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ARTICLE INFO ABSTRACT

Keywords: Grid integration of wave energy involves various power train stages from device to grid, such as a power take-off
Grid integration stage, a power conversion stage, and a power conditioning stage. The coupled performance of the complete
LiTe-Con

wave-to-grid system depends heavily on the dynamics of each stage and their respective controllers. However,
the control objectives of various stages may not align with each other and pose a potential problem, in terms of
economic performance and grid integration. This study presents a complete wave-to-grid control approach for a
wave energy converter, ensuring that the system performs optimally under variable wave resource conditions.
The proposed system comprises a point absorber wave energy converter oscillating in heave, a linear permanent
magnet generator, and back-to-back power converters for connection to the grid. Additionally, short term energy
storage, based on an ultra-capacitor, is also added to the DC link between the back-to-back converters for power
quality improvement. In the paper, a mathematical model is derived for the individual components of the wave-
to-grid system. Then, the controllers for each stage of the power train are designed. A LiTe-Con controller is used
for maximum power extraction on the device side, while Lyapunov-based nonlinear controllers are designed for
power converter control in order to achieve the full range of control objectives. The result shows that the pro-
posed controllers accomplish the desired control objectives and perform well under various operating conditions.

Lyapunov control
Wave-to-grid control

1. Introduction among these resources [4-6]. These synergies will enable the supply
systems to accept renewable energy at lower costs than the existing
The excessive use of traditional fossil fuel power plants creates sig- system, which relies heavily on wind and solar power.
nificant concerns for the modern world. These sources emit greenhouse

gases in abundance, which is a primary cause of anthropogenic climate Like other renewable energy resources (RES), the wave energy

change. Renewable energy integration is vital in overcoming the perils
of fossil fuel plants, with countries shifting towards renewable energy
sources to meet their energy demands and to address the problems of
climate change. Thus, to mitigate energy demand issues, wave energy
has gained more attention during the past two decades, which has led to
the development of various wave energy systems [1]. Wave energy will
be instrumental in the transition towards a 100% renewable future due
to the following reasons:

o The vast potential for clean energy. The worldwide theoretical wave
energy potential is estimated at 16,000 TWh/year [2,3], which can
be a considerable contribution towards meeting the increasing
world’s energy demands.

e The temporal complementarity of wave resource with other renew-
able resources, such as wind and solar, can lead to positive synergies

* Corresponding author.

resource is intermittent, relatively unpredictable and highly variable,
posing a significant challenge for grid integration. There are various
problems associated with wave energy grid integration, such as power
output variability, control of power converters, and optimal storage
requirements. Another layer of difficulty in wave energy is reactive
wave energy converter (WEC) control implementation, which requires
bidirectional power flow between the device and the grid. It is necessary
to tackle the above mentioned problems to increase wave energy
penetration into power grids.

The literature review presented in the paper focuses on complete
wave-to-grid (W2G) modelling and control, which is a little different
from a wave-to-wire (W2W) system. A W2W system includes WEC, PTO
mechanism and generator-side converter. On the other hand, a W2G
system not only includes WEC, PTO mechanism and generator-side
converter; it also includes DC bus dynamics, storage converter, grid-
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side converter and grid. Grid integration studies involving wave energy
generally have some drawbacks, such as simplified hydrodynamic
models, simplified power converter models and relatively rudimentary
proportional integral (PI) power converter control [7]. For example, in
[8-20], oversimplified hydrodynamic models are used; in particular the
effects of radiation forces are not modelled correctly. Moreover, the
simulation of monochromatic wave excitation is common for most grid
integration studies [8,9,12,14-18], which does not represent real sea
waves. Additionally, recent studies in the literature also suggests that
the use of passive damping, as a maximum power extraction control, is
the default choice of hydrodynamic control in terms of grid integration
studies [8-12,14-18,21,22], which is very limited in extracting
maximum power from the waves and fails to account for device con-
straints. Appropriate control of the associated power converters is also
crucial for grid integration. Mostly, wave energy grid integration studies
use PI control [8-12,14-18,21]. Linear PI controllers for power con-
verters are not always the best control mechanism in all operating
ranges because of the nonlinear nature of power converter models [22].
As a result, tuning PI controllers to ensure stability over the entire
operational envelope can be challenging. However, in some cases, PI
controllers are tuned optimally by using various algorithms such as a
water cycle algorithm in [15], and a multi-objective salp swarm algo-
rithm in [20]. Still, the oversimplification of the WEC models limits the
validity of these studies. Multiple papers in the W2W literature provide
modelling and reactive hydrodynamic control on the device side
[23-34] but few studies provide sufficient information for the DC bus
and grid-side. W2W models differ for different WECs and PTO mecha-
nisms. For example, a W2W model of an oscillating water column (OWC)
is presented in [26], and [31] presents a high fidelity W2W model for a
point absorber WEC. A detailed review of various W2W models is pre-
sented in [27]. In [32], a passivity based piece-wise velocity control
method is designed for a direct drive W2W system while, in [25,28], the
authors added the effects of copper losses and field weakening in a
model predictive control (MPC) formulation to extract maximum power
from waves. However, little attention is given to the power converter
models and grid-side control. In [34], the authors simulated both passive
and reactive hydrodynamic controllers for a W2W system though, for a
grid-connected case study, only a passive hydrodynamic controller is
implemented. As far as grid integration is concerned, our current paper
provides a mechanism for reactive hydrodynamic control implementa-
tion for W2G operation of a grid-connected WEC.

In addition, the important role of energy storage for wave energy
grid integration cannot be overstated. Energy storage systems allow
excess power storage and improve the power quality of the intermittent
and unpredictable wave resource. Energy storage also provides negative
power for reactive control implementation on the device side. A review
of energy storage technologies for marine applications is presented in
[35]. Short term storage, such as systems based on ultra- capacitors
(UCs) [36], and high-speed kinetic buffers [37], are gaining popularity
for wave energy applications, due to their fast response times. In addi-
tion, a hybrid energy storage system (HESS), which benefits from two or
more storage systems, is also used for wave energy applications [38-40].

This paper presents a complete wave-to-grid (W2G) control approach
for a direct drive heaving point absorber WEC, including balanced, high-
performance, control of both device and grid sides. Here, hydrodynamic
control of the WEC is based upon the (Linear Time invariant Controller)
LiTe-Con [41], which aims to maximise power extraction from the
waves and provides a constraint handling mechanism. At the same time,
nonlinear Lyapunov control is proposed for the power converters. The
contribution of the paper can be summarised as follows:

e A complete balanced-fidelity control-oriented W2G model for a
direct drive WEC is presented.

e High-performance controllers for both device-side (LiTe-Con) and
grid side (Lyapunov control) are proposed.
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e A UC-based storage system is included for power quality improve-
ment and reactive hydrodynamic control support.

e An energy management system as a supervisory control mechanism
is also proposed, which ensures proper operation of storage con-
verter for DC bus voltage regulation and reactive LiTe-Con control
support.

The proposed W2G system is shown in Fig. 1, consisting of three sub-
systems, i.e.:

1. A device-side subsystem (a WEC, a linear permanent magnet
generator and AC/DC converter).

2. A storage subsystem, comprising an ultra-capacitor and a DC/DC
buck-boost converter.

3. A grid-side subsystem that includes a DC/AC inverter and a grid
model.

The WEC and linear permanent magnet generator (LPMG) are connected
to the DC bus through an active rectifier, referred to as a generator-side
converter (Gen-SC). In addition, the UC is connected to the DC bus via a
bidirectional buck-boost converter. A DC/AC inverter, referred to as a
grid-side converter (Grid-SC), connects the DC link to the grid. Gen-SC
control focuses on hydrodynamic control, responsible for maximum
power extraction from the waves. In contrast, the DC/DC converter
control objective, for the storage system, revolves around power quality
improvement through DC bus voltage regulation and the provision of
support for hydrodynamic control. Finally, maximum active power is
injected into the grid via the Grid-SC.

