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Abstract:
Ocean waves have high energy density and are persistent and predictable. Yet, converting wave energy to

a usable form remains challenging. A significant hurdle is the oscillatory nature of waves resulting in the
alternating loads, which necessitate the use of rectification at some stage of the energy conversion. This
research effort presents a novel design of active mechanical motion rectifier (AMMR) for the power takeoff
(PTO), which provides enhanced controllability and better power performance when compared to passive
mechanical motion rectifiers (MMR). Inspired by transistors used in synchronous electrical rectifiers, the
proposed design uses controllable electromagnetic clutches in the mechanical transmission to allow active
engagement-disengagement control; thus, rectifying the oscillatory motion into a unidirectional rotation for
high energy conversion efficiency and allowing the generator in unidirectional rotation to control the
bidirectional wave capture structure for maximizing the power output. A semi-analytical computational
approach is developed to efficiently evaluate the optimal power achieved using the proposed AMMR-based
PTO and active control. It is found that the AMMR-based PTO design yields a higher optimal power than
the previous passive MMR design across the wave spectrum. The influences of generator inertia and
reactive power are discussed. The effects of control parameters on the power output and the optimal
trajectories are analyzed. Wave tank tests with the AMMR prototype demonstrated the effectiveness of

AMMR based PTO design and validated the numerical analysis.

Key Words: Marine energy; Wave energy converter; Power take-off; Motion rectification; Control-
inspired design; Switching system
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1. Introduction

Ocean wave energy has received increasing attention as an alternative renewable energy source over the
past two decades. Its large power density puts it as a major player on the road towards a carbon-free future.
For instance, ocean wave resources along the US coast alone can provide approximately 34% of the nation’s
electricity demand [1]. In addition, ocean waves can complement other renewable energy sources, such as
solar and wind, to provide more stable and consistent power supply [2]. Fulfilling the ocean waves’ potential
requires innovative energy conversion technologies that address unique challenges brought by the
oscillatory nature of ocean waves, which necessitates rectification at some stage of the energy conversion.
To take advantage of the widespread existing power generation components such as synchronous or
induction generators, most wave energy converters (WECs) adopt some kind of motion rectifications to
drive the generator in a unidirectional rotation. The simplest form of motion rectification is in overtopping
devices where oscillatory waves are guided to surge into a reservoir above the sea surface and then flow
down through channels equipped with hydro turbines for energy generation. The Wave Dragon WEC
deployed off the coast of Denmark is one example of this type [3]. Although overtopping devices have the
advantage of being able to use technologies from the mature hydropower industry, the low water head and
flow variations due to irregularity of the waves cause the operation outside the efficient zone of the hydro
turbines, driving up the overall cost of wave energy. The oscillating water column (OWC) is another type
of WEC that makes use of the up-and-down wave motion to push airflow and drive axis-flow pneumatic
turbines [4]. The bidirectional air flow motion can be rectified via either valves [5, 6] or specially designed
self-rectifying turbines (such as Wells or impulse turbines). Rectifying air flows using valves allows the
use of higher efficiency conventional unidirectional turbines but makes it hard to apply reactive control [7].
On the other hand, self-rectifying turbines have much lower efficiency. There have been continuous efforts
to improve their efficiency [8-10], but performance enhancements remain limited, especially in reactive

control, where the turbine also works as a compressor to give power back to the air flow.

In addition to overtopping devices and OWCs, floater-based WECs have also gained considerable attention.
These WECs transfer energy from wave-induced motions of floaters to a generator through motion
transmissions. Hydraulic transmissions with check valves and accumulators are employed to build a
hydraulic rectifying circuit so that a constant pressure hydraulic motor can be used to drive a unidirectional
rotation of the generator [11]. The hydro-fluid rectifying circuit, however, prevents reactive control due to
the one-way check valves. Instead, passive phase control methods are adopted for increasing wave power
absorption [12, 13]. Several studies present alternative designs that aim at enabling reactive control so that
the floater’s oscillating motion can be controlled more precisely, thus capturing more power from the waves.
Ricci et al. introduced separate accumulators storing energy which can be released to drive the floater

through controlled valves [14]. In addition, hydraulic manifolds are used to approximate the reactive control



discretely [15, 16]. Hydrostatic transmission is also used to generate more smooth control [17]. Still,
complex structure of hydraulic systems and viscous losses associated with the fluid flow put a limit on the
attainable efficiency. The inevitable hydraulic fluid leakage is also a real concern because it can pollute the

ocean environment.

