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Abstract

Ocean wave energy conversion has attained significant research interest due to its vast untapped potential, offering
promising solutions for powering Blue Economy (PBE) applications in remote maritime locations where traditional
grid connections are impractical or cost prohibitive. However, the efficient and reliable conversion of ocean wave en-
ergy remains challenging due to the variability of ocean conditions, the complexities of energy conversion processes,
and the need for robust control to ensure stable and consistent power output. The complex and nonlinear behavior of
ocean waves further necessitates the use of nonlinear control strategies to maximize energy capture, reduce cost and
maintain reliable system performance. This study introduces a comprehensive control framework for Wave Energy
Converter (WEC) and Permanent magnet linear synchronous generator (PMLSG) based Power Take-Off (PTO) sys-
tem, consisting of three main stages: wave energy capture, mechanical-to-electrical conversion, and electrical power
conditioning. The focus is on the first-stage controller, designed to synchronize the WEC’s motion with ocean waves
to maximize energy extraction using Sliding Mode Control (SMC), benchmarked against Proportional-Integral (PI)
control. Also, comparison has been performed with and without Control Force Limit (CFL). The energy absorbed
using SMC was 9.7% higher than that achieved with PI control. The proposed SMC ensures robust performance under
system nonlinearities and environmental uncertainties, enhancing the overall efficiency and reliability of WECs for
PBE applications.
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1 Introduction

Wave energy is emerging as a reliable and high-density renewable resource with the potential up to two terawatts of
power worldwide, can play a significant role in the global energy transition [1]. Wave energy supports grid stability,
reduces dependence on large-scale storage, and plays a key role in Powering the Blue Economy (PBE). Advanced con-
trol strategies are essential for maximizing energy capture, improving reliability, and enabling sustainable integration.
Several control strategies have been developed for WECs, including Complex-Conjugate Control (CCC), Latching,
and Model Predictive Control (MPC) [2]]. In the CCC approach, optimal energy absorption is achieved by adjusting
the PTO resistance and reactance to compensate for the system’s inherent hydrodynamic characteristics [3|]. Latching
control involves constraining the motion of the device using dedicated mechanisms, which can be unreliable [4, |5]].
MPC require wave prediction and is computationally demanding for real-time implementation [[6]. Maximum energy
conversion occurs when the device operates in phase with the excitation force [3]. This condition can be achieved
through methods such as Singular Arc (SA) control 7] and multi-resonant feedback control [§]. Linear-model-based
control often proves suboptimal and increases the levelized cost of energy (LCoE). SMC is recognised for its robust-
ness and suitability for nonlinear systems, and has been extensively applied across various domains [9 [10]. Fig|I]
illustrates a wave energy conversion system with a three-stage control architecture. In the first stage, the buoy captures
wave energy and converts it into mechanical motion, which is transformed into electrical energy by the PTO in the
second stage. The third stage conditions the irregular electrical output into a stable form suitable for grid integration
and PBE applications.. There is a need of control in all three stages. The second stage of the PTO system can be
broadly classified into two main categories: linear direct-drive and indirect-drive mechanisms.

In summary, a nonlinear model is essential for accurately predicting WEC behavior, particularly with nonlinear ge-
ometries. This paper presents the implementation of SMC in wave energy conversion using a nonlinear hydrodynamic
body ellipsoid. The primary objective is to implement and evaluate a first-stage control that synchronizes WEC
dynamics with ocean wave motion to maximize energy absorption. SMC performance is benchmarked against a con-
ventional PI controller within a nonlinear WEC model, both with and without CFL. Stability is demonstrated through
Lyapunov’s analysis and validated by numerical simulations in MATLAB using WEC-Sim. Additionally, a generator
model converts mechanical motion to electrical output, offering computational efficiency for early-stage design. The
project is open-source and can be accessed via|GitHub repository.

2 WEC and PMLSG Model

In this study, we consider a single degree of freedom (DOF) point absorber, heave dynamics are described by [11]:
mi=F,+u+F,,+F, (D)

where m, is the mass, X is the vertical acceleration, F, is the wave excitation force, u is the control force, Fj; is the
hydrostatic restoring force, and F, is the radiation force. Formulation of the forces has been provided in appendix A.
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Figure 1: Framework of Wave Energy Conversion Stages and Control
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The absorbed energy W over time [0, #] is computed as [[12]:

!
w:f F.idt @
0

where F is the control force and X is the velocity. The model of PMLSG for wave energy conversion, focusing of
design variables, voltage induction, and electrical dynamics has been presented from [13]]. The heave and the velocity
produced by WEC control simulation for regular and linear case using WEC-Sim become input to the PMLSG model
to evaluate the electrical power. This model is not computationally expensive and provides insight into the electrical
power output while keeping it simple by neglecting the impact of electromagnetic force. The induced phase voltage
for three phase due to translator motion is given by:

eph = Kg cos (gz) (1), 3)
Here, z is translator displacement, v(¢) is velocity, Kg is the back-EMF constant. In this framework, electromagnetic
reaction is neglected. This model forms the basis for simulating generator behavior under simplified conditions.
Details of design variables and values of the parameters used in simulation are listed in Appendix A table[I]