Gen-SC and Grid-SC combine to form a fully-rated back-to-back
(b2b) power converter configuration for a grid-connected WEC. The
choice of fully-rated power converters is motivated by the following
requirements/benefits. Firstly, the full-speed range control of a LPMG
requires a fully-rated power converter (FPC) configuration. Secondly,
The bi-directional power flow requirement of the reactive hydrody-
namic control also requires an active full-rated converter. Finally, the
FPC configuration provides a natural disconnection in the form of a DC-
link that effectively decouples Gen-SC and Grid-SC control.

The remainder of the paper is organised as follows: Section 2 de-
scribes the modelling of various components of the W2G system, while
Section 3 discusses the considered W2G control approach, which covers
the control of both the WEC and the power converters, based on LiTe-
Con and Lyapunov control, respectively. Grid synchronisation through
a phase-locked loop (PLL) is discussed in Section 4, while Section 5
presents the results of the study. Conclusions on the overall control
design procedure are provided in Section 6.

2. Modelling of the W2G system
As described in Section 1, the complete W2G system contains three

subsystems, i.e., device-side, Grid-side, and storage subsystem. A
detailed schematic of the W2G system is shown in Fig. 3.

Device-side subsystem Grid-side system

WEC

¥ —

B

Ultra-Capacitor DC-DC converter

v

Grid-SC

Storage system

DC bus

Fig. 1. Proposed W2G system.
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2.1. Modelling of wave energy conversion system [Device-side subsystem]

The wave energy system comprises a WEC, LPMG and Gen-SC. The
modelling of each component is described in the following subsections.

2.1.1. WEC model

A single body floating WEC, oscillating in heave, is considered in this
study. The LPMG translator is rigidly connected to the WEC. The WEC
heave motion drives the translator of the LPMG. The WEC, the PTO
system, and the forces acting on the system are shown in Fig. 2.

The dynamics of the WEC in the time domain can be represented by:

(1) = Fure (0) +£,(2) +Fiu (1) = o 1), M

where, fe(t) is the uncontrollable excitation force due to the incoming
wave field, f(t) is the radiation force and fj;(t) is the linearised hydro-
static force. fy,(t) represents the control force applied by the LPMG on
the WEC. .7 is the total mass of the oscillating system, while z(t),z(t) =
v(t), and z(t) represent heave displacement, velocity and acceleration,
respectively. The hydrostatic stiffness force is given by ':

Jis = — Kz, (2
where K > 0 is the hydrostatic stiffness coefficient. The radiation force
fr» which represents the fluid force induced by the body motion in

generating waves, is modelled through linear potential flow theory,
using Cummins’ equation [42], as follows:

fr = —mei—k*z, 3
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Fig. 2. WEC and PTO (LPMG) system considered in this study. The acronym
SWL stands for still water level.

1 From now on, the dependence on t is dropped when clear from the context.
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where my, =lim,_A(®), with A(w) termed the radiation added mass,
is the added mass at infinite frequency, and k, is the (causal) radiation

impulse response function. The operator * represents the convolution
operator. Finally, the equation of motion, from (1), is given by:

(A + M)z 4 k¥ 2+ KiZ = foxe — fino- “)

Note that, as generally considered in the WEC field [43], the radiation
convolution term, k,*%, can be approximated using a linear time
invariant (LTI) state-space representation, as Eq. (5), where A;, B, C;,
and D,, can be obtained using standard system identification toolboxes
as, for example, the FOAMM toolbox [44].

Y, =AY, +Bz
r rtr T 5
frz‘ = CrYr ~ k,.‘ki ( )

Since the LTI hydrodynamic control, considered in Section 3, is
frequency-domain based, the frequency domain mapping Gye(jw)
characterising the WEC dynamics is calculated as:

Jjo

Giee <jw> " Kis — 02 (A + my) + joK, (jo) ©)
with
V(lw) = Gwez‘ (]C()) [Fexc (JC()) - Fpro (Ja))} (7)

2.1.2. LPMG and AC/DC (Gen-SC) converter model

High force density and reasonable efficiency, at low speeds, give rise
to the use of a LPMG as a power-take-off (PTO) mechanism for direct-
drive wave energy applications [45]. The dynamic model of the LPMG
is very similar to a rotary permanent magnet generator. The only dif-
ference is the motion of the translator, which reciprocates as compared
to the rotating rotor for a rotary generator. Utilising the d-q (Park)
transformation [46], a two-phase system can represent a balanced three-
phase system [47], where the transformation matrix relies on the elec-
trical angular position 6(t). In the case of a LPMG, the angular position
depends on the heave displacement of the translator:

/4
0(1) =Zz(1). ®
Assuming the LPMG is symmetric, the dynamic model of the LPMG in

the d-q frame, given in [48], is:
dig

o= Ve igsRs + Aq0, (C)]
da .

7: = — Vg — quRS +j.d£l)€ (10)
with,

/‘Ld = Ldids —Ypu and /1,1 = Lqiqs (11)

where, Vg ¢s,145¢s and Ly are the d- and g-axis stator voltages, currents,
and inductances, respectively, yp,, is the permanent magnet flux link-
age, and R; is the stator resistance. In addition, w,, in Eq (9) and (10), is
the angular frequency of the stator variables, calculated as:

0, =2, a12)
T
where 7 is the pole pitch of the LPMG. The PTO force, produced by the

LPMG, depends on the stator currents, the flux linkage, and the pole
pitch, as shown below:

o (z) 15 g(g,,i‘,x - lqids> (13)

Using the flux relations, given in the Eq. (11), fy, (t) can be calculated as:
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Fig. 3. A complete schematic of the W2G system.

oo (t) —15 §(<Ld - Lq) iy — y/,,MiW) (14)

Eq. (14) implies that the developed force of an LPMG consists of two
components. The first term represents the reluctance force due to sa-
liency, while the second term is the magnetic force produced by the
permanent magnet. For simplicity, a surface mount (non-salient) LPMG
machine is considered here; d- and g-axis inductances are therefore
equal i.e. Ly = Ly = L;. Using Ly = Ly = L,, the model, from (9), (10)
and (14), can be expressed as:

diy R;. o1
d_[tt = - Zlds + Welgs — E‘QIU (15)
diy, . R, o, 1
d: = — Welgs — fqu: - EWPM - qus7 (16)
with,
n .
oo = —1.5 ;II/PMIW 17)

Since the stator d- and g-axis voltages act as the inputs to the Gen-SC and
can be controlled independently, these voltages are now expressed in
terms of corresponding converter control actions [49,50], as follows:

Vas = VacUds;  Vgs = Vdcllgs, and byee = Ugslgs + uqsiq: (18)

where ug and ug are the Park transformation of the triphase duty ratio
system, i.e., S;,Vi = 1,2,3, see Fig. 3, with

1 if S; isONand S, is OFF
Si = ' 19

0 if S; is OFFand S, is ON’

Substituting the values of v4 and vy from Eq. (18) into Egs. (15) and
(16), the unified model, of the generator-rectifier combination, is ob-
tained as follows:

digs R;. . 1

d‘; = - Zlds + @iy — I:Vm, Ug (20)
digg . R, , 1

d{Z = — Welgs — L—Slq.\ - BV/PM - L—Avllﬁ»uq.\ (21)

2.2. DC/AC inverter (Grid- SC) modelling [Grid-side subsystem]

The DC/AC inverter (Grid-SC) is shown on right-hand side of Fig. 3.