In contrast to hydraulic transmissions, mechanical transmissions not only have higher efficiency but also
require lower maintenance with lesser environmental impacts [18]. However, the use of pure mechanical
transmission is notably absent from large-scale WECS as it is deemed to be incapable of handling large
loads. In recent years, there have been studies demonstrating the feasibility of mechanical transmission for
WECs, especially by taking advantage of various belt transmissions, which can be scaled up relatively
easily [19, 20]. Despite the progress, mechanical transmission still faces some obstacles, one of which is
the mechanisms for motion rectification [21]. Liang et al. first built and tested a mechanical motion
rectification (MMR) PTO for the WEC, using a rack pinion mechanical transmission [22]. Two sets of one-
way clutches were used to engage the two pinion gears with one output shaft thus enabling the two
oscillatory racks to drive the generator in the unidirectional rotation. This MMR design principle using one-
way clutches was later widely extended to other mechanical transmissions to perform motion rectification.
Some noteworthy examples include the ball screw transmission designed by Li et al. [23], which can easily
integrate a flywheel to the generator, or be modified to couple a current turbine for hybrid wave-current
energy conversion [24]. Yang et al. [25] designed a coaxial rectification transmission using four sets of
one-way clutches and a planetary gear set. Wu et al. [26] added torsional springs to the transmission to

increase its energy storage capability, which can further smooth the generator speed.

These previous studies on MMR design, however, assume only a passive PTO with a constant load. As a
result, they treated the PTO damping as a design parameter alongside other PTO parameters like spring
stiffness and flywheel inertia. From an optimal control point of view, it is possible to optimally control the
instant PTO damping for a given WEC configuration. However, the engagement-disengagement
phenomenon makes a WEC with MMR PTO an implicit switching system [27], one of the hardest to solve
for optimal control. Moreover, in the abundant WEC control literature [28], the generator torque can be
controlled arbitrarily within the physical limits, not necessarily in a damping control form which produces
a force negatively proportional to the velocity. In fact, in the WEC control community, it is well known
that generally a reactive force is needed to achieve maximum power capture for a WEC [29], meaning the
generator needs to sometimes act as a motor to inject reactive power into the WEC system. This capability
is not possible when using a passive MMR-based PTO, since all previous designs employ mechanical one-
way clutches and thus the MMR based WEC can lose controllability, for example the generator will
freewheel at high speed (similar as bicycles in downhill motion). Therefore, MMR PTOs are not suitable

for reactive control.



To address the intrinsic limitation in controllability of current MMR-based PTO designs, we propose a new
generation of mechanical motion rectifiers, referred to as active MMR (AMMR). The AMMR would allow
explicit switching control of the clutches for unidirectional motion rectification and bidirectional power
transmission. Thus, it will allow the generator to rotate in one direction at high efficiency and also enable
the generator to act as a motor for reactive control. An explicit switching system, whose switching is
actively controllable, would be much easier to deal with numerically since many algorithms are available
to solve them [30-32]. In addition to introducing a novel AMMR design, this paper presents a semi-
analytical power computation approach based on regular wave steady state solution to enable fast evaluation
of power capture potential for different WEC configurations using the AMMR PTO. With the proposed
approach, the time needed for WEC power evaluation of AMMR PTO is significantly reduced in
comparison to time-consuming simulations with a switching nonlinearity. This computational efficiency
will enable a control codesign framework to holistically optimize WEC geometric shapes and PTO

parameters [33].

