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The objective of this study was to improve the power captured in heaving wave energy converters using a
simple robust hierarchical control strategy (HCS). A HCS comprises a higher level controller (HLC) and a
lower level controller (LLC). The HLC provides a reference velocity for the buoy, which is in-phase with
the wave’s excitation force. The LLC follows the reference despite the uncertainties in the model. We pro-
pose a new HCS called bottom-up HCS (BU-HCS), where the LLC is designed before the HLC. The LLC is
implemented using a feedback controlled system with a simple lead-lag compensator as its controller.
The lead-lag compensator is designed using #., theory with the objectives of maximizing the robustness
and tracking properties of the LLC while minimizing the control force of the power take-off (PTO) device.
A set of optimization problem is obtained for designing the parameters of the lead-lag compensator,
which are solved using a genetic algorithm. The HLC in the BU-HCS provides the velocity reference, which
satisfies a constraint on the control force and the PTO’s utilization index. The HLC is implemented by
designing the value of an intrinsic resistance constant, which can be found using the Bode magnitude plot
of a transfer function. Based on the plot, a look-up table for the intrinsic resistance constant is generated
as a function of the significant height and the peak period of the wave. We tested the proposed method in
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various scenarios and its performance was compared with existing control techniques.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most promising renewable energy resources is mar-
ine energy and it has been estimated that the global marine energy
potential is around 32 TW. The current marine energy market com-
prises tidal energy, wave energy, and energy generated from ocean
salinity and temperature differences [1]. Wave energy has an esti-
mated global potential of 2 TW, which is almost equivalent to the
world’s electricity consumption. However, due to the irregularity
of wave resources as well as the physical constraints to construct
a power take-off (PTO) in wave energy converters (WECs), only
25% of the available potential can be harnessed (i.e., 0.5 TW) [2].

Various control strategies have been proposed to enhance the
power-to-cost ratio of WECs. An appropriately designed control
strategy can improve the WEC capture width, impose system lim-
itations, make the system less susceptible to model imperfections
and external disturbances, and provide adequate support to the
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power take-off (PTO) mechanism [3]. The simplest forms of control
for heaving WECs are passive control strategies (e.g., resistive and
reactive loading), which lack reference signal tracking (i.e., open
loop control) [4]. Although they are simple and cost-effective, these
passive control strategies are usually designed based on a single
frequency per sea state. Therefore, the performance of the con-
trolled system is lower at other frequencies. In addition, methods
based on heuristic control strategies have been reported previ-
ously, e.g., fuzzy-based controllers [5,6]. Many predictive control
strategies have also been proposed (e.g., see [7,8]). Predictive con-
trollers can produce the optimum control effort and introduce sys-
tem constraints into the control problem, but greater
computational capacities are required since a constrained opti-
mization problem is solved at each sampling instance. Further-
more, predictive controllers are model-based techniques and
thus extra measures are required to prevent modelling mis-
matches. The other category of controllers comprises reference-
based control techniques, where a desired signal is tracked in a
feedback controlled system. The reference signal is often selected
as the heave velocity of the WEC'’s floater, which is determined


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2016.10.010&domain=pdf
http://dx.doi.org/10.1016/j.ijepes.2016.10.010
mailto:addy.w@uaeu.ac.ae
http://dx.doi.org/10.1016/j.ijepes.2016.10.010
http://www.sciencedirect.com/science/journal/01420615
http://www.elsevier.com/locate/ijepes

212 A. Wahyudie et al./Electrical Power and Energy Systems 87 (2017) 211-221

based on the principle of maximum power transfer [9]. This is usu-
ally formulated as a hierarchical control strategy (HCS), which
comprises a higher level controller (HLC) responsible for generat-
ing the reference signal and a lower level controller (LLC) that per-
forms reference tracking. In [10], a simple HCS was proposed,
where the LLC utilizes a lead compensator, whereas an ultra-
local model principle is used to compensate for the model uncer-
tainties and un-modelled dynamics. In [11,12], internal mode con-
trol was employed in the LLC as a measure to improve the
controllers robustness. In [13], the reference-based method was
combined with predictive control, where the velocity reference
to be followed was generated using model predictive control
(MPC).

In this study, we propose a new form of hierarchical control for
WECs called bottom-up HCS (BU-HCS), which improves the exist-
ing HCS methods. The generation of the reference velocity for the
HLC proposed by [11,13,12] is based on the radiation resistance
value of the floater/buoy. However, this approach has a major
drawback because the HCS is tuned only over a single wave’s fre-
quency. This is impractical because irregular sea states contain a
mix of incoming frequencies that can be represented in a spectrum.
Recently, this drawback was addressed by [10,14], who used the
intrinsic resistance to construct the velocity reference, which could
be varied based on the significant height and peak frequency of the
wave within an interval of time. However, the algorithm required
to design the intrinsic resistance is complex. The proposed BU-
HCS provides a much simpler method for finding the intrinsic
resistance as a function of the wave’s significant height and peak
frequency. Moreover, the HLC in the BU-HCS incorporates a con-
straint on the maximum value of the control force from the PTO
device and thus PTO utilization. The PTO utilization is defined as
the ratio of the maximum converted power relative to the average
converted power. In order to limit the control force in BU-HCS, the
intrinsic resistance is not designed using the topology of the buoy
alone. The design process also involves a dynamic model of the LLC.
Thus, in the BU-HCS, there is an interconnection process during the
designing of the LLC and the HLC, where the LLC is designed before
the HLC in the BU-HCS. Robust tracking controllers (i.e., internal
mode control, sliding mode control, and model-free control) are
used in the LLC, as proposed by [10-12]. However, there is no phys-
ical constraint consideration during the LLC design process. The
constraints on the control force, buoy position, and velocity were
considered using a MPC by [13], but the MPC incurs high computa-
tional costs and it is prone to model uncertainty. In the proposed
BU-HCS, a simple lead-lag compensator is used as the main con-
troller in the LLC to provide a good tracking controller and robust-
ness against the model uncertainties and disturbance, as well as
minimizing the control force in the system. Therefore, many new
features are provided by the BU-HCS compared with the existing
HCS.

