [41].

udc
ubat

Cr

Cr

Q1

Q2

Q3

Q4

Q5

Q6

is ibat

(a) (b)

Co

Figure 5. (a) Picture of the DC/DC converter VarioString VS-70 and (b) LLC resonant topology of the
VarioString VS-70 DC/DC converter with a split resonant capacitor technique.

The DC/DC converter can be configured to operate current controlled, which allows
us to control the current is. The reference value is,ref is transmitted over a serial RS-232
communication bus from a Programmable Logic Control (PLC), where the control of the
DC-link is implemented. The PLC, made by B&R, can measure the currents and voltages in
the system, as well as the waves’ elevation and the position of the floating buoy.
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Table 3. Eletrical parameters of the VarioString VS-70 [42].

Electrical Parameter Symbol Value

Maximum Input Power Ps,max 4.2 kW
Maximum Input Voltage Us,max 600 V
Maximum Input Current Is,max 13 A
Nominal Battery Voltages Ubat,nom 48 V
Maximum Battery Current Ibat,max 70 A
Maximum Efficiency η >98%

3. Control of the DC-Link

The control of the DC-link has to fulfil two objectives. On one hand, the battery
current ibat should be as constant as possible to increase the lifetime of the battery [43].
On the other hand, the DC-link voltage should remain within the limits and keep the
nominal value on average. In this case, the nominal voltage udc,nom = 350 V is chosen,
see Section 2.1. Hence, the amount of stored energy from the nominal voltage to the
upper voltage limit is approximately the same as from the nominal voltage to the lower
voltage limit.

The stored energy

Ec =
1
2

C u2
c (5)

in the capacitor bank is proportional to the square of the capacity voltage uc. That means, if
energy needs to be stored, the DC-link voltage udc must increase. If the energy should be
reduced, the voltage must decrease.

The DC-link voltage

udc = uesr + uc = Resr ic +
1
C

∫
ic dt + uc,0 (6)

results from the current ic through the capacitor bank. The voltage uc,0 is the initial voltage
over the capacitance C at t = 0.

The DC-Link voltage udc can be controlled with the current

is = iw − ic (7)

flowing into the energy storage system through the DC/DC converter. The current iw
from the WEC is interpreted as a disturbance. The dynamics of the DC/DC converter are
approximated by a first-order transfer function with the time constant τs. Experiments in
the laboratory showed, that this assumption describes the behaviour sufficiently well. The
dynamic of the DC-link voltage can be described by

udc(s)
is,ref(s)

= − 1 + s Resr C
s C(1 + s τs)

. (8)

The system shows an integral behaviour, so that a proportional (P) controller would
be sufficient. However, since the disturbing current iw is acting on the system, still, a
stationary control deviation can occur. This can be compensated for by a controller with
integral control action ([44], Section 7), resulting in a Proportional-Integral (PI) controller
with transfer function

is,ref(s)
udc,ref(s)− udc(s)

= Vr
1 + s τr

s τr
. (9)
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Due to the double integrator, the controller is tuned according to the Symmetrical
Optimum (SO) to achieve a maximum phase margin ([45], Section 1.3.2), which yields

Vr = −
C

2 τs
and τr = 4 τs . (10)

The control of the DC-link voltage udc allows now to control the energy in the super-
capacitor bank, see Equation (5). To keep the battery current ibat constant, the power ps
through the DC/DC converter must be constant as well. This power is converted to the
lower voltage level ubat of the batteries. Since the battery voltage is nearly constant, the con-
stant power flow implies a constant charging current of the batteries. Hence, the power ps
should be the average of the generated power pw. Filtering the generated power pw with a
low pass filter, which has a very low cutoff frequency, gives the averaged power pw. The
desired power pc,ref through the capacitance of the bank can be calculated as

pc,ref = pw − pw − pesr , (11)

where

pesr = Resr i2c (12)

is the dissipated power in the equivalent series resistor Resr. With the nonlinear differen-
tial equation

d
dt

uc,ref =
1
C

pc,ref

uc,ref
, (13)

the desired voltage over the capacitance C can be calculated. To control the voltage uc,
a feedforward control is required, which is achieved by adding the voltage uesr to the
reference voltage uc,ref, yielding the reference DC-link voltage

udc,ref = uc,ref + uesr = uc,ref + Resr ic . (14)

This feedforward control with the voltage uesr over the ESR of the supercapacitors
allows us to control the voltage uc and thus direct control of the stored energy in the
supercapacitor bank.

