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Abstract - Ocean wave energy is a promising renewable
energy source which can be converted into electrical energy by
using wave energy converters (WECs). For the WECs to
become a commercially viable alternative in the established
methods of energy generation, operating WEC in an optimal
fashion is a key task. One subclass of Wave Energy Converters
is the buoy type point absorber which uses a linear generator
as the power take-off (PTO) system. This work aims to control
WEC power potential while respecting the constraints on
motions and forces using Model predictive control (MPC). Due
to possible nonlinear effects such as the mooring forces and
radiation forces a nonlinear model predictive controller
(NMPC) is also proposed, whose performance is compared to
that of linear MPC. The MPC and NMPC controllers are
compared through simulation for regular sea states. On the
basis of the simulated results, the NMPC coupled forecasting
shows the system to optimize energy capture while respecting
system constraints.
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1. INTRODUCTION

The Ocean wave energy is enormous and it is almost
untapped source of energy. The various form of ocean
energy exists are tidal and marine currents, thermal, salinity
and wave energy. This work mainly focuses on wave energy.
Wave energy basically originates from wind, which in turn
originates from the sun. When the wind blows over the
ocean, the friction gives rise to water movements and thus
waves are generated. The total energy of waves on earth is
much lower than the total solar energy but itis much denser,
specifically wave energy is about five times denser than solar
energy and it has power density up to  2-3kw/m on the
surface. The device which converts ocean wave energy into
electricity is called a Wave Energy Converter (WEC). A WEC
comes in various shapes and sizes. The one that is modelled
here is a point absorber wave energy converter. Figure 1
shows Wave energy Converter. It consists of float, spar,and a
power taking off device which is the linear generator.
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Figure 1 Wave Energy Converter

In order for the Wave Energy Converter to become a
commercially viable alternative, the WEC has to be operated
in an optimal fashion. The optimization of Wave Energy
Converter has led to various control laws such as phase and
amplitude control. The Controllers for Wave Energy
Converter needs to perform two main tasks i.e., the
generated power needs to be maximized, and the WEC'’s
motion needs to be respected. The Controllers can also be
used to predict the wave data since wave prediction is
generally possible and it is promising. Hence Model
Predictive Control (MPC) is a promising control approach,
since it can exploit the entire power potential of WEC on one
hand, while respecting the system constraints and forces on
the other hand. Moreover prediction data can be included. In
order to deal with nonlinear effects such as mooring forces
and radiation forces, a nonlinear model predictive control is
proposed and its performance is compared to that of linear
MPC, also controlling the nonlinear system. The proposed
controllers, Model predictive control and Non-linear model
predictive control are validated and compared through
simulations for regular waves. The average power obtained
by MPC and NMPC are compared through MATLAB
simulations.
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1.1 Point Absorber Model

Sea Floor

Figure 2 Schematic diagram of WEC

Figure 2 shows schematic diagram of Wave energy
Converter. It consists of a float, also called buoy which is
floating on the ocean surface and a second body consisting of
spar and ballast tank, where the spar’s motion is damped
through mooring. The relative motion of the two bodies is
converted into usable energy through a power take off (PTO)
system. Here z and x represents the positions of float and the
spar, respectively.

A. Equations of Motion

For modeling, linear hydrodynamics and frequency
independent WEC parameters are usually considered. These
simplifications are reasonable for simple body shapes and
small ranges of motion. Based on Newton’s law, the dynamic
equations can be written as given in equation (1).
mZ(t) = F, + F. + F, + Fjep, (1)

where Z(t) -Buoy acceleration, 11 - mass of device, F‘;?en -
force produced by the power take-off system. It also presents
the manipulable input to control the system. The other forces
which act on the body are mainly F., the radiation force,
created by the moving of the float and thus radiating waves,
F}, ;the hydrodynamic force which represents the restoring
force of the water and Fe the excitation force, which is the
force the incoming wave exerts on the body. The radiation
force and the hydrodynamic force can be written as

F. =-4%t)- Bi(t) (2)
Fio = —0PM100:2(8) = —kz(t) (3)

where A is the added mass of the body, B is the viscous
damping, g is the acceleration of gravity, p is the density of
seawater, r float is the radius of the float and k is then called
the hydrostatic stiffness. By means of the Morison approach
the wave motion can be linearized and the excitation force
denotes the un manipulable system disturbance and is
expressed as,

F, = Aij(t) + Bij (t) + kn(t) @)

Where n(t) - water surface elevation

The wave motion can be linearized and it is given in equation
(5)
F;—I—Fgen:(A+m)2'+Bz'r—l-kz (5)

where 1(t) is the water surface elevation. This then gives a
simple model for determining the excitation force, and the
float motion profile from the water surface elevation n(t).

