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Predictive Direct Control of SPMS Generators 
applied to the Machine Side Converter of an OWC 

power plant 
 

Mohammad Ebrahim Zarei, Dionisio Ramirez, Carlos Veganzones and Jaime Rodriguez 
 
 

    Abstract- A new strategy framed in the field of model predictive 
direct current control (MPDCC) applied to surface permanent 
magnet synchronous generator (SPMSG) is presented. Compared 
to conventional space vector control systems, the proposed 
predictive strategy reduces the number of PI regulators and 
maintains the advantages of a fixed switching frequency. It also 
performs a faster response providing a smooth electromagnetic 
torque and smooth active and reactive power control. The 
dynamic performance of the proposed control is firstly analyzed 
by means of simulations in MATLAB Simulink environment and 
then compared with two other model predictive controls (MPC). 
Also, the performance of the control is analyzed in simulation 
using a simple model of an oscillating water column (OWC) power 
plant. This application was chosen because it is a difficult case 
study that demands a fast torque control to handle the power take-
off (PTO) system.  Later, the proposed method is tested in a 
customized SPMSG based laboratory setup. 
This paper is accompanied by a video.1 
 

I.  INTRODUCTION 
 
Predictive control systems were started to develop in the late 

1980’s to deal with the limitations of the traditional control 
systems such as field-oriented control (FOC) and direct torque 
control (DTC) methods. The performance of the conventional 
DTC, based on a switching table, is related to the sample time 
of the microcontroller [1]. As a result, the ripple of the torque 
and other variables is high if a high sampling time is not 
applied, in spite of the fact that DTC method is fast and has a 
robust structure compared to the FOC control [2]. The FOC 
method, often present in the machine side converter (MSC) and 
the grid side converter (GSC) of wind turbines, etc., features 
fixed switching frequency and low power ripple. However, the 
control provides a slow response and any perturbation in the 
system or in the grid could deteriorate the performance of the 
controller [3], [4]. 

In recent years, different model based predictive controls 
(MPCs) for voltage source converters have been introduced and 
applied to renewable energy sources and electrical drives. In 
this control, the model of the system is considered, and 
according to a cost function and the control objectives, an 
optimal voltage vector is chosen [5]. With this technique, the 
phase locked loop (PLL) and the space vector modulation code 
are unnecessary. In classical MPC, only one voltage vector is 
applied in every switching interval [6]; as a result, a high ripple 

 
 

appears in the control variables. The switching frequency of this 
method, similarly to DTC, is variable. Additionally, the results 
look alike to those obtained with the DTC method [7].  

Many alternative strategies have been introduced to 
overcome these disadvantages such as the duty cycle 
optimization based on two vector MPC (TWMPC) [8]-[9] 
where a nonzero, and a zero vector are applied in each interval. 
Also, a reduced ripple based on TWMPC [10]-[11], a multi-
vector predictive control [12]-[13] and predictive power control 
based on four vectors [14] were also presented and comprise the 
short horizon MPC. A long horizon direct torque MPC was 
suggested in [15]-[16] where an intelligent calculation method 
is needed. Although this method features promising 
performances, the implementation in a real system is difficult 
nowadays. 

As aforementioned, an effective and easy implementation of 
MPC featuring fixed switching frequency and low variable 
ripple is highly demanded by the industry, especially in 
electrical generation. 

The case study chosen to check the performance of the 
proposed MPDCC is the machine side converter of an OWC-
based power plant. The reason is that it presents very 
demanding control requirements that combine electrical aspects 
and fast-dynamic response to cope with fast and large variations 
of torque generated by the waves in the SPMSG shaft of the 
power take-off (PTO). 

This paper presents several tests carried out using an 
oscillating water column (OWC) based power plant emulator 
[17]-[18]. OWC based power plants comprise an air chamber, 
a wells turbine and a rotary electric generator [19]-[21] (Fig. 1).  

The pressure exerted by the wave on the air inside a chamber 
generates an air flow that drives an air turbine. As the water 
level inside the chamber increases or decreases, it pushes the air 
in and out of the chamber through a turbine driving an electric 
generator. Despite the alternating air flow, most of the PTO 
systems used with OWC devices maintain a continuous 
direction of rotation, for instance, using a Wells turbine. 

 



 
Fig. 1 Schematic representation of an OWC power plant. 
 
This paper presents a model predictive direct current control 
(MPDCC) based on four voltage vectors for SPMS Generators. 
The proposed strategy features fixed switching frequency, fast 
dynamic response and low ripple in the control variables, what 
make it very suitable to make OWC power plants using 
SMPMG track the maximum efficiency point in every situation. 
The paper is organized as follows. In Section II, the proposed 
MPDCC for the SPMSG is presented, and the selection of 
voltage vector sequences and the calculation of the optimal 
duration time of vectors are explained. After that, the OWC 
based power plant emulator model is described in section III. 
Then, the proposed predictive current control is evaluated using 
Matlab Simulink, and the simulation results are shown in 
Section IV. Section V shows the experimental test carried out 
in the laboratory using an OWC-based power plant emulator, 
and the effectiveness of the proposed method is checked during 
a four minutes long test. At the end of the paper, Section VI 
presents the conclusions. 
 