This paper is organized as follows. Section 2 introduces the principle of the active mechanical motion
rectifier and presents a design of the proposed AMMR. Section 3 presents the WEC modelling used for
power capture analysis. Section 4 details the assumptions and procedures of the proposed power analysis.
Then a case study is conducted in Section 5 to analyze the power capture of an oscillating surge WEC with
AMMR PTO. Tank tests results are presented for a scaled-down prototype. Section 6 discusses some
implications of different generator inertia and proposes several future research directions. The conclusions

are presented in section 7.



2. Active Mechanical Motion Rectifier (AMMR) Design Principle

The design of active mechanical motion rectifiers (AMMR) is in principle an innovation beyond the
previously developed passive mechanical motion rectifier (MMR). MMRs are designed for rectifying
oscillating bidirectional motion to unidirectional motion. Their working principle is best described through
an analogy to electric voltage rectifier, as shown in Figure 1(a). The voltage and current in the electric
rectifier are analogous to velocity and force (or torque in the rotational case) in the MMR [34]. Just as an
electrical rectifier uses semiconductor diodes to restrict the electrical current to flow in one direction, a
mechanical rectifier uses one-way clutches to restrict the force or torque to transmit in one direction. The
three bevel gears act in a similar manner to a center-tapped transformer. Therefore, the bidirectional motion
is converted into unidirectional rotation, in a similar way as the AC current is converted into DC current in
the electrical rectifier. When operating, the rotational inertia of the output shaft, including the bevel gears,
the generator, and optional flywheel, acts as the smoothing capacitor in the electrical rectifier and reduces
the fluctuations of the generator rotational speed.

Bi-directional Input Rotation

AC Voltage
or
Oscillatory

Motion

Bevel gears
1,2,3

One-Way
Clutch  ~—u

U
Diode or
One-way Clutch \
Engage: w;, = W,y

« Inner ring pushes outer ring
* Force transmitted

Disengage: W, < Wou v
* Clutch act as bearing
* No force transmitted

Unidirectional Output Rotation

(a) MMR analogical circuit (b) MMR actual design
Figure 1. MMR design principle and analogical electric circuit
When the input speed is slower, both one-way clutches are disengaged, and the rotational inertia will drive
the generator; however, the system loses controllability temporally during this period.
In electrical systems, a controllable rectifier can be implemented by replacing the semiconductor diodes
with transistors. Transistors are essentially switches controlled by an external signal. A mechanical

counterpart of transistors would allow direct control of the MMR’s engagement and potentially control
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Figure 2. AMMR design principle and analogical electric circuit

bidirectional power flow while rectifying motion. Inspired by the transistors, the electromagnetic clutches
are identified as an active mechanical transistor to allow active control of the engagement and
disengagement, as shown Figure 2. When the coil in the electromagnetic clutch is energized, the magnetic
force will be produced to press the rotor armature against the stator friction pad (Figure 2a). The input and
output of the electromagnetic clutch will be engaged. The maximum torque and transient response time will
depend on the armature shape, the friction coefficient between the armature and the stator friction lining,
and the magnetic field strength [35]. In this paper, clutch dynamics is neglected (since the transient response
time is much smaller than the wave period) and we will focus on WEC power capture optimization. Using
the electromagnetic clutches, the analogical electric circuit of the AMMR is almost the same as that of
MMR except that the diodes are replaced by transistors as shown in Figure 2. This design allows spur gears
or helical gears to be used to change rotation directions. Compared to previous designs that use bevel gears,
this configuration also is more reliable since bevel gears are more prone to failure due to installation

inaccuracy, larger deformation and higher stress near gear teeth [36].

3. Modelling of a Wave Energy Converter with AMMR Power Take Off

To investigate the power potential of the proposed mechanical PTO type, a simplified model of the AMMR
integrated with a generic one degree of freedom (DOF) WEC is derived. The WEC is assumed to have an
oscillating body constrained to move in one DOF under wave excitation. Without loss of generality,

rotational motion is assumed here and in the following sections. The oscillating body’s motion is governed



by Newton’s second law subject to a combination of different wave induced torques and the PTO torque,

written as:
I 0 = Tex _Trad _Tstat _Tpto (1)

