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MOTIVATION

Higher Power Density, Reliable , Forecastable /l\
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Higher energy capture leads to lower LCOE,
making wave energy more competitive with
other renewable sources
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WEC Multi level control framework

Wave Energy Absorption (first Stage)

The buoy converts ocean wave
motion into mechanical energy.

Control is required to optimize
energy capture efficiency based on
sea conditions

PTO converts captured mechanical
energy into Electrical Energy

Direct Current (DC) Stage (second
stage)

Irregular and Raw power is
converted to DC, by DC voltage
Tracking

Grid Integration and PBE (Third Stage)

This stage converters DC to AC for
grid integration and to convert to
suitable power for PBE Application.

University of
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X= Velocity

X_ref = Reference Velocity
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WEC and Permanent Magnet Linear Synchronous
generator (PMLSG)
WEC Model:

F, = Excitation Force [N], Fp = Diffraction Force [N],
u = Control Force [N]

Fpkgy = Froude-Krylov Hydro Dynamic Force [N]

Frkst = Froude- Krylov Hydro Static Force [N]

F,, = Hydrostatic Restoring Force [N]

F. = Radiation Force approximated by using
sate space model[N]

C= Damping Coefficient [Ns/m]

PMLSG Model:

Kg = Generator Constant [Vs/m]

scales the velocity-to-voltage transformation

z = translator displacement [m]

v(t) = instantaneous velocity of translator [m/s]

Heave dynamics of a single degree of freedom (DOF) point absorber

x, = displacement, x, = x; = velocity
. . 1
X2=X1 :M(Fe_Fr_Fhs_u)

Fe = Frgay + Frgst
Fe
X2ref =50

Model the EMF generated in each of the three phases in PMLSG
s
e; = Kg * cos ((;) * Z) * v(t)

T 2m
e, = Kg * cos ZT3)* 7 * v(t)

T 4r
e; = Kg * cos (;—?)*Z * v(t)

Differential equations describe the rate of change of current in
each phase

d _(31_ vy — i1 * Rg)

dt 't Lg

d (= vy—ip* Ry

dt 2= Lg

d i _(63— U3 — i3* Ra)
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Figure WEC: Neely, Jason. (2013). Electromechanical emulation of hydrokinetic generators for renewable energy research.
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Sliding Mode Control Formulation

Sliding Mode Control (SMC) is a
nonlinear control method that
forces the system state to reach and
stay on a predefined surface (called
the sliding surface) in the state
space.

Once on this surface, the system
dynamics become insensitive to
disturbances and uncertainties

RM is reaching mode

SM is sliding mode

Model of WEf Control Law
X2=X1—M(Fe_Fr Frs — w) . L

o u=F —F —F,s—m <x2ref - a Slgl’l(S))
X2ref = 50

Applying Control Force Limit
. [
lu| = F, — K. —Fps —m Xoref — Slgn(s)
Defining Error: a
€ = X2 = X2ref
€ = X3 = Xref Control force Limit (CFL) = —4e5 [N] to 4e5 [N]

A
y .
[Vo.Yal

Defining sliding Surface:

S =ae = a(xz - eref)

S =ae
) 1 .
S=a [;(Fext + E —u) — x2ref]

$ = —1sgn(s)

Energy Efficiency &
Renewable Energy
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Simulation Setup Details of Simulation
Benchmarking SMC with PI

Simulation Setup: Elipsoid buoy: Dimensions [m] in figure ——— \water

MATLAB/Simulink WECSIM Wave Type: Regular
Forces: Nonlinear

Wave
Direction

Times Step = 0.01][s] |

Wave Perio= 6 [s] a=5m 20m
ight= | | b=5m Fixed

Wave height= 0.822 [m] O ce25m Fixed |

Simulation time = 350 [s] B !

With quadratic drag Sea Bottom

With and Without Control Force Limit

Control force Limit (CFL) = -4e5 [N] to
4e5 [N]

Energy Efficiency &

www.amec-us.org ggx%:ng g{ﬁre Renewable Energy
p https://wec-sim github.io/WEC-Sim /dev/user/advanced_features.html#user-advanced-features-nonlinear WATER POWER
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Simulation Results

Absorbed Energy:

It can be observed the Control
Force Limit (CFL) did not
impact the energy absorbed.

Energy absorbed isl 1.2 [M]] in

case Pl and 12.4 [M]] in case of
SMC.