The remainder of this paper is organized as follows. The math-
ematical model of the WEC is described in Section 2. The proposed
control strategy is given in Section 3. The simulation setup and
results are given in Section 4. Finally, we give our conclusions in
Section 5.

2. Mathematical modelling

In this study, we consider the Upsalla single-body sea-based
heaving WECs, as depicted in Fig. 1. The WEC comprises a buoy,
a tether, and a PTO. The PTO comprises a permanent magnet linear
generator (PMLG) and a power converter module. The power con-
verter is set up in a back-to-back scheme, where the machine-side
converter (MSC) is responsible for controlling the heave velocity of
the PMLG by regulating the machine stator current. The grid-side

converter is employed to smooth the power before sending it to
the grid. The DC-link maintains the instantaneous power balance
between the two sides of the converter. The PTO has two roles,
i.e., generating electricity and providing the control force to maxi-
mize energy absorption from the wave. The PTO can maximize the
energy absorption by applying a damping force on the buoy so the
buoy’s velocity moves in phase with the excitation force. The
damping force can be generated by controlling the current in the
stator of the PMLG. The current can be regulated using the
switches in the power converter module.

The mathematical model of the WEC comprises mechanical and
electrical models. The details of these models are described in the
following sections.

2.1. Mechanical model

The mechanical model describes the forces acting on the WEC
buoy. In this study, a linear approximation is used in the mechan-
ical model, where the buoy’s elevation z(t) is around an equilib-
rium point. In the linear approximation, the dynamics of the
buoy are described using the following equation

fe() =£(6) = fo(6) = f1() = £5(£) + fu(£) = m2(0), (1)

where f,(t), f.(t), fy(t), fi(t), fs(t), and f,(t) are the excitation
force, radiation force, buoyancy force, the losses force, the spring
force, and the control force, respectively [15]. The constant m is
the total mass of the PTO, which comprises the buoy, the rod, and
the translator of the PMLG. The acceleration of the buoy is denoted
as z(t).

The excitation force, f,(t), is the major force that moves buoy,
which is caused by the incident waves on the floating body. The
excitation force is formulated using the following causal equation

£0) =ke() () = [ ke(x - O(x)a, @

where #(t) and k. (t) are the wave elevation and excitation convolu-
tion kernel, respectively. The excitation convolution kernel in (2)
can be linearly approximated using a transfer function K,.(s) [16].
Therefore, Eq. (2) is written as

Fe(s) = Ke(S)H(s), (3)

where F.(s) and H(s) are the Laplace transforms of f,(t) and #(t),
respectively. The transfer function K,(s) is obtained using the fol-
lowing procedure. Numerical data are generated based on the
parameters of the buoy and the sea. In this study, a hydrodynamic
software system called WAMIT was used to generate the data [17].
The transfer function is formed by fitting the data using an identifi-
cation method in the frequency domain.

The radiation force, f,(t), is the force applied by surrounding
waves onto the submerged portion of the buoy. As proposed by
[16], the time domain radiation force can be modelled as

5.0 =m.z0 + [ k(e D20z @)

where m,, and k; represent the body added mass at the infinite fre-
quency and the radiation convolution kernel, respectively. Similar
to the excitation force, the convolution term in (4) can be approxi-
mated by a transfer function using the same procedure. In this
study, the convolution term is modelled by a fourth order transfer
function. Using this transfer function, the convolution term can be
written in the state-space model as

| /O “k(on(t - 1)dt ~ Cag(0)

qr(t) = Arqr(t) + B,-i(f),
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Fig. 1. Structure of the heaving WEC.

where q,(t) is the fictitious radiation state vector, while A;(t), B.(t),
and C.(t) are the state, input, and output of the radiation force
matrix, respectively. f,(t) is written in its state-space representation
to facilitate its combination with the other forces that act on the
buoy.

The buoyancy force, f,(t), is generated due to the motion of the
floating body. For a freely oscillating body, f,(t) is proportional to
the body displacement from the equilibrium point, which is

Fo(t) = Sp(t), ()

where S, = pgA,, is the buoyancy stiffness coefficient. The constants
p, g and A, are the sea water density, gravitational acceleration,
and water plane area, respectively. The water plane area is formu-
lated as

mr?, for cylindrical body
Aw = nr2 (1 - %)7 for spherical body,

where r is the radius of the oscillating body. For the conservative
buoy’s movements, the effect of the nonlinear term in A, may be
negligible for the spherical body. Therefore, A,, can be approximated
as Ay, ~ mr?.

The spring force, f,(t), is the force obtained from the unit spring
placed between the linearly moving translator and the seabed.
Similar to f,(t), the spring force is modelled as a function of the
buoy displacement

fs(t) = Ssz(8), (6)

where S; is the spring coefficient.