II. MODEL PREDICTIVE DIRECT CURRENT CONTROL FOR 
THE SPMSG 

 
The model predictive direct current control for the SPMSG 

is presented in this section which uses four voltage vectors in 
every switching interval. First, the current slopes, the vector 
sequences and the duration times are described. Then, the sector 
identification algorithm, which selects the best vector sequence, 
is represented. 
 
A. Current slopes and vector sequences 

The SPMSG dynamic equations in rotor rotating reference 
frame, d-q frame, can be presented as [22] 
 
𝑢!" = 𝑅!𝑖!" +

"
"#
𝜆!" −𝜔$𝜆!%            (1) 

𝑢!% = 𝑅!𝑖!% +
"
"#
𝜆!% +𝜔&𝜆!"            (2) 

 
where 𝑢!, 𝑖!, 𝜆!, 𝜔&  and 𝑅! are stator voltage vector, stator 

current vector, stator flux, electrical rotor speed and stator 
resistance, respectively. The stator flux of SPMSG in the d-q 
frame is 
 
𝜆!" = 𝐿!𝑖!" + 𝜆'              (3) 
𝜆!% = 𝐿!𝑖!%              (4) 
 

where 𝜆'and Ls represent permanent magnet flux and stator 
inductance, respectively. The torque equation can be expressed 
as 

 
𝑇( =

)
*
𝑝-𝜆!"𝑖!% − 𝜆!%𝑖!".             (5) 

 
where Te and p are the electromagnetic torque and pole pairs. 

The derivative of current in rotor reference frame can be 
obtained according to (1)-(4) as 

 
"
"#
𝑖!" =

+
,!
-−𝑅!𝑖!" +𝜔&𝐿!𝑖!% + 𝑢!".           (6) 

"
"#
𝑖!% =

+
,!
-−𝑅!𝑖!% −𝜔&𝐿!𝑖!" −𝜔$𝜆' + 𝑢!%.          (7) 

 
As a result, the stator current derivatives of SPMSG in the 

rotor frame can be obtained from the machine parameters, rotor 
speed, permanent magnet flux, currents and the MSC voltage in 
the d-q frame.  

 
Fig. 2. Eight possible voltage vectors of the MSC. 
 

The MSC can produce eight possible voltage vectors, 
expressed in the stator reference a-b, according to the state of 
the six switches. These vectors are shown in Fig.2. In this 
figure, six sectors are defined by these vectors, and the stator 
and machine fluxes are shown as an example. Two of these 
eight vectors are the zero vectors (V0, V7) and the rest are the 
active vectors. 

The current slopes in the d-q axis for these eight possible 
voltage vectors (V0-V7) are derived as 
 
𝑆-!"0.!"#

= +
,!
-−𝑅!𝑖!" +𝜔&𝐿!𝑖!% + 𝑢!"-.           (8) 

𝑆-!$1.𝒔$𝒊
= +

,!
-−𝑅!𝑖!% −𝜔&𝐿!𝑖!" −𝜔&𝜆' + 𝑢!%-.          (9) 

 
where i and Si denote the index of the MSC voltage vector 

and current slope, respectively. The current slopes for these 
vectors for an 8.7 kW SPMSG along one cycle are shown in 
Fig. 3. The current slopes for the zero vectors are constant while 
those for the active vectors are changing sinusoidally.   

It is assumed that in the proposed control, four voltage 
vectors are applied in each switching interval, in which two of 
them are the zero vectors, and the two remaining vectors are the 
active vectors. The voltage vector sequence in every period is 
specified according the corresponding voltage sector. These 
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vector sequences for each sector are defined in Table. I. The 
variation of stator current in the d-q frame at the end of a 
switching interval can be expressed as 

 
𝑖!"(𝑘 + 1) = 𝑖!"(𝑘) + 𝑆"/𝑡/ + 𝑆"0𝑡0 + 𝑆""𝑡"        (10) 

𝑖!%(𝑘 + 1) = 𝑖!%(𝑘) + 𝑆%/𝑡/ + 𝑆%0𝑡0 + 𝑆%"𝑡"        (11) 

where 𝑆"/, 𝑆"0, 𝑆"1 and 𝑆"" are the current slopes in d axis for 
the respective voltage vector sequence. 𝑆%/ , 𝑆%0 , 𝑆%1  and 𝑆%" 
represent the current slopes in q axis for the selected vector 
sequence. The 𝑡/ , 𝑡0 , 𝑡1 , and 𝑡"  are the duration times of the 
corresponding voltage vector sequence. 
 

 

 
Fig. 3. Current slopes for the voltage vectors: (a) in d axis; (b) in q axis. 
 

TABLE I 
VOLTAGE VECTOR SEQUENCES 

 

Vector 
sequence 

Stator voltage  Sector (N) 

1 2 3 4 5 6 

Va V0 V7 V0 V7 V0 V7 

Vb V1 V2 V3 V4 V5 V6 

Vc V2 V3 V4 V5 V6 V1 

Vd V7 V0 V7 V0 V7 V0 

 
In order to minimize the error between the current and the 

reference value in the rotor frame, the well-known cost function 
is used as follows [5] 

 

𝐹(𝑘 + 1) = 8𝑖!%(𝑘 + 1) − 𝑖!%∗ (𝑘)9
*
+ -𝑖!"(𝑘 + 1) − 𝑖!"∗ (𝑘).

*
 

       (12) 
The duration time of each vector in an interval can be 

obtained by minimizing the cost function, which yields to 
 

𝑡0 =
3-!"(5)7-!"

