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Abstract: The power harnessed by wave energy converters (WECs) in oceans is highly variable and,
therefore, has a high peak-to-average power (PTAP) ratio. To minimize the cost of a WEC power
take off (PTO) system, it is desirable to reduce the PTAP ratio while maximizing the mean power
extracted by WECs. The important issue of how PTAP ratio reduction measures (such as adding an
inertia element) can affect the mean power extracted in a reference model has not been thoroughly
addressed in the literature. To investigate this correlation, this study focuses on the integration of the
U.S. Department of Energy’s Reference Model 3, a two-body point absorber, with a slider-crank WEC
for linear-to-rotational conversion. In the first phase of this study, a full-scale numerical model was
developed that predicts how PTO system parameters, along with an advanced control algorithm,
can potentially affect the proposed WEC’s PTAP ratio as well as the mean power extracted. In the
second phase, an appropriate scaled-down model was developed, and extracted power results were
successfully validated against the full-scale model. Finally, numerical and hardware-in-the-loop (HIL)
simulations based on the scaled-down model were designed and conducted to optimize or make
trade-offs between the operational performance and PTAP ratio. The initial results with numerical
and HIL simulations reveal that gear ratio, crank radius, and generator parameters substantially
impact the PTAP ratio and mean power extracted.

Keywords: wave energy converter (WEC); peak-to-average ratio; unidirectional rotation; high
speed; efficiency

1. Introduction

Recognizing a need for alternative energy sources has resulted in significant mo-
mentum toward investigating renewable energy resources, such as wind and solar. Total
nonhydro renewable energy generation (wind, solar, geothermal, and biomass) in the
United States increased by 7.0% in 2019, following an increase of 8.2% in 2018 and 13.8% in
2017 [1]. The fastest-growing renewable energy source in 2019 was solar power (for both
utility-scale and small-scale power), with a 14.5% increase. During the same period, wind
energy generation increased by 8.2%. Since 2013, generation from nonhydro renewables
has almost doubled. In 2014, the total nonhydro renewable energy generation surpassed
conventional hydroelectric generation for the first time in U.S. history. Moreover, the total
utility-scale solar exceeded geothermal power generation in 2014 for the first time. In 2019,
renewable energy generation (excluding hydropower) made up 11.4% of total energy gener-
ation. The three largest nonhydro contributors were wind (7.1%), solar (2.6%), and biomass
(1.4%), followed by geothermal (0.4%). However, electrical energy production from fossil
fuels still has the largest share of power generation. Natural gas is the primary contributor
(38.1%), followed by coal (23.2%) [1]. The U.S. federal government aims to increase the

Energies 2021, 14, 3489. https:/ /doi.org/10.3390/en14123489

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1771-5083
https://doi.org/10.3390/en14123489
https://doi.org/10.3390/en14123489
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14123489
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14123489?type=check_update&version=1

Energies 2021, 14, 3489

2 0f 24

share of renewables—beyond hydropower—in its respective electricity generation to the
level of 20% by 2030 [2]. Most recently, the United States has announced a new goal to
reach 100% carbon-pollution-free electricity by 2035 [3]. This does not necessarily mean
that 100% of electricity will be from renewables, but it paves the way for more renewable
generation in the United States. There is still substantial room to grow to reach these goals,
considering that only 11.4% of need is met by renewable generation, and that the growth
rate of renewable generation has declined in recent years [1].

A number of other countries have also set targets for electricity generation from re-
newables. For example, the European Parliament approved a target of 35% renewables by
2030 [4]. This target was also adopted by China [5]. Some countries have even more ambi-
tious targets, such as net zero greenhouse gas emissions by 2050 in the United Kingdom [6]
and 100% renewables by 2050 in Spain [7]. Canada is targeting 90% carbon-free genera-
tion by 2030 [8]. Currently, Canada has approximately 70% renewables in its electricity
generation [9].

Marine hydrokinetic energy is an important renewable energy source with significant
potential to help achieve the goals established in a White House report [10]. In the United
States, marine energy has a potential of 2300 TWh/yr. This corresponds to 57% of U.S.
electricity generation. Wave energy’s share is 1400 TWh/yr (60%), followed by ocean
thermal energy (23.5%) [11]. Wave energy is the most accessible form of marine energy and
contributes up to 80% of the marine energy mix [12]. Additionally, the power density of
water is much larger than the power density of air. High power density can enable the
construction of much smaller-scale devices to capture this vast amount of waterpower.
In a study conducted by Cruz et al. (2008), it required three times the size of a standard
underwater turbine to generate the same amount of energy from a wind turbine [13].
However, at present, ocean wave energy is the most expensive type of waterpower because
of the complex structures of wave energy converters (WECs). In addition, calculating the
potential energy that can be harvested is a complicated task because of a lack of available
WEC models [14]. Moreover, ocean waves’ highly irregular nature causes important
challenges in developing the design and control of WECs to capture a significant portion
of this abundant energy. Therefore, it is critically important to develop and design new
WEC models that can harvest larger amounts of wave power efficiently and in a cost-
competitive manner compared to other sources of renewable generation, such as wind
and solar.

According to Tedeschi et al. (2011), the peak-to-average power (PTAP) ratio can
be more than 50 when applying well-known optimum control techniques to irregular
waves [15]. The study highlighted the importance of power saturation methodologies
for staying within the ratings of generator and power electronics equipment and for
reducing this ratio. Even with these provisions, approximately 16 kW of average power
was extracted with a 110-kW saturation rating for a generator driven by a rack-and-
pinion linkage attached to a semisubmerged 10 m diameter buoy. Henriques et al. (2016)
employed a latching control methodology with a high-speed valve to limit the PTAP
ratio for an oscillating water-column-type WEC [16]. The novel methods of handling
the PTAP ratio applied by these studies [15,16] were specific to the WEC power take off
(PTO) systems in consideration. The impact of reduction in the PTAP ratio to the mean
power was not thoroughly discussed by either of these papers. Yu et al. (2018) articulated
the strong correlation between levelized cost of electricity for WECs and the PTAP ratio
reduction [17]. WEC power smoothing and the PTAP ratio reduction techniques were
also discussed in detail for a two-body point-absorber system WEC Simulator’s Reference
Model 3 (WEC-5im RM3) with a hydraulic PTO. However, Yu et al. (2018) primarily focused
on hydraulic- and mechanical-smoothing methods in a numerical environment and used
a simple model for the electrical generator. Karayaka et al. (2020) used hardware-in-the-
loop (HIL) simulations to investigate the impact of PTO system parameters and control
law on a rotational WEC’s PTAP ratio reduction [18]. The study by Karayaka et al. (2020)
employed a fully experimental electric-drive system that is torque-actuated by the WEC-
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Sim RM3 model integrated with a slider-crank (SC) linkage for linear-to-rotary conversion.
This research effort ran into some challenges because of the actuation method and only
presented the relative (not to scale) PTAP ratio and mean power results. In addition, the
focus in [18] was mainly on the PTAP ratio reduction.