The losses force, f)(t), combines all of the unknown and/or
poorly known forces that can reduce the amount of power cap-
tured. For simplicity, this is modelled as a linear function

fl(t) = Rlossi(t)> (7)

where Ry, is the losses resistance.
Using the previous derivation, Eqgs. (1)-(7) can be combined in
the following state-space equation

X(t) = AX(t) + B(f,(t) +fe(t))

z(t) = Cx(t), ®)

where x(t) = [z(t) z(t) q,(t)T}T € R®! is the overall system state
vector, and the state-space matrices, A € R®®, B € R®!, Ce R'*®
are

[0 1 0.4
A— | —eshvis) R
[EE mtm,  m+my |
04><1 Br Ar
[0 0
B— m+1mx m+1mX C= [O 1 01><4]~
L 04><1 04x]

2.2. Electrical model

The electrical model comprises the PMLG and the power con-
verter module. Fig. 2 shows the d-q equivalent circuits of the PMLG,
which represent the synchronous frame direct and quadrate com-
ponents. The Park transformation is used to transform the three
phase voltages and current quantities into the synchronous frame
components [18]. The d-q components of the stator voltage, v;(t),
at the terminal are formulated by the following equations

ysd(t) = Rsisd(t) - wE(t)/lsq(t) + % (Lsdisd(t) + ;LPM);

: d, .
Usq(t) = Ryisq () — e (t) Aa +E(qu'sq(t))~,

;Lsd(t) = Lsdisd(t) + )~PM7
;“sq(t) = quisq(t)7

C) We(Lsdisa + Apar) Usq CI_) WeLsqisq Vsd

Fig. 2. Equivalent circuit of the PMLG.
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where is(t), R, and L are the stator current, the machine syn-
chronous resistance and inductor, respectively. In this study, a
surface-mounted PMLG is used. In this topology, the stator induc-
tance quantities in the d-axis and the g-axis are almost identical, or
Ly =~ Ly [19]. The variables /py and /s are the permanent magnet flux
and the stator flux linkage, respectively. The variable w,(t) is the elec-
trical angular frequency, which is given by the following equation
we(t) = M7

Do
where p,, is the pole width of the PMLG. The converted (electrical)
power, P, is given by

P(t) = 2 Pl D) ), ©)

where p is the number of magnetic pole pairs. The stator active
power, Ps(t), and reactive power, Q,(t), are formulated as

3 . .
Py(t) = j(ysd(t)lsd(t) + Vsq()isg(t))

3 . .
Qs(t) = z(ysq(t)lsd(t) - vsd(t)lsq(t))~

The control force is implemented by altering the stator current

in the PMLG using the back-to-back converter in the MSC. The cur-
rents ig(t) and is(t) are controlled by regulating vy (t) and v (t),
respectively [19]. In order to minimize the copper losses, is4 is set
to zero [18]. The value of is(t) required to implement the control
force is derived using the following procedure. The captured
(mechanical) power, P,,, is formulated as

P () = fu(0)2(t). (10)

If it is assumed that P.(t) = P,,(t), then we obtain the following

. 3 .
fu®)z(t) = §P7»PM0)e(t)'sq(t)-
Therefore, the current iy(t) is

i(0) = 20 )
p).pMCUe(t)

In practice, there are physical constraints on implementing the
current in (11) due to the rating of the power converter compo-
nents or the thermal limits on the PMLG [18]. To consider these
limitations, constraints are imposed on the voltages and currents.
The maximum level of the stator current is defined on the maxi-
mum root mean squared value of the stator voltage *, The stator
voltage of the PMLG is controlled by the dc-link voltage »,,. In this
study, the space vector pulse-width modulation is employed. Using
this method, the relationship between ¢ and v, can be obtained
as

mox _ Ve
s \/§
Then, the maximum currents of d-q axis stator is formulated as

dicg ()
dt

2
(—we(t>Lsisq<t)>2+(Ls +we<t>zm) < (o),

By expanding the square in the last equation and omitting the sec-
ond order derivative, the following Riccati equation is obtained

disg(£) | @e(O)Ls o (t) = B — 03y
dt 2 S 20e(t)pmLs

After solving the last equation, the maximum allowable iy, is given

i;’;ﬂx(t) — ltljlél(lsq(f)) < )%S \/(ygnax)z _ (we(t))»pm)zA

3. Controller design

An HCS comprises a HLC and a LLC. The HLC gives the reference
velocity of the buoy z,, which is followed by the LLC. In the conven-
tional HLC, z, is generated using the following equation [9]

Z:(t) :% cos 6, (12)

where R; and 0 are the system’s radiation resistance and the phase

difference between f.(t) and z(t), respectively. The variable felt) is
the estimated value of f,(t), which is obtained from the system
identified in the frequency domain, as described in Section 2.1.
For simplicity, we assume that fe(t) is equal to f,(t). If the LLC can
track the reference, 0 is equal to zero. In the conventional HCS,
the constant R, is obtained using hydrodynamic software, e.g.,
WAMIT, by employing the parameters of the buoy and the sea.
The graph of R, is generated over the operating frequencies. The
designer chooses the value of R, for use in (12) by selecting from
the maximum value for R, in all of the operating frequencies or in
the most common peak frequency, @,, that may occur at the site.

For particular configuration of the WEC in Fig. 3, there are dis-
advantages when selecting a single value of R, in (12) because this
is only optimal at the selected w,. In more energetic sea states, the
control force, f,(t), has a high level due to insufficient damping of
f.(t), which is undesirable because we need to enlarge the size of
the PTO, thereby increasing the investment costs to increase the
maximum level of f,(t). In less energetic sea states, the power
absorption is low because of the excessive damping of f,(t). In
addition to the selection of R, the level of f,(t) is influenced by
the dynamic or transfer functions for the model in the LLC. For
example, a transfer function can be derived to link the error, e(t),
to the f,(t) in the LLC. Therefore, in order to design R, to limit
the maximum level of f,(t), it is not sufficient to design it in the
HLC alone.

Thus, we propose the BU-HCS in order to avoid these issues. The
control system configuration for the BU-HCS is depicted in Fig. 3.
The objectives of the BU-HCS are as follows.

e Design the intrinsic resistance, R', to replace the R, in (12),
which can limit the maximum value of f,(t) in various wave
peak frequencies and significant heights, regardless of the
uncertainty in the system’s model.

e The designed R* considers the PTO utilization index, which is
formulated as the ratio between the maximum value of the con-
verted (electrical) power relative to the average converted
power. A smaller ratio indicates efficient utilization (or appro-
priate sizing) of the PTO and a lower reactive content in the
electrical power.

e Design a simple controller in the LLC to track the reference
velocity and reduce the maximum level of the f,(t), despite
the uncertainty in the model.