3 SMC Control Formulation

The SMC has been selected for regulating the nonlinear dynamics of the WEC due to its robustness against system
uncertainties. The model of nonlinear WEC can be expressed as [14]:

1
x2=M(Fe_Fr_Fhs_u) 4)

The system’s acceleration is denoted by X,. The excitation force F, and radiation force F, are defined in equations
(14) and (16) in appendix. The control input is u. The effective mass is M = m + m, where m is the buoy mass and
M 18 the added mass. The reference velocity x.. is set to align with the excitation force’s frequency and phase for
optimal energy capture can be defined as follows [3]].
r = —, X = — 5

X2ref 26‘;, Xoref 2Ch ( )
Here c;, is the hydrodynamic damping coefficient. After defining tracking errors, sliding surface and to ensure Lya-
punov’s stailty criteria control law for can be formulated as follows.

[
u= Fe - Fr - Fhs - m(x2ref - sign(s)) (6)
a

4 Results and Discussion

The system response was simulated in MATLAB using WEC-Sim to model the device and PTO unit, with the global
reference frame connected to one end of the PTO and the buoy attached to the other. The controller regulated the
relative motion between the reference frame and buoy using the SMC output. To capture the nonlinear dynamics,
an ellipsoidal buoy with a major axis of 10 [m] and minor axis of 5 [m] was used. A fixed time step of 0.01 [s]
over a total duration of 350 [s] was applied under regular waves with a wave height of 0.8222 [m] and period of 6
[s]. The hydrodynamic forces acting on the system were modeled nonlinearly, and quadratic drag was included. This
section compares the performance of two control strategies with CFL € [—4 x 10°, 4 x 10°| N and without CFL, SMC
with a signum function and a conventional Proportional-Integral (PI) controller [[15]]. Fig[2|shows the comparison of
energy absorbed between SMC and PI with CFL and without CFL. It can be observed the CFL did not impact the
energy absorbed 11.2 [MJ] in case PI and 12.4 [MJ] in case of SMC. The performance of SMC is superior in terms of
energy absorbed as SMC can cater the nonlinearities of Complex wave energy system. The comparative analysis of
the absorbed energy demonstrates in Fig 2] that the SMC outperforms the PI controller in terms of harvested energy.
Also Better performance of SMC can be observed in Fig[3] Where SMC tracks reference velocity better than PI. Fig
shows the control force comparison where chattering phenomena can be observed in case of SMC due to signum
function and nonlinearity and magnitude of control force is slightly higher than PI, when CFL is applied, SMC hits
the CFL.

Fig[5]shows the comparison of heave motion between SMC and PI controllers. The SMC exhibits slightly higher heave
than PI due to the influence of the control force. It can be observed that applying a CFL not only reduces the offset in
the SMC response but also helps regulate the buoy’s heave motion. Notably, potential stroke issues can be mitigated
by applying an appropriate CFL. Fig[6|shows the current waveforms iy, i, and i3, demonstrating balanced three-phase
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Figure 2: Comparison of Harvested Energy using PI and SMC with and without CFL
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Figure 3: Comparison of Reference Velocity Tracking using PI and SMC with and without CFL
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Figure 4: Comparison of Control Force Comparison using PI and SMC with and without CFL

sinusoidal behavior under regular wave excitation. The consistent amplitudes indicate stable generator operation and
effective control of the phase currents. The currents are presented for one period of regular waves, illustrating the
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Figure 5: Comparison of Heave using PI and SMC with and without CFL
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Figure 6: Generated Power from PMLSG using linear waves and linear forces

system’s power output scaled to a single period under regular and linear model conditions.
Conclusion

In this study, a nonlinear wave energy conversion system was modeled and controlled using SMC and benchmarked
against a conventional PI controller. The nonlinear dynamics of the WEC were simulated using WEC-Sim with an
ellipsoidal buoy model, while a simplified PMLSG model was employed to estimate the electrical power output. The
results demonstrate that the SMC approach offers superior performance in terms of energy absorption and reference
velocity tracking. The absorbed energy with SMC reached 12.4 [MJ], which is approximately 9.7% higher than the
11.2 [MIJ] achieved with PI control. The SMC also tracked the reference velocity more accurately, while the PI con-
troller exhibited tracking errors. The application of a CFL effectively reduced the offset in heave motion for SMC,
helping to mitigate potential stroke issues. The comparison of phase currents confirmed stable generator operation
under both control strategies, with balanced three-phase sinusoidal waveforms observed. Overall, the proposed SMC
strategy, combined with appropriate CFLs, enhances the efficiency, robustness, and safety of the WEC system, demon-
strating its potential for practical deployment in PBE applications. In the Future, Electro Magnetic Force can be added
to the model and SMC can be applied using real-time wave data.
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Appendix A. An example appendix

In this study, we consider a single degree of freedom (DOF) point absorber whose heave dynamics are described by:

mi=F,+u+Fp;+F, @)
where m, is the reference mass (including added mass), X is the vertical acceleration, F, is the wave excitation force,
u is the control force, Fy; is the hydrostatic restoring force, and F, is the radiation force.

