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Abstraer This papea· presents a m0<lel predictive curren! con
trol (MPC(..") for th ree-phase four-switch come11ers (TPl•SC) 
connected to suaface perm:ment magnel synd1ronous generntors 
(SPMSGs) in oscillating water rolumn (OWC) w:n·e energy pl:mts, 
thal baings some benelits o�·er the exisling control methods used 
in this type of 1>l:111ts. The proposed MPCC for TPFSC follows the 
curren! references with ga-eal accuracy, whereas the switching fe
quency ofthe insul:1ted-g:1le bipol:ir 11":msislor (IGBTs) is fixed :md 
low, This method minimizes the cun·enl 1-eference trncking error, 
:md its fost response m:1kes it 1mit:1ble ÍOIº the power take-olT sys
tems present in wave enet·gy converlers. Furthermore, the system 
featm-es a fost c;1pacitor volt:1ge offset sup1>1-ession control The dy
n:1111ic pet·fonn:mce :md the voltage offset control of the proposed 
slmteg�· for TPl•SC feeding :1 SPMSG is evalu:1ted in the Simulink 
ean-ironment. Late.-, ex perimental studies :11-e c:m·ied out on :m 8.7 
kW l:1bor:1tory SPMSG prototype. l•in:1lly, the capability of the 
1>roposed meth0<l to harvest lhe maximum energy from irregular
waves is assessed using :111 O\\'C power 1>1:ml emul:1tor.

/,u/ex Terms Control system, emul :1tion, oscillating water col
umn (OWC), 1>redictive control, w;ive energy. 

l. INTRODUCTION

O
CEAN wave energy is one oí the promising renewable 
energy sources which has allracted the allenlion of re

searchers, undergoing a fasl develop during recenl years [ 1 ]. 
Among the various lypes of wave energy converlers (WEC), 
the oscillating water column (OWC) is the most improved tech
nology and practica! power-takeof

f 

(PTO) syslem (2]. [3], see 
Fig. 1. In this lype of power plants, the pressure exerled hy lhe 
waves inside a chamber produces an air tlow lhat drives an air 
turbine connected lo an eleclric generator. The OWC can he in
stalled onshore and offshore. However, lhe onshore is preferred 
due to its easier mainlenance, robusl structure, and easier grid 
connection [ 4]. 
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1l1e generator of this PTO syslem has lo operate under a 
variable speed regime in arder lo harvest the maximum energy 
from lhe very large airHow varialions [5]. Squirrel cage and 
doubly fed induclion genernlors (DFIG) (6), (7), as well as 
permanent magnel synchronous generators (PMSG) (8), have 
been used in OWC-based power planls. 

One recenl example of a large-scale commercial OWC wave 
plan! was inslalled recently in Mutriku, Spain, and the ohlained 
power is nowadays injected inlo lhe grid [9]. A variable speed 
DFIG featuring vector conlrolled hack lo hack converlers is 
used in this 2% kW wave power plant lo obtain the maximum 
energy from lhe waves. However, in lhis OWC 1xiwer plant was 
necessary lo tune the proportional integrator (PI) controllers 
and lo know well the model of the planl in arder lo control lhe 
syslem correctly (10], (11). Ocean waves are highly irregular 
and random so lhe airflow in the OWC chamber varíes largely 
in few seconds. As a resull, a robusl speed control wilh a fast 
dynamic response is a vital part of lhe electrical generalor con
trol of any OWC plant. Consequently, nonlinear conlrols seem 
lo be an appropriale solution. In [ 11 ]. it is suggested lo use a 
robust sliding mode control for this power planl in Mutriku in 
arder lo achieve heller performances. Recently, the feasibility 
of employing a predictive control for an OWC based on DFIG 
for irregular waves has heen reporled (12). Although lhe per
formance of the syslem seems to be increased, the experimental 
resulls were not reporled. 

PMSG is anolher inleresling choice for OWC power planls 
due lo its higher etliciency, especially for low power syslems, 
and also because of the possibility lo eliminate the gearbox, 
which increases the reliability of lhe system [13). In (14], a 
nonlinear hysleresis control is adopled for the PMSG-based 
PID. The resulls are promising, but this solution deals with a 
high and variable switching frequency, which implies a poor 
currenl waveform or the need of using bigger fillers. 