University of

Atlantic Marine Energy Center
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Figure: Comparison of Harvested Energy using Pl and SMC with and without Control Force Limit
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Simulation Results

1 Pl 1 Pl with CFL
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Figure: Comparison of Reference Velocity Tracking using Pl and SMC with and without Control Force
Limit
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Simulation Results

Control Force:

Figure 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
control force limit is applied, SMC
hits the Control force limit

University of
www.amec-us.org New Hampshire
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Simulation Results
Heave:

The SMC exhibits slightly higher
heave than PI due to the influence of
the control force. Control force limit
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 Control force limit

Stroke is the maximum relative
motion allowed between a WEC's
buoy and its reference structure.

Beyond which damage or efficiency
loss can occur. Managing stroke is
critical to ensure safe, efficient, and
controlled energy extraction,

especially under large  wave
conditions.

University of
www.amec-us.org
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1With Control force Limit: Pl vs SMC
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Figure: Comparison of Heave using Pl and SMC with and without CFL
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Simulation Results o Currents (i1, i2, i3) - x10° Generated Power

< 200 -~

— tldq { 10 1

- : a
Generated Power: o ARAEEY | 2

. 3 00 1IN | ©5
Figure shows the current waveforms =00 ) Q. ﬁ H
i1, i2, and i3, demonstrating balanced 400 , Ad\ , 1
. . . 0 '
three-phase  sinusoidal  behavior 100 120 140 160 180 200 1qp 150 200
under regular wave excitation. The Time (s) Time (s)
consistent amplitudes indicate stable Currents (.1 .2 i3) for1 Cycle «10° Generated Power for 1 Cycle
generator operation 00 ' 15 ‘ ' '
The currents are presented for one < 200 '2 1210l
period of regular waves, illustrating € o '3 E
the system’s power output scaled to a o " g 5
single period under regular and linear 3 -200 o
model conditions. "
-400 : ' '
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Figure: Generated Power from PMLSG using linear waves and linear forces

University of Spon Energy Efficiency &
WWww.amec-us.org @ New Hampshire ENERGY Renewable Energy

WATER POWER
TECHNOLOGIES OFFICE 1 1




Atlantic Marine Energy Center

System Setup: A nonlinear wave energy conversion (WEC)
system was modeled and simulated using WEC-Sim. Used an
ellipsoidal buoy model and a Permanent Magnet Linear
Synchronous Generator (PMLSG) model.

Control Approaches Compared: Sliding Mode Control (SMC)

Conclusion Proportional-Integral (Pl) Control

Performance Outcomes :Energy Absorption: SMC: 12.4 MJPI:
11.2 MJ SMC absorbed ~9.7% more energy

Velocity Tracking :SMC: Accurate reference tracking Pl: Tracking
errors observed

Stable generator operation with clean, balanced three-phase
sinusoidal currents has been observed in linear case.

g i Energy Efficiency &
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Designing Optimal Velocity Profiles:

Develop velocity trajectories that maximize energy absorption
while maintaining safe and efficient PTO operation.

Incorporating Electromagnetic Force in the Model: _
Integrate detailed electromagnetic force modeling of the linear
generator to improve simulation accuracy and control performance.

Future work Implementing Reinforcement Learning-Based Control:
Explore the use of reinforcement learning algorithms to ada|i)tively
control the WEC under varying sea states and environmenta
uncertainties.

Testing Controllers with Hardware-in-the-Loop (HIL):

Validate the designed control strategies using real-time HIL
simulations to bridge the gap between simulation and practical
deployment.

Applying Advanced Nonlinear Control Techniques:

Investigate and implement robust nonlinear control methods (e.g.,
adaptive, predictive, or optimal control) to enhance system
performance under dynamic ocean conditions.

Energy Efficiency &
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Transforming ENERGY

Energy Control and Optimization (ECO) Lab
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https://sites.usnh.edu/eco
Professor: Arezoo.Hasankhani@unh.edu
PhD student : um1023@usnh.edu

Thank you!

Any Questions?

———a==—===-

https://github.com/Energy-Control-and-Optimization-

(]
I G lt H“b Lab/Control-codesign-of-wave-energy-converters. git

L————————————————————

University of ) Sandia Sponsored by IS RIEE sy | ENeroy Efficiency &
WWww.amec-us.org @ New Hampshire National ENERGY | renewabie Energy

: WATER POWER
Laboratories TECHNOLOGIES OFFICE 14