The excitation force F, combines the dynamic Froude—Krylov (FK) force F FKyy and static FK component Frg,,,
computed from the instantaneous pressure p over the submerged surface:

Frg = Frg,, + Frk, =ffpfidS
s

27 hy

N-1 27 Tit]
=Z£‘f pf(@)f(o)derdo
i=1 i

Here, p is the wave-induced pressure, 7 is the surface normal, o is the submerged depth, 4 is the angular position, and
f(0) defines the buoy’s geometry.

The pressure p is modeled using Airy’s wave theory:

p = pgne*” cos (wt — kf(o) cos 6) — pgo 9)
where p is water density, g is gravitational acceleration, 77 is wave amplitude, k is wave number, w is wave frequency,
t is time, with the first term capturing dynamic pressure decay and the second term representing hydrostatic pressure.
Radiation forces are modeled as:

X, =A% + Bk, F,=-mui-CZ (10

where X, is the radiation state vector, A,, B,, C, are system matrices from hydrodynamic coefficients, x is buoy velocity,
and m,, is the added mass at infinite frequency.

The absorbed energy W over time [0, ¢] is computed as [|12]:

!
W:mem (1
0

where F is the control force and x is the heave velocity.

To simulate the nonlinear dynamics of the WEC, an ellipsoidal buoy geometry was modeled using WEC-Sim. The
PTO unit was configured between the buoy and a fixed global reference frame. Additionally, a quadratic drag force
dependent on the square of the buoy’s velocity was incorporated into the model using a drag coefficient C; and a
characteristic surface area. The system was subjected to regular waves with a height of 0.8222 [m] and a period of 6
seconds.

To correct the non-uniformity caused by stator slots, Carter’s coefficient K, is used to estimate an equivalent air gap
8eq» improving magnetic flux calculation:

7:(584 + D)
= Kc “8as Kc = < 5
Sea 8 7,584 + by) - 2
Here, g, is the physical air gap, 7, is the tooth pitch, and by is the slot width. The equivalent air gap accounts for
slotting effects, with K, adjusting the flux path.

(12)

The phase flux density ¢ considering magnetic reluctance is:
B.h,,H
¢ = _ Orftmfcto (13)
hmHCﬂO - gqur
where B, is the residual flux density, &, is magnet height, H, is coercive force, and y is vacuum permeability.
The induced phase voltage due to translator motion is:
Vi 2

eph = Kg cos(;z) w(1), Kg=MWNnudvay, Vay = ;vm (14)
Here, z is translator displacement, v(¢) is velocity, Kg is the back-EMF constant, M, and W; are magnet and slot
dimensions, Ny, is number of turns per phase, and v,, is peak velocity.
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The three-phase voltages are:

2
e1 = Kg cos(gz) v(t), ey =Kg cos(gz - ?n)v(t), (15)

e; = Kg cos(zz - 4—7T) v(t) (16)
T 3

representing balanced sinusoidal voltages in a three-phase system.
For a resistive load Ry, the terminal voltage of each phase is:
V_j:inLa j= 1,2,3 (17)

where i; and v; are current and voltage of phase j.
Assuming no electromagnetic feedback on the translator (simple model), the electrical dynamics are:

di] _ e — Vi _ilRa d12 _ 62—V2—i2Ra dl3 _ 63—V3—i3Ra

dr L, = odr L, odr L,
where R, and L, are phase resistance and inductance, respectively. In this simplified framework, buoy velocity is
driven by wave excitation u(f), and electromagnetic reaction is neglected. This model forms the basis for simulating
generator behavior under simplified conditions.

(18)

Parameter Description Notation Specified Value Unit
Total number of electrical phases m 3 -
Total magnetic poles p 6 -
Slot count per pole per phase q 1 -
Active armature segments M, 4 -
Coil windings per turn N 82 -
Axial length of stator L 0.432 m
Width of stator segment Wy 0.2 m
Nominal air gap spacing 8 0.002 m
Magnet thickness m 0.006 m
Maximum flux density in translator B, 1.2 T
Coercivity of magnetic material H, 905000 A/m
Internal resistance of armature coil R, 1.5 Q
Resistive load connected per phase Ry 7.5 Q
Per-phase synchronous inductance Ly 0.115 H

Table 1: Electrical and geometric specifications of the generator used in modeling.

Authors including an appendix section should do so before References section. Multiple appendices should all have
headings in the style used above. They will automatically be ordered A, B, C etc.
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