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Abstract. This paper presents the study of power extraction 
and control of the electric power take off of a buoy type point 
absorber  wave  energy  converter  in  heave.  Two  fundamental 
linear  control  strategies  (the  passive  loading  and  optimum 
control)  have  been studied and their impacts  on the sizing of 
generator were investigated.  For the designed incident wave, a 
gearbox is needed to reach the rated speed of the generator. The  
generator  is  connected  to  the  grid  through  a  back-to-back 
converter  which  controls  the  electrical  torque.  Vector  control 
technique is implemented  to  control the electric  torque of  the 
generator,  by setting the direct axis current to zero.  The results 
show that the current needed to control the electrical torque is  
too  high  for  optimum  control  strategy.  A  method  has  been 
presented to reduce the power ratio significantly, but also with a 
decrease in average extracted power.
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1. Introduction

Ocean wave energy possesses high potential to serve as 
one of the major supplies of energy to sustain the future 
world energy demands that is  renewable and clean. About 
2000TWh/year (or 10% of the world energy consumption) 
can be obtained by exploiting the wave energy potential 
[1]. According to the European Ocean Energy Roadmap 
2010-2050 [2], wave power is expected to fulfil the EU-27 
electricity  demand by 0.3% in 2020 and  15% in  2050, 
respectively. 

Currently,  the ocean wave energy is at its early stage of 
development although the research activity in this area has 
been intensified in recent years. Extensive attentions have 
been paid to the investigation of suitable control strategies 
for WECs to optimise its power extraction capability. This 

is  known as  one of  the key factors  to  the success  of  a 
WEC  concept.  The  current  primary  focus  of  such 
activities is on the search for the reliable energy extraction 
system to fulfil the  technology as well as the economical 
viability [3]. Several remarkable technologies have been 
investigated, and some of them are near to  technological 
readiness. 

To date, the design and development of such system has 
involved  extensive  studies  on  the  mechanical  and  the 
hydrodynamic aspects while little attention has been given 
to the power take-off (PTO) systems [3],[4]. This causes 
the PTO and electrical components installed on WEC are 
generally oversized, in order to achieve the desired power 
extraction  capacity.  This  clearly  indicates  a  gap  to  be 
filled, to keep up with the pace of the development of the 
hydrodynamic  models.  The  adoption  and  the  proper 
choice of control strategies and dimensioning of the power 
electronic components can help in achieving an effective 
performance  (in  which  the  maximum  power  could  be 
extracted from the ocean wave), hence further reduce the 
overuse of the PTO and the cost incurred in the hardware.  
This way,  the economical  viability of  these systems for 
use in the real field operation can be increased.

This  paper  describes  the  recent  work  conducted  by the 
authors in studying the impact of WEC control strategies 
on the generator  sizing and vector control for its torque 
control.  After  briefly  introducing  the  modelling  of  the 
WEC, an overview of the control strategies is presented 
along  with  the  electrical-mechanical  equivalent  model. 
Then, the sizing of the generator is done for each of the 
respective  control  strategies.  Following  that,  the  vector 
control  of  the  generator  is  analysed  to  help  rating  the 
power electronic components. The trade-off between the 
extracted  power  and  the  control  strategies  is  then 
presented. 
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2. Modelling of the Point Absorber WEC

A. Hydrodynamic Model for WEC

The WEC model used in this study is shown in Fig. 1. Its  
primary extraction mechanism is a buoy which acts as a 
point absorber. The buoy is assumed to move linearly in 
heave, and its linear motion is transformed into  rotational 
motion through a wheel (radius = 0.2m) and is amplified 
by  the  gear  assembly  in  the  gearbox.  The  rotational 
motion of the wheel  is  then transferred  to the electrical 
generator  through  a  shaft.  The  Permanent  Magnet 
Synchronous  Machine  (PMSM)  is  used  because  of  its 
good power coefficient  and efficiency.  The generator  is 
then connected to the grid using a back to back converter. 
The buoy is operating under the assumption of sinusoidal 
waves, and the motion of the buoy is comparatively small. 
The  plane  progressive  waves  propagating  in  an  infinite 
water depth are considered, and the horizontal coordinate 
of the plane is always  fixed to zero. The hydrodynamic 
forces  acting as a response to the wave based under the 
above assumptions can be derived [5] as follows:

(M +a (ω)) ẍ+(B+b(ω)) ẋ+Kx=F E−F e

F e=Be ẋ+M e ẍ

Where FE is the excitation force and Fe is the force applied 
by the PTO which can be externally controlled. The ω in 
(1) is the angular frequency of the wave. M is the mass of 
the WEC and a(ω) is the added water mass involved in the 
WEC movement at the considered frequency. B and K are 
the  mechanical  damping and  hydrodynamic  stiffness  of 
the WEC, respectively.  Be and Me in (2) are the damping 
and  added mass applied  by the PTO, respectively.  x in 
both  equations  represents  the  position  of  the  buoy  and 
overdot  denotes  the  time  derivative  operation.  As  the 
wave is assumed to be oscillating in sinusoidal manner, 
the value of x can be expressed as in (3), where X̂  is the 
maximum position of the buoy, and φx is the initial phase 
angle.

x= X̂ sin (ω t+φx)

B. Mechanical Model and Electrical Analogue of WEC

As the PTO electrical machine is rotational, it is useful to 
rewrite  the  above  equations  in  the  angular  forms.  By 
introducing the definition of angular velocity and torque, 
(1) and (2) yield the followings:

(J + j (ω))Ω̇+( D+d (ω))Ω+ X∫Ω=T E−T e

T e=D eΩ+J eΩ̇

Where  TE and  Te are  the  torques  from  FE and  Fe  , 
respectively.  Ω is the angular velocity of the PTO shaft. 
The rest of the parameters in (4) and (5) are defined as:

J =r 2 M , is the global inertia of the WEC
j (ω)=r2 a(ω) , is the inertia of the added mass
D=r 2 B , is the global damping of the WEC
d (ω)=r2 b(ω) , is the radiation resistance
X =r 2 K , is the torsional stiffness of the WEC
De=r2 Be , is the damping created by the PTO
J e=r 2 M e , is the inertia created by the PTO

The electrical analogue of the mass-spring-damper system 
described  by  (4)  is  modelled  as  in  Fig.  2.  The  circuit 
comprises  two  essential  parts;  the  component  that 
represents the buoy, and the component that represents the 
PTO. The equivalent components are listed in Table I. 

C. Model Simplification

Also, equations (4) and (5) derived in the previous section 
can be rewritten  in  the S domain by using the Laplace 
transform, and following equation can be obtained: 

J eq sΩ(s)+DeqΩ(s)+X Ω(s)
s

=T E (s)

Where Jeq is the equivalent inertia, which is the sum of J, 
j(ω), and  Je; and Deq is the equivalent damping, which is 
the sum of D, d(ω), and De. The model has become simple 
with only one input (the angular  speed) and one output 
(excitation  torque).  It  has  therefore,  become  a  second 
order transfer function, as shown in (7). The model that 
represents the transfer function is presented in Fig. 3. 

Ω(s)
T E(s)

= k B s
s2+B s+ω0

2

With, ω0=√X / J eq  , B=Deq/ J eq ,  and k =1/ Deq . 

(1)

(2)

(4)

(5)

(6)

(7)

Fig. 2. Electrical analogue of a buoy type WEC

(3)

Fig. 1. Illustration of the mechanism of the WEC system

Fig. 3. Transfer function model of equation (7).
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3.  Control Strategies and Generator Sizing

Three  primary  control  strategies  have  been  widely 
investigated for WEC control [3]. They are: i.) optimum 
(or reactive) control, ii.) passive loading, and iii.) latching 
control. Optimum control and passive loading are chosen 
as the main subjects for this paper, due to the assumption 
made that the interaction between the point absorber and 
the wave is linear. Latching control is not covered as it is 
essentially an intrinsically non-linear control strategy that 
is  beyond  the  scope  of  this  study  (readers  who  are 
interested in the latching control strategy are directed to 
[6] for more information). 