The study presented in this paper uses a wave-to-wire (W2W) model to better under-
stand the different ways to minimize the PTAP ratio while maximizing the mean power.
Special emphasis was given to the slider-crank linkage and the generator stages. W2W mod-
els have attracted special attention in the recent literature due to their ability to capture the
comprehensive system characteristics, from the wave resource to the grid. Accordingly,
the control decisions at different stages of the energy conversion chain can be made to
achieve different objectives. Penalba et al. (2016) provided a comprehensive review of
different W2W models and focused on the control requirements of intermediate conversion
stages [19]. According to the study, system constraints and losses are particularly important
and have to be articulated in the controller design stage to ensure that more power can
be converted. In addition to this review study, a few prominent designs of W2W models
can also be found in the relevant literature [20-23]. The references [20-23] make use of
nonideal PTOs with nonideal efficiencies. The constant-pressure hydraulic PTO topologies
are employed in [20,23] to implicitly balance the peak-to-mean and mean power figures.
Although the references [15,16] explicitly studied the balancing of peak-to-mean and mean
power, they assumed ideal efficiencies in their energy conversion chain.

In light of these existing challenges and opportunities, this study uses a novel re-
search methodology to investigate the correlation between the PTAP ratio and mean power
extracted for a WEC model, designed by integrating the WEC-Sim RM3 and fixed-stroke
slider-crank WEC-PTO models. The final design includes all realistic components, from
ocean wave interactions to electricity production and utilization.

The research study develops both experimental and numerical models that can predict
how PTO system parameters, along with an advanced control algorithm, can potentially
affect the proposed WEC’s PTAP ratio as well as mean power extracted. Important conclu-
sions are drawn based on the changes in system parameters.

The WEC-Simulator (WEC-Sim), which was originally developed by a collaboration
of the National Renewable Energy Laboratory and Sandia National Laboratories [24],
is becoming the industry standard for analysis and development and is used by WEC
designers, manufacturers, researchers, and educators. The WEC-5im can model devices
that are comprised of rigid bodies, PTO systems, and mooring systems. The first version
of the WEC-Sim was developed in 2014. The study detailed in this paper utilizes the
WEC-Sim and expands its functionality by using it to model ocean wave and body (RM3)
interactions as well as a slider-crank linkage system.

Maintaining continuous rotation at a relatively fixed /high speed and torque makes
popular utility-scale wind turbines efficient and cost-competitive. Some of the important
features that contribute to this efficient operation are a gearbox with a high conversion
ratio, large turbine inertia, and advanced control techniques applied to power electronic
converters [25]. Therefore, the hypothesis behind the research described in this paper is
that a WEC-PTO that is capable of maintaining one-way rotation with finely tuned system
parameters (such as gear ratio and crank radius) can achieve a reasonably low PTAP ratio
while maintaining its mean power captured near its peak.

The research objectives for this project are:

1.  Make use of an advanced control algorithm that achieves high-speed unidirectional
rotation for the WEC model described, with speed fluctuations limited to +40%
(around its mean).

2. Tune PTO system parameters (such as gear ratio, crank radius, and connecting arm
length) and collect and analyze the PTAP ratio data for various wave conditions.

3.  Characterize and investigate the sources of mean power reductions for the PTO
parameters and wave conditions.
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It is not a trivial task to achieve one-way rotation at high efficiency for oscillating
systems such as the WEC-PTOs. Liang et al. (2017) successfully developed and constructed
a mechanical motion rectifier that is used in a WEC-PTO architecture [26]. However, the
designed system did not include a real-time controller to maximize energy captured. As a
result, the power output suffered substantially in sea trials. Other mechanical means of
achieving unidirectional rotation include one-way clutch and latching techniques, which
add to the overall cost and complexity of a WEC system [12].

In this study, an angular displacement control algorithm was developed that maintains
unidirectional rotation at relatively high speed and efficiency. The control method is
nonparametric and immune to changes in wave motion (small, large, fast, or slow) to
achieve continuous rotation. To implement this mechanism, the electric machine operates
in the first quadrant (motor mode in forward direction) and the second quadrant (braking
or generator mode in forward direction) for every half cycle of a wave [18]. This way, the
WEC-PTO velocity stays in phase with the hydrodynamic excitation force. This approach
is known as reactive control, as described in the terminology of linear potential flow theory.
This electromechanical control method can be applied to any oscillating WEC-PTO system
that is capable of maintaining unidirectional rotation. The reactive and complex conjugate
control methods are illustrated in Figure 1; these methods maximize power transfer in an
alternating current (AC) electrical circuit.

Source | Load

Figure 1. An electrical analogue of a hydrodynamic system.

The source side in Figure 1 represents the wave excitation force (V) and the hydrody-
namic impedance’s real and reactive components (Rq + jwLg). The load side represents the
WEC-PTO system impedance’s real and reactive components (Rp, — 1/jwC). The current I
(analogous to the velocity in a hydrodynamic system) can be expressed as

Ve

' (Rg+Re) +j(wLg - &)

)

where w represents the wave frequency. The power transfer from the source to the load can
be maximized if the size of C can be adjusted to resonate with the size of L to achieve the
resonance frequency of the circuit. In this case, the imaginary term from the denominator
is eliminated. The resonance frequency is

w = ,/— 2)

or it can be written in a different form

C= —. 3)
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The real power transferred to the load is

V2
P = - & ZRL' 4)
(Rg+Ru)

This is what is known as a reactive control method, and it is used when R; is not
adjustable. For the complex conjugate control method, the absolute maximum power
transfer to the load can be achieved if Ry can be adjusted to match R. Then, the real power
transferred is
Ve

p=_-2.
4R]

©)

2. Materials and Methods

The WEC-Sim RM3 and SC linkage are integrated to fulfill the objectives of this
research. The integration scheme, along with an electrical machine, is shown in Figure 2.
This study allows us to evaluate the HIL implementation of WEC-Sim. WEC-Sim was
developed in MATLAB/Simulink R2015b (MathWorks, Natick, MA, USA) and the multi-
body dynamics were simulated using SimMechanics R2015b (MathWorks, Natick, MA,
USA). The WEC-5im RM3 model was used in this study, and the hydrodynamics model
was set up based on [17]. To take full advantage of the solver, the SC linkage was also solved
using Simscape Multibody. In this study, the state-space (SS) model was used because
of the need for a small time-step size for the HIL; the simulation time of the convolution
formulation is much longer than the simulation time for the SS model.

T
SWL ) G
- Crankshaft —
Float to SWL2 [m] %RMW}MN” ;’ Electrical Machine
F, j and Gearbox

e Length of

Connecting Rod

(a)

(b)

Figure 2. Integration of various components of the proposed rotational WEC-PTO. (a) WEC-Sim RM3, (b) slider-crank

linkage model describing system variables (Ty;, Fp, 1, [, 8), radial flux electrical machine, and gearbox.

The electrical machine’s stator and gearbox casing are assumed to be fixed to the spar
section. The crankshaft and the machine’s rotor and gears are also assumed to be attached
to the spar section of the WEC-Sim RM3, but they will rotate freely within the spar section.
The slider is assumed to be attached to the float section of the WEC-5im RM3 and will
translate freely within the spar section. The float’s upward motion with waves is in the
same direction as the orientation of the slider-crank’s upstroke. The direction of rotation is
assumed to be counterclockwise. Throughout the study, the spar section was assumed to
be fixed to the ocean floor; therefore, the float section was restricted to move up and down
in the heave direction only.
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2.1. Methodology for Balancing the PTAP Ratio and Mean Power

The basic scientific principles behind balancing the PTAP ratio and mean power
extracted can be explained through an armature-controlled (constant field) and motion-
actuated direct current (DC) machine block diagram (Figure 3). These principles can also
be applied to vector-controlled AC machines in which a flux-producing current component
is kept constant, and a torque-producing current component is independently controlled to
achieve similar control advantage as in DC machines.