The control configuration of the BU-HCS is depicted in Fig. 3. In
order to satisfy our objectives, the LLC is designed before the HLC.
The detailed designs of the LLC and HLC are described in the fol-
lowing sections.

Fig. 3. Control system configuration of the proposed BU-HCS.
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3.1. Lower level controller

The control configuration of the LLC is depicted in Fig. 3. The
feedback control system in the LLC contains two transfer functions:
G(s) and K(s). G(s) and K(s) are the transfer functions for the
mechanical model of the WEC and the controller, respectively. In
this study, G(s) comprises a nominal model of the plant G(s) with
an input multiplicative uncertainty. The transfer function 4(s) rep-
resents the transfer function for uncertainties such as parameter
perturbation and un-modelled dynamics or forces. The signal
f4(t) represents an unknown external disturbance, which may alter
the buoy’s velocity.

The following procedure obtains a simple robust controller,
which minimizes f,(t) and tracks the reference. For simplicity,
the controller K is formulated as a simple structure lead-lag com-
pensator, i.e.,

(s+2)
(s+p)’
where the constants k, z, and p are the gain, zero, and pole, respec-

tively. The parameters in the lead-lag compensator are designed
according to the following small-gain theorem.

K(s) =k

Theorem 1 [20]. If A(s) is stable and K(s) is the stabilizing controller
for the closed-loop system, then the following holds

ASK(S)G(s)
‘ T K(5)Ges) | <!
or,
K(s)G(s) 1
‘ TrKEGE) . T4l

In order to stabilize the closed-loop system for the largest set of
perturbation in A(s), the following minimization problem is
obtained

minimize _Ke)GLs)
K(s) stabilizing || 1 + K($)G(S)

(13)

The controller K(s) obtained from the latter optimization ensures
that robust stability is achieved.

The other performance specifications can be formulated within
the framework of H,, theory using the nominal closed-loop system
of the LLC in Fig. 3. The transfer function between the error and the
velocity reference is formulated as

E(s) 1
Vis) 1+G(sK(s)

where E(s) and V,(s) are the Laplace transforms of e(t) and z(t),
respectively. This transfer function represents the tracking perfor-
mance of the controlled system. It is obvious that minimizing
oo-norm for the latest transfer function while keeping K(s) stable
can provide a good indicator of the tracking performance of the con-
trolled system, which can be formulated mathematically as

1
1+ G(S)K(s)
The same idea can be applied to minimize the control force. The
transfer function between the control force and the velocity refer-
ence is
Fu(s) K(s)
Vi(s)  1+G(s)K(s)’

minimize
K(s) stabilizing

(14)

00

where F,(s) is the Laplace transform of f,(t). Therefore, the follow-
ing must be solved to achieve the minimal control force for the con-
trolled system

minimize _ Ky
K(s) stabilizing ||1 + G(S)K(S)

(15)

By combining the problem statement for the robustness prop-
erty in (13) and other performance considerations in (14) and
(15), it is obvious that we need to solve all of the equations simul-
taneously to find the admissible lead-lag compensator parameters,
as described by the following equation

K(s)G(s)
1+K(s)G(s)
C e 1
minimize | i—coe< |l - 6
K(s) stabilizing || 1HEOKE) (16)
K(s)
1+G()K(s) 1l 5

The genetic algorithm optimization toolbox (GAOT) is used to
find the parameters of the lead-lag compensator by solving the
optimization problem in (16) [21,22]. GAOT provides flexibility to
solve the optimization problem using various controller structures,
which is an advantage compared with other #,, optimization sol-
vers, e.g., the robust control toolbox in Matlab can only generate a
full order controller. However, due to the heuristic property of
GAOT, the solution produced might not be optimal. Thus, we could
invest more effort to obtain another solver that provides the opti-
mum solution of (16). The flowchart of the process required to find
the parameters of the lead-lag compensator using GAOT is shown
in Fig. 4.

3.2. Higher level controller

The HLC in Fig. 3 comprises two transfer functions. The transfer
function K.(s) converts the wave elevation #(t) into the estimated
excitation force fe(t), which can be found using the procedure in
Section 2.1. It is assumed that the excitation force is equal to its esti-
mated value, or f,(t) = fe(t). The reference velocity z.(t) is gener-
ated using the transfer function Y(s), which is simply formulated as

Generate objective function
for the GA as (16)

Decide searching region of the controller
parameters and the GA parameters

|Randomly generate the initial solutionsl

Set generation = 1
>V
Evaluate the objective function for each individual

[ Select the best individual |

Is the current
generation
equal to
the maximum generation

Increase the generation,
create the new population by selection,
cross-over, and mutation

Fig. 4. Flowchart illustrating the process required to find the parameters of the
lead-lag compensator using GAOT.
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Vis) 1
Fo(s) R

X(s) =

where F,(s) is the Laplace transform of f,(t) and R" is the constant
intrinsic resistance that need to be designed using the transfer func-
tions in the HCS.

As mentioned earlier, the intrinsic resistance is designed so the
maximum value of the control force f,,, will not exceed its allow-
able value. This condition occurs in more energetic sea states, i.e.,
sea states with a higher significant height H; and lower peak fre-
quency w,. It is also desirable to design R* to maintain the ratio
between the average converted (electrical) power P, and its maxi-
mum power P.,, below a certain value. A higher ratio indicates a
higher reactive power generated by the PTO, which represents
the inefficiency of the PTO. A higher ratio of P, /P, tends to occur
in less energetic sea states, where the sea states have a lower H;
and a higher w,.