A restoring current ires is introduced, which should cause the voltage to fluctuate
around the nominal value on average. Otherwise, the voltage would drift away. If energy
should be stored in the supercapacitors (pw > ps) and the DC-link voltage is already
above the nominal voltage (uc,ref > udc,nom), then the power ps through the DC/DC
converter should increase. If energy is required (pw < ps) and the DC-link voltage is below
the nominal voltage (uc,ref < udc,nom), then ps should decrease. The restoring current is
defined as

ires :=


−Vres(uc,ref − udc,nom) ,

if pw > ps ∧ uc,ref > udc,nom

or pw < ps ∧ uc,ref < udc,nom

0 , otherwise.

(15)

In Figure 6, the block diagram of the whole control system is shown. The restoring
current is added to the reference current ic,ref before the integrator, which leads to an
integrating, as well as a filtering behaviour of this restoring term. The crossover frequency
of the transfer function

uc,ref(s)
uc,ref(s)− udc,nom(s)

= −Vres

s C
(16)
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is given by

fres =
Vres

2π C
, (17)

which yields the proportional gain Vres. The crossover frequency is set to one-tenth of the
lowest frequency of the waves, which can occur, which is approximately 0.15 Hz.

Finally, the resulting voltage is limited to the desired operating range. This ensures,
that the DC-link voltage does not exceed the limits, even if more energy needs to be stored
due to very high power peaks. The fast voltage control loop guarantees, that this excess
energy is fed directly into the batteries. The alternative would be to have it dissipated by
the braking chopper, which should be avoided, as it would lead to efficiency loss.

1
C

Resr

τs1

−

iw

is ic udcis,ref

τrVr

−

udc,ref

−

pw

τw1

×
÷

pw

−
pesr

uesr

uc,ref
pc,ref

1
C

ic,ref

ires

uesrResr

−Vres

Implementation DC-link dynamics

−udc,nom

Figure 6. Block diagram of the voltage control loop for power smoothing.

4. Stability Analysis

To prove the stability of the nonlinear control system with multiple feedback, a stability
analysis is conducted in the state space. The nonlinear dynamics of the system are given by

d
dt

uc =
1
C
(iw − is)

d
dt

is =
1
τs

Vr

 fsat
(
udc,min, uc,ref + Resr ic, udc,max

)︸ ︷︷ ︸
=udc,ref

− (uc + Resr ic)︸ ︷︷ ︸
=udc

+ ξs,ref − is


d
dt

ξs,ref =
Vr

τr

 fsat
(
udc,min, uc,ref + Resr ic, udc,max

)︸ ︷︷ ︸
=udc,ref

− (uc + Resr ic)︸ ︷︷ ︸
=udc


d
dt

uc,ref =
1
C

 pw − pw − pesr

uc,ref
−Vres

(
uc,ref − udc,nom

)︸ ︷︷ ︸
=ires


d
dt

pw =
1

τw
(pw − pw) ,



(18)
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where the state ξs,ref is introduced to represent the integral action of the PI-controller. The
saturation fsat is defined by

fsat(xmin, x, xmax) :=


xmin, x ≤ xmin

x, xmin < x < xmax

xmax, x ≥ xmax .

(19)

For the system to be analysed for stability, it must be linearised around the operation
point. Since the operational DC-link voltage lies between the limits udc,min and udc,max, the
saturation fsat can be neglected, yielding

d
dt

is =
1
τs

[
Vr(uc,ref − uc) + ξs,ref − is

]
d
dt

ξs,ref =
Vr

τr
(uc,ref − uc) .

 (20)

Notice, that uesr and Resr do not appear in (20), as they are compensated for by
feedforward control. Only the dissipated power pesr remains in the dynamic of uc,ref, which
must be subtracted from the incoming power pw of the WEC, as it is dissipated at the
equivalent series resistor Resr and cannot be used.

Furthermore, the expressions of the powers in (18) are replaced by the multiplication
of their corresponding current and voltage. It is assumed that the averaged DC-link volt-
age udc and the operation point u?

dc are constant and correspond to its nominal value udc,nom,
which is reasonable as the DC-link voltage udc changes little compared to the current iw
from the WEC, as it can be seen from the results. The nonlinear dynamics of the reference
voltage uc,ref and the averaged input current iw are then given as follows

d
dt

uc,ref =
1
C

[
udc,nom(iw − iw)− Resr(iw − is)2

uc,ref
−Vres(uc,ref − udc,nom)

]
d
dt

iw =
1

τw

[
iw − iw

]
.