Armature DC Machine Electrical Stage ' Electromechanical

Generator Speed
Voltage Torque pe
V, | _ | T
il I K | : Mechanical «
. Ry +5sLy | | WEC-PTO stage
Vp
Back electromotive
force Ky

Figure 3. Armature-controlled DC generator block diagram, motion-actuated by a WEC-PTO.

In the control framework, the shaft speed developed by a WEC-PTO, w, is treated
as an input to the DC machine. Electromechanical-torque-produced Tk is the machine’s
output. The other symbols in Figure 3 are: V}, back electromotive force; V,, armature
voltage (control input to the DC machine); K3, voltage constant; K;;, torque constant; and
R; and L,;, armature resistance and inductance, respectively. The mechanical WEC-PTO
stage represents the combined WEC-Sim RM3, SC, and gearbox models. The WEC-PTO
stage needs to develop the prime mover torque T}, (the geared-down version of T;) on the
generator’s shaft and overcome electromechanical torque T, for positive power generation.
The difference is the acceleration torque, given by

dw

Tml =T, = ]E/

(6)

where | is the combined inertia of the coupled rotational system, including the electri-
cal machine and gearbox. For simplicity, friction torque is assumed to be small and will be
ignored. The crankshaft torque T}, is developed by the WEC-Sim RM3 and SC mechanism.
Torque formulation for an SC mechanism involves two components [27]:

1. Drive torque is
T; = Fb'k(e/l/r)' (7)

2. Vibration torque is
T, = (me + ms)-(cos® + A-cos26)-r-w*k(6,1,1) (8)

where Fj is the total hydrodynamic force acting on the slider, the transfer function k is

k(6,1,r) = r-sinb- |1+ A-cost / )

\/(1 - (A-sinG)z)

0,1, are defined in Figure 2, A is the ratio of the crank radius (r) to connecting rod
length (1), and ms and m, are the mass of the slider and connecting rod, respectively. Then,
the total hydrodynamic torque function acting on the crankshaft can be given as

T, = Td + Ti- (10)
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The vibration torque is significantly smaller than the drive torque and can be ignored
for low-speed applications [28]. Therefore, T, will be dictated by T,;. The WEC-Sim RM3
calculates the final component in torque production, Fj, and it is

F, = F.—F, (11)

where F, is the wave excitation force and Fj, is the total hydrodynamic force acting on
the two-body WEC-5im RM3 geometry. As the spar section was fixed, F, and Fj, are
both evaluated for the float section. It is important to note that the electrical machine’s
torque and speed are the scaled forms of the crankshaft’s torque and speed (scaled by the
gear ratio).

The electrical power produced at the machine terminals in the time domain can be
given by

dig(t)

Pe(t) = va(t)ia(t) = (vp(t) — Raia(t) — LaT)iaU)r (12)
where i, represents armature current and is related to T, by
ig(t) = Te(t)/Kp. (13)

As this study tries to achieve a relatively constant speed, it can be concluded from
Equation (6) that
Te &~ Typ1. (14)

Considering (13), the changes in i,(t) will also be slow because of ocean waves’ low-
frequency nature; they range between 0.1 Hz and 0.2 Hz. Accordingly, the derivative term
will be small and can be ignored in (12). By recognizing K; = Kj;;, the electrical power
formulation will eventually result in

pelt) = (T (6) = 27 RT3 (1) (15)

From (15), several conclusions can be drawn:

1.  The product term wTj;,; is the mechanical power p;,(t) developed by the crankshaft;
its mean value needs to be maximized for maximum electrical mean power and
cumulative energy extraction. This power is maximized by the phase-lock control
algorithm, which will be explained in the upcoming paragraphs.

2. The other product term that is subtracted from p,,(t) represents the losses, which need
to be minimized for high-conversion efficiency. There are three different ways of
doing this:

a. The most prevalent method is to minimize the T),; waveform. This can be
achieved by using higher gear ratio. This process is analogous to minimizing
power transmission losses by using step-up transformers to increase line voltage
and reduce line currents. The losses are inversely proportional to the gear ratio
square, so the gear ratio needs to be maximized as long as the machine’s speed
rating is not violated. In this paper, a few different gear ratios will be evaluated,
and results will be discussed.

b. The next important method is to maximize Kj;, which is a machine construction-
specific parameter. The losses are again inversely proportional to the square of
K. This parameter can be increased by selecting a larger machine geometry
as well as a larger air gap flux density. As the project in this paper uses a
fixed-size machine, this parameter was not modified.

c. Finally, armature resistance R, can be reduced for smaller losses. Obviously,
this process also requires different machine construction with a larger gauge
wire in the armature coil. The benefit from R, modification is not as great as
from Ty, and K;,. This parameter also was not modified during this research.
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3.  Assuming the relatively small loss term in (15), the PTAP ratio can be reduced by
limiting fluctuations in both w and T};;. One of the research objectives is to limit
speed fluctuations to within £40% through the phase-lock control algorithm. In
addition, the T),; waveform is proposed to be modified by changing the crank radius
and connecting rod length, as dictated by (14). Minimizing fluctuations in the Ty,
will theoretically reduce the PTAP ratio as well as losses. In addition, the loss term
in (15) can be affected by both average and root-mean-square (RMS) values of Ty;1.
Therefore, reducing the RMS value of Ty,1 by minimizing fluctuations will help with
the PTAP ratio as well as the mean electrical power extracted.

2.2. Methodology for Maximum Power Point Tracking and Control

Complex conjugate control is the literature’s well-known method to achieve maximum
power transfer from ocean waves to PTO devices. In this method, both the amplitude
and phase of power capture device motion need to be adjusted to gain full advantage of
this control technique [15]. Some of the classical WEC control algorithms, such as reactive
control, linear damping, Coulomb damping, and latching control, are discussed in [20].
In addition, an overview of advanced control techniques for wave energy systems can
be found in [29]. In a fixed-stroke slider-crank mechanism, the motion amplitude cannot
be modified; therefore, the only available control option is the phase-lock control, which is
suboptimal [27]. This is the methodology for the advanced control algorithm employed
in this research—a reactive control algorithm utilizing a rule-based strategy. Keeping a
hydrodynamic object’s velocity and wave excitation force in phase is the way to achieve
this phase-lock condition. This method is detailed in [27], but a summary of the control
algorithm is as follows. This is an angle-control algorithm with two inputs (the machine’s
shaft angle and wave excitation force) and one output (the reference machine speed). The
wave excitation force measurement is only needed for zero crossings. Once the algorithm
detects upcoming two zero crossings, the half-period for a future half-cycle can be predicted.
For example, it has been shown by Khan et al. (2019) that an autoregressive filter with an
order of 15 can accurately predict zero crossings and half-periods effectively for commonly
found waves [30]. The study conducted in [30] was a pure numerical simulation on a
high-performance computing system. The reference machine angle for the next half-cycle
is updated with the information of a predicted half-period. This process requires a linear
extrapolation method, as in

6" = o) 11804, (16)

T

where 0* is the reference angle for the future half cycle, 8 ?"® is the machine’s angle
at the end of the previous half-cycle (an integer multiple of 180°), t is the time elapsed
after the end of the previous half-cycle, and T}, is the predicted future half-cycle of wave
excitation force. The reference angle is kept within +180° with a simple rollover algorithm.
The difference between 6* and the measured machine shaft angle is used to update the
reference machine speed in rpm by

n* = nlcm).[14+6.(6* —9)), (17)

where n1* is the reference speed, n(““) is the calculated reference speed based on Ty, d is the
angle controller update constant, and 6 is the measured shaft angle. This update process is
repeated until the cost function Cy is reduced below a certain threshold e.