∗ (5)8∙:;$(7;$)<=3-!$(5)7-!$∗ (5)8∙(;")7;"()

;$)(;"*7;"()=;$*(;"(7;"))=;$((;")7;"*)
+

>!+:;$(∙;")7;$)∙;"(<
;$)(;"*7;"()=;$*(;"(7;"))=;$((;")7;"*)

          (13) 

 

𝑡1 =
3-!"(5)7-!"

∗ (5)8∙:;$)7;$*<=3-!$(5)7-!$∗ (5)8∙(;"*7;"))

;$)(;"*7;"()=;$*(;"(7;"))=;$((;")7;"*)
+

>!+:;$)∙;"*7;$*∙;")<

;$)(;"*7;"()=;$*(;"(7;"))=;$((;")7;"*)
         (14) 

 
𝑡/ = 𝑡" =

>!+7#*7#(
*

           (15) 
 
where 𝑇!? is the switching interval. If the estimated durations 
of active vectors are positive, and the total value (𝑡0 + 𝑡1) is 
bigger than the switching interval, the duration times should be 
set to 
 
𝑡0@ =

#*
#*=#(

𝑇!            (16) 
 
𝑡1@ =

#(
#*=#(

𝑇!            (17) 
 
𝑡"@ = 𝑡/@ = 0            (18) 
 

This case can occur when the stator voltage reference is 
bigger than the voltage that can be produce by the MSC. When 
the voltage vector sequence and their durations are calculated, 
they will be applied like in the space vector modulation (SVM). 

 
B. Sector identification algorithm 

In predictive controls, selecting the appropriate voltage 
sequence is the vital part of the strategy. In many research 
papers, it has been reported that certain durations of selected 
active vectors get negative, and the easiest solution was to 
remove that voltage vector from the switching interval [23]-
[25]. This solution makes the switching frequency variable and 
increases the ripple. To overcome this problem, many 
predictive controls suggest using two vectors, which consist of 
one zero vector and one active vector. The active vector of these 
predictive controls is achieved from the conventional one 
voltage based predictive controls [26]. 

 These negative values of the duration times occur when the 
sector that proposes the voltage vector sequence is not selected 
correctly. In this part, the negative values of the vector durations 
are investigated, and a stator voltage sector identification 
algorithm is proposed for the SPMSG. 

In Fig. 4, the duration times of the active vectors for the six 
possible voltage vector sequences during one complete rotation 
cycle are shown. It can be seen that in each sector, the duration 
times of the corresponding active vectors are both positive, 
while in other situations, at least one of the active vectors is 
negative. For instance, the durations of the V1 and V2 are 
positive only when they are applied in sector 1, or durations of 
V2 and V3 are positive only when they are applied in sector 2. 
However, in other sectors, if these voltage vectors are chosen, 
the duration time of one of the vectors is negative at least. For 
example, as shown in Fig. 4a, the durations of V1 gets negative 
in sector 2 if V1 and V2 are chosen as the two selected active 
vectors. 

When the duration times of the selected voltage vector 
sequence get negative, some information can be obtained from 
this situation that can help to identify the correct sector. When 
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observing the six cases shown in Fig. 4, these negative duration 
times can be classified as three types: 
 
1) tb < 0 and tc > 0 

When the first active vector duration presents a negative 
value and the second active vector has a positive value, this 
indicates that the correct stator voltage sector is one or two 
sectors ahead. To give an example, assume that the stator 
voltage is located in sector 2, the V2 and V3 are the correct 
vectors. In this sector, if the V6 and V1 are selected, the duration 
of the V6 presents a negative value while the V1 obtains a 
positive value according to Fig.4f. If duration times of V1 and 
V2 are calculated for sector 2, the duration time of the first 
active vector will have negative value, and the second vector 
will be positive, as can be observed from Fig. 4a. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 4. Active vector durations in one complete rotation cycle: (a) tv1, tv2; (b) tv2, 
tv3; (c) tv3, tv4; (d) tv4, tv5; (e) tv5, tv6; (f) tv6, tv1. 

 
2) tb > 0 and tc < 0 

When the second active vector duration comes to have a 
negative value and the first active vector has a positive value, 
this shows that the correct stator voltage sector is one or two 
sectors behind. For example, if the stator voltage is located in 
sector 2 and the V3 and V4 are selected, the tv3 and tv4 will be 
positive and negative, respectively, according to Fig. 4c. On the 
other hand, according to Fig. 4d, if duration times of V4 and V5 
are selected in this situation, the second active vector will have 
a negative value, and the first one will be positive. 
 
3) tb < 0 and tc < 0 

The correct stator voltage sector is located exactly three 
sectors ahead from the initial assumed sector, when both 
durations become negative. For instance, if the duration times 
of V1 and V2 are calculated when the required stator voltage is 
located in sector 4, both of the times will have negative values 
like it is shown in Fig. 4a. This reveals that the correct vectors 
are V4 and V5 and the required stator voltage is located in sector 
4.  

Consequently, if the durations of the selected active vectors 
get negative, the sector should be changed according to the 
respective case type. 