The intrinsic resistance that satisfies the constraints can be
designed using the transfer functions of K.(s) and Y(s). The follow-
ing equation can be derived using these transfer functions

K@) ___ K Fe(s)
F“”*1+G@m@ﬂ“”*l+PmeRTw)
_ K(s)  Fe(s)H(s)
T 1+G(s)K(s) R (w)

where H(s) is the Laplace transform of #(t). By setting the control
force to its maximum allowable value, F,(s) is equal to f,,. Hence,
R* can be obtained using the following equation

_K(s)  F.(s)H(s)
T1+GOKES)  fum

Note that the value of R" in (17) changes with the frequency. In reg-
ular (monochromatic) sea states, #(t) is sinusoidal wave form with
specific Hs; and w,. Therefore, R* can be found using the Bode mag-
nitude plot of the following transfer function,

< | K(s)Fe(s) N
Rm”*1+cmmgﬁi

where the constant 7, is equal to half of Hs, e.g., 7, = 1 for H; = 2 m.
Using the latter equation, a look-up table can be constructed for sea
states with various heights and frequencies.

The intrinsic resistance in (18) will not violate the design value
of f,n in the nominal system. However, any perturbation in the
model tends to increase the value of f,(t) required in the LLC to
maintain its tracking capacity. The more that the system deviates
from its nominal value, the greater f,(t) becomes. The following
procedure is conducted to maintain the maximum value of the
control force below f,, in all scenarios and to satisfy the constraint
on the ratio Py, /P..

R ()

(17)

(18)

1. Find the value of R* for specific values of f,,, and H, using (18)
within the range of operation, cw,.

2. Select the highest and the lowest values of R*, and use these
constants in the simulation, as depicted in Fig. 3 for the worst
case scenario using a monochromatic sea state with specific val-
ues of Hy and w,.

3. Check the constraints on f,,,, and the ratio of Py, /P, for both val-
ues of R".

4. If one of the constraints is violated, reduce the value f,,, and go
to (1); otherwise, stop the procedure.

This algorithm is a fast procedure for finding the value of R* that
satisfies the designed constraints. A look-up table can be generated
using the Bode magnitude plot. This table gives the value of R
based on the information for Hy; and w,. In irregular (polychro-

matic) sea-states, this information can be obtained by performing
the fast Fourier transform over the future sea states. This involves
a prediction method, which is beyond the scope of this study.
There is no need to change the value of R* in a rapid sampling
instant because the sea states will not change its profiles (i.e., Hs
and w,) for a duration of 20-30 min [23].

3.3. Other methods for comparison

To facilitate comparisons, the WEC system was tested using var-
ious control techniques, i.e., conventional hierarchical control
(C-HCS), reactive control (RC), resistive loading (RL), and the sim-
plified bottom-up HCS (SBU-HCS). In C-HCS, the HLC is designed
using (12) and the LLC employs the proposed lead-lag compen-
sator. The value of R, is selected from the maximum value over
the operating frequency range. This method was used to compare
the effect of HLC in providing the reference for the BU-HCS and
C-HCS. The control force for the RC is formulated as

fu(t) = _Z:n(w)z(t)v

where  Zi,(®) = Ripn(@) + Xin(@) and X (w) = w?(m + M (0))—
(Sp + Srs)- This RC is tuned at a single frequency of the wave. There
are many other versions of RC methods that could be applied in this
example, for example [24]. The control force for the RL differs
slightly from the RC, as written in the following equation

fult) = =1Zin(0)[2(0),

where

—Zu(®)] =/ (Ru(@))? + Kin())*

The RL is well-known for its high conversion rate between the cap-
tured (mechanical) power P, and the converted (electrical) power
P.. The SBU-HCS is a simplified version of the BU-HCS, where the
value of R” is fixed for all sea state conditions, which further reduces
the computational cost in the proposed BU-HCS. In this study, the
SBU-HCS uses R* in the highest value entry of the look-up table pro-
duced by the BU-HCS.

4. Simulation setup and results
4.1. Simulation setup

The parameters of the mechanical and electrical models are
listed in Table 1. In this study, we used a spherical buoy. Using

Table 1

Parameters of the mechanical and electrical models.
Parameter (symbol) Value [unit]
Buoy radius (r) 5 [m]

Buoy and translator mass (m;)
Infinite added mass (m..)

2.68 x 10° [ke]
1.34 x 10° [kg]

Water plane area (Ay) 78.54 [m?]
Submerged volume (V) 261.80 [m3]

Sea water density (p) 1025 [kg/m?3]
Gravitational acceleration (g) 9.81 [m/s?]
Seabed depth (d) 80 [m]
Resonance angular frequency (wg) 1.56 [rad/s]
Buoyancy stiffness coefficient (S,) 7.89 x 10° [N/m]
Nominal restoring stiffness coefficient (Ss) 2 x10° [N/m]
Initial losses resistance (Rjyss0) 04 x 10° [N's/m]
PMLG synchronous resistance (R;) 0.29 [Ohm]
Permanent magnet flux (/py) 23 [Wb]

PMLG pole width (p,,) 0.05 [m]

DC link voltage (V4.) 3500 [V]
Modulation index (ma) 1
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the design parameters in Table 1, the mechanical model in (9) was
obtained, where the components of the radiation force were
derived as the following matrices

34376 -6.3533 -49714 —1.7168
1 0 0 0
A= 0 1 0 0
0 0 1 0
B.=[1000]

C, = [0.96 x 10° 3.62 x 10° 1.57 x 10° 0).

The following eighth order transfer function was used to model the
transfer function of the excitation force K.(s), as described in
Section 2.1

(43x10%)s8+(4x10°)s"+...  (1.1x10%)s6+7.3x10°)s° +...
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Fig. 5. Disturbance force in an irregular sea state with H; = 2 m and w, = 0.75 rad/s.

values in Table 2, ie., R* =1.73 x 10° MNs/m for H; =3 m and
wp = 0.5 rad/s. This ensured that the design constraints were not

(8.8x10%)s*+(3.6x10%)s3... (2.1x10°)s2+(4x10%)s—(6.1x107%)

Ke(s)=

s8+0.857+2.4s6 +... 1.35°+1.8s%+...