where /is the physical moment of inertia of the oscillating body itself, 6 refers to the body’s rotational
angle with respect to the equilibrium position. T, is the excitation torque which comes from the pressure
of the wave field’s motion. It is the torque on the floater body when it is fixed in place. T4 is the radiation
torque which is induced when the floater body oscillates. Physically it comes from the counter pressure

when the floater drives its surrounding fluid to generate waves. Both T,, and T,,; needs to be computed
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Figure 3. Simplified modelling of the AMMR PTO

by integrating wave pressure across the floater’s wet surface. By solving or identifying the frequency-
dependent coefficients, linear convolution kernels can be constructed to approximate T,, and T,.,4 Without
the need of integration. Technical details for obtaining the frequency-dependent coefficients numerically
and constructing the convolutional kernels can be found in [29]. Ty, is the torque from the static water
pressure, which appears as a buoyancy torque and can be approximated as a spring torque with constant
stiffness coefficient K when the rotational angle is small: T q; = K. Ty, is the counter torque from the
PTO, which is taken at the connection interface with the floater body as shown in Figure 3. The AMMR
PTO is simplified as two parts separated by the controllable clutches. The first part is the set of gears
attached to the input shaft, which rotate bidirectionally with the oscillating body. The second part is the set
of gears attached to the output shaft, which rotate unidirectionally with the generator. When one of the
clutches is engaged, both Gearsl and Gears2 rotate together with the oscillating body, their motion is

governed by:

(1 NP (1 gy + g+ WDO+KO=T -T - NT,., ©)



Here Ijeqrq is the rotational inertia of Gearsl, Igeq, is the rotational inertias of Gears2, and Iy, is the
combined inertia of the generator and attached flywheels. N is the transmission ratio from the oscillating
body motion to the input shaft of the AMMR PTO. T, is the torque applied by the generator. When both

controllable clutches are disengaged, the governing equation is given by:
(1+N?1_, )0+KO=T, -T_,
. ©)

(Igearz + Ifw)egen :Tgen

gearl

During disengagement, the generator side inertia Igqq,, CONtinues to rotate in one direction, and the
electromagnetic torque applied by the generator solely determines its motion (note that generator
mechanical damping or friction is neglected here). This means the generator side inertia’s motion is fully
controllable during disengagement. It is noted that, on the other hand, the oscillating body’s motion during
disengagement is uncontrollable. However, unlike the passive MMR, we can actively control the

engagement whenever needed.

4. A Semi-analytical Approach for Wave Energy Converter Optimal Power
Evaluation with AMMR Power Take Off

For a mechanical PTO that is always connected to the oscillating body, the WEC’s dynamics is linear and
its theoretical optimal power can be obtained using the principle of impedance matching for each excitation
frequency. For the AMMR PTO, however, the WEC’s dynamics is no longer linear with system switching
entailed due to its motion rectification to enable unidirectional rotation of the generator. Therefore, a new
approach is needed to determine its theoretically achievable maximum power. As ocean wave power is
usually concentrated over a frequency band, it is plausible to first evaluate the optimal power under regular

waves at each individual frequency.

4.1 AMMR optimal power formulation and assumptions under regular waves

Compared to a conventional direct-connected mechanical PTO, the biggest difference of the AMMR PTO
is that it needs active control of the clutch engagement for rectification. This presents unique challenges as
the control of clutches introduces discrete decision variables into the conventional optimal control problem,
which typically only involves control of the continuous generator torque. To explain further, the engaging
and disengaging dynamics of the AMMR WEC are first defined. The positive engagement dynamics is
governed by:

(1 + N2(1 +1,)6, =T, —Nu—-K@,-T_,

+1
gearl gear2 - - (4)
0, =N§,



where 6; is the oscillating body’s velocity while 8, is the generator’s velocity. Similarly, the negative

engagement dynamics is governed by:

(1+N2(l +1, )6, =T, +Nu-K@ -T,_,

+1
gearl gear2 - - (5)
0,=-Ng,

The disengagement dynamics are governed by two equations besides the controllable clutches:

(I + Nzlgearl)él :Tex - Kel_T

rad
(Igearz +1 fw)HZ =u

(6)

Although there are three operation states of the AMMR PTO, mathematically only two sets of equations
are needed to represent the switching dynamics. This is because the positive and negative engaging states
only differ in the signs of 8, and u, since 6, is not influencing the dynamics and u is the control variable.
This sign change can be ignored so that one set of equations is used to represent the engaging dynamics.