The optimum control basically controls both the amplitude 
and the phase of the buoy's motion to achieve resonance. 
This generally requires the PTO system to apply a force 
having  a  component  which  proportional  to  the  buoy's 
acceleration in addition to the component proportional to 
the buoy's velocity. On the other hand, the passive loading 
controls only the amplitude of the motion to maximize the 
power  extraction  capability.  This  is  achieved  by 
modifying  the  WEC  dynamical  resistance  (or  damping 
factor)  using  a  force  created  by  the  PTO,  which  is 
proportional to the  buoy's velocity.  The peak to average 
power ratio (henceforth the power ratio) can be expressed 
as a function of load power factor [3], as shown in (8). It 
shows that  the lowest  possible value attainable is  2  for 
passive loading which always guarantees  φe =0. On the 
other hand for optimum control the ratio can be very high, 
depending on the values of Le and Re used in the control. 

The  general  equation  for  average  extracted  power  as  a 
function of Re and power factor is given in (9). 

P̂
P̄

=
1+cos φe

cos φe

P̄=
E 2 Re

(R+Re)
2+(ωL− 1

ωC
±

Re√1−cos2 φe

cosφe
)

2

Le=±
Re
ω

√1−cos2 φe

cosφe

Fig. 4 presents the average extracted power as a function 
of  power  ratio,  obtained  by  using  (8)  and  (9)  across  a 
number values of load resistances. The parameters of the 
buoy  chosen  for  this  study  are  in  accordance  with  the 
device described by [7], as in Table II.  With the aid of 
Fig. 4, the maximum average extracted power available in 
resonance  condition  can  be  found,  alongside  with  its 
corresponding value of Re. Its corresponding value of Le is 
calculated from (10). Note that the +/- sign in (9) and (10) 
depends  on  the  inductive  or  capacitive  nature  of  the 
equivalent load. The results are reported in Table III. 

The  parameters  obtained  in  Table  III  are  fed  into  the 
simulation  model  in  PSIM  as  shown  in  Fig.  3.  The 
corresponding curves of the electrical PTO torque, Te and 
the mechanical speed, Ω are presented in Fig. 5 and Fig. 6, 
for  passive  loading  and  optimum  control,  respectively. 
The mechanical power, which is the product of  Ω and Te 

are also presented.  

The torque generated by PTO is proportional to the PTO 
speed,  and the resultant  power from the PTO is always 
positive for passive loading, indicating that the PMSM is 
working only in generation mode. The transient is quick, 
as steady state  is  reached  after  the first  oscillation. The 
maximum values of the power and speed are 47.29 kW 
and 1.21 rad/s (11.55 rpm), respectively,  in steady state. 
The maximum speed is very low for a PMSM. Therefore, 
a gearbox with a ratio of 50 is needed to fit in a 600 rpm 

(10)

Table II. - Wave and Buoy Data 

Quantity Symbol Unit Value
Design wave amplitude A [m] 0.5

Design wave period T [s] 9
Buoy radius r [m] 5
Buoy mass M [kg] 268340

Added mass at considered 
frequency

a [kg] 202700

Spring stiffness K [N/m] 789740
Total buoy damping B [Ns/m] 57400

Table I. - Mechanical-Electrical Equivalence for the WEC

Mechanical Domain Electrical Domain
Quantity Symbol Quantity Symbol

PTO angular speed Ω Current I
Excitation torque TE Voltage source E

WEC global inertia J+j(ω) Inductance L
WEC global damping D+d(ω) Resistance R

WEC stiffness X Inverse 
Capacitance

1/C

PTO torque Te Load voltage Ve

PTO inertia Je Load inductance Le

 PTO damping De Load resistance Re

Fig. 4. Average extracted power as a function of power ratio, for 
several values of load resistance, Re .