Similar to the Gen-SC, it is a three-legged, three phase converter with six
IGBTs. The dynamic model of the Grid-SC can be obtained [51,49], using
Kirchoff’s laws, as follows:

dig(ape)

Ly dt

= Ve {Sf} — Vg(abe) — Relg(ape) @2

where, igape) = [iga7igb7igc]T are the three phase grid currents, Vygp) =
[Vear Vebs vgc]T are the sinusoidal three phase grid voltages, Ry is the filter
resistance, and Ly is the filter inductance. In addition, in Eq. (22), S;,V

j =4,5,6, is the switch position function, defined as follows:

1 if §; isONand S is OFF
i = (23)

0 if S is OFFand & is ON

For control synthesis, the triphase representation, in Eq. (23), is
simplified by using d-q transformation. The d-q frame is linked with the
grid voltage and rotates synchronously with grid voltage frequency w,,
which results in the following model for the DC/AC inverter [49].

di{]g Vdg Rf Ve

— = —— 4 Wylye — =1 —Ugy, 24
ar L + W,ige szdg + L Ugg (24)
di . Rf. Vde

T‘Zg = — @,lgg — L—ftqg +L—[qu, (25)

where, ig 4, denotes grid currents in the d-q frame and ugg 4 are the d-q
components of the triphase duty ratio system S;.

2.3. Ultra-capacitor and buck-boost converter model [Storage subsystem]

The use of a UC-based storage system for the W2G controlled oper-
ation is essential for the following reasons. First, the WEC hydrodynamic
control works on the basic principle of exaggerating the device motion in
resonance with the wave resource. The variability in the WEC output
power is increased under controlled WEC conditions due to the exag-
gerated movement of the device. The highly variable WEC output power
cannot be directly fed into the grid due to the power quality re-
quirements imposed by the grid codes. Hence, using the UC storage
decreases the variability in the WEC electrical output power, increasing
the value of the grid-connected wave power. Secondly, an essential
factor is the reactive LiTe-Con control implementation on the device
side. LiTe-Con is based upon the principle of the complex conjugate
control of WEC, which requires power from the grid-side at some
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instances for proper operation, which cannot be supported with only
Grid-SC control, but requires the additional storage system controller.
Therefore, the negative (reactive) power requirements of LiTe-Con, in
addition to DC bus voltage regulation, is met by the UC storage system.
In this way, the UC storage system allows for, and requires, decoupled
controllers on either side of the DC bus.

The buck-boost converter operates in both boost and buck mode,
depending upon the direction of power flow. The UC supplies power to
the DC link in discharge mode, and the converter works as a boost
converter (S; ON, Sg OFF). On the other hand, the DC/DC converter
operates in buck mode during charge mode (S; OFF, Sg ON) and power
from the DC bus charges the UC. During discharge mode, the model is
easily derived [51,52] as:

dim‘ Vuc R/AL‘ . Ve

=, —(1- : 26
At L. L ( “7>Lm; (260)
e = (1= )i, @7

while, during charge mode, the model is derived as follows:

dim: Vm‘ Ruci u Vde
- uc — U8 )
dr L Ly Ly

(28)

/

i = Uglye, (29)

uc

where, V,,L,, and R, are UC voltage, inductance and equivalent series

resistance,respectively, i,. and i;lc are the UC input and output currents.
uy and ug are the control signals for switches S; and Sg. For simplicity, a
signal uyg is introduced as:

urg = K(1 —u7) + (1 — K)ug, (30)
with K defined as:

K- 1 if §; isONand S; is OFF (Boost mode)
~ 10 if S; is OFF and S is ON (Buck mode)

Finally, the simplified model for the DC/DC converter, using uyg, gives:

di, c Vv, c R c. Vd
d; = L:{ - L:,;IM 7;;“7& 31

i = Ui (32)

2.4. Complete power conversion system model

The mathematical models obtained in Sections 2.1.2, 2.2, and 2.3,
for LPMG and Gen-SC combination, Grid-SC, and buck-boost converter,
respectively, are put together to form complete power conversion sys-
tem model. From Fig. 3, it follows that:

dvg,

Cacgy = e + £ = dins (33)

and, using Egs. (18) and (32) in Eq. (33), gives:

dvge 1 . . . .
d: = de |: (ud:ld + uqxtq) + Uzglye — linv:| . (34)

For control design, it is convenient to use averaged models® for the
power converters, based on replacing all the variables of the model by
their respective average values over a switching period [54,55]. This
modelling technique determines the state model for each possible circuit
configuration and then combines all these elementary models into a
unified one through a duty ratio. The averaged models are useful for

2 The interested reader is referred to [53-55] for comprehensive description
of averaging methods for power converter models.
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control applications due to their simplicity and fast computational times
[53]. In this regard, we define averaged state variables as x;=< ig >,
Xo=<lgs >, X3=< igg >, X4=< igg >, X5=< iy > and xe=< Vg, >, Where
the operator < e > represent the average value over a switching period.
Combining Egs. (20), (21), (24), (25), (32) and (34) results in the
following complete power conversion system model.

- Do =1, (35)
= o~ T P = T, (36)
% = - %g + woxs — %& + %ﬂdg 37
% = —W,X3 — %}m +%j/tqg (38)

where, g, flgs, Hag: Heg aNd fi7g are the duty ratios of the Gen-SC, Grid-SC
and DC/DC storage converter.

3. W2G controller design
3.1. Overall W2G control philosophy

A W2G system involves a variety of stages of the power train,
including absorption, transmission and conditioning stages [7]. As
mentioned earlier, in Section 1, the DC bus serves to decouple different
subsystems in the power train. Each stage has its own specific re-
quirements, which translated into control objectives, guides the overall
W2G control philosophy. On the device side, for example, the re-
quirements include maximum power extraction from waves, subject to
WEC motion constraints and LPMG Copper (Cu) loss minimisation. On
the other hand, the grid side requirements are imposed by the grid codes
(e.g. [56]) which sets conditions on the quality of power (frequency,
voltage, total harmonic distortion (THD) levels etc.), injected into the
grid. The difficulty arises when the control objectives on either side of
the DC bus do not align, i.e. maximum power extraction from waves
leads to increased peak power on the DC bus due to device motion
exaggeration, with potentially poor resulting power quality at the DC
bus, which is contrary to the requirements of grid-side control. In
addition, reactive hydrodynamic controllers, such as LiTe-Con, require
reactive (negative) power from the DC bus. This power is needed to
accelerate/decelerate the device to achieve the resonance condition
required by controllers based on the complex conjugate principle, add-
ing another layer of difficulty in implementation. The requirements and
problems mentioned above are tackled using two specific elements in
the power train: storage and W2G control.

Fig. 4 illustrates this interplay among the different subsystems in the
power train. Fully-rated back-to-back converters, with a DC link and UC
storage, are used to minimise the interaction among different control-
lers. Back-to-back converter control and UC storage provide a decoupled
control mechanism on either side of the DC link. Additionally, an energy
management system (EMS), as a supervisory control mechanism, is
added to the DC bus, ensuring the proper operation of the low-level
storage controller required for decoupled operation on both sides of
the DC bus. The use of storage allows the isolation of the controllers on
both sides by DC bus voltage regulation and the support of hydrody-
namic control. In this regard, storage sizing is important, because it has
to perform two tasks. Firstly, DC bus voltage regulation must be



H.A. Said et al.