Cr = |6* 9 (18)

When Cf is less than ¢, n* stays the same as plealc) Finally, a saturation function limits
n* before getting applied to the speed proportional integral derivative (PID) controller.
A block diagram of the fully numerical control system is shown in Figure 4. Both PID
controllers were tuned using the K-Factor design approach [31]. The crossover frequency
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Phase Tracking and Correction Process

for the current PID controller needs to be at least five times larger than the speed PID
controller for handling faster torque response. In addition, the speed PID controller requires
a nonzero derivative term for effective handling of jitter in the output speed, while the
current PID controller can have a zero-derivative term.

Low-pass Filter

WEC-Sim, Slider Crank and
Gearbox Models

DC Machine Controllers current sensor

FeReference -
—| Angle Prediction —P.—)

Algorithm -

4

Controller

e 2 ! * | |~ —F— "~ T
I a | J
‘ I ‘ I = >
Shaft Angle I;. >| Shaft Speed Current PID ! PWM DC-DC DC Machine \
Controller | PID Controller | Power Stage Electrical Stage
| |
|

r____l;”_

Low-pass Filter |

angle sensor

e speed sensor I
I3

excitation force sensor

Figure 4. Overall control system block diagram for the numerical model.

The control system shown in Figure 4 is only suitable for a pure numerical model
because speed sensed is directly used to actuate the DC machine for power generation.
In a physical hardware implementation, this is not possible, and this process requires
another machine to emulate speed actuation function. This is explained in the experimental
test setup section. The high-level control strategy, or the reactive control algorithm, is
shown in Figure 4 by the dashed block “Phase Tracking and Correction Process.”

The angle-prediction algorithm is quite effective but processor intensive [30]. There-
fore, in this study, zero crossings and half-periods for the wave excitation force series are
assumed to be known to keep real-time processing overhead minimal. For regular waves,
the angle-prediction process is straightforward, and there is no impact on the overall
performance. For irregular waves, the angle-prediction process had an overall impact of
approximately 4% reduction in output power [30]. Therefore, the impact on the real-time
system is expected to be minimal.

The control algorithm in [27] had few simplifying assumptions: (1) the Joint North
Sea Wave Project spectrum has a tight frequency-spreading parameter () of 6, (2) speed
reference saturation limits are within +50%, and (3) speed reference command is only
updated once every half-cycle. In the current study, these simplifying assumptions were
eliminated, to a degree. A frequency-spreading parameter () of 1 was used to better reflect
the real waves. As a result, irregular waves’ frequency content is richer than is the case
with  of 6 as in [27]. This requires a more agile control system with a different set of
controller parameters to keep up with faster dynamics in waves. Specifically, § had to be
fine-tuned, speed reference limits had to be re-evaluated, and speed reference command
should be updated more frequently. Reducing the speed reference limits is desirable
because they can help reduce the PTAP ratio, based on (15). However, the phase-lock
control algorithm needs to keep up with irregular waves’ changing frequency patterns
to maximize the power extracted. If the speed limits are too tight, then the controller can
lose synchronism and extracted power levels can suffer. Therefore, a semi-arbitrary figure
of +40% is initially proposed to evaluate the PTAP ratio and the mean power balance.
Speed reference command is now continuously updated rather than updated once every
half cycle (a step change) as in [27]. The end result was better excitation wave force phase
tracking performance and higher output power.

2.3. Experimental Setup for HIL Simulations

The project setup was designed by using the WEC-Sim RM3/SC integration and
applying this model to a physical experiment. The connecting rod and crankshaft in the
SC-linkage model was also built in Simscape Multibody and was directly connected to the
WEC-5im RM3 model. The WEC-Sim RM3/5C integration outputs the crank’s pitch motion
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information (angle and speed), which is the input into a Simulink system where an HIL
simulation takes place. The WEC-Sim RM3/SC model is actuated by the torque that is
processed through electromechanical system controllers. Figure 5 shows a detailed visual-
ization of the HIL simulation and experimental setup. Table 1 has the list of equipment
used. In Figure 5, w* is the WEC-PTO speed reference for the motor controller, Loty is
the measured armature current for the motor, and I,(;,») is the measured armature current
for the generator. The current sensors are attached to the electric machine drives board.
The digital signal processor (DSP) control board (DS1104) takes current measurements
through its CP1104 interface and sends the data to the dSPACE Control Desk 5.5 (dASPACE,
Wixom, MI, USA) software, a graphical user interface application that displays the data
and records the measurements. Speed measurement is taken separately through a speed
encoder attached to the shaft.

Simulation (DS1104) Interface (CP1104) Hardware
WEC-Sim |7 Torwes 4-—
; g | Slicler Crank | qmmmm] Generator . i
RM3) o] 1 ink ;gle Torque | fetm mm) | Generator m Inertia Wheel
Moson]  Mode Controller :
— —— .
Angle PWM Ele“.“c Y
Angular Speed Signals Machine /,»’
Reference I Drives e
—— Board e
Speed PI Current P Lagmy Motor (Prime prd
antroller v Controller o g ‘ Mover) P \
a(my) —— -
PWMSignal o
3 ¥ & a, g J \
\ J| I | Speed Measurement

Figure 5. Block diagram of an HIL framework (top) and experimental setup (bottom).

Table 1. The equipment used in the experimental setup.

Equipment Description Manufacturer Model Number
DSP Board Kit dSPACE ACE1104/CP1104
Electric-Drives Board Vishay HiRel Systems 75550
DC Generator MotorSolver Inc. DCGEN7090
DC Motor MotorSolver Inc. DCMOT8080
Multimeter BK Precision 390A

DC Power Supply BK Precision 9202
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The DS1104 board also takes this measurement from its CP1104 interface and sends
it to the dSPACE Control Desk software. The entire simulation model (upper left half of
Figure 5) runs from the DS1104 hardware board (attached to the computer in the far left
side of the experimental setup).

In the WEC-Sim RM3 (a two-body system), the float was restricted to move in a heave
direction only, while the spar/plate was fixed to the ocean floor. This way, the excitation
force that actuates the PTO is the same as the excitation force for the float and can be
preprocessed for the sake of simplicity.