 
C. Overall proposed MPDCC for SPMSG   

The block diagram of the proposed predictive control is 
illustrated in Fig. 5. In each control interval, the voltage vector 
sequence is chosen according to the previous estimation of the 
stator voltage sector in the previous interval. The current slopes 
in the d-q frame for this vector sequence are evaluated from the 
speed, the permanent magnet flux of the machine and the 
currents. After that, the durations of the vector sequences are 
obtained according to these slopes and the measured currents 
and their references in the d-q frame. If the times of the active 
vectors are positive, this vector sequence is applied by the 
electronic converter. 

 However, one or two of the active vector durations could 
become negative and, in that case, the sector location should be 
modified according to the proposed sector identification 
algorithm. Hence, new voltage vector sequence will be selected, 
and the duration times of these vectors will be determined. If at 
the first place, both vector duration times are negative, the 
sector will be changed to three forward sectors, making the 
duration times for the new vectors become positive, and so the 
new vectors will be applied by the converter. However, if only 
one of the active vector times is negative at the first place, the 
sector changes to one sector forward or one sector backward 
depending which duration time got negative. Nonetheless, these 
new vector durations might get negative again. If they get 
negative again, this makes obvious that the correct sector is 
located in two sectors ahead or two sectors behind the first 
sector assumption. In other words, in the worst case the 
durations can be calculated three times and in the last time, the 
duration times of the active vectors will be positive indubitably. 
This last case could happen when a big sudden change in the 
position of the stator voltage is required. Finally, after the 
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correct vector sequences are estimated, the vectors will be 
applied by the electronic converter. 
 

 
Fig. 5. Block diagram of the proposed MPDCC for SPMSG. 
 

III.  OWC BASED POWER PLANT EMULATOR 
 

One of the most well-known wave energy converters is the 
one based on an oscillating water column (OWC) normally 
installed onshore, preferably on rocky shores. This type of 
converter comprises a chamber where the wave is captured, and 
an air turbine, normally a Wells turbine, that features constant 
direction of rotation for both direction of the air flow through 
its blades [27-29]. The schematic of this OWC power plant was 
shown in Fig. 1. 

Waves enter into the OWC chamber forcing the air upwards 
and downwards, making the Wells turbine to spin and 
converting wave energy into mechanical energy. Then, the 
turbine shaft drives an electric generator that converts the 
mechanical energy into electrical energy. 

The strategy chosen in this paper is to make the OWC power 
plant work at the maximum efficiency point through the control 
of the rotary speed of the Wells turbine and the electric 
generator. The highly variable shaft speed is controlled using 
the proposed MPDCC developed in this paper. 

The OWC device behavior has been reproduced using the 
following mathematical models: 

 
1) Irregular wave model 

The irregular wave model represents the state of the free 
surface of the sea by its energy spectrum, S(ω). This spectrum 
is obtained from oceanographic buoys measurements and it 
provides information about the energy content for the 
frequencies that compose the real wave. The S(ω) can also be 
used to reproduce the sea state keeping the same spectral 
characteristics (significant height, peak period, etc.) as the 
original real waves. 

There are many spectra that describe the state of the sea 
where the OWC is located: Pierson-Moskowitz [30-33], 
JONSWAP [27-29], [34], TMA [30, 35], and Bretschneider 
[36]. 

Using the wave spectrum, S(w) provided by these models, it 
is possible to generate an irregular wave represented by the 
addition of n regular waves, according to the expression 

 
𝜂(𝑥, 𝑡) = ∑ 𝜁- ∙ 𝑐𝑜𝑠(𝜔-𝑡 − 𝑘-𝑥 + 𝜀-)A

-B+         (19) 

 
where the amplitude of each harmonic is: 
 
𝜁- = D2 ∙ 𝑆(𝜔-) ∙ ∆𝜔-           (20) 

 
Every wave presents a randomly calculated phase and all the 

phases have the same probability of occurrence, expressed by a 
constant probability density in the interval (–π, π).  

The Pierson-Moskowitz [33] model was chosen in this paper 
 

𝑆(𝜔) = C
+D
∙ 𝐻!* ∙ 𝜔EF ∙ 𝜔7C𝑒𝑥𝑝 I− C

F
∙ J G

G,
K
7F
L         (21)  

 
where w = 2p/T is the angular frequency of the wave, HS is the 
significant wave height, TS is the significant wave period and 
wp = 2p/Tp is the angular spectral peak frequency. Fig. 6 shows 
the real wave profile generated for the tests carried out in this 
paper. 

 

 
Fig. 6: The real wave profile used in this paper is made up of 2400 samples 
Hs=1 and Ts=10. 

 
2) Chamber model 

Detailed modeling of the chamber in an OWC device, results 
in complex mathematical models [37-39]. The OWC device 
equations programed in the emulator represent a simplified 
chamber model [17]. As a consequence, the hydrodynamics 
inside the chamber is not fully described, but what it is more 
relevant from the electrical point of view, the electrical power 
delivered to the grid does not lose the multi frequency spectrum 
of the wave resource. 

The air speed in the duct of the turbine can be described by 
the following expression (see Table A1 and Table A2 in 
Appendix for the nomenclature, and Table A3 for the turbine 
parameters): 

 
𝑉H = 8I(

I"
9 ∙ JK(

J#
            (22) 

 
The torque coefficient, Ct, depends on the characteristic 

curve of each particular turbine and is a function of the air flow 
through the turbine, Φ: 

 
Φ = L-

&.∙G.
            (23) 
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3) Wells turbine torque emulation 

The Wells turbine torque can be obtained as 
 

𝑇# = 𝐶# ∙ 𝐾 ∙ 𝑅𝑎𝑑𝑖𝑢𝑠 ∙ [𝑉H* + (𝑅𝑎𝑑𝑖𝑢𝑠 ∙ 𝜔#)*]         (24) 
 
Fig. 7 shows, in solid line, the characteristic curve (Ct - Φ) 

of the turbine model that has been represented in the prototype 
[18][40] and the efficiency curve in dashed line. 