Using the mechanical model obtained and the procedure in
Section 3.1, the transfer function of the lead-lag compensator
was formulated as the following equation

s+ 180
s+2 )

K(s) = 3 x 106< (20)
In this simulation, we considered the sea states with H; = 1-3 m
and w, = 0.5-1 rad/s. We assumed that the maximum level of the
control force that could be generated by the PTO f,,, was 1.5 MN.
The ratio of P,,/P. was designed to be less than 10. In the process
used to obtain R’, the designed value of f,, was reduced to
0.49 MN, 1 MN, and 1 MN for H; = 1 m, 2 m, and 3 m, respectively,
as explained in Section 3.2. The worst case scenario was used for
designing R’ in BU-HCS. We assumed that in the worst scenario,
the following occurred simultaneously.

e There are perturbation parameters in the restoring spring stiff-
ness coefficient, S, and there is un-modelled losses resistance,
Ryoss. The perturbation in S is formulated as

Ss :SSOJFAS', (21)

where Sy, and 4; are the nominal value of S; and the percentage
deviation of S; from its nominal value, respectively. The pertur-
bation in Ry, is formulated as

Rloss = RIossO + Al, (22)

where Rj,s50 and 4, are the initial value of R;,;; and the percentage
deviation of Ry from its initial value, respectively. Note that
Riosso is called the initial value and not the nominal value because
the nominal value of R, is equal to zero. In the worst case con-
dition, 45 and 4, are set to 50% in (21) and (22).

There is an un-modelled disturbance force, f,(t), which is for-
mulated as

fa(t) = —RuossoZ(t) — Ssoz(t) — 0taz(t)|2(t)| sin(ewgt),

(23)

where oy = 0.5 x 10* and wq = 0.5 rad/s. Fig. 5 shows the plot of
faq(t) in the irregular sea state, which can be considered as an
aggressive disturbance because it has the same order as f,(t).

Using (19) and (20) and the procedure described in Section 3.2,
Fig. 6 shows the magnitude of R* for the specified values of Hy; and
wp. Table 2 shows an example of the look-up table obtained from
Fig. 6. The value of R, in the C-HCS was equal to 9 x 10* N s/m.
The value of R* for the SBU-HCS was selected from the highest

(19)

0.553+0.4s2 +... 0.04s+0.01

violated when we used the selected R* in the SBU-HCS. The RC
and RL methods were tuned using a single frequency of incoming
wave at w, = 0.75 rad/s.

1.8

Hyi=1 —H;=2 —H,=3

Léer

147

1.2

Intrinsic resistance [MNs/m]

0.2
0.5

0.6 0.7 0.8 0.9 1
Wave peak frequency [rad/s]

Fig. 6. Bode magnitude plot of R* for various significant wave heights.

Table 2
Look-up table for the value of R".
wp [rad/s] H; =1 [m] Hs; =2 [m] Hs; =3 [m]
0.50 1.17 x 10° 1.15 x 10° 1.73 x 10°
0.55 1.00 x 10° 9.84 x 10° 1.48 x 10°
0.60 8.63 x 10° 8.46 x 10° 1.27 x 10°
0.65 7.34 x 10° 722 x10° 1.08 x 10°
0.70 6.27 x 10° 6.14 x 10° 9.21 x 10°
0.75 5.38 x 10° 5.28 x 10° 791 x 10°
0.80 4.66 x 10° 458 x 10° 6.86 x 10°
0.85 3.96 x 10° 3.88 x 10° 5.82 x 10°
0.90 3.34 x 10° 3.28 x 10° 492 x 10°
0.95 2.97 x 10° 2.85x 10° 427 x 10°
1.00 2.43 x 10° 238 x10° 3.57 x 10°
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The proposed method was tested using regular and irregular sea
states as well as in the nominal and various perturbation cases. The
irregular sea states were generated using the JONSWAP spectrum,
and they were characterized by specific values of H; and w, [25].
The values of w, used in this study ranged from w, = 0.5 rad/s to
wp = 1rad/s. The simulation was implemented using Matlab/
Simulink with a sampling time of 1 ms.

4.2. Simulation results

The contents of this section are described as follows. First, we
present the simulation results obtained using the regular
(monochromatic) sea states under various control strategies in
the nominal case. Thus, we demonstrate the effectiveness of the
BU-HCS for selecting its R* to improve the performance without
violating the constraints compared with other control strategies.
The test of regular sea states allows us to demonstrate the perfor-
mance of the control strategies with specific values of H; and ).
Next, we tested the BU-HCS alone using an irregular (polychro-
matic) sea state to demonstrate the tracking capacity of the BU-
HCS. Finally, we tested the robust performances of the BU-HCS
when subjected to parameter perturbations and in the presence
of an un-modelled disturbance force. We compare the results
obtained with those produced using other control strategies.

The simulation results obtained with a regular sea state for
H; = 1 m using the RC and C-HCS are shown in Fig. 7. Fig. 7a shows
the average captured (mechanical) power, Py, in each of the waves,
wp. The figure shows that for a fixed wave height, H; = 1 m, large
values of P, could be obtained for all values of wp. However, the
average converted (electrical) power, P, in Fig. 7b shows that there
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Fig. 7. Simulation results obtained using the RC and C-HCS for a regular sea state
with Hy =1 m.

was reverse power at low frequency waves. This condition is unde-
sirable because the PTO receives the power rather than generating
it. This also proves that the electrical model needs to analyze the
performance of the WECs system because reversing can occur on
the electrical (converted) power side. Fig. 7c shows the peak of
the control force, f,,, in each w,. Both controllers reached the max-
imum limit of the force in the lower frequencies, which indicates
that the R, in the C-HCS was not sufficiently large to produce the
damping force. The ratio of P,y /P, in Fig. 7e was very high for both
methods, which indicates the inefficiency of the PTO and the large
reactive power content in the PTO. The percentage conversion effi-
ciency between P, and P, is denoted as PTO’s efficiency and shown
in Fig. 7f. Both controllers exhibited poor performance in more
energetic sea states due to the reversing power, whereas their per-
formance improved in the less energetic sea states.