Trade-off solution

Table III. - Equivalent circuit components and power ratio of 
respective control strategies 

Parameters [Unit] Passive Loading Optimum Control
P̂ / P̄ 2 15

Re [Ω] 804420 57400
Le [H] 0 1149300

(9)

(8)

Passive loading

Optimum control
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rated  speed  PMSM.  For  simplicity,  the  gear  system  is 
assumed to be frictionless. The average extracted power 
for this control strategy is 23.65 kW.

For optimum control, the torque generated by PTO is not 
proportional to the PTO speed. The power changes sign 
regularly and the PMSM alternates between generator and 
motor modes. The transient state is long as steady state is 
reached  after  100  seconds.  High  amplitudes  of  power, 
torque, and speed are observed (2.66 MW, 400 kNm, and 
12.5 rad/s, respectively) in steady state, due to the fact that 
the WEC is operating in resonant condition. A four-pole 
PMSM with rated speed of 1500 rpm is chosen for this 
control  strategy.  A gear  ratio  of  12  is  needed  to  reach 
1500 rpm at the PTO output from 119.4 rpm (12.5 rad/s). 
The average extracted power is 176.93 kW.

The analysis done so far without taking into account the 
effect of PMSM. Knowing the moment of inertia,  JG and 
the  damping  factor,  DG of  the  PMSM,  the  equivalent 
moment of inertia and equivalent damping factor in (6) are 
modified, to include the inertia, N2JG and damping,  N2DG 

brought  by the PMSM. The electrical  parameters  of the 
PMSM of both control  strategies are presented in Table 
IV. Non-salient pole PMSM is assumed in this paper. The 
inertia  and  damping of  the  generator  are  0.1 kgm2 and 
0.001  Nms,  respectively.  The  average  extracted  power 
found without neglecting the inertia and damping of the 
PMSM for passive loading and optimum control are 23.65 
kW  and  176.65  kW,  respectively.  Compare  with  the 
results obtained earlier, the differences are less than 1%. 
The effect inertia and damping of PMSM on WEC is thus 
negligible. The  corresponding  values  of  Le and  Re for 
optimum power extraction are also very close to the ones 
obtained  without  considering  the  effect  of  PMSM. The 
results are presented in Table V.

4. Vector Control for PMSM

The power extracted in the previous section is channelled 
to  the  grid  through  a  back-to-back  converter,  which 
consists  of  a  rectifier  and  an  inverter  connected  to  a 
common DC-link.  The rectifier connected to the PMSM 
is  controlled  according  to  the  aforementioned  control 
strategies. The inverter converts the DC voltage from the 
DC-link  into  AC  voltage  before  the  power  is  being 
transferred to the grid. As this paper is focused on wave 
power extraction, only the rectifier side of the converter is 
considered.  Since  the  DC-link  voltage  is  to  be  held 
constant at all time, it can be  approximated as a constant 
voltage source as shown in Fig. 7. Speed sensor is used to 
measure  the  mechanical  speed,  ωmech of  the  generator 
shaft.  The  mechanical  angle  of  the  shaft,  θmech is  then 
obtained  through  integration.  These  values  are  then 
multiplied  by  the  number  of  pole  pairs  to  obtain  the 
electrical  speed,  ωe and electrical  angle,  θe, respectively. 
Current  sensors  are  integrated  at  the  PMSM  output  to 
control  the  current.  The  d-axis  current,  id and  q-axis 
current,  iq are obtained through the transformation matrix 
as described in (11). 

[id

iq

io
]=2

3[cos(θe) cos(θe−2π/3) cos(θe+2π/3)
sin(θe) sin(θe−2π/3) sin(θe+2π/3)

1 /2 1/2 1/2 ][ I1

I2

I3
]

The control of the electrical PTO torque can be done by 
setting  the  d-axis  current  to  zero.  In  the  PMSM  d-q 
synchronous  reference  frame,  the  electrical  PTO torque 
can be expressed as in (12). ψPM is the flux linkage of the 
permanent magnet. 