 

 
Fig. 7. Ct as a function of the flow coefficient. The graph is symmetrical with 
respect to the ‘y’ axis for negative values of F. 

 
For every wave and 𝑉H, the calculated Wells turbine torque is 

reproduced using a separately excited DC motor, Fig. 8. 
However, for every calculated motor torque, the resulting rotary 
speed depends also on the opposite torque. At this point is 
where the proposed MPDCC method system performance 
becomes very important since it controls the opposite torque 
created by the SPMSG to make the power plant to work at the 
maximum efficiency point in every moment. 

 
Fig. 8.  Control block of the OWC device emulator. 

 
The torque control of the SPMSG uses the Φ  for the 

maximum efficiency obtained from Fig. 7. For this given Φ, the 
corresponding rotary speed, ωM is calculated for every wave and 
VN in every control cycle and used as reference speed in the 
proposed MPDCC control system, Fig. 5. 

 
4) Maximum efficiency speed reference for the MPDCC 

The speed reference used by the MPDCC block, Fig. 5, is the 
Wells turbine maximum efficiency speed. This speed is 
calculated according to the maximum efficiency flow 
coefficient represented in the turbine efficiency curve [40][41], 
Fig. 9.  

 
Fig. 9. Wells turbine efficiency as a function of the flow coefficient. 
 
In every program cycle, the microcontroller calculates the 

airspeed from the wave height inside the chamber, (22). Then, 
using the Φ$/H	(' obtained from Fig .9, and the turbine radius, 
the maximum efficiency speed is calculated by using (23).  The 
block diagram of Fig .10 shows this procedure. 

 

 
Fig. 10. Calculation of the maximum efficiency speed. 
 

IV. SIMULATION RESULTS 
 

The proposed MPDCC for SPMSG is evaluated using 
Matlab/Simulink, and the simulation results are presented 
throughout this section. The selected switching frequency and 
the sampling frequency, both were 4 kHz. Firstly, the dynamic 
performance and current THD of the proposed MPDCC are 
checked and compared with conventional one voltage vector 
MPC [5] and two voltage vectors MPC [9]. Secondly, the 
performance of the proposed control is assessed in the described 
OWC power plant emulator using a real wave profile. The 
machine parameters of the simulated system and the laboratory 
setup are displayed in Table II. 

In dynamic performance study, the generator speed was 
accelerated from 0 at t=1s to the rated speed in 0.5 seconds. The 
references of d and q axis stator currents were set to 0A and -
8A at the beginning of the simulation. However, at t=1.2 s, the 
i*sq was set to -4 A, and i*sd was changed to 1 A at t=1.3s. The 
simulation results of this study for the proposed MPDCC, the 
conventional one voltage vector MPC and two voltage vectors 
MPC methods are shown in Fig. 11, Fig. 12 and Fig. 13, 
respectively. All the predictive controls follow the current 
references correctly and have a fast dynamic response to the 
sudden changes in the references. However, it is very clear in 
these figures that the proposed MPDCC has a lower ripple in d-
q currents, the torque and the stator flux. Moreover, the stator 
current for the proposed MPDCC “is cleaner” and sinusoidal. 
In the proposed MPDCC, the duration times of the active 
vectors are increased when the generator speed is high, as can 
be seen in Fig. 11g. This is because, at low speeds, the zero 
vectors have small current slopes. Therefore, in most portions 
of the period, these vectors are employed in order to minimize 
the current ripples. 

The stator voltage sector and the durations of the active 
vectors for the proposed control are illustrated in Fig. 11f and 
Fig. 11g, respectively. It can be observed that the duration times 
of all of the active vectors are positive, which demonstrate that 



the proposed sector identification algorithm works very well 
and can find the correct voltage vector sequences quickly.  

 
TABLE II 

SPMSG PARAMETERS 

 
DC Link voltage 600 V 
Rated power 8.7 kW 
Rated voltage 400 V 
Number of pole pairs 3 
Permanent magnet Flux 1.05 Wb 
Stator Inductance 50 mH 
Stator resistance 2 Ω 

 
Among the presented MPC strategies, the conventional one 

voltage vector MPC has higher ripple in all the variables. The 
performance of the two-voltage vector MPC is better than the 
conventional one voltage vector MPC. The torque, stator flux 
and current ripples in the two voltage vectors MPC are lower 
than in the one voltage vector MPC. The performance of the 
two-voltage vector MPC at low speeds is good and is similar to 
the proposed MPDCC since a zero vector is applied in each 
period. However, during higher speeds, the current ripples of 
the two-voltage vector MPC is increased significantly while the 
current ripple for the proposed control is lower. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Fig. 11. Simulation results for the Proposed MPDCC for SPMSG: (a) generator 
speed; (b) stator current in the d-q frame; (c) three-phase stator current; (d) 
electromagnetic torque; (e) stator flux; (f) sector; (g) active vector durations. 
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Fig. 12. Simulation results for the conventional one voltage MPC for SPMSG: 
(a) generator speed; (b) stator current in the d-q frame; (c) three-phase stator 
current; (d) electromagnetic torque; (e) stator flux. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 13. Simulation results for the two voltage vectors MPC for SPMSG: (a) 
generator speed; (b) stator current in the d-q frame; (c) three-phase stator 
current; (d) electromagnetic torque; (e) Stator flux. 
 