2. MPC Formulation

The WEC equation motion given in (1) can be
expressed in time-domain state-space form as

- ‘ ;
Z

0
k B ]
Tm+A m+A (6)
This model can be discretized into the form
x(k + 1) = Ax(k) + Byu(k) + B,v(k) (7)
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1
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[+ [ | o +
m+A

Where x(k) is the current state vector i.e., the WEC float
velocity and position, u(k) is the generator force-Fgen, and
v(k) is the estimated excitation force from the waves Fe.

A sequential model can be found by solving the system
forward in time and back-substituting in (7)

x(k+2)=Ax(k + 1) + Byu(k + 1) + B,v(k + 1)(8)
= A(A(x) + Byu(k) + Byv(k)) + Byu(k + 1) +
Bov(k +1) (9)

This can be expressed in matrix form

xk+D] [ A o)+ B, o uk ], [8 of v | (10)
x(k+2| | A2 AB, B,|u(k+1)| |AB, B,|v(k+1)

The output of the system is equal to the states of the
system

y=x= E] (11)

A. Optimization formulation

Making the assumptions that the wave climate is
monochromatic and there is a steady state wave input is
applied, phasors can be used, since all equations are linear.
Then, the position and the excitation force can be written as

N
= FLj eJPFe (13)

n(t) = nycos(wt + ¢@,,) =~ H= %eﬂ"’” (12)
s Fe 7

F, = F, 4 cos(wt + @F,)

The excitation force F, can be considered as the measured or

estimated disturbance. In the prediction model, the current
and future values of the disturbance are required and hence
it can be calculated by auto-regressive method. The control
objective is to find the control action AU(k) over the
prediction horizon Hp that will minimize the quadratic sum

© 2018, IRJET |

Impact Factor value: 6.171 | IS0 9001:2008 Certified Journal

| Page 4324



‘// International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

RJET Volume: 05 Issue: 05 | May 2018

www.irjet.net

p-ISSN: 2395-0072

of tracking error and controller effort. The sum is weighted
by the Q and R matrices.

J(K) = (¥ (k) =T ()" QY (k) =T (k)) + (AU (k)) R(AU (k)) (14)

The free evolution of the system y(k), that is, the evolution of
the outputs if no control action is taken (i.e.,, AU(k)=0) is
expressed as

y(K) =Sx(k) +S ,u(k =1) + HV (k) (23)

=Y (k)-S,Au(k) 24)

The free evolution error E(k), that is, the evolution of the
tracking error if no control action is taken is expressed as

E(k) =T (K)—y(K) (25)
=T(K)-Y (k) +S,AU (k) (26)

This is then substituted into the cost function so that it can
be expressed in terms of the control action AU(Kk).

(k) = E(K)" QE(K) - 2AU (k)" S," QE(K) + AU (K)" (ST QS, +R)AU (k) &)

The minimization of equation (27) yields the optimal
control action vector AU(k), such that the tracking error and
control action are minimized with consideration of the
weights given by the Q and R matrices. Here, the first control
action of this vector, Au(k), is chosen as the control action for
time k and the entire process is repeated the next sample
time. The Q matrix can be used to emphasize certain outputs.
Here, the L10 float velocity, the first of the two states of (6), is
desired to be regulated, and all samples are weighted equally.
Therefore Q is a block diagonal matrix, in which the first state
is emphasized as.