Overall Control Philosophy

Storage control

Grid-side control

Grid-side requirements -

Device-side control

Device-side requirements

Storage

Fig. 4. W2G control philosophy.

achieved, by absorbing power peaks at the DC bus. Secondly, storage
provides support for reactive hydrodynamic control (LiTe-Con), by
feeding negative electrical power back to the LPMG, when required. In
this way, the interaction among various controllers for W2G controlled
operation is minimised. The storage control and energy management
strategy is discussed in detail in Section 3.4.

The selection of storage size is based upon the method presented in
[13], where a worst-case scenario is assumed. It is assumed that inverter
provides constant power to the grid at the highest wave energy period
(T, = 12 s). The constant power is based on the mean power calculated
at the DC bus when WEC is operated under LiTe-Con control, which
results in 8.65kW power. A storage capacity of about ten times the wave
period will provide constant output power to the grid in most wave
conditions, as stated in [57]. Hence, allowing UC storage to store ten
times the output WEC power will lead to a storage capacity of 1.20kWh,
with a rate of change of power of 50 s. The rate of change of power is
based upon the time constant of the low-pass filter used in the energy
management system (EMS), as explained in Section 3.4. The UC storage
helps in power smoothing and DC bus voltage regulation by removing
WEC electrical output power peaks. The parameters of the UC storage
system are presented in Table A1l.

The control objectives of the W2G control approach are summarised
as:

1. Maximum power extraction from the waves by tracking a reference
PTO force generated through hydrodynamic (LiTe-Con/passive
damping) control.

2. Generator Cu-losses minimisation by regulating LPMG stator g-axis
current ig to zero.

3. Maximum active power injection into the grid by tracking iy, to its
reference.

4. Unity power factor control by regulating i to zero.

5. DC bus voltage regulation and the support for reactive hydrodynamic
control by tracking UC current i, to its reference.

3.2. Control of the device side subsystem

3.2.1. LiTe-Con hydrodynamic control (reference generation for Gen-SC
control)

The LiTe-Con energy maximising controller, proposed in [41], in
essence, aims to approximate the optimal frequency-domain condition
for absorbed-energy maximisation, given by the impedance-matching
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(or complex-conjugate) principle. In general, as shown in [41,58], this
control approach provides a high-performance control solution while
being suitable for realistic scenarios, due to its broadband nature and the
inclusion of a constraint handling mechanism, respectively. In partic-
ular, LiTe-Con is computationally efficient, compared to optimisation
based controllers [59]. Among simple WEC controllers, i.e. based on the
impedance-matching principle without the inclusion of optimisation
routines, LiTe-Con provides the best performance in terms of maximum
power capture and constraint handling, as shown in [60]. It is worth
highlighting that, given the feedforward nature of LiTe-Con, this
controller can effectively deal with well-known limitations in feedback
impedance-matching-based controllers, such as stability or constraint
handling. In particular, in contrast with similar controllers in the liter-
ature based on the impedance-matching principle, the LiTe-Con has the
added capability of handling motion constraints [60], which makes this
controller appealing for realistic WEC control implementations, where
WEC motion is significantly exaggerated. Furthermore, application of
the LiTe-Con has been validated in a realistic and experimental envi-
ronment in [58]. LiTe-Con is a reactive controller, meaning that it re-
quires ‘reactive power’ from the DC-link at some instances for its proper
operation. It is worth mentioning that this ‘reactive power’ is not the
same as electrical reactive power, so a distinction should be made when
talking about reactive power in the hydrodynamic control sense, by
comparison with the electrical side. Fig. 5 illustrates the concept of
electrical power flow conventions, for both active power P and reactive
power Q, in bi-directional power flow applications. In hydrodynamic
control of WEC, the required reactive power from the DC link is, in fact,
the negative (active) electrical power, which lies in the second and third
quadrant, as illustrated by the shaded region in the Fig. 5. From now on,
the reactive power in hydrodynamic sense is referred to as the ‘me-
chanical reactive power’, while the reactive power in electrical sense is
referred to as the ‘electrical reactive power’.

In order to obtain an analytical derivation of the LiTe-Con, the WEC
force-to-velocity mapping, given in (6), can be expressed as:

Guee ()70 = Re{Gyec (T®) } + TIm{G,e (T0) }, (41)

where Re and lm denote the real-part and imaginary-part operators,
respectively, while Gy (s) is the WEC system representation in its
transfer-function form. For the sake of simplicity of notation, let
Re(Guec) = Re{Guec(Jw)} and Im(Gyec) = Im{Gyec(Jw)}. Then, using
the expression in Eq. (41), the optimal force-to-velocity mapping, i.e.
from fe.(t) to v(t), can be expressed as:

R P41 :
7o (w) _ Re(Gu)’ + Im(Goe)” 42)

Jy ZR‘E(GWEC)

Using the definitions in Egs. (41) and (42), the optimal feedforward
controller, that achieves the impedance-matching condition, can be
expressed as:

o _ Re(Guee) + TIm(Gyee)
K (w) = 2Re(Grer) . (43)

Then, using system identification algorithms [61,62,43], the LiTe-Con
aims to approximate the frequency-domain mapping Kj‘ffpt(J ) with a

parametric LTI-stable and implementable dynamical system K}fc (s), i.e.:
KfoC (s) [p—— K;’" (a)) . (44)

The control structure, required for the implementation of the LiTe-Con,
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Fig. 6. Device-side control structure including LiTe-Con and Gen-SC control.

is schematically illustrated in Fig. 6. The interested reader is referred to
[41] for a comprehensive discussion on the derivation, and practical
considerations, of the LiTe-Con.

In order to implement the LiTe-Con controller in a realistic envi-
ronment, a constraint handling mechanism is essential to prevent
inflicting damage on the mechanical system. In particular, [41] proposes
a constraint handling mechanism, using a constant value k € [0, 1], so
that the resulting control force reference f;’; for Gen-SC control, can be
expressed as:

fih = [k () + (1= 5) [fe (45)
f;‘;{,, from Eq. (45), is used to generate the reference current for Gen-SC

control. It is evident, from Eq. (17), that the force generated by the

LPMG can be controlled with only g-axis current iz. Therefore, iffsf is

generated by using Eqgs. (17) and (45) as:

(46)

iref _ ZT fref
g5 3WPM pto

3.2.2. Lyapunov control of Gen-SC

The choice of Lyapunov control or so-called ‘stabilising control’, for
the Gen-SC, and other power converters in the complete W2G system, is
motivated by the fact that the converters are intrinsically nonlinear,
with Lyapunov control especially effective for non-linear systems.
Among nonlinear controllers used for power converter control,
Lyapunov-based stabilising control is computationally efficient and en-
sures the stability of the system using the Lyapunov stability criterion
[63]. The theoretical development and the application of various
Lyapunov-based techniques to a broad class of practical engineering
systems, such as electric machines and robotic systems etc., are pre-
sented in [64]. Fig. 6 represents the device-side control structure,
including the hydrodynamic LiTe-Con controller.
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The LPMG d- and g-axis currents are controlled via the Gen-SC. In

this regard, i;if is set to zero, to minimise generator Cu-losses, and i;if is
generated through Eq. (46) for maximum power extraction. To this end,

the following tracking error signals are introduced:

e =X — l‘rji.f (47)
€) = Xp — l;esf (48)

To achieve the control objectives 1 and 2, listed in Section 3.1, e; and e
must be regulated to zero. Using (35) and (36), the dynamics of e; and e,
can be derived as:

. R; 1 wref

e = — le + W, xy — Exﬁﬂd: — 1y (49)
. R, @, wref

€ = — WX — sz T T Zxﬁ/‘qs T lgs (50
To drive e; and e; to zero, e; and é, are forced to behave as:

e = —cie (51)
éz = — (e (52)

where ¢; > 0 and ¢, > 0, are design parameters. Then, the comparison
of Egs. (49) and (50) with Egs. (51) and (52), respectively, results in the
following control laws for the Gen-SC:

1 wre)

Has = { — Ry + w.Lyxy +c1e1Ls — L.\-idsf} (53)
6
1 wref

Has = | — @eLsXt = Rixa = Ocpyy + CaesLs — L, (54
6

3.3. Control of Grid-SC

The Grid-SC control is responsible for maximum active power and
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zero electrical reactive power (unity power factor) injection into the
grid. This is achieved through current control of Grid-SC. A PLL, which is
utilised for grid phase tracking, as detailed in Section 4, is used to syn-

chronise Grid-SC and grid voltages. The reference d-axis current ifg is
derived from the energy management strategy, presented in Section 3.4,
and the g-axis reference i;egf is set to zero for unity power factor control.
The Grid-SC control structure is shown in Fig. 7.

The current tracking errors are defined as:

€3 = X3 — l;‘;{ (55)
€4 = X4 — l;i,f (56)

To achieve the control objectives 3 and 4 listed in Section 3.1, e3 and e4
must be regulated to zero. Using (37) and (38), the dynamics of e3 and e4
can be derived as:

: R X ref
€3 = — WyX3 — EX4 +Efﬂqg — ldg (57)
. Rf X6 wref
€4 = — WyX3 — EX4 +Eﬂqg — lqg (58)

To drive errors e3 and e4 asymptotically to zero, és and é4 are forced to
behave as:

(59

&= — 363

ey = —cyey (60)
where, c3 > 0 and ¢4 > 0, are further design parameters. Comparing Egs.
(57) and (58) to Egs. (59) and (60) results in the following control laws
for the Grid-SC:

1 ref
Hag = x: Rpxs + @,Lpxs + Vag — c3esLy + Lyiy, (61)

i RL Filter Grid
Grid-SC
i L I
dnvy, T mf i
I R Lf Igb
Cdc _—Tvdc fA I I
AT 2
55l6=459 .‘S'A Vagabe =

\/ R ELtt EEEEE & J oo - - - - [ 2 ,
—1= .

1 s
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1 ref
Hag = | @ola + Rexs = coealy + Ly e (62)

3.4. Control of DC/DC converter for UC storage

The control objective for storage converter control is to regulate the
DC bus voltage and provide support for the LiTe-Con. Direct DC bus
voltage regulation is not possible, due to the non-minimum phase nature
of the buck-boost converters used with the ultra-capacitor [65], so an
indirect approach is needed here. Specifically, DC bus voltage regulation

7, where Il’fcf is
generated through the energy management system (EMS) based on the
power balance at the DC bus, as shown in Fig. 8. EMS acts as a super-
visory (high-level) control mechanism at the DC bus, ensuring proper
reference generation for DC/DC storage converter and Grid-SC con-
trollers. The primary purpose of the EMS is twofold: 1). DC bus voltage
regulation and 2). Lite-Con control support. The UC reference current
I'Y, generated by the EMS, ensures the DC bus voltage regulation and
LiTe-Con control support. Furthermore, the EMS also provides a current

reference i;‘;f

is achieved by forcing the UC current xs to its reference I'Y

for the Grid-SC controller as shown in Fig. 8.

The power extracted from the WEC P, at the DC bus is converted
into two components by using a low-pass filter. Filter-based power
splitting methods are pretty standard in the literature, especially for
HESS applications [66,67]. However, selecting the low-pass filter cut-off
frequency (time constant) to maximise the DC bus voltage regulation
performance is non-trivial. Given the complex relationship between DC
bus voltage regulation and the filter cut-off frequency, the cut-off fre-
quency selection for the EMS is ultimately achieved by trial and error,
with minimum DC bus voltage variance achieved with a cut-off fre-
quency of 0.02 [Hz].

Puce = Puec+ Prcc (63)
The high-frequency component P, is used to generate a reference for
the UC (storage) controller, which absorbs the high frequency fluctua-
tions in Py, and regulates the DC bus voltage. The saturation block,

shown in Fig. 8, ensures that the negative electrical power (mechanical
reactive power) required for the LiTe-Con control is met by the UC
storage. The low-frequency (averaged) component P, of the power is
injected into the inverter and used to generate current reference ifg for

Grid-SC control.
The following tracking error is defined for UC control:
es = x5 — i’ (64)

c

Using Eq. (39), the dynamics of es are derived as:

. Vm‘ ch X6 wref

b5 = —— —X5 — g — 1 65
TLeonS e %)

To regulate es to zero, és is enforced to behave as:

é5 = — (565 + € (66)

where, cs > 0 is an additional design parameter. eg is now defined as the
DC bus voltage error, as follows:

eo =x— VI 67)

The control law y.4 is easily obtained by comparing Egs. (65) and (66)
as:

wref

1
Hig = — |: <Vuc - Ruc')XS +csesLy — egLyc — Lu(:luc (68)
X6

It is worth mentioning that eq is introduced in (68) as an extra damping

term to adjust the DC bus voltage. The dynamics of eg will be introduced
later.

3.5. Stability analysis for the complete power conversion system

The stability of the complete power conversion system is established
by using Lyapunov stability criteria. In particular, it is investigated that
the controllers presented in Egs. (53), (54), (61), (62), (68) are able to
drive the state variations (error) system, ej,es,es,es,es, and eg, to zero.
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The system is asymptotically stable if the candidate Lyapunov function

V(e), with e= [e; ex es es es eG}T, possesses  following
properties:

V(0) =0;

V(e)>0, Ve #O0;

V(e) =0, as |e|] =0; (69)

V(e)<0, Ve #0.

A typical choice of a candidate Lyapunov function is a quadratic form of

state variations (errors e) as V(e) = le’Qe, where Q € R®*¢ is a sym-

metric positive definite matrix. The choice of Q provides some degree of
freedom in the selection of the candidate Lyapunov function; however,
an energy-like Lyapunov function is preferred [68]. For simplicity, we
consider Q = I € R%*®, which results in the following energy-like
quadratic Lyapunov function for the complete power conversion system.

1
V(e) :§<e%+e§+e§+ei+e§+ez>. (70)

It is clear that the V(e) satisfies the first three stability properties
expressed in (69). The fourth property in (69) can be satisfied by using
the control laws obtained in Egs. (53), (54), (61), (62), and (68). For the

system to be asymptotically stable, V(e) must be negative definite, i.e.
V(e) < 0. Taking the derivative of Eq. (70), yields:

V(e> = (elél +exé; +ezes +esey +eses +6’sée> (71)

Substituting expressions for é;,é2,€3,€4, and és from (51), (52), (59), (60)
and (66), respectively, into (71) results in the following:

V(e) = — clef - czeg - C3e§ — c4e;21 — cse§ + €6 (65 + é(,) (72)

To verify that V(e). < 0, é is defined as follows:

€5 = —Cgls — €5 (73)

where cg > 0 is yet another design parameter. Using (66), V(e) is
updated as:

: 2 2 2 2 2 2
V(e> = —cie] — 265 — €365 — Ca€; — Cs5€5 — Coe (74)

Eq. (74) shows that V(e) < 0; hence, asymptotically stability of the
equilibrium [e;, ez, e3,e4,¢5,e5)]7 = [0,0,0,0,0,0]7, is achieved. It is
worth mentioning that regulation of the DC bus voltage Vg, is achieved
indirectly by controlling UC current i,.. In particular, the convergence of
error e depends upon the convergence of es and the introduction of eg
puts an indirect constraint on the es. To validate Eq. (73), V:fcf is
generated using Eq. (40) as follows:

o 1
Vdcf = /|:Cbeﬁ tes+— Co (ﬂd:xl + HgXo + pasXs — rm)} 75)
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4. Grid Synchronisation and phase-locked loop

A PLL is a closed-loop feedback control system that synchronises its
output signal with the reference input signal in frequency and phase. In
our study, a PLL is used to estimate the grid frequency and phase. Ideal
grid conditions are assumed, i.e. the grid is assumed to be a sinusoidal
voltage source with constant frequency. A synchronous reference frame
PLL (SRF-PLL) is employed here due to its simplicity and accuracy for
estimating the grid phase under ideal grid conditions [69]. The structure
of a SRF-PLL is shown in Fig. 9.