Figure 6 shows the control system block diagram designed for the HIL simulation.
The electromechanical system symbols with the subscript “g” in Figure 6 represent the
generator variables. The symbols with the subscript “m” represent the motor (or the
prime mover) variables. The symbols with the subscript “a” represent the armature circuit
variables. The symbols with the superscript “*” represent the controllers’ reference signals.
In Figure 6, the symbols 6, n, I, V and T are used for angle, speed, current, voltage and
torque variables, respectively. F. is the wave excitation force. As explained in Section 2.1
for Figure 4, another machine is required to emulate the speed actuation function for the
DC machine/generator in the experimental test setup. The inclusion of the DC motor
(or the prime mover) and associated control blocks/signals is the difference between
Figures 4 and 6. The crankshaft’s angular speed becomes the speed reference (1,,*) to the
DC motor controller. The speed sensed (1,,5) from the encoder attached to the shaft of
the coupled motor/generator pair is used by the motor controller to dictate this speed
reference. The DC motor’s speed output (11,,) is then used to actuate the DC generator’s
electrical stage for power generation. The electromechanical torque (T,g) induced by the
generator is the braking torque for the motor.

Low-pass Filter

WEC-Sim, Slider Crank and
Gearbox Models

Phase Tracking and Correction Process DC Generator Controllers current sensor

1\W T~~~ ~—T~—T~—T~TTT—TT—TT—T—" A7 T T T T T T ———— N | ________
1, * ag | 4 J I |
Y ag . | @ 2 T( | -
! Shaft Speed Current PID ! PWMI DC-DC DC Generator 51 >
| | |
| |
|

*

! Fe Reference 0, + L
—>{ Angle Prediction —).—) Slf‘m Angle
Y Controller

|
| |
I |
' |
| \ o
| Algorithm Ao | PID Controller Controller Power Stage Electrical Stage |
| s I |
g | |
S S - T | |
Fe |
. ) current sensor |
DC Motor Controllers L J
Low-pass | I~~~ ~ T T TTTTTTTOl 7T T T T T T T T T | 4
Filter N : an
Shaft Speed Current PID |1 PWM2 DC-DC DC .\Igmr D(. I\Io‘u.\r
PID Controller Controller |1 Power Stage —>| Electrical -)‘-) .‘\IeL.Imnu,aI
| = Stage Stage
s | | > =
__________________________ 1
|I Low-pass Filter I $
speed sensor
angle sensor
— -
0 F,

excitation force sensor

Figure 6. Control system block diagram for the HIL simulation.

The dashed block in the upper right corner of Figure 6 combines the WEC Sim RM3,
SC, and gearbox models. The dashed block, “Phase Tracking and Correction Process,”
in the upper left corner performs the reactive-control algorithm that ensures the wave
excitation force and the float velocity are in phase, as explained in Section 2.1. The pitch
angle (0;) for the crankshaft is the input to the reactive-control algorithm. This angle
needs to have a specific direction (counterclockwise means positive) and an offset (the
angle 6 when the float is at rest on an undisturbed water surface, as in Figure 2b) before
being applied to the algorithm. The output is the speed reference signal (1¢*), which is
rate-limited before getting processed by the speed PID controller. The speed ramp rates
need to be limited carefully to avoid the extreme transients in the machine’s armature
current, which may lead to hardware faults in the electronic controller board. The DC
generator speed PID’s proportional and integral constants and the speed feedback’s low
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pass filter cutoff frequencies are tuned using the K-factor approach [31]. The crossover
frequency must be selected in accordance with the simulation sampling time. For example,
regular wave processing is faster in the WEC-Sim RM3 and, consequently, the sampling
rate can be faster. Therefore, a higher crossover frequency can be selected. The differential
constant for the PID needs to be tuned manually to minimize jitter in the speed response.
The output from the speed PID controller is the armature current reference (I,g*) to the
generator, as shown in Figure 6. The DC generator’s current PID controller processes
this reference current and generates a voltage reference (V,¢*) to be applied to the pulse-
width modulation (PWM) stage. All PWM blocks and the DC generator /motor blocks in
Figure 6 represent physical hardware components.

3. Results
3.1. Numerical Model Simulations

Full-scale model simulations were first designed for a conceptual wound-field DC ma-
chine with the parameters listed in Table 2. The primary objective at this stage is to
determine a suitable scaling factor to best utilize the experimental setup within its rated
values. The PTO system parameters that will later be optimized were initially crude and
could cause larger fluctuations in the power output. To ensure a proper scaling process
with linearity, any kind of saturation phenomena with the machine variables needs to be
avoided by selecting a relatively large machine size (6 MW). In addition, sea states selected
should not be very energetic, as listed in Table 2. Small-scale model simulations used the
identified parameters of a laboratory permanent magnet DC (PMDC) machine, also listed
in Table 2. This machine model was specifically selected to provide a comparison against
the physical system with HIL simulations. The secondary objective at this stage was to
verify numerical simulation performance, both for full-scale and small-scale models, rather
than optimizing the PTAP ratio or mean power extracted. Initially, full-scale geometry
was scaled down by 25 times. However, extracted power levels were relatively small and
were sometimes negative. Therefore, a scaling factor of 15 was later used throughout the
research study.

Table 2. DC machine parameters for full- and small-scale models.

Parameter Full Scale Small Scale
Nominal Speed 2000 rpm 4000 rpm
Nominal Power 6 MW 250 W

Nominal Voltage 2400V 42V
Viscous Friction Coefficient 0.32N/(m/s) 1.79 x 1074 N/(m/s)
Armature Resistance 0.076 ) 0.7Q
Armature Inductance 0.00157 H 0.0013 H
Torque Constant 16.6 Nm/A 0.091 Nm/A

The simulation models shown in Figure 4 were constructed in a Simulink environment,
and the controllers were tuned for appropriate system dynamics. A gear ratio of 150, a
crank radius of 2.5 m, and an arm length of 5 m were used with both models. The
extracted mean mechanical power (p;;(t)) levels for three different sea states are compared
in Table 3. In the scaled-down model, the Froude scaling law was used to redefine various
quantities, such as wave height and period; power; mass, and inertia, to have a fair
comparison between two models [32]. In summary, for the scaling factor of 15 (Sf = 15),
the forces are reduced by (Sf)® = 3375, the wave height is reduced by Sf = 15, the wave
period as well as simulation time are reduced by (Sf)!/2 = 3.873, the power is reduced
by (Sf)”/? = 13,071, the mass is reduced by (Sf)* = 3375, and the inertia is reduced by
(5f)° = 759,375.
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Table 3. Numerical model comparison.

Sea State (Regular Wave) Mlj)lclillislf:‘l;er i/iifedl-lr’)oszer; Absolute Error
Height (m) Period (s) (kW) W) (%)
2.5 8 641.8 49.15 0.10
2.5 11 1358 103.9 0.01
2.5 13 1445 110.5 0.04

In Table 3, the absolute error is calculated by

Prs — (PSD x Sf7/2)

Absolute Error =
Prg

x 100/, (19)

where Prg is the full-scale model power in watts and Pgg is the scaled-down model power
in watts.

As shown in Table 3, the absolute error values that compare full-scale and small-
scale model power levels using (19) are negligibly small and accurately verify the numeri-
cal models’ simulation results. It is important to note that, for a fair comparison, the mean
power values reported in Section 3 for the scaled-down model need to be multiplied by
153 2 13,071 to reflect them to the full-scale model [32].