Thus, more severe conditions can be expected from the RC and
C-HCS in more energetic sea states. The results obtained by both
methods using the regular wave with H; = 3 m are depicted in
Fig. 8. In this scenario, reversing power occurred in both the cap-
tured and converted powers, as shown in Fig. 8a and b, respec-
tively. Similar to the previous results, reversing power was
exhibited by both methods in more energetic (lower peak frequen-
cies) sea states. The maximum value of the control force reached its
limit at all of the operating frequencies, as shown in Fig. 8c. In
Fig. 8e, the ratio of Py, /P, is higher compared with the result for
the wave with H; = 1 m. The conversion efficiency in Fig. 8f has
the same trend as that shown in Fig. 7f.

The computer simulation results obtained for H; = 1 m using
the BU-HCS, SBU-HCS, and RL methods are shown in Fig. 9. There
was no reversing in the average power with all methods, as
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Fig. 8. Simulation results obtained using the RC and the C-HCS for regular sea states
with Hy = 3 m.
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Fig. 9. Results obtained using the BU-HCS, SBU-HCS, and RL methods for regular sea
states with H; = 1 m.

depicted in Fig. 9a and b. The BU-HCS exhibited superior perfor-
mance compared with the SBU-HCS and RL in terms of the cap-
tured and converted power when operating at all values of w,.
The SBU-HCS outperformed the RL in more energetic sea states,
but the opposite was true in less energetic sea states. This was
because the fixed value of R* was too high in the less energetic
sea states. This was not the case for the BU-HCS, where the values
of R” could vary to adapt to changes in the sea states. Fig. 9c shows
that the maximum level of the control force with all methods was
far below the limit. For the BU-HCS, it was possible to reduce the
value of R* to increase P,, and thus P,. However, this would violate
another constraint, i.e., the ratio of Pey,/P.. The proposed R* was
sufficient to maintain the ratio below the designed value (i.e.,
10), as depicted in Fig. 9d for the nominal and worst case scenarios.
Therefore, the proposed values of R* in the BU-HCS are the opti-
mum values that satisfy the design constraints. The PTO’s efficien-
cies for all of these methods are depicted in Fig. 9e. The RL method
performed better than the BU-HCS and the SBU-HCS, but this supe-
rior conversion efficiency did not result in higher gains in P,, and
P,, as shown in Fig. 9a and b. In order to see the performance of
the proposed methods in term of converting the wave energy into
the electrical power, we calculated the conversion using percent-
age of relative capture width (RCW). The RCW is formulated as
P,
RCW = P’

where P, is the wave-power transport that is written as [9]

2
Py = %T,,Her = (976 W s™' m™3)T,H22r.

The percentage of RCW for BU-HCS, SBU-HCS, and RL methods are
shown in Fig. 9f. The performance of BU-HCS method increases as
the w, is increased and outperformed the performances of SBU-
HCS and RL methods. The SBU-HCS method had better performance
compare to the RL method in the most operating w, except in the
region of less energetic sea-states.

The computer simulation results obtained for more energetic
regular sea states (H; = 3 m) using the BU-HCS, SBU-HCS, and RL
methods are shown in Fig. 10. In Fig. 10a and b, P, and P. are
almost ten times higher compared with the results in Fig. 9a and
b. The BU-HCS outperformed the SBU-HCS and RL in terms of P,,
and P, at all operating values of w,. For the BU-HCS, satisfactory
results were achieved without violating the constraints, as shown
in Fig. 10c and d. Unlike the case with H; = 1 m, the constraint
on the level of f,,, dominated the algorithm to find R* in the BU-
HCS. In terms of the PTO’s efficiency, Fig. 10e exhibits the same
trend as Fig. 9e. The BU-HCS exhibited superior performance com-
pare with the SBU-HCS in terms of the conversion efficiency
because the values of R* for the SBU-HCS in this case were higher
than the values of R for the BU-HCS, except when w, = 0.5 rad/
s, where both methods had the same value of R*. Fig. 10f showed
the percentage of RCW. The similar trend was resulted as Fig. 9f.

Fig. 11 shows the velocity and displacement of the buoy using
the BU-HCS method for the most energetic regular sea-state in
our numerical example (i.e, H; =3 m and w, = 0.5rad/s). This
result was intended to check whether the physical constraints
were not violated. The figure shows the velocity reference was
tracked well without causing extreme displacement of the buoy.

The simulation results obtained using an irregular sea state
with the BU-HCS in the nominal case are shown in Figs. 12 and
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Fig. 10. Simulation results obtained using the BU-HCS, SBU-HCS, and RL methods
for regular sea states with H; = 3 m.
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Fig. 11. Simulation results in terms of buoy’s velocity and displacement obtained
using the BU-HCS for the most energetic sea-state using regular sea state with
Hs; =3 m and w, = 0.5 rad/s.