The following input grid voltages are assumed:

Vea = Vsin(6y)
. 2r
Vep = Vsin <|9g - ?> (76)

4
Ve = Visin <€g - g)

where V, and 6, are the amplitude and phase of three-phase grid volt-
ages, respectively. Using the Park and Clarke transformations, the d-axis
voltage Vy, is aligned with Vg, and Vy is orthogonal to the d-axis. Vi,
then contains phase error information which is regulated by a PI
controller.

G. <s> _hsth 77)

N

The output of the PI controller up is an actuation signal which is added
to the centre frequency .. The outcome of the second sum block in
Fig. 9 is the estimated frequency in radians, which is applied to the
voltage controlled oscillator to provide an estimate of the phase angle

gg. The closed-loop transfer function of the PLL system is obtained as:

Ve (k/’S + ki )
Ge <S> T2 A Vkys + Vki (78)

7 T T T T T T T
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Fig. 10. Grid phase tracking performance comparison of two SRF-PLLs with
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Fig. 9. SRF-PLL structure for grid phase tracking.
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The closed-loop transfer function G¢g(s) in (78) can be represented as a
second-order transfer function of the form:

with,

2
20w,s + w,

_ 79
$2 + 20w, + 0?2 (79)

V.k
@, = +/Veki, and { = ﬁ
ghi

where wj, is the bandwidth of the closed-loop PLL system, and ¢ is the
damping ratio. The controller gains in Eq. (77) are tuned to minimise the
phase error, which is the main objective of the PI controller. The PI
controller shown in Fig. 9 acts as a low-pass filter to reduce measure-
ment noise. The design criteria for the SRF-PLL PI controller is a trade-
off between fast-tracking and measurement noise rejection. Increasing
the PLL bandwidth will result in a faster response time at the cost of poor
filtering ability. Fig. 10 shows the performance comparison for two SRF-
PLLs with different bandwidths, namely PLL 1, with a bandwidth of 62.8
[rad/s], and PLL 2, with a bandwidth of 628 [rad/s]. It is clear, from
Fig. 10, that the grid phase tracking performance of PLL 2, with the
lower settling time, is much better than PLL 1. Hence, increasing the
bandwidth of SRF-PLL results in improved phase tracking performance,
which is the main purpose of the SRF-PLL. Here, the selected bandwidth
is wp, = 628 [rad/s] with the gains of the loop filter are calculated from
(78) and (79) as k, = 2.22 and k; = 985.96.

5. Results and Discussion

The performance of the proposed W2G control scheme is evaluated
in simulation using the MATLAB/Simulink environment.

An irregular wave model is considered in this study, which is used to
generate excitation force time traces fe(t), from the free-surface
elevation 7(t), based on a JONSWAP spectrum S,(w) [70]. The free-
surface elevation 7(t) is generated from a white noise signal, filtered
according to the wave spectrum S,(w) [71]. The sea-state parameters
characterising the spectrum are as follows: a fixed significant wave
height H; = 2 m, peak period in the interval T, € [5,12] s, and peak
enhancement factor y = 3.3. Fig. 11 shows the spectrum S, (@) for peak
periods T, = {5,6.4,7.8,9.2,10.6,12} s.

In this study, we consider a state-of-the-art CorPower-like WEC,
oscillating in heave, which represents one of the most established and
standard current WEC designs in wave energy development [59,72].
Fig. 12 illustrates the CorPower-like device, considered in this study,
with most relevant physical dimensions shown.

Fig. 13 shows the frequency response mappings associated with the
LiTe-Con. Specifically, the left column of the Fig. 13 shows Kffc(u)), along
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Fig. 12. Full-scale CorPower-like device considered in this case study. Di-
mensions are in metres. The acronym SWL stands for still water level and the
letter G is used to denote the center of gravity of the device.

with the optimal (target) feedforward controller mapping K}’jft(w). In
addition, the right side of Fig. 13 depicts the overall system force-to-
velocity mapping for controller T},_S—»v(“)) along with the optimal
(target) force-to-velocity response 'I}"i iv(w). The shaded region in
Fig. 13 represents the frequency range selected for controller synthesis.
Furthermore, the effect of changing k, for constraint handling, is illus-
trated on both frequency response mappings. The device motion
(displacement) is constrained to the operational space [-1.5, 1.5] m. The
excitation force in operational conditions is immeasurable, and there-
fore, it has to be estimated. In general, the future knowledge of excita-
tion force is required for the majority of energy maximising WEC
controllers, which would be provided by excitation force estimation and
forecasting methods. The prediction requirements for a real-time WEC
controller are documented in [73], and a critical review of various
excitation force estimators is presented in [74]. For constrained LiTe-
Con case, the values of k are determined by exhaustive simulations for
each sea state considered. Hence, full knowledge of excitation force is
assumed, for this case. For each sea-state with peak periods T, € [5,12]s,
the resulting optimised k, which maintain operation with the device
physical constraints, values are shown in Fig. 14.

In the following part of this section, plots for absorbed power, con-
verted power, peak-to-average power (PTAP) ratio for converted power,
and maximum PTO force, are presented for the range of wave periods
considered, i.e. T, € [5,12] s. The absorbed hydrodynamic power is the
mechanical output of the WEC, and the converted power is the electrical
power converted by the PTO mechanism and measured at the Gen-SC
output. To determine statistically relevant results, the results are aver-
aged over ten realisations of each sea-state considered.