Q, O .. O
0 Qp ... O 21 o

Q= : : : Qm_[o 1:| (28)
0 0 .. Q

The R matrix is used to penalize the rate of change of control
action. In this research the rate of change of generator force is
electromagnetic in nature and is not directly penalized in the
cost function. Itis however accounted for in the cost function
solution constraints, covered in the next section.

R=0 (29)
3. NMPC Formulation

The need for the NMPC arises, since there is systems which
are inherently nonlinear which cannot be described
adequately by a linear model. Here, the control and process
requirements have increased tremendously. For these cases,
the use of linear MPC is inadequate and the use of NMPCis a
promising alternative to deal with inherently nonlinear

systems. The discretization of the nonlinear system and the
implementation of the NMPC for a point absorber wave
energy converter are done here. By means of simulation
results of controlling the nonlinear model, the proposed
NMPC is validated and compared to the linear MPC. The
Equations of Motions for the bodies are given by the
equations (31) and (32).

Fpro + For — Frqy — Fpg — Frqp = myZ (31)
—Fpro + Fog — Fryg — Frgy — Fpy = my X (32)

where F-denotes the radiation forces, Fn denotes the
hydrodynamic force, Fi; denotes the mooring force andFpro

denotes the generator force. The following forces are
represented by:

Fry = —A2(t) + by2(t) + [ fru(t — 1) 2()d  (33)

Fpy = _gpnrgouyz(t) = kyz(t) (34)

Frip = Appx(t) + f_toofrlz(f —D)x(t)dr (35)

Fro = Agi(t) + bpi(t) + [ fra(t — Dx(x) dr  (36)

Frpp = A Z(t) + f_tooﬁ-21(f —1)z(7)dt (37)
Lnl

F,, = 8Kyx(t) (1 - mz) (38)

The impulse response functions for the different radiation
forces are denoted by F;..

A. Optimization Formulation

The system is described as a discrete- time nonlinear state
space model in the form

Xe+1 = fre(cr Uk, Sk) (39)

where, ,*}: maps the current state Xy , U controllable input,

Sk uncontrollable input
The optimization problem can be defined as

minxkl u JCerer uie) (40)

1
J (e, ug) = 52?:1[6‘(3%(2) - xk,(4))uk—l +rug_1% ]@)
Subject to
X1 = fre (e Uie)

‘xk(l) _xk(Sj‘ <c¢, k=1.N (42)
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‘x.fc(zj _x.fc(z})‘ = Gy, k=1...N (43)
lug| < ¢y, k=0...N-1 (44)

4, Simulation results

Figure 3. Simulation results of position and velocity during
sinusodial wave as input signal.

Figure 4. Simulation result of power with linear
MPC.

Figure 5. Simulation result of power with NMPC

The formulation of Model predictive control and nonlinear
model predictive control of point absorber wave energy
converter is done. The prediction algorithm is used to
implement an MPC that tracks the optimal velocity trajectory
while respecting system velocity, position and generator
limits is done and the simulation result obtained is shown.
The optimal trajectory yields good results and power
maximization is also done. The average power obtained for
WEC by Model predictive control is 2.7 KW. In order to deal
with the nonlinear effect which occurs in the WEC, such as
mooring forces an NMPC approach is used here. The average
power obtained from NMPC is 3.8KW.It is shown that the
NMPC is able to maximize the power generation while
considering the WEC position and constraints.

5. CONCLUSIONS

A point absorber wave energy converter is controlled by
Model predictive control and nonlinear model predictive
control. The goal was to maximize the generated power
while satisfying generator force as well as position and
velocity constraint of the buoy. The state space model and
nonlinear model for the point absorber has been derived.
The implementation of MPC algorithm has shown that it can
track optimal velocity trajectory while respecting velocity
and position limits and generator force limits while
maximizing the power. The MPC formulations respect the
constraints as desired and that the power formulation yields
almost the same results as the trajectory formulation for the
monochromatic wave data. The better mooring of the spar
leads to a higher energy generation hence accounting the
highly nonlinear mooring force and radiation force
nonlinearities an NMPC control approach is proposed which
yields better control action. In order to evaluate the
performance, the results were compared with those of MPC.
It has been demonstrated that the NMPC is able to keep the
point absorber states within limits while maximizing the
power generation.
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