In order to compare the harmonic spectrum of the proposed 
MPDCC with the conventional one voltage vector and two 
voltage vectors MPC control, FFT analyses were carried out at 
t=1.62 s for one cycle. One of the current phases and the 
harmonic spectrum for the proposed MPDCC, conventional one 
voltage vector MPC and two voltage vectors MPC controls are 
presented in Fig. 14, Fig. 15 and Fig. 16, respectively. The total 
harmonic distortion (THD) of the stator current for the proposed 
MPDCC is 2.63%, which is much lower than the conventional 
one voltage vector and two voltage vectors MPC with THD 
values of 16.06% and 10.23%, respectively.   

The results for the conventional MPC show that the stator 
current contains high low-order harmonics, in consequence, 
they are difficult to remove by means of filters. In two voltage 
vectors MPC the low-order harmonics are decreased compared 
to the conventional MPC. However, still these harmonics are 

notable. In contrast, for the proposed MPDCC, the dominant 
harmonics are located around the 4 kHz and 8 kHz and so on. 

 
(a) 

 

 
(b) 

 

 
(a) 

 
(b) 

Fig. 15. Harmonic spectrum of conventional one voltage vector MPC for 
SPMSG in simulation at t=1.62 s: (a) Phase “a” current; (b) Harmonic 
spectrum. 

 

 
(a) 

 
(b) 

Fig. 16. Harmonic spectrum of two vectors MPC for SPMSG in simulation at 
t=1.62 s: (a) Phase “a” current; (b) Harmonic spectrum. 
 

However, even using the same control period for the three 
cases, the switching frequency of the one voltage vector and the 
two voltage vector MPCs are both variable and their average 
switching frequencies are lower than that of the proposed 
MPDCC. 
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Fig. 14. Harmonic spectrum of proposed MPDCC for SPMSG in 
simulation at t=1.62 s: (a) phase “a” current; (b) Harmonic spectrum. 



In order to check the robustness of the proposed MPDCC 
method to the parameter variations, it has been assumed, as an 
example, that the stator inductance is 30% lower than its real 
value. The same study conditions of Fig. 11 were set to check 
the change in the performance due to the inductance variation. 
The resulting stator current in dq frame is shown in Fig. 17. As 
can be seen, the proposed method makes the current dq 
components to follow the references accurately. Moreover, an 
FFT analysis was carried out at t=1.62 s to check the stator 
current THD and to compare it with that of Fig. 14. The stator 
current THD for this case is shown in Fig. 18. As can be seen, 
the current THD value for this case is almost the same as when 
the real value is used. 

 
Fig. 17. Stator current in dq frame for the proposed MPC control with 30% of 
stator inductance error. 

 
(a) 

 
(b) 

Fig. 18. Harmonic spectrum of proposed MPDCC for SPMSG during the 30% 
stator inductance error in simulation at t=1.62 s: (a) phase “a” current; (b) 
Harmonic spectrum. 
 

Moreover, the proposed MPDCC has been tested in OWC 
power plant for 45 seconds using an irregular wave. The test 
was done for the wave profile shown in Fig. 6 and for the first 
450 samples. In this test i*sd was set to zero. The results are 
illustrated in Fig. 19. The Wells turbine maximum efficiency 
speed and the actual speed during the 45 seconds test are shown 
in Fig. 19.a with blue and red lines, respectively. As can be 
seen, with the proposed control, the generator follows the 
maximum efficiency speed perfectly during the test. The d axis, 
q axis and three-phase stator current are shown in Fig. 19b, Fig. 
19c and Fig. 19d, respectively. The stator current in q axis 
varies in order to make the Wells turbine to work at the 
maximum efficiency point. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 19. Simulation results for 45 seconds of OWC test: (a) Rotor speed (speed 
reference (blue line) and actual speed (red line)) (b) stator current in d axis (c) 
stator current in q axis (d) stator current in abc frame.  
 

A more detailed view of this test during t=10 s to t=12 s is 
presented in Fig. 20. It can be seen that the proposed control 
strategy follows the maximum efficiency reference speed with 
good accuracy, and the stator currents are sinusoidal and 
balanced during this test. 
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(d) 

 Fig. 20. Detailed view of the simulation results of the OWC during t=10s to 
t=12s: (a) Rotor speed (speed reference (dash blue line) and actual speed (red 
line)) (b) stator current in d axis (c) stator current in q axis (d) stator current in 
abc frame. 

 
V. EXPERIMENTAL RESULTS 

 
As aforementioned in section I, WECs are subject to 

variations of torque and speed generated by the incoming and 
outgoing waves. Depending on the sea state, these variations 
can be sudden and large in amplitude and persistent over time 
when the sea is rough, or very low when the sea is calm. For 
this reason, a maximum efficiency-based control of the WEC 
should provide a precise torque control over a wide range of 
speed and torque. 