The results obtained with LiTe-Con are compared with resistive
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Fig. 11. S,(w) for peak periods T, = {5,6.4,7.8,9.2,10.6,12} s.
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Fig. 14. Optimised k values for sea states with peak periods T, € [5,12] s.

loading (passive damping) control, predominant in the literature
regarding grid integration of WECs, in Fig. 15. In particular, Fig. 15(a)
shows the absorbed hydrodynamic power for both controllers for T, €
[5,12] s. In Fig. 15(a), LiTe-Con is shown to significantly outperform the
passive damping controller since the LiTe-Con is a broadband reactive
hydrodynamic controller i.e. it effectively achieves device resonance at a
broader range of wave frequencies. Fig. 15(b) shows that, as a result, the
converted power is also greater for LiTe-Con than for passive damping
control. However, at larger periods (T, > 10 s), the converted power for
the LiTe-Con drops significantly, due to the increased Cu-losses in the
PTO (LPMG). This phenomenon is not unique to this study and has been
previously reported in the literature, e.g., in [25,75,76]. At higher pe-
riods, the LiTe-Con requires higher peak PTO forces, which causes an
increase in stator currents of the LPMG. Hence, a dramatic increase in

12

the losses at higher periods, to which there are a number of potential
solutions. One solution is to employ a global W2G control, which has
concurrent knowledge of all system components and finds the best
compromise to maximise grid power. Another solution, based on the
idea of control co-design, would be to optimise the position of the device
resonant frequency (relative to predominant wave spectral peak) to
minimise control action. A possible further solution is adding constraints
on peak PTO force and stator currents in the WEC hydrodynamic control
formulation as, for example, in [77]. An alternative solution is to use a
rotary generator, such as DFIG or PMSG, etc., with an appropriate
rectifying gearing mechanism for example, see [78], to increase rotor
speeds and reduce peak PTO forces. However, adding a gearing mech-
anism may result in additional frictional losses. However, these re-
finements are beyond the current paper scope, but may be considered in
future studies. In the case of passive damping control, the losses also
increase for higher periods, but not as significantly as in the case of LiTe-
Con. PTAP ratios for the converted power are presented in Fig. 15(c),
which shows that PTAP ratios for passive damping control average
around 10, which are consistent with this type of controller [76]. In
contrast, for the constrained LiTe-Con case, the PTAP ratios are more
than double those for passive damping control at periods T, < 10 s. For
periods T, > 10 s, PTAP ratios increase significantly and increase to 50,
at the highest period T, = 12 s. The high peak force requirement can
also explain the higher PTAP ratios at larger periods for LiTe-Con.
Although the PTAP ratios for LiTe-Con at lower periods under
panchromatic waves are slightly higher than findings in [23,33], the
PTO mechanisms used in [23,33] are different from the LPMG used for
our case, which may have some impact on the PTAP ratios. It is also
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worth mentioning that the lowest PTAP ratios are around the natural
period (= 6.5 s) of the device since the hydrodynamic controllers for
point absorber WECs require minimal control action close to the natural
period of the device. Fig. 15(d) provides the comparison for the
maximum control force required by both controllers, at each period
considered, showing that the maximum control force for the LiTe-Con is
significantly larger than the passive damping control, as expected, due
to its broadband reactive nature.

Fig. 16 shows the efficiencies of the various stages of the power train
under both passive and LiTe-Con controllers. #,,..4; 1pro: fwaw and fyqoq
represent the device’s mechanical efficiency, PTO efficiency, W2W ef-
ficiency, and W2G efficiency, respectively. In particular, Fig. 15(a)
presents the mechanical efficiency #,,.,, which clearly shows that the
mechanical efficiency is much higher for LiTe-Con, as compared to
passive hydrodynamic control, due to the higher power absorption
capability of broadband LiTe-Con control. Additionally, it is also clear
from Fig. 16(a) that the mechanical efficiency for LiTe-Con decreases,
especially at periods T, > 7, due to the action of constraint handling
mechanism, which restricts device motion to within physical operation
range. Fig. 16(b) shows the PTO (LPMG) efficiency #py, for the range of
wave periods considered, and it is clear that the #,; for passive control
is consistently better than that for Lite-Con. The reason for such
behaviour is the Cu-losses in the LPMG stator, which are much higher for
LiTe-Con than for passive control. The W2W efficiency #, is presented
in Fig. 16(c), and, as expected, the W2W efficiency is better for LiTe-Con
due to overall better power absorption performance. For wave periods
T, < 7, the W2W efficiencies achieved (50-60 %) for the LiTe-Con are
close to the efficiencies achieved by the authors in [23,33]. Additionally,
Nwaw 1S superior to the efficiency presented in [31], which uses a
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hydraulic PTO mechanism and achieves a 7, of around 8%. However,
it is essential to mention that the hydraulic PTO mechanism includes a
power conditioning mechanism, which provides much better output
power quality than a direct drive PTO. For periods T, > 7, the W2W
efficiency drops significantly due to two main reasons. Firstly, the drop
in #eqn, due to the action of constraint handling mechanism. Secondly,
the decreased #pry, due to increased Cu-losses associated with higher
peak currents at higher wave periods. Fig. 16(d) presents W2G efficiency
calculated using averaged grid power at each sea state. For a direct drive
heaving WEC controlled with LiTe-Con, it can be concluded from Fig. 16
that the reasonable efficiencies are achievable as long as the wave pe-
riods are close to the natural period of the device (= 6.5 s) and control
action (PTO force fy,) is light.

Naturally, the increased power capture performance of the LiTe-Con
comes with some capital costs increases. First of all, the increased PTO
force requirement directly influences the required LPMG rating, which
increases the PTO cost. In addition, higher PTAP values, especially at
higher wave periods, also require higher ratings for the power conver-
sion and storage systems. These factors increase equipment costs in the
power train, leading to a higher capital cost. Though beyond the scope of
this study, we note that optimisation-based controllers such as MPC can
(more elegantly) incorporate maximum PTO force constraints and Cu-
losses in the problem formulation, hence reducing both the PTO force
requirements and PTO losses [25], but with additional computational
expense. In terms of costs, optimisation-based controllers such as MPC
can maximise the economic benefit by implementing constraints on
peak PTO force, reactive power and stator current requirements,
assuming the availability of W2G model, which may result in lower Cu-
losses and equipment ratings (capital costs). However, this formulation
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can lead to a nonlinear constraint optimisation problem [79] that may
not be well suited for real-time implementation, due to the increased
computational costs. There is a trade-off between the performance,
constraint handling, and, more importantly, the power train equipment
costs.

The constraint handling performance of the LiTe-Con and the
tracking performance of the Lyapunov power converter controllers are
assessed here using time series plots for a single sea state. The properties
of the considered sea state are T, = 8.5 s (which is obtained as the
average between the extreme of the complete wave period range, i.e.
[5,12] s) and Hy; = 2 m. The results presented in this section include
constrained LiTe-Con control with displacement constraint of z,,,q = 1.5
m on the hydrodynamic side.

Fig. 17 (a), (b) and (c) shows the excitation force, heave excursions
(displacement) and velocity, respectively. Fig. 17 (b) illustrates that the
LiTe-Con satisfies the motion constraints (indicated with the dashed
lines), i.e. the device motion is contained in the physical operation
range, which is one of the benefits of using this approach. The Lyapunov-
based Gen-SC controller tracking performance is shown in Fig. 18 (a),
(b) and (c), which confirms that the PTO force reference provided by the
LiTeCon is perfectly tracked by the PTO force fy,(t), by regulating the

LPMG stator g-axis current x»(t) to its reference igif(t). Furthermore,
generator Cu-losses are minimised by regulating the d-axis current x; (t)
to zero. On the other hand, Fig. 18 (a), (b) and (c) also show the tracking
performance of an alternative PI controller, which struggles to track the
reference signals compared with the Lyapunov control. Despite the good
tracking performance of the Lyapunov control, the control objective of

extracting maximum power from the waves depends heavily upon how
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good a PTO force reference f;et{, the hydrodynamic control produces. This
is depicted in Fig. 15, which shows that the power absorbed is always
less for a passive damping controller compared to LiTeCon, regardless of