The radiation torque can be represented by  the Cummins equation[37]:
T, (1) =—A(0)d, - J: h (t—7)6,(r)dz , where the convolution kernel h, can be considered as the

impulse response of a linear system described in state space form as:

XR = ARXR +BR91

t : (7)
[ ht-08,(x)dr =C. X,

These representations lead to a simplified form of the governing equations of the engaging dynamics,

which are written as:

91 = (rex —Nu- Kel_CRXR)/(I + A(OO)+ NZ(Igearl+ Igearz +1 fw))
fi: X, =AX,+B6, (8)
0,=N§,
Here Xy is the realized state of the state space system for the radiation kernel. The disengaging dynamics

can be similarly represented by:
9.1 = (Tex - Kel _CRXR)/(I + A(OO)+ Nzlgearl)

fa: XR:ARXR+BR‘91 9)

(Igearz +1 fw)92 =u



Letting [0, T] be the prediction horizon where the excitation torque T,, (t) is predicted and defining the set

of the clutch switching time vectoras S 0 {sel":s;, <s,,i=1,...,n+1} ,where $, =0 and$,,, =T,

1 i

the optimal control problem is formulated as:

minJ(s,u) = Z j 6,(t)u(t)dt

seSu®dup ] 0 (10)
st. x=f,(x,u), te[s,s,,), k=12

Depending on the initial state, the sequence of the switching dynamics can be fixed, alternating between
engaged state and disengaged state. Still, solving problem (10) is computationally challenging especially
as itis difficult to get the gradients of switching time vector s. For a control co-design process, it is important
to have a fast evaluation method of the WEC’s optimal power under control, so that the WEC’s design
parameters are optimized under a rapid iterative optimization framework. In order to simplify problem (10),

three assumptions are made:

(i) Regular waves at individual frequencies are considered, i.e., T = tp,, T, (t) = Aexsinwt, w = 21m/ty,.

(ii) se1*, which implies that there are at most four clutch switches in a regular cycle.
(iii) The state values are continuous across clutch switches.

Assumption (ii) is based on the observation that there are two zero crossings of T, in a cycle, and at least
two switches are needed to achieve rectification for one zero crossing. Although more switches are possible,
increasing the dimension of s increases the complexity of problem (10). Also, from a practical standpoint,
switching clutches comes with losses so it is better to avoid unnecessary switching. Assumption (iii) is
needed to address the jumps in the state value during the transition from dynamics f, to f,. During this
reengaging process, the clutch friction pad synchronizes the main body velocity 8, and the generator
velocity 8, in a perfectly inelastic collision, leading both values to jump from s; to s} (s;—r is the left/right
limit to s;). Note from (8) that during the disengaged state f,, the generator’s dynamics is fully decoupled
from the oscillating body’s dynamics and its motion is fully controllable and the time constant is much
smaller than the wave period. As such, 8, can be controlled to synchronize with 8, before reengaging,
eliminating state value jumps. This assumption is made to avoid complexities associated with the state jump
and should have no negative impact on the generated power. Although the instantaneous power during the
disengagement depends on the decoupled generator velocity 8, and generator torque u, the average power

only depends on the oscillating body’s velocity 6;. This is because the power source of the system comes



from the wave excitation, and the power absorbed equals the input power from the wave T,, 6; minus the

radiated power from the body T}, ;6.