13 for the mechanical and electrical quantities, respectively. The
simulations used an irregular sea state with H;=2m and
wp = 0.75 rad/s. The tracking capacity of the LLC is demonstrated
in Fig. 12a, which shows that the velocity of the buoy, z(t), is
almost equal to its reference, z(t). The value of the integral
squared error (ISE) in the figure is equal to 3 x 10~%, which indi-
cates the almost perfect tracking capacity of the lead-lag compen-
sator. Considering the radius of the buoy, the elevation of the buoy
z(t), and the wave elevation, #(t), in Fig. 12b, we can conclude that
there were no extreme movements of the buoy. Extreme move-
ments must be avoided to prevent physical damage to the PTO.
Fig. 12c compares f,(t) and f,(t). The control force had the same
order of magnitude as f,(t) and it was below the design limitation.
According to Fig. 12d, the average captured power, P,,, generated
67.6 KW or 0.0676 MW. The d-q components of the stator voltage
are shown in Fig. 13a. The g-axis current component, is(t), which
was implemented with f,(t) in the linear generator, is shown in
Fig. 13b. Fig. 13c shows the EMF voltage of the linear generator.
The average converted power, P,, produced by the PTO was

—_ Zr — n
1.5 1.5
1 1
< 0s E 05 P\ |
2 0 E o ] / \ I‘
2 : TRAMATAN
G -0.5 £ -05
-1 -1
-1.5 -1.5
60 80 100 120 140 60 80 100 120 140
Time [s] Time [s]
(@) (b)
_fu fe _Pm ]sm
1.5
1
_ 1
z 3
zof\/\m‘n (\'\u :
3 VJ 4 \V 5 0.5
g ¢ I\ |
= £ [T 1| W
1 OV’VVW"“““'““‘V\JUU'V
-0.5
60 80 100 120 140 60 80 100 120 140
Time [s] Time [s]
(©) @

Fig. 12. Simulation results in terms of mechanical quantities obtained using the
BU-HCS for an irregular sea state with H; = 2 m and w, = 0.75 rad/s.
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Fig. 13. Simulation results in electrical quantities obtained using the BU-HCS for an
irregular sea state with H; =2 m and w, = 0.75 rad/s.

42.3 kW or 0.0423 MW, as shown in Fig. 13d, which corresponds
to a conversion efficiency of 62.6% between P, and P..

As mentioned in Section 4.1, the robustness property of the BU-
HCS was tested against the parametric uncertainty in the spring
force, f,, and the un-modelled dynamics in the losses force, f.
We assumed that the perturbations in f, and f; occurred simultane-
ously. Various perturbation scenarios were tested, as described in
Table 3. In the nominal case, the value of S; = Sy and the value
of Rps=0. In case 1, the value of S;=S4+4s; and
Rioss = Rigsso + 4;, where the value of A; = 4, = 0%. The values of
As and 4, were varied up to 50%, as in case 9. The simulation was
tested using an irregular sea state with H;=2m and
wp = 0.75 rad/s for a duration of 140 s. In these different scenarios,
the drop captured the energy measured in each case. To facilitate
comparisons, the perturbation test was applied to the RL method.

The simulation results obtained for the WEC system using per-
turbations are summarized in Table 3. The BU-HCS captured more
energy and experienced a lower electrical energy drop compared
with the RL method. The drop in the energy was proportional to
the increase in the perturbation of f;. This is because the system
with f; had a higher damping force and thus the captured energy
was lower compared with the nominal case. The ISE value between
z(t) and z.(t) in all perturbation scenarios was the same with the
nominal case. This indicates robustness of the BU-HCS against
the parameter perturbations.

Finally, we tested the WEC system against the worst case sce-
nario, as described in Section 4.1. In this scenario, the system
was tested in the presence of perturbation, as in case 9, as well
as an un-modelled disturbance force, f,(t). In Fig. 5, the magnitude
of f,(t) is one-third of the magnitude of f,(t). This test used the
same irregular wave as the perturbation test in Table 3. The perfor-
mance of the BU-HCS was again compared with that of the RL
method. The BU-HCS obtained the same result as that for case 9
in Table 3, whereas the RL suffered a 32.2% loss in energy com-
pared with the nominal case. This demonstrates that the BU-HCS
is robust against the disturbance force.
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Table 3
Various cases of perturbation scenarios in f; and f,.
Case A; [%] As [%] Energy [kWh] Drop [%]
BU-HCS
Case 1 0 0 2.75 7.3
Case 2 0 25 275 7.3
Case 3 0 50 2.75 7.3
Case 4 25 0 2.45 10.9
Case 5 25 25 245 109
Case 6 25 50 2.45 109
Case 7 50 0 2.38 134
Case 8 50 25 2.38 134
Case 9 50 50 2.38 134
RL
Case 1 0 0 0.90 3.7
Case 2 0 25 0.85 5.6
Case 3 0 50 0.80 111
Case 4 25 0 0.84 6.7
Case 5 25 25 0.80 111
Case 6 25 50 0.75 16.7
Case 7 50 0 0.83 7.78
Case 8 50 25 0.78 133
Case 9 50 50 0.74 17.8

5. Conclusion

In this study, we proposed the novel BU-HCS method for heav-
ing WECs. We described a simple and fast algorithm for generating
the reference for the LLC. Our results showed that the proposed ref-
erence effectively improved the captured and converted power
without violating the constraints on the maximum value of the
control force and the PTO utilization index. A simple lead-lag com-
pensator was designed to track the reference, which improved the
robustness of the controlled systems and minimized the control
force. The performance of the BU-HCS was better compared with
existing methods in many nominal and perturbation scenarios.
Hence, the proposed method provides an alternative solution to
enhance the performance of heaving WECs.

The proposed BU-HCS has potential to be applied in a real appli-
cation. This because the HLC is just a look-up table and the LLC is a
fixed controller. Both of controllers are designed in off-line before
the operation of the WECs. However, the BU-HCS requires an
update information of incoming wave in term of its H; and w,
for every 20-30 min. This will require an additional computational
resource to make online prediction method for the incoming wave.
The online prediction method can be neglected by employing the
SBU-HCS where all parameters were fixed. As the consequences
on neglecting the online prediction method, the obtained electrical
power is slightly higher compared to the power generated by the
conventional RL method.
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