Firstly, the laboratory prototype is described. Secondly, the 
dynamic performance of the proposed MPDCC is evaluated in 
a laboratory experimental setup during different transient tests 
and later the results obtained from several experimental tests 
carried out in the laboratory using a SPMSG in a WEC emulator 
are presented. The objective of testing the proposed control in 
a WEC emulator was to verify the ability of the proposed 
MPDCC to satisfy the high torque requirements of an OWC 
based power plant. 

 
A. Description of the laboratory prototype 
The prototype of the power plant is divided into two different 
systems: the “OWC device” and the “Electric power generation 
system”. Fig. 21 shows the layout of both parts, along with an 
external electric power system to which the prototype is 
connected, and that absorbs the generated electrical power. A 
photo of the experimental prototype is shown in Fig. 22. 

 
Fig. 21. Schematic of the test bench used to carry out the experimental tests. 
 

 
Fig. 22. Overview of the experimental test bench. 
 
1) OWC device 

The prototype part that simulates the OWC device, system 1 
in Fig. 21, reproduces: the irregular wave, the chamber 
containing the oscillating water column, and the Wells turbine. 

From the irregular wave profile, the control program 
calculates, in each cycle, the corresponding turbine torque by 
means of the chamber and the Wells turbine models. Then, this 
torque is reproduced in real time using a separately excited DC 
motor. The sea state used in the OWC emulator was 
characterized by a significant wave height 𝐻! = 1𝑚  and an 
energy period 𝑇( = 10𝑠  and the wave profile was generated 
using the Pierson-Moskowitz model [30],[32]. 

 
2) PTO and grid connection 

The second part of the prototype, system 2 and system 3 in 
Fig. 21, reproduces the entire electrical system of the OWC 
power plant and the grid connection using real elements. As 



Fig. 22 shows, a SPMSG connected to the DC motor shaft 
(Wells turbine shaft) and a three-phase converter represent the 
PTO, which is controlled by the proposed MPDCC, while the 
grid connection is carried out using a vector-controlled three 
phase converter. 

The dual core microcontroller used to program the MPDCC 
code was a F28M35x Concerto of Texas Instruments with a 
switching frequency of 4kHz and a sampling time of 250µs. All 
of the waveforms were recorded using the F28M35x itself, 
except the stator currents, that were recorded using a Tektronix 
TDS2024C oscilloscope with a sampling time of 100µs. The 
computation burden for the proposed control in F28M35x is 
122 μs, while for the conventional one voltage vector MPC and 
two voltage vectors MPC is 95.5 μs and 100 μs, respectively. 
This indicates that the calculation burden of the proposed 
method is not high if compared to the two other MPC methods. 

 
B.  Dynamic performance of the proposed control 

First of all, the electric current waveform quality was 
checked for several torque levels. Fig. 24 shows the generator 
phase currents corresponding to two different torque levels 
while rotor speed is around 205 rpm. In both, the waveform is 
almost ripple-free and is balanced. 

 

 

 
Fig. 23. Stator currents when isq reference was set to -4A (top) and to -8A 
(bottom) whereas the isd reference was set to zero in both cases. 
 
The harmonic spectrum corresponding to the stator current of 
Fig. 23 bottom, is shown in Fig. 24. The resulting THD 
calculated up to 2 kHz is 4.16% which is reasonably low taking 
into account that the stator emf is not completely sinusoidal and 
the rotor speed (frequency) is not completely constant. 
 

 
Fig. 24. Stator current THD. The fundamental frequency is 10.22Hz and its 
magnitude is 7.81. 
 

Secondly, the proposed control was assessed when the rotor 
speed increases. In this case, the rotor speed was increased from 
250 rpm to 750 rpm and the d and q axis stator current 
references were set to 0A and -4A, respectively. The three-
phase stator current and the rotor speed are displayed in Fig. 25. 
The stator current of this test was acquired (registered) by the 
DSP every 2 ms. The stator current frequency increased and 
followed the references when the rotor speed was increased.  

 

 
     

 
Fig. 25. Stator currents and rotor speed during a rotor speed increment test. 

 
Thirdly, the performance of the proposed control was tested 

using a reference torque step and a reference field step. It must 
be taken into account that the usual dynamic of a WEC might 
change within the range between several tenths of seconds to 
several seconds, not in the order of milliseconds. Fig. 26 shows 
the fast response of the actual isq following its reference during 
a step, from -4A to -6A, while the SPMSG generates active 
power. The order of the time response indicates that this control 
is suitable to cope with the WECs dynamics. As can be seen, 
the stator current is sinusoidal and balanced during the test. 

 

 

 
Fig. 26. Torque control of the SPMSG through isq. Step response when 
reference changes from -4A to -6A. Note how fast the actual isq tracks the new 
reference after the step. The isd reference was set to zero. 
 

The following test checked the proposed predictive control 
ability to control the magnetic field in the electric generator, 
what is of paramount importance to obtain a good toque control. 



Although the magnetic field has a slow dynamic response, 
Fig. 27 shows how the MPDCC is able to get the new isd 
reference in a very short time. In this case, a field weakening 
was carried out, taking into account not to reach the irreversible 
demagnetizing point. The magnetic field weakening would 
allow to increase the rotary speed of the generator surpassing 
the rated speed in the event of a sudden large wave. 

 

 

 
Fig. 27. Magnetic field control of the SPMSG through isd. Step response of the 
actual isd when the reference changes for 0A to -1.5A, carrying out a magnetic 
field weakening. isq reference was set to -4 A. 
 