Another importan! maller thal should be considered in WECs 
is that lhe syslem should continue working during some hard
ware faulls such as the hreakdownof a switch, in arder lo preven! 
losing potenlial power from the waves or lo keep the control of 
the buoy in the case of Hoaling OWCs lo assure the buoy survival 
under slorm conditions. 

1l1e three-phase tour-switch converler (TPFSC) is one of the 
fault-loleranl solutions thal can be applicd when one of thc 
six switches or one oí the converler legs is damaged. In this 



Fig. 1. Schematic representation of an OWC power plant.

case, the midpoint of the dc link should be connected to the
faulty phase, while the rest four switches continue working [15],
[16]. Although the converter can work with only four switches,
unbalanced currents and high power ripples could appear in
the system if the control is not properly designed for this fault
situation [17].

TPFSC working as rectifiers, as shunt active filters, or feed-
ing PMS motors, has been investigated during recent years
[18]–[21]. In [21], a comprehensive torque ripple reduction is
presented for TPFS feeding a PMSM, where a preferred space
vector modulation (SVM) was proposed. The torque ripple that
is induced by the voltage drop of the converter switches was
eliminated by a compensation modulation strategy in the case
of PMSM [22]. A hybrid SVM technique to reduce the torque
ripple of a PMSM by using equivalent zero vectors is presented
in [23]. This strategy determines the voltage sector location from
the stator current position. In these last methods, the scope was
focused on the modulation, while the current control strategy
was not reported.

A predictive direct torque control for TPFS inverter was intro-
duced to drive an induction machine in [24]. In this strategy, only
one voltage vector that minimizes a cost function was employed
at every switching period. Although the voltage deviation sup-
pression was also included in the cost function using a weighting
factor, the value of the corresponding factor had a big influence
on the control, to the extent that the performance of the machine
was deteriorated. Besides, the switching frequency was vari-
able and the torque ripple was high. A model predictive current
control (MPCC) for PMSM is presented in [25], introducing
a four sectors division and a virtual duty cycle. According to
the sector, one active voltage vector and the determined virtual
duty cycle are employed. The effect of each voltage vector on
the voltage deviation is studied in [26]. In order to remove the
voltage offsets, it is necessary to extract the mean value of the
capacitors which is usually done by using notch or low-pass
filters [23], [26], [27]. This method was adopted in most of the
research works to overcome the voltage offset. However, in this

technique, when the speed of the machine is low, the results are
not good, and it presents a big delay when extracting the mean
value.

To the best knowledge of the authors, TPFSC connected to
SPMSG for wave energy applications has not been reported.
This is an important case, since the inherent irregular waves
can make the dc voltage offset to have big values if a fast
offset compensation strategy is not adopted, especially dur-
ing the low rotational speeds. In this case, one of the mid-
point capacitor voltages could reach zero volts, while the entire
dc-link voltage is applied to the other capacitor, which could
carry the breakdown of this capacitor. Additionally, a big offset
in the capacitor voltages will prevent a good performance of
the system. Consequently, due to the aforementioned reasons,
the proposed control for the TPFSC of the SPMSG and for the
capacitor voltage offset should have a fast dynamic response.

In this paper, a simple and effective MPCC for the three-phase
four-switch machine-side converter (MSC) of the SPMSG ori-
ented for OWC is presented. It is capable of performing highly
dynamic speed control and features fixed switching frequency.
In this method, only two sector divisions are defined, and three
voltage vectors are applied at every switching period without
using stator voltage sector location. Moreover, a fast response
offset control is introduced in an outer layer of the predictive
control without including it in the cost function. The capaci-
tor voltage deviations are quickly suppressed without using any
filter. It altogether makes the power plant capable of working
properly despite having to deal with large variations of the air-
flow in the OWC chamber and, as a result, in the incoming
energy.

This paper is organized as follows. The proposed MPCC with
a fixed switching frequency feature for the TPFSC connected to
SPMSG is presented in Section II. In this section, the proposed
three voltage vector sequences and the voltage offset control are
explained, while the effects of the vectors on the duration times
are investigated. In Section III, the OWC-based power plant
emulator and the method to extract the maximum energy from
the OWC are explained. The simulation results in order to show
the dynamic performance of the proposed predictive control
and the effectiveness of the voltage offset elimination control
are conducted in Section IV. Some of the many experimental
tests intended to evaluate the dynamic response and the steady-
state performance for an 8.7 kW SPMSG have been included
in Section V. Furthermore, the TPFSC and the offset control
were tested using an OWC power plant emulator with irregu-
lar waves in order to check the performances of the proposed
method. Finally, the conclusions of this paper are presented in
Section VI.