3.2. HIL Simulations

As the numerical model simulations suggested, the WEC-Sim RM3 and SC geometry
were scaled down by 15 times to work within the appropriate limits of the physical
hardware. In addition, it has been observed that a crank radius of 2.5 m and an arm
length of 5 m resulted in relatively large values of PTAP ratio. Therefore, initial starting
points of 2 m for the crank radius and 7.5 m for arm length were selected during HIL
simulations. The controller design components and blocks for this stage are detailed
in Figures 5 and 6. To properly dictate the pitch velocity referenced by the WEC-Sim
RM3 and SC model, the prime mover/motor torque needed to overcome the generator’s
regenerative/braking torque. This process required an increase of at least 1.5 A in current
limits. Although larger differences were preferable and possible, it would have reduced
the generator’s current limit further down from 7 A because of the hardware capabilities,
and accordingly, harnessed WEC power levels would have been lower. The switching
frequency for the power converters is optimized at 5 kHz to strike a balance between
efficiency and fluctuations in input currents.

The WEC PTO design with HIL simulations was successfully completed and provided
continuous rotation (Figure 7) for both regular and irregular waves. The full-scale model
values for wave height, period, crank radius, and arm length are used in reporting the
results below for ease of understanding. The speed dynamic for a regular wave sea state
(wave height of 2.5 m, wave period of 11 s, gear ratio of 110, crank radius of 2 m, and arm
length of 7.5 m) closely follows its reference value to phase lock with the wave excitation
force. The irregular wave sea state (significant wave height of 2.5 m, peak period of 11 s,
gear ratio of 150, crank radius of 2 m, and arm length of 7.5 m) covers a longer time scale
just to be able to obtain an average representation of the entire wave spectrum. The speed
stays relatively constant—within +30% around its mean, which is primarily determined
by the peak period.
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Figure 7. Continuous unidirectional rotation in experimental test with (a) regular waves and (b) irregular waves.

Current (A)

The armature currents drawn by the motor/generator pair (for the regular wave
case in Figure 7a) are shown in Figure 8. Both the motor and generator hit their current
limits of 8.5 A and —7 A, respectively, because of the relatively low value of the gear
ratio. The jitter envelope in the current profiles is switching and measurement noise-
related. Increased current fluctuations and lower speed due to a smaller gear ratio caused
problems, which substantially contributed to lower mean power and increased the PTAP
ratio throughout the tests. Figure 9 clearly highlights that bringing down the crank radius
to 1.5 m effectively reduces the peak-to-peak current fluctuations and, therefore, improves
both the mean power and PTAP ratio. However, reducing the crank radius is likely to
cause diminishing returns at a certain point, which are detailed in upcoming paragraphs.
The instantaneous power curves corresponding to the operational cases in Figures 8 and 9
are shown in Figures 10 and 11, respectively. Power drawn (the motor case) translates to
positive power, and power produced (the generator case) translates to negative power.

— — — Motor Current
Generator Current

Time (sec)

Figure 8. Motor and generator currents for the regular wave case presented in Figure 7a (i.e., crank radius is 2 m).
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Figure 11. Motor and generator powers for the regular wave case presented in Figure 7a, except crank radius is 1.5 m.

Generated electrical power’s PTAP ratio and mean power results for regular (H = 2.5 m)
wave sea states are summarized in Table 4 for a slider crank radius of » = 1.5 m, 2 m and
an arm length of [ = 7.5 m. Generated electrical power’s PTAP ratio and mean power
results for irregular (H; = 2.5 m) wave sea states are summarized in Table 5 for the same
crank radii and arm length. In terms of the PTAP ratio and mean power extracted, a slider
crank radius of 1.5 m is the overall best PTO parameter. A gear ratio of 150 was the overall
best performer for both the PTAP ratio and mean power, although its PTAP ratio yield
was slightly worse than 110 and 133 for regular waves when r = 1.5 m. Most power was
extracted at the wave period of 11 s. The lowest PTAP ratio was achieved at T = 13 s for
regular waves and T, = 11 s for irregular waves. For the best values of gear ratio, crank
radius, and arm length, the system was able to extract positive power at all wave types
(regular or irregular), wave heights (1.5 m, 2 m, and 2.5 m) and wave periods (8 s, 11 s,
and 13 s). A larger gear ratio consistently improved results as long as the electric drive
system was not the limiting factor. A smaller gear ratio at larger wave heights and periods
caused larger current fluctuations that had to be restricted. A larger gear ratio at smaller
wave periods resulted in high-speed conditions, which had to be limited again. Any time
a limiting function was in place, it had a negative impact on the PTAP ratio as well as
the mean power extracted. This problem was the result of loss of resonance during an
event requiring current or speed limiting. As explained earlier, current and therefore torque
limiting due to large T}, causes acceleration in the generator, which loses synchronism
with wave forces until the next control window dictated by the half-period. Speed limiting
causes the generator to fall behind the excitation force dynamic, and again the system loses
synchronism until a catch-up action occurs in the next control window.

Table 4. PTAP ratio and mean power for a regular wave with a fixed-wave height (H = 2.5 m).

PTAP Ratio Mean Power (W)
Gear T=8s T=11s T=13s T=8s T=11s T=13s
Ratio
r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m
110 3.31 4.67 2.81 3.95 2.70 4.70 47.14 41.49 50.23 36.54 43.40 30.33
133 3.26 4.64 291 3.37 2.74 3.23 49.89 46.70 58.98 50.54 52.96 43.55
150 3.27 4.70 2.95 3.37 2.86 3.16 44.40 42.50 61.53 60.96 57.78 51.56
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Table 5. PTAP ratio and mean power for an irregular wave with a fixed-significant wave height (Hs = 2.5 m).
PTAP Ratio Mean Power (W)
Gear
Ratio T=8s T=11s T=13s T,=8s T,=11s T,=13s
r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m
110 18.36 1086 10.93 27.79 11.59 44.87 16.02 0.271 23.34 9.38 20.04 5.29
133 16.29 42.49 10.33 16.16 9.68 18.14 18.04 6.920 27.90 18.19 26.82 16.67
150 14.78 33.29 8.69 11.98 9.74 13.30 17.31 8.831 29.95 24.55 29.26 21.84
The impact of wave height on generated electrical power’s PTAP ratio and mean
power is summarized in Table 6 for regular wave (T = 11 s) sea states and for a slider
crank radius of r = 1.5 m, 2 m, and an arm length of / = 7.5 m. The PTAP ratio and mean
values of generated electrical power for irregular waves (T, = 11 s) as a function of wave
height are summarized in Table 7 for the same crank radii and arm length. The mean
power extracted by regular waves was roughly twice as much as that of irregular waves.
As in the case of fixed-wave height results, shown in Tables 4 and 5, a gear ratio of 150
and a slider crank radius of 1.5 m were overall winners for both the minimized PTAP
ratio and maximized mean electrical power in Tables 6 and 7. As wave height increases,
the PTAP ratio decreases and the mean electrical power increases. This can be explained
using a biased sinusoidal waveform with a positive mean value that represents the power
output. With the increased wave height, peak value increases, as does the mean value of
this sinusoidal waveform. However, the waveform can never be always positive because
of the control aspect, which requires an energy draw (or negative power) by the generator
to achieve resonance condition. Theoretically, for a zero-mean value, the PTAP ratio is
infinite. Additionally, for the maximum mean value (which cannot be larger than the
sinusoidal wave amplitude), the minimum PTAP ratio would be two for the proposed
control methodology. In the case of the irregular wave, with Hs = 1.5 m, r = 2 m, and a gear
ratio of 110, the generator was unable to extract positive mean power for the duration of
an HIL simulation and, therefore, the PTAP ratio was not calculated.
Table 6. PTAP ratio and mean power for a regular wave with a fixed-wave period (T = 11 s).
PTAP Ratio Mean Power (W)
Gear H=15m H=2m H=25m H=15m H=2m H=25m
Ratio
r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m
110 4.87 14.96 3.58 6.21 2.81 3.95 28.74 12.82 41.27 26.63 50.23 36.54
133 4.54 7.53 3.71 4.39 291 3.36 31.36 23.88 46.07 39.42 58.98 50.54
150 4.36 6.34 3.60 421 2.95 3.37 32.84 30.12 47.63 47.62 61.53 60.96
Table 7. PTAP ratio and mean power for an irregular wave with a fixed-peak period (T, = 11 s).
PTAP Ratio Mean Power (W)
1?;?(1; Hs;=15m Hs=2m Hg=25m H;=15m H;=2m Hs=25m
r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m r=15m r=2m
110 23.60 NA'l 14.75 143.1 10.93 27.79 10.08 —6.18 17.13 1.81 23.35 9.38
133 18.72 220.4 12.59 29.03 10.33 16.16 12.50 1.37 20.46 10.13 27.90 18.19
150 15.26 50.20 10.73 19.21 8.69 11.98 13.79 6.02 22.11 15.30 29.95 24.55