 (21)

Linearization around the operation point x? :=(u?
c , i?s , ξ?s,ref, u?

c,ref, i?w)> yields the small
signal state space representation of the DC-link control system as follows

d
dt


∆uc
∆is

∆ξs,ref
∆uc,ref

∆iw


︸ ︷︷ ︸

:=x

=



0 − 1
C 0 0 0

−Vr
τs

− 1
τs

1
τs

Vr
τs

0

−Vr
τr

0 0 Vr
τr

0

0 2 Resr (i?w−i?s )
C u?

c,ref
0 α44 − udc,nom

C u?
c,ref

0 0 0 0 − 1
τw


︸ ︷︷ ︸

:=A


∆uc
∆is

∆ξs,ref
∆uc,ref

∆iw

+



1
C

0

0

udc,nom−2 Resr (i?w−i?s )
C u?

c,ref

1
τw


︸ ︷︷ ︸

:=B

∆iw

(
is

udc

)
︸ ︷︷ ︸

:=y

=

0 1 0 0 0

1 −Resr 0 0 0


︸ ︷︷ ︸

:=C


∆uc
∆is

∆ξs,ref
∆uc,ref

∆iw

+

 0

Resr

∆iw ,



(22)
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with the coefficient

α44 = − 1
C

(
udc,nom (i?w − iw)− Resr (i?w − i?s )

2

(u?
c,ref)

2 + Vres

)
. (23)

A Linear Time-Invariant (LTI) system is exponentially stable if and only if its charac-
teristic polynomial χA(s) a Hurwitz polynomial, which here is given as

χA(s) = det(sI − A) =
1

τw
(1 + s τw)

(
a0 + s a1 + s2 a2 + s3 a3 + s4 a4

)
, (24)

with
a0 =

Vr α44

C τr τs

a1 =
−Vr

C τs

(
1
τr
− α44 +

2 Resr (i?w − i?s )
τr uc,ref

)

a2 =
−Vr

C τs
− α44

τs
+
−Vr

τs

2 Resr (i?w − i?s )
C uc,ref

a3 =
1
τs
− α44

a4 = 1 .



(25)

The term 1
τw
(1 + s τw) can be factored out. It is stable for all τw > 0 and therefore

does not have to be considered for the stability analysis, which reduces the order of
the polynomial to four. According to the Hurwitz criterion, the system is stable if ([44]
Section 5.4.2)

(i) all coefficients ai are positive (i.e., ai > 0 for i ∈ {1, 2, . . .}) and
(ii) all leading principal minors Di of the Hurwitz matrix are positive.

Due to the redundancy of the Hurwitz criterion and according to the Liénard-Chipart
criterion, for a fourth-order polynomial, it is sufficient to evaluate only the leading princi-
pal minors

D1 = a1 and

D3 = a1 a2 a3 − a2
1 a4 − a0 a2

3

 (26)

for positivity in addition to the coefficients ai ([46] Section 3.4.5).
The determinate D3 also leads to a fourth-order polynomial in the arguments i?w, i?s and

u?
c,ref (due to squaring of α44), which is why a numerical approach is chosen to prove the

positivity for various operation points. Therefore, the physical constraints are included and
used accordingly to account for the worst-case. Figure 7 shows the coefficients a0 to a3 and
the determinant D3 over the input operational current i?w and for two different reference
voltages u?

c,ref=udc,min and u?
c,ref=udc,max. Further analysis shows, that the worst-case of

stability is if the reference voltage u?
c,ref is set to the minimum DC-link voltage udc,min, the

current i?s flowing into the DC/DC converter is set to Is,max and the current i?w is set to zero,
which is shown by the blue curves in Figure 7.
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Figure 7. Numerical stability analysis of the coefficients a0 to a3 and the determinant D3 over
the input operational current i?w and for two different reference voltages u?

c,ref = udc,min [ ] and
u?

c,ref =udc,max [ ], where u?
c,ref = udc,min accounts for the worst-case.

Each value is positive at least in the range −40 A< i?w<700 A. Physically, it is impossi-
ble for these limits to be exceeded, which is why the analysed system is exponentially stable.

5. Results

In this section, the results of the DC-link control are presented, where the measured
quantities under typical sea conditions are compared to the simulated ones. The measured
current iw and power pw of the generator units are used as inputs for the simulation.

Figure 8 shows the results, beginning with the relative rod position hw at the top,
to illustrate the movement of the point absorber. A laser sensor, mounted on the WEC
structure, measures the distance to a reflector on the lifting rod. The analogue signal
from the sensor is connected to the PLC, which converts and records all data. The next
subplot shows the currents, where the blue line is the measured current iw, coming from the
generator units. The red line is the measured current is and the yellow line is the simulated
current is. The currents are measured indirectly via shunt resistors. The voltage over the
shunt resistor is connected via an operational amplifier circuit to the PLC.

In the third subplot, the DC-link voltage udc is shown, where, as before, the red
signal is the measured voltage and the yellow signal is the simulated voltage. The volt-
age udc is also measured and fed to the PLC via an operational amplifier circuit. At the
bottom, the power pw of the generator units and the resulting smoothed power ps from the
measurement and the simulation are shown.