T e=N 3
2

p
2

ψPM iq (12)

Fig. 6. Mechanical speed, electrical torque, and mechanical 
power attainable with optimum control.

Fig. 5. Mechanical speed, electrical torque, and mechanical 
power attainable with passive loading.

(11)

Table V. - Adjusted control parameters and PMSM 
performances for optimum power extraction. 

Parameter [unit] Passive loading Optimum control
Re  [Ω] 800100 57436
Le   [H] 0 1149000

P̄e   [kW] 23.65 176.65

P̂e   [kW] 47.3 2649.9

  Power ratio 2 15

Table IV. - Electrical parameters of PMSM for passive loading 
and optimum control.

Parameter [unit] Passive loading Optimum control
Rs  [Ω] 0.1413 0.00255
Ld  [H] 0.0156 0.7060
 Lq  [H] 0.0156 0.7060

V pk /krpm   [V] 1626.3 650.5
Number of poles, p 10 4

Gear ratio, N 50 12
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Also in  d-q reference  frame,  the  output  voltages  of  the 
PMSM  are  given  by  (13)  and  (14).  However  the 
equations are cross coupled. A simple solution to tackle 
this  cross  coupled  situation  is  to  consider  a  different 
voltage reference with the cross coupling terms, as shown 
in (15) and (16). Ud and Uq are the d and q axes voltage 
references, respectively. This makes the transfer function 
between Ud and id, as well as the transfer function between 
Uq and iq become linear. 

V d =Rs id +Ls
d id

dt
−ωe Lsi q

V q=Rs i q+Ls
d i q

dt
+ωe Ls id +ωe ψPM

U d=V d +ωe Ls i q

U q=V q−ωe Lsi d−ωe ψPM

The identification of the parameters  of the PI controller 
for the currents can now be estimated. The time constant 
of  the  PI  controller  compensates  the  electrical  time 
constant.  The gain,  Kp of  the PI controller  is  chosen to 
keep the phase margin, Mφ to 66˚ for stability. The transfer 
function in open loop, TFOL(s) of i over U for both d and q 
components  including  the  delay,  Ta brought  by  the 
converter  and  the  PI  controller  after  the  pole 
compensation is as follows:

TF OL(s)=
i (s)

U ( s)
=

K p

(1+T a s/ 2)Ls s
with, 

ω0db=2 tan(180o−M φ−90o)/T a

K p=ω0db Ls √1+(ω0db T a/ 2)2

The control circuit is set as shown in Fig. 8. The voltage 
components  Vd and  Vq are found from (15) and (16) by 
compensating  the  cross  coupling  terms.  Reverse  d-q 

transformation  is  applied  to  obtain  the  line  voltage 
references  V1,  V2,  and  V3,  to  control  the  PWM  of  the 
rectifier connected to the DC-link. The simulation results 
of speed and currents,  along with their reference values 
are plotted in Fig. 9. and Fig. 10. for passive loading and 
optimum control,  respectively.  The output  power  of  the 
generator, Pe is obtained by using (18). 

Pe=V 1 I 1+V 2 I 2+V 3 I 3

For passive loading,  the speed aligns perfectly with the 
reference speed. The d-axis and q-axis currents  are also 
well aligned with the reference currents, but they present a 
ripple of around 2 A. This ripple is  negligible  compare 
with the amplitude of the oscillation. The extracted power 
is  always  positive.  This  confirms  that  the  PMSM  is 
operating  only  in  generator  mode.  The  average  power 
obtained  gives  the  same  results  as  the  one  computed 
analytically in the previous sections. The control is thus 
validated. 

For optimum control strategy, the speed and the d-q axes 
currents are also aligned well with their references. The q-
axis current presents a resonance oscillation and surpasses 

(17)

(18)

(15)

(14)

Fig. 7. Schematic of the investigated system.

(13)

(16)

Fig. 10. Simulation results of speed, currents, and instantaneous 
power for optimum control strategy. 