1 Not applicable.
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During irregular wave tests, the angle controller’s update constant J had to be tuned
for proper tracking performance to maximize mean power extracted and to minimize
the PTAP ratio. Moreover, the angle controller’s output was a reference to the speed
controller, and its ramp rate had to be limited to avoid severe current transients. Both
of these processes were conducted concurrently to find the appropriate balance through
extensive simulations. The results showed that § values of up to 0.33 had a positive trend
in terms of the mean power and PTAP ratio. After § = 0.33, the mean power extracted
started to stabilize and later reduce. Even with ¢ = 0.05, the controller produced satisfac-
tory tracking performance in the case of regular waves. In the case of irregular waves,
increased ramp limits always helped with a larger mean power and smaller PTAP ratio.
However, the electronic controller board consistently produced over current faults beyond
a =800 rpm/sec ramp rate. This is understandable because larger speed ramps require
faster torque and faster armature current transients, which cannot be handled by the
current controller beyond a certain threshold due to hardware restrictions.

3.3. In-Depth Analysis with Numerical Simulations

In addition to the full-scale numerical model given in Table 2, another numerical model
for the scaled-down model was implemented. This new model was designed using the
small-scale 250 W PMDC machine parameters provided in Table 2. A comparative analysis
was conducted between fully numerical (for the scaled-down model) and HIL simulations
to validate the previous section’s results. The geometrical setup used for HIL simulations
were replicated in this scaled-down numerical model to provide a fair comparison of the
results. All of the controller parameters tuned, and various limits enforced during the HIL
simulations were applied to the numerical model to facilitate this analysis. A model for the
generator and power electronics converter was used instead of their physical counterparts
in the HIL system, as shown in Figure 5. During this study, the simulations were run with
both regular waves having H = 2.5 m and irregular waves having Hs = 2.5 m. Throughout
this study, the WEC-PTO parameters were kept at a crank radius of 2 m and an arm length
of 7.5 m. Gear ratio and wave periods were modified in a similar way as the results
presented in Tables 4 and 5, respectively. A comparison with irregular wave simulations
is illustrated in Figure 12, where T, = 11 s. Numerical simulations yielded slightly larger
(1-2 W) mean power and, accordingly, a slightly smaller PTAP ratio for all cases. It can
be concluded that the results of the numerical model generally matched the results of the
experimental simulations well. The results were particularly close at a gear ratio of 150
and a regular wave period of 8 s. This outcome indicates that faster shaft speed makes the
numerical model match the experimental system more closely. This is primarily because
of the fact that the back-electro motive force (emf) voltage induced in the machine’s
armature circuit proportionally increases with the shaft speed. For a given output power,
the armature current reduces as the back-emf voltage increases. Accordingly, iR losses
in the experimental setup decrease. Eventually, the reduction in losses can make the
experimental setup look closer to the numerical model. Although minimized losses at the
higher speeds/voltages with the experimental system for the generator and the converter
can be the contributing factor as explained above, further analysis would be necessary to
isolate this effect. Original scaled-down model parameters identified at standstill conditions
for the generator, as listed in Table 2, can also be operating-point dependent.
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Figure 12. Comparisons between numerical and experimental simulation results for (a) the PTAP ratio and (b) mean power.

The numerical simulations were also conducted to analyze the impact of SC pa-
rameters on the PTAP ratio and mean power. The results shown in Sections 3.1 and
3.2 demonstrate that a smaller crank radius and larger arm length yielded a larger mean
power and smaller PTAP ratio. To investigate the general trend with these parameters,
the arm length was kept constant at 7.5 m, while the crank radius was varied between
0.5 m and 2.5 m, with 0.5-m steps. The simulations were for regular waves at H =2.5m,
T =85, and a gear ratio of 150, where numerical simulations best matched the HIL simu-
lations. The results were collected for the electrical mean power (measured at generator
terminals), the mechanical mean power (measured at the WEC-Sim's rotational PTO port),
and the PTAP ratio for the electrical power, and were graphed in Figure 13. The PTAP
ratio increases almost exponentially with crank radius, while the electrical mean power
peaks at 1.5 m and the mechanical mean power peaks at 2 m. The difference between the
electrical and mechanical mean powers follows a similar trend as the PTAP ratio. In other
words, a smaller crank radius helps increase electrical machine efficiency. Ultimately, the
electrical mean power deserves the most attention in a WEC system. In other numerical
simulations at higher wave periods and/or lower gear ratios, the difference between the
electrical and mechanical power increased, and efficiency accordingly became lower. This
is primarily because of the slower speeds and larger torque amplitudes at higher wave
periods and/or lower gear ratios.

In the second step of SC parameter analysis, crank radius was fixed to 1.5 m and arm
length was varied between 2.5 m and 10 m, with 2.5 m steps. The numerical simulation
setup with specific variables measured was the same as in the variable crank radius case.
The results are summarized in Figure 14. Increasing arm length does improve the mean
power as well as the PTAP ratio, although its impact in comparison to crank radius is much
less pronounced. For example, the PTAP ratio only reduces by about 2% when going
from 2.5-m length to 10-m length. The impact on the mean electrical power is somewhat
better, with a 5% increase. Beyond an arm length of 5 m, the improvement on mean power
pretty much saturates. The difference between mean electrical and mechanical power stays
approximately the same. A similar analysis was also conducted with a fixed crank radius
of 2 m and arm lengths of 5 m, 7.5 m, and 10 m. The trends for all three variables of interest
were similar (Figure 14). Neither the mean electrical power nor the PTAP ratio was better
than the case with the crank radius of 1.5 m. Additional numerical simulations with the
full-scale model were conducted, and it was verified that the optimal parameters are the
same for the mechanical system. The optimal parameters were slightly different for the
electrical generator because the parameters of the full-scale generator model as listed in
Table 2 were arbitrarily chosen.
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It is common practice in wind generation applications to step up the generator’s output
voltage after being tied to the grid. The inverter responsible for this interconnection fixes
voltage and frequency and allows the current to vary. With stepped-up voltages, current
levels (both mean and RMS values) drop—and losses in transmission and distribution
are minimized. This study took a similar approach in the mechanical environment in a
WEC by setting relatively constant shaft speeds and higher gear ratios to minimize current
and maximize induced voltage in an electrical machine.