The measurement was made, when the generated power was very high and the
significant wave period with about 5 s was very short, as this is the most challenging
condition for power smoothing. The peaks in the current iw from the generator units occur
when the rod is moving upwards. This is where the most power is produced, as seen in
the last subplot. The shapes of the currents and the corresponding powers are very similar.
This is due to the high capacitance, so the change in the DC voltage does not significantly
affect the power. Thus, the power is mainly determined by the current. The measured,
smoothed power ps fluctuates slightly more than the simulated one. This is mainly caused
by parameter uncertainties and noise.
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Figure 8. Comparison of the measured [ ] and simulated [ ] quantities of the DC-link control,
with the rod position hw at the top, followed by the current iw and the smoothed current is, the DC-
link voltage udc and the power of the generator units pw and the smoothed power ps. The measured
current iw and the power of the generator units pw are used as inputs for the simulation [ ].

The DC-link voltage udc, shown in the third subplot can be reproduced very well
by the simulation. The average voltage is about the aimed 350 V, which is achieved
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by the restoring component ires, defined in Equation (15). The DC-link voltage can be
used to determine the power generated. Each wave causes a high current flow into the
supercapacitor bank, resulting in a voltage peak, induced by the ESR of the capacitors.
Therefore, its modelling is especially important to calculate the reference voltage correctly.
Disregarding these voltage peaks, there are grouped time intervals where more energy is
generated than in others. This results from the tendency for larger waves to be grouped
together, which is called wave groupiness ([1] Section 3.3.4), [47]. This can also be concluded
from the movement of the lifting rod. Thus, power smoothing must not only smooth the
power between two waves but also over these sets of waves for a longer period of time.

The resulting power ps into the energy storage system is well smoothed, also over
multiple sets of waves, as seen in the last subplot. This confirms that both the system
parameters and the designed controller were chosen correctly and are working very well.
Thus, the extended lifetime of the batteries can be guaranteed. Furthermore, the simulation
can reproduce the measured quantities very well, which validates the used model and
allows further development of the system.

6. Conclusions

The electrical system of a wave energy converter prototype was presented. To smooth
the highly fluctuating power, generated by the waves’ movements, a supercapacitor bank
was directly connected to the DC-link. A unidirectional DC/DC converter was used to
charge batteries from the DC-link.

To charge and discharge the supercapacitor bank during the period of a wave, the
DC-link voltage must change, according to the fluctuating power. The DC-link voltage
is controlled by the current through the DC/DC converter, where the reference current
is computed in a PLC and transmitted to the converter. The control system is divided
into two parts. The first part measures the generated power and calculates the reference
DC-link voltage, yielding a nonlinear control system. The subsequent voltage control loop
ensures that the DC-link voltage follows this reference. To prove a safe and stable operation,
a stability analysis was conducted. The nonlinear dynamics were linearised around the
operational point, yielding the small signal state space representation of the DC-link control
system. Numerical analysis showed that the analysed system is exponentially stable.

The presented results in Section 5 show a nicely smoothed power. Under the given
wave conditions, even the power fluctuation resulting from wave groupiness can be
smoothed over multiple wave groups and a longer period of time, which indicates a proper
system and controller design. The simulation results match the measurement results, on
the bases of which further development can be initiated. As next steps, a bidirectional
DC/DC converter shall be installed to connect the supercapacitor bank to the DC-link.
This allows a more constant voltage in the DC-link, which is better for the control of the
generator units and reduces the transmission losses. In addition, supercapacitors can be
utilized more efficiently.
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Nomenclature

N,R natural and real numbers
x := (x1, . . . , xn)> ∈ Rn column vector, n∈N (where := means "is defined

as" and > means "transposed")
‖x‖ :=

√
x>x Eucilidean norm of x

A ∈ Rn×m real matrix with n rows and m columns, n,m ∈ N
On×m ∈ Rn×m zero matrix
In := diag(1, . . . , 1) ∈ Rn×n identity matrix
xref reference value of e.g., voltage, current and power
xnom nominal value of e.g., voltage, current and power
xmax maximum value of e.g., voltage, current and power
xmin minimum value of e.g., voltage, current and power
x average value of e.g., voltage, current and power
udc DC-link voltage
ubat, ibat battery voltage and current
iw, pw current and power from the generator units
is, ps current and power flowing into the

DC/DC converter
ξs,ref quantity, representing the integral action of

the PI-controller
C capacitance of the supercapacitor bank
Resr equivalent series resistors (ESR) of the

supercapacitor bank
uc, ic voltage and current of the capacitance
uesr, pesr voltage and power of the ESR
Ec stored energy in the supercapacitor bank
τs time constant of the current dynamics of

the DC/DC converter
τw time constant of the low pass filter to filter pw
Vr, τr parameter of the PI-controller
ires, Vres, fres restoring current, factor and frequency
x? := (u?

c , i?s , ξ?s,ref, u?
c,ref, i?w)> quantity vector of the operation point
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