Fig. 9. Simulation results of speed, currents, and instantaneous 
power for passive loading strategy. 

Fig. 8. Schematic of the vector control circuit with the PWM.
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5 kA in less than 50s. This value is too high for torque 
control  as  compared  with  the  rated  current  of  the 
generator,  which  is  only 3.3 kA by assuming the rated 
voltage of the generator is 690 V which can be commonly 
found in the market. A solution to this is to consider an 
overrated generator to increase the current capacity but it 
is  not  an  optimised  solution.  Another  alternative  is  by 
designing  a  torque  control  saturation  to  saturate  the 
current.  The  extracted  power  changes  sign  alternately. 
This  confirms that  the machine is  working in  generator 
and motor modes, alternately. 

5. Trade-off Control Strategy Solution

The generator and power electronics have to to be rated 
very high with optimum control, which makes it difficult 
to implement. Therefore the power ratio has to be reduced 
for  a  more  suitable  dimensioning  of  the  electrical 
components.  Meanwhile,  the  dimensioning  for  passive 
loading is not a problem as the peak power and average 
power  is  comparatively low.  With the use of  Fig.  4.,  a 
more proper value of power ratio can be determined. The 
power  ratio  is  chosen  to  be  6  in  this  study.  Its  
corresponding average power is 136.5 kW, which is about 
77%  of  the  power  available  with  the  optimum  control 
strategy.  It  is  a  small  reduction  compared  to  the 
improvement  of  the  power  ratio,  which  is  reduced  by 
60%.  Choosing  an  even  smaller  power  ratio  to  use  a 
particular  generator  will  also  yield  a  smaller  average 
power extraction.  The simulation results for the trade-off 
solution are presented in Fig. 11. The measured speed and 
current  match  perfectly  with  the  reference  speed.  The 
machine  is  working  in  generator  and  motor  modes 
alternately. Compared with the optimum control case, the 
amplitude of the q-axis current has been reduced to less 
than the rated current of the generator.  As described by 
(14),  this strategy is also a good solution to reduce the 
electrical torque. 

6. Conclusions

The  linear  model  used  in  this  study  is  valid  when 
monochromatic waves are assumed. The control presented 
here for the specific PTO needs yet to be tested under the 
real sea conditions, as for example in [8]. The amount of 
power available to be extracted for each control strategy is 
obtained by using the analytical  equations presented  by 
[3].  For  the  designed  wave,  it  has  been  shown  that  a 

gearbox is needed for each control strategies to reach the 
rated speed of the PMSM. This is also true for irregular 
waves  comprised by a large number of sinusoidal waves 
with various frequencies, where a gearbox with variable 
gear ratios could be devised as a solution. 

A mechanical model with PMSM has been set up in PSIM 
to verify the results obtained analytically.  The rating of 
the generator depends on the peak power value from the 
previous  analysis.  Then  the  power  electronic  converter 
and its vector control were implemented in the model. The 
current  control  loop controls the electrical  torque of the 
generator according to the selected control strategy.  The 
vector control for passive loading worked perfectly but the 
power extracted is rather low. The advantage of passive 
loading is the reasonable rating of the generator and power 
electronic  converter  components.  For  optimal  control 
however,  the  current  required  to  control  the  electrical 
torque is higher than the rated current  of the generator, 
due  to  high  power  ratio  of  WEC operating  in  resonant 
condition. 

A  trade-off  solution  has  been  proposed  to  obtain  the 
parameters for the torque control that would give a lower 
power ratio with acceptable reduction in average extracted 
power.  The  results  obtained  from the  proposed  method 
showed a significant reduction in the current needed for 
electrical  torque  control  and  also  the  rating  of  the 
generator. The currents also presented a ripple of about 2 
A, which is small and can be smoothed by using a filter at 
the output of the machine. 

The authors suggest the continuation of this work in the 
area where the irregularity of the ocean wave as well as 
the valid real-time wave pattern prediction is taken into 
account.
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