Since this study presents a W2W model, it is desirable to show the evolution of energy
at different stages of energy conversion. The stages considered are (1) the wave energy flux,
(2) the absorbed energy flux by RM3, (3) the transferred mechanical energy to the shaft by
the SC and the gearbox, and (4) the electrical generator. Stages 2 and 3 are combined for
the sake of simplicity because this study focuses only on the SC geometry, the gearbox, and
electrical generator parameters. Therefore, three different power levels and two different
efficiencies are reported below. Table 8 shows the evolution for three different regular wave
sea states. A gear ratio of 150, a slider crank radius of 1.5 m, and an arm length of 7.5 m
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were used during the testing. The sea states 1, 2, and 3 have a wave height of 2.5 m and
periods of 8, 11, and 13 s, respectively. In addition, Table 9 presents the results for three
different irregular wave sea states. A gear ratio of 150, a slider crank radius of 1.5 m, and
an arm length of 7.5 m were again used during the testing. The sea states 1, 2, and 3 have a
significant wave height of 2.5 m and peak periods of 8, 11, and 13 s, respectively.

Table 8. Efficiencies at different stages of energy conversion chain for regular waves.

PTO—System (RM3 and SC) Electrical Generator Overall
Sea State
Pyy W) Pyeca (W) 1PTO Pyiecar (W) Pgen (W) NGEN Tw2w
1 74.7 53.7 0.72 53.7 433 0.81 0.58
2 102.7 70.5 0.69 70.5 60.9 0.86 0.59
3 1214 70.4 0.58 70.4 57.7 0.82 0.48

Table 9. Efficiencies at different stages of energy conversion chain for irregular waves.

PTO—System (RM3 and SC) Electrical Generator Overall
Sea State
Piyy W) Pyeca (W) 1PTO Precu (W) Pgen (W) NGEN waw
1 324 214 0.66 21.4 18.5 0.86 0.57
2 44.5 37.9 0.85 37.9 30.9 0.82 0.69
3 52.6 39.3 0.75 39.3 30.2 0.77 0.57

In Tables 8 and 9, P;,, is the wave power, Pyircy is the mechanical power at the SC’s
shaft, 77pro is the efficiency of the combined RM3 and SC stages, Pgey is the electrical
power in the generator’s terminals, 77GpN is the generator’s efficiency, and pw is the
W2W efficiency.

The results obtained in this study can be compared to the previous results in the
literature. Hansen et al. (2011) showed that overall W2W efficiency for an optimized
point-absorber system is in the range of 52-68% under different sea states [33]. Similar
W2W efficiency results were also reported in [21]. The values presented in Tables 8 and 9
compare well with these findings. Hansen et al. (2013) also discussed that a PTAP ratio of
10 is normal and can be present while maintaining optimum efficiencies around 70% for
different irregular wave sea states [20]. The PTAP ratios obtained for irregular waves at a
crank radius of 1.5 m and a gear ratio of 150, shown in Tables 5 and 7, compare well with
that finding. The PTAP ratios for regular waves in Tables 4 and 6 are well within the range
of the results reported by Tedeschi et al. (2011) [15].

4. Discussion

This study used a pair of elementary PMDC machines, along with an electronics
controller board and a DSP system, to facilitate the analysis. The results with regular and
irregular waves showed that gear ratio, crank radius, and arm length can be configured
in such a way as to minimize the PTAP ratio and maximize the electrical mean power
extracted. Although crank radius and arm length are parameters specific to an SC-type
linear-to-rotary WEC-PTO, maximizing electromotive force induced through a higher gear
ratio can be applied to any rotational WEC system for minimizing losses. However, higher
gear ratios can be problematic in a physical system implementation. Electromechanical
system losses can also be minimized through wound-field DC machines or efficient AC-
synchronous machines, where induced electromotive force can be directly controlled
through an exciter winding placed in the stator (DC) or in the rotor (AC). This process can
help assist with the demand on a gearbox, which can be the most vulnerable component in a
renewable energy system. High-performance DSP systems that allow faster processing can
be used to reduce sampling time in real-time processing and to achieve faster torque control
for better wave excitation force tracking. This would help improve results with irregular
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waves, where the sampling rate was notably lower, and would help avoid potential
complications that could lead to faults in a power electronics system.

5. Conclusions

The first research objective for this project was achieved, and an advanced control
algorithm was developed for high-speed unidirectional rotation. Speed fluctuations limited
to £30% (around its mean) were found to be satisfactory through extensive simulations
with irregular waves. The second objective was about tuning the PTO system parameters
(i.e., gear ratio, crank radius, and inertia) and collecting and analyzing the PTAP ratio data,
for various wave conditions. Data with different sea states, both regular and irregular, were
successfully collected by testing the system with several different combinations of gear
ratio, crank radius, and connecting-arm length. Although inertia testing was conducted for
several numerical values in the WEC-PTO system, no appreciable outcomes were observed.
In addition, the system lost stability below a certain inertia value. Finally, the sources
of the mean power reductions, depending on the PTO parameters and wave conditions,
were investigated and characterized. The study with both experimental and numerical
simulations found that gear ratio and crank radius were the most dominant parameters in
helping achieve the minimized PTAP ratio as well as larger electrical mean power. The best
overall results for both the PTAP ratio and electrical mean power were achieved with a
crank radius of 1.5 m and a gear ratio of 150. Conflicting outcomes between electrical mean
power and mechanical mean power were observed at different values of crank radius
because of high PTAP-ratio-related losses in the electrical machine. These losses were
caused by increased current RMS and mean values in the armature circuit of the machine.
Increasing arm length also helped improve results to an extent, but the trend was not as
substantial as in the gear ratio and crank-radius cases. Geometrical WEC system restrictions
can be a limiting factor at larger arm lengths.

One of the important takeaways from this research study is the fact that reducing
the PTAP ratio in a WEC system can help (1) reduce the capital expenditure using better
fitted components; (2) reduce maintenance costs, because components working more often
at nominal values should deteriorate more slowly, and (3) increase efficiency, because
component efficiencies tend to be higher at nominal speed and power values. These
important outcomes can be achieved by accurately designing PTO systems and/or using
an adequate control strategy.

A low-speed AC synchronous machine with excitation control would be a better
candidate in future studies because of its high efficiency and electromotive force adjustment
capability. Another important future step is to evaluate the impact of the hydrodynamic
viscous drag coefficient in the WEC system. Finally, the spar/plate section of the two-body
system should be given 3 degrees of freedom, and associated excitation force prediction
performance should be thoroughly analyzed.
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