the type of controller used for the power converters.
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The tracking performance of the Grid-SC control is presented in
Fig. 19. Both d-axis and g-axis currents are tracked perfectly and errors
are minimised by Lyapunov control. Fig. 19 also shows significant
degradation in tracking performance when using an alternative PI
controller, primarily due to an inability to handle system nonlinearities.
The maximum active power injection is achieved by tracking the d-axis
i,
management system at the DC bus. Fig. 19(a) shows that the injected
current varies according to the wave profile. On the other hand, elec-
trical reactive power injection is zero due to the regulation of gq-axis
current x4(t) to zero, resulting in a unity power factor for the injected
grid power. In addition, the tracking performance of the storage
controller is shown in Fig. 20. Fig. 20(a) shows that the UC storage
absorbs high frequency power components at the DC bus, allocated
through the EMS. Once again, the Lyapunov controller significantly
outperforms the PI controller in terms of tracking ability and achieves
much tighter DC bus voltage regulation, as shown in Fig. 20. Tight DC
bus voltage regulation is achieved indirectly through the control of the
UC storage current xs(t), as presented in Fig. 20(b). The addition of the
UC system both increases the captured power (by facilitating reactive
control), as well as improving the quality (reducing the variability) of
the supplied grid power, therefore justifying the additional cost of the
UC system. The W2G systems are actuated by incoming panchromatic
waves, which are dynamic at all times. The wave excitation force, pre-
sented in Fig. 17(a), is calculated from the wave elevation time series

current x3(t) to its reference which is generated by the energy
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derived from the wave spectrum shown in Fig. 11. Therefore, the results
shown in Figs. 17-22 illustrate the satisfactory dynamic performance of
the power converter controllers due to the ever-changing wave excita-
tion force, making the complete W2G system dynamic throughout the
operation. However, the system is not required to respond to any sudden
changes in the wave excitation due to its smooth frequency domain
(Fourier) nature. The grid is assumed to be a three-phase balanced
voltage source with regular operation on the grid side. The operation of
the proposed system during grid faults and fault-ride through capabil-
ities (FRT) are not considered in this study and will be the subject of
future research.

In addition, changing the PLL bandwidth does not affect the tracking
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Fig. 22. Power quality plots (a) Three-phase injected current [A] (b) Scaled
Phase A grid voltage [V] and Phase A current [A] (c) Frequency variations [Hz].

performance of proposed Lyapunov controllers due to the ideal grid
conditions assumed in this study, resulting in identical control results for
different PLL bandwidths. For example, Fig. 21 illustrates the identical
tracking performance of the Grid-SC controllers for various PLL band-
widths. Similar results can be obtained for Gen-SC and storage con-
trollers but are omitted for brevity. However, the PLL bandwidth may
cause harmonic resonance, or even instability in grid-connected inverter
(Grid-SC) systems under weak grid conditions due to the coupling be-
tween the PLL and the grid impedance, as described in [80,81].

The quality of injected power is illustrated in Fig. 22, with Fig. 22(a)



H.A. Said et al.

Fundamental (50Hz), THD= 0.92%

(a)

o
©
T

o
J
T

o
)
T

o
3
T

Mag (% of Fundamental)
o o
w S
T T

o
)
T

°
T

i i L L L L i
0 1 2 3 4 5 6 7 8 9
Harmonic order

o

Fundamental (50Hz), THD= 0.13%

(b)

o

o

®
T

°

o

&
T

Mag (% of Fundamental)
2

°

o

N}
T

Uutk Londionids o 1 i L
0 2 4 6 8
Harmonic order

10

Fig. 23. Harmonic spectrum (a) Magnitude of grid current harmonics (b)
Magnitude of grid voltage harmonics.

showing the three-phase grid currents. Fig. 22(b) confirming that the
Phase A grid voltage (scaled down) and current are in phase with each
other, which guarantees unity power factor. Grid power frequency ex-
cursions are presented in Fig. 22(c), which shows that the frequency
remains under the contingency band 50 + 0.5 Hz, as specified by the
Irish grid codes. Furthermore, the grid voltage and current harmonics
for Phase A are shown in Fig. 23. Under IEEE Standard 519-1992 [82],
the maximum allowable THD level for grid voltage and current is 5%. It
is clear from Fig. 23 that the harmonics for current (0.92%) and voltage
(0.13%) are well below the limits set by the Standard 519-1992.
Therefore, the proposed W2G system is grid compliant and provides
good power quality.

6. Conclusions

In this paper, a W2G system is modelled, and a high-performance
W2G control scheme is designed for a direct drive heaving point
absorber WEC. The motivation for this W2G control approach lies in the
identification of conflicts that arises at various stages of the power train.
On the device side, multi-frequency reactive LiTe-Con hydrodynamic
control is used. In particular, the LiTe-Con provides more power
extracted from waves than passive damping control and provides a po-
sition constraint handling mechanism required for device safety.
Although the LiTe-Con delivers more power than passive damping
control, there are some implications of using LiTe-Con regarding
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equipment ratings and costs. The mechanical reactive power re-
quirements of LiTe-Con, and higher PTAP ratios (especially at higher
wave periods) of the converted power, increase the rating requirements
of the PTO and power conversion equipment in the power train. There is
a case to be made to limit the amount of mechanical reactive (negative
electrical) power to the WEC from the DC link, given the implications for
device rating. However, this represents a nonlinear constraint and
significantly increases the control complexity. For the class of ‘simple’
WEC controllers [60], constraint handling is kept to a low level of
complexity. Still, there are some possibilities with more complex con-
trollers such as pseudo-spectral and MPC [79,83] at the cost of
computational complexity.

Lyapunov-based nonlinear controllers are used for the power con-
verters’ control in the power train and perform well under various
operating conditions. In addition, the use of a Lyapunov-based control
synthesis procedure guarantees the stability of the electrical component
of the power train. Furthermore, an EMS system is also added at the DC
bus for tight DC bus voltage regulation and to provide for the mechanical
reactive power requirements of LiTe-Con, via an ultra-capacitor storage
system. The proposed W2G control scheme also ensures that the power
quality standards such as power fluctuations, frequency variations and
THD levels remain well within limits set by typical grid codes and IEEE
standards.

The proposed approach can be straightforwardly applied to the other
WEC devices, especially on the grid-side of the power train; however, on
the device side, different WECs respond differently under controlled
conditions. The proposed scheme also provides a starting point for
studies in which wave energy is combined with other renewable energy
modalities such as wind and solar, by adding them at the DC bus,
including for microgrid applications. In such applications, long term
storage such as battery storage would also be required to further
enhance the value of wave energy delivered, which will be the subject of
future research.
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Appendix A. System Parameters

Table A1
W2G system parameters for the simulation study.

Energy Conversion and Management: X 14 (2022) 100190

WEC

Total mass

Hydrostatic stiffness Kps

1.4646 x 10° kg
5.5724 x 10° N/m

LPMG and Gen-SC

Stator Resistance Ry

Stator inductance Ly

Flux linkage yp),

Pole pitch ©

Controller gains

0.29 Q
0.03 H
23 Wb
0.1m
c1 =10,cy =1 x 10?2

Grid and Grid-SC

Filter Resistance R¢ 0.15Q
Filter inductance Ly 0.2H
Controller gains c3 =9%x10%,¢c4 = 1 x 102
Grid frequency f, 50 Hz

UC and DC/DC converter
Supercapacitor voltage Vi 1280V
Inductance Ly, 3.3 mH
ESR Ry, 20 mQ
Controller gain cs =9 x 102

DC bus

Voltage V' 2000 V
Capacitance Cqc 4 mF

Appendix B. Passive damping control

PTO reference force f;et{, generated from a RL control [25] is given by:

For comparison, a passive control, also known as resistive loading (RL) control, is used to generate the PTO reference force on the device-side. The

=z (a),,k> E (B.1)
where,
2
Z (wpk) = B(wpk)2 + (a)pk (m + Madq (a)pk)) - (%) , is the optimal PTO resistance at a chosen frequency wpx, where wyy is typically the peak of

the input wave spectrum.
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