II. MODEL PREDICTIVE CURRENT CONTROL FOR THE SPMSG
WHEN FED BY TPFSC

The proposed fault-tolerant topology for the MSC of an
SPMSG is shown in Fig. 2. In this topology, when a semicon-
ductor open-circuit or short-circuit fault is detected and located,
the faulty leg will be isolated and then by trigging the corre-
sponding anti-parallel thyristors or triacs the faulty phase will











the voltage offset in the capacitors, which is obtained according
to Fig. 8, and the other term is the reference value which should
be chosen in a way that the maximum power could be obtained
from the OWC.

In each period of this control strategy, three voltage vectors
are selected according to Table II. It is assumed that the vector
sequence is the same as those in the previous period. The current
slopes in the synchronous frame are calculated according to (5)
and (6) using the rotor speed and the stator current for these
three voltage vectors. The duration times of this vector sequence
are obtained according to the estimated current slopes and the
current references in the dq frame, according to (13)–(15). If
these estimated times are positive, this vector sequence and their
corresponding times will be applied by the converter. But, if the
second vector duration time obtains a negative value, the vector
sequence should be changed to the other vector sequence, and
the corresponding new durations should be calculated, which
led to have a positive duration for the second voltage vector
in this new sequence. After this step, as it is shown in Fig.
9, the first and third vector times will be analyzed to check if
they are positive or negative. If one of these vectors is negative,
the duration times of these vectors are modified according to
(16). Finally, these vectors and their durations are applied to the
PMSG by the MSC.

III. OWC-BASED POWER PLANT EMULATOR

The performance of the proposed MPCC for TPFSC has been
tested in a demanding wave energy application. In order to
reproduce a wave energy power plant in the laboratory, it was
necessary to build an experimental emulator reproducing the
components and the behavior of an OWC-based power plant
[14], [29]. The control strategy chosen in this paper is to keep
the power plant working at the maximum efficiency point by
controlling the rotor speed. This section describes how the OWC
is modeled in this paper.

A. OWC Emulation

The OWC is reproduced using the following mathematical
models.

1) Irregular Wave Model: Real waves, also called irregular
waves, can be reproduced using a variety of mathematical mod-
els that represent the state of the free surface of the sea by its
energy spectrum, S(ω). The most known spectra are Pierson–
Moskowitz [30]–[33], JONSWAP [34]–[37], TMA [30], [38],
and Bretschneider [39]. All of them reproduce the sea state keep-
ing the same spectral characteristics (significant height, peak
period, etc.) as the original real waves used to obtain the S(ω).

The Pierson–Moskowitz spectrum was the one chosen in this
paper
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]

(30)

where ω = 2π/T is the angular frequency of the wave, HS is the
significant wave height, and ωp = 2π/Tp is the angular spectral
peak frequency.

Fig. 10. Real wave profile used in this paper comprises 2400 samples (each
sample is 0.1 seconds).

Fig. 11. Ct and efficiency as a function of the flow coefficient.

An irregular wave is represented by the addition of n regular
waves, according to the equation

η (x, t) =
n∑

i=1

ζi · cos (ωit − kix + εi) (31)

where ζi is the amplitude of each harmonic, which value is
calculated from the Pierson–Moskowitz energy spectrum

ζi =
√

2 · S (ωi) · Δωi. (32)

Each regular wave is obtained with a random phase with
the same probability of occurrence, expressed by a constant
probability density in the interval (–π, π). Fig. 10 shows the real
wave profile (Hs = 1 and Ts = 10, where TS is the significant
wave period) used in the tests carried out in this paper.

2) Chamber Model: The chamber model of an OWC in-
volves a number of complex equations [40]–[42]. However, the
model implemented in the emulator uses a set of simplified
equations and, as a consequence, the hydrodynamics inside the
chamber are not fully described. Nevertheless, from the electri-
cal point of view, the electrical power injected into the grid does
not lose the multifrequency spectrum of the wave resource.

The air flow through the chamber presents a speed that is
calculated (see Tables IV and V in the Appendix for the nomen-
clature)

Vx =
(

Ac

Ad

)

· ∂hc

∂t
. (33)
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