C. OWC power plant performance 

Once the dynamic performances of the MPDCC were 
checked, the next step was to implement the control in an OWC-
based power plant. In this control, the generator shaft speed is 
taken to the maximum efficiency point through the torque 
control. 

As the incoming and outgoing waves push the air flow 
through the chamber, it makes the turbine and generator to 
rotate with changing speed. Fig. 28 shows the magnetic field 
angle and the electromotive force angle registered in the 
generator from the starting point when the irregular wave 
profile is used with the OWC emulator. Note the 90º diphase 
existing between them and the large rotary speed variations. 

 
Fig. 28. Magnetic field angle (blue) and electromotive force angle (red) at the 
starting point of the test. 
 

The wide range of speed variation makes the control of the 
generator more difficult. On the one hand, an accurate speed 
and shaft position measurement over the whole range, even 
close to zero rpm, becomes complex. So, the MPDCC should 
be robust to inaccuracies. Also, close to zero speed implies a 
negligible electromotive force in the generator, what makes the 
stator current change very fast as the voltage pulses are applied 
by the VSC. However, as the tests below will show, the 
robustness and fast dynamic of the proposed MPDCC make the 
control handle these problems properly. 

In the following tests, an irregular wave profile was used in 
the OWC emulator. This irregular wave leads to a changing 
maximum efficiency speed which must be tracked by the torque 
control whereas the field control maintains the magnetic field 
constant. 

Fig. 29 shows the reference speed needed to get the 
maximum efficiency (blue) and the actual shaft speed (red) 
along the test that obtained in a 4 minutes long test, where the 
rotary speed follows the speed reference very accurately along 
the whole test. Note the large speed variations and the irregular 
speed profile within this test. 
 

 
Fig. 29. Rotary speed reference (blue) vs. actual speed (red) during a 4 
minutes long test. 
 

Fig. 30 shows a more detailed view of reference and actual 
speeds from t=20 s to t=80 s. As can be seen the rotor speed is 
following the reference value with a small error in some points.  
 

 
Fig. 30. Detailed view of the rotary speed reference (blue) and actual rotary 
speed (red) during the test. 
 

The actual torque is a fast-changing magnitude, so the torque 
control has to follow a fast reference given by the q component 
of the stator current. Fig. 31 shows the large changes appearing 
in the isq reference and how the actual isq (red) follows the 
reference (blue) very accurately meaning that the PTO works 
approximately at the maximum efficiency at any time. 
 

 
Fig. 31. The torque control generates fast changing reference for isq while for 
isd keeps constant. A detailed view, sampled by the DSP each 0.00250 s, 
shows the actual isq and isd following their references accurately at every 
moment. 
 

VI. CONCLUSIONS 
 

Wave energy is a promising energy source still under 
development. Its special characteristics make this technology 
go ahead slowly. While it is more foreseeable and less 
stochastic than wind energy for example, the hardness of the sea 



environment and the lack of a predominant technology, make it 
difficult to get prototypes to a commercial stage. 

One of the problems to be addressed is the development of 
specific control techniques designed to extract the maximum 
amount of energy from the sea. A specific problem of wave 
energy conversion is the sudden and large variations of torque 
and speed the WECs are subjected to. This paper presents a fast 
and robust torque control, based on a MPDCC, able to deal with 
these variations. 

The proposed MPDCC is easy to implement in a 
microcontroller and its computing time means not a bigger 
burden than the amount of time typically spent in a classical 
vector control. Results show that the MPDCC can effectively 
predict the appropriate sector and voltage vector sequences 
while keeping the switching frequency fixed as well. 

When it is used with SPMSGs, only one PI regulator is 
needed so the magnetic field and torque control carried out by 
means of the predictive calculation of the d-q components of 
the stator current are very fast whereas the ripple in the stator 
currents is very low. 

The simulation results revealed that the proposed MPDCC 
has a significant performance compared to conventional one 
voltage vector and two-voltage vector MPC methods. 
Moreover, electric currents present a low current THD and the 
rest of variables a low ripple. 

The experimental tests carried out using a wave energy 
power plant emulator show how the MPDCC is able to make 
the rotary speed follow the reference although it changes in a 
wide range and in a very irregular manner. Therefore, it can be 
said that the proposed MPDCC presents a suitable behavior to 
control a SPMSG in wave energy conversion. 
 

APPENDIX: NOMENCLATURE 
 

TABLE A1. Chamber model. 
Vx Air speed in the duct (m/s) 
hc Height of the free water surface inside the chamber (m) 
Ac Chamber cross section (m2) 
Ad Duct cross section (m2) 

 
TABLE A2. Turbine model 

Tt Shaft torque (N.m)  rt Turbine radius (m). 

f Flow coefficient (non-
dimensional) 

 Vx Air speed in duct (m/s). 

Ct Torque coefficient (non-
dimensional) 

 ωt Angular velocity of rotor 
system (rad/s) 

K Constant of the turbine 
(kg/m) 

   

 
TABLE A3. Wells Turbine parameters 

Maximum 

efficiency flow 

𝜙!"#$% = 0.17 

Maximum Ct before 
stall for 𝜙 = 0.311 

Air density 𝜌 = 1.2	𝑘𝑔/𝑚& 
Height of the blades b=0.045 m 
Blade chord length l =0.090 m 
Number of turbine 
blades n=8 
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