4.2 A semi-analytical approach for AMMR optimal power computation

With the above assumptions, a semi-analytical approach is developed for fast evaluation of the optimal
control problem (10). This approach further assumes the switching time vector s is symmetric during a
regular wave cycle, since the sinusoidal excitation force input is symmetric. Essentially, the repeating cycle

is half of the wave period after rectification, so the components of s satisfy

Tox = Agxsin(2mt/ty) Tex = Aexsin(2mt/t;,)
0 s s; 4 Sy [t 0 s s S, S L
1 2 3 4 p 1 2 3 4 P
L 0 (1—d)t,/2
T 6,
o
(a) At time 0 the system is disengaged (b) At time 0 the system is engaged

Figure 4 Symmetric timing vector s determined by engaging phase and duty cycle
0<s <s,<t /2<s,<s,<t with S;=5+t, /2 and S, =S, +1, /2. This assumption reduces the
timing vector to be determined by only two parameters.

Let ¢ be the phase of engaging time relative to the excitation force and d be the engaging duration duty

cycle as a percentage of the whole wave cycle. Then, if at time 0 the system is disengaged, S, =t,¢ 1 (27)
and S, =S, +t,d /2, as shown in Figure 4 (a). If at time O the system is engaged, S, =t ¢/ (27) and

s,=5,-t,(1-d)/2, as shown in Figure 4 (b). It is evident that the parameter space of [0, ) and

d < (0,1] spans the symmetric vector space s and can be a more compact substitute for clutch switching



time representation. Similar to the time vector, the control trajectory is also assumed to be symmetric. Then
the system has periodic responses under regular wave excitations at steady state. This periodic steady state
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Figure 5 Periodic and symmetric response of the oscillating WEC body motion 84

response is observed during simulations as shown in Figure 5 with X,,, representing the system state at the
moment of engagement including position 6,,, and velocity v,,, while X 4; representing the system state

at the moment of disengagement including position 6,;s and velocity v ;.

In addition, the system’s states are also symmetric between the positive and negative half cycles. Assuming
such periodic and symmetric responses exist for a symmetric clutch switching time schedule and control
trajectory, the instantaneous power generation is also periodic. Then, the objective function of the optimal

control problem (10) can be substituted by the average power for regular wave cases as shown below:

ot/ (27)+tpd /2

min J(p,d,u) = 2(

ot,/(27)

6, (tu(t)dt +% N (1 gearz + L) (Vi —VED) /L, (11)

First, due to symmetric control and response, the repeating cycle of the instantaneous generated power is
half of the wave period. So, only half cycle energy needs to be calculated. Second, it is noted that the
harvested energy during the disengage stage can simply be represented by the kinetic energy difference of
the rotational inertia at the generator side between disengaging moment and engaging moment, as can be
seen from the disengaging dynamics f, in Equation 6. Due to assumption (iii) in the previous section, the
generator velocity 8, is always synchronized with the body velocity 8, before the engaging moment.

Therefore, it is enough to only know the oscillating body’s velocity |v,,| and |vg;s| at the switching



moments. Lastly, it is shown below that v,,, and v,;s can be solved through a set of equations by leveraging

the periodicity and an analytical solution of linear systems.

For a linear WEC system, it is found that a Pl controller with velocity/position feedback is sufficient to
achieve the power upper bound for a harmonic excitation[38]. Because the AMMR leads to a nonlinear
switching system, the PI control may not achieve the upper bound. Still, it provides a convenient starting
point with only two gains to be optimized. Such a feedback controller can be used during the engaging
stage so that u(t) = K;6, + Kp6;. Then, the engaging and disengaging dynamics of Equations 7 and 8 are

written in a state space form as:

0 1 0 0
© | |-K+NK, NK, -C 4
6, |= ! L R1 6 |+|— [T, sin(wt)
/ Ien Ien Ien en (12)
XR XR
0 B, A 0

with 1o =1+ A®©0) + N (I o + gearz + 1)

A IR Sl
6 |=|— O BRI 6 |+ — |T,sin(mt)
)‘(R Idis Idis X Idis (13)

0 B, A% |0
with I =1+ A()+N?I

gearl

For constant control gains K; and K,,, these turn out to be linear time invariant (LTI) systems with harmonic
inputs. The state response of LTI system X = AX +Bu is X (t) =e*“ X (t,) +It e’ Bu(r)dr .
t

When the system input is harmonic such as Equations (12) and (13), the convolutional integral term has an

explicit expression. To show this, the engaging dynamics (12) is rewritten in matrix form as:
X =AX+T,B3(e") (14)
Then, the system state response is:

X (1) = AT X (t,) + T, ( j; eAIeiord ) B, (15)

Through integration by parts, the convolutional integral is solved explicitly, leading to the final response

expression:



X (t) =eMTIX (t,) + T, 3((iwl — A)H(le' ) —eAt)Bel ) (16)

Similarly, the disengaging dynamics (13) is rewritten in matrix form
X =AX+T, B,3(E") (17)
and exhibits similar responses. Based on the state periodicity and symmetry relationship shown in Figure

5, for one cycle the state moves from X, (positive engaging) to X,;s (positive disengaging) to

—X.n(negative engaging) to —X;s(negative disengaging) and back to X,,,. Then, the equations

Xy =€ X, +T,3( (i) - A) (16" —*)B ) (18)

_X, =eh®Ix +Tex3((icol —A) (1t —eAz(l‘d)‘p’Z)Bze“‘“d”)) (19)

en

can be set to solve for X,,, and X,;5. Once X,,, and X;, are determined, the average power in Equation 11
can be evaluated. The power expression in Equation 11 after substituting in the feedback control is then

written as:
tpd/2 . ‘ 1 2 9 2
Power =2| [ (K 66,0)+ Ko O)dt+ 2 N* (g + 1)V ~V0) |11, (20)

Here v,,, and v,;, are the second state components of X,,, and X;;,. With X,,, known, the state response

function during the engaging stage is known as:
X (t) =e*X,, +T,3((iwl —A) (e —e*)Be") (21)

Then 6, (t) and 6, (t) are known as the first and second state components of X (t), and expression 20 can

be rapidly evaluated.

Finally, it’s worth pointing out that although the AMMR makes the WEC system nonlinear, it still preserves
some linear system properties. One important property is that changing the excitation amplitude does not
change the optimal control parameters. This can be seen from Equation (18)-(21). When T,,, changes, X,,,
and X;;; change in proportion, leading to the resulting state trajectory also changing in proportion. Then,

the power changes proportional to the square of the excitation change.
5. Oscillating Surge Wave Energy Converter Case Study

In this section, an oscillating surge wave energy converter (OSWEC) is selected to demonstrate the
proposed method for evaluating the WEC’s power performance using the AMMR PTO. The OSWEC is a



single degree of freedom flap that pierces the free surface. It is positioned perpendicular to the wave
directions and undergoes an oscillatory rotational motion as the wave’s crest and trough pass by its free end
[39]. It has been shown to have broadband power absorption characteristics [40], which make it suitable to
evaluate power across a wide wave spectrum. In Subsection 5.1, the chosen surge flap’s dimensions are
presented, along with its hydrodynamics properties. Numerical analysis results under regular waves are
presented in Subsection 5.2 to investigate how different design and control variables influence the WEC’s
power. Finally, in Subsection 5.3 tank test results of the flap WEC with AMMR PTO are presented to

validate the numerical analysis and demonstrate the effectiveness of the proposed design.

5.1 Properties of an oscillating surge flap moving in the pitch mode

The shape and mass properties of the flap, schematically presented in Figure 6, were tuned to have
maximum response amplitude when excited by 9-second waves in the full scale, which corresponds to a
common median wave period in the Pacific Ocean. The waves of interest have periods ranging from 5 to

15 seconds, which cover most sea conditions. The added mass, radiation damping, and excitation torque

z

I 'i Hinge
%  Point

Figure 6 Geometry dimensions of the oscillating flap

properties of the flap body are frequency dependent. Figure 7 (a-c) shows their values over the wave
spectrum range calculated by the boundary element method (BEM) solver Nemoh. It is noted that the
excitation torque applied by the waves rapidly increases when the wave periods are shorter than 10 seconds.
This leads to larger power potential over the short wave periods for this specific flap, although incident
wave power generally increases with wave periods. The radiation damping also exhibits sharp increases
when wave periods get shorter than 10 seconds. For waves with periods longer than 9 seconds, the radiation
damping is very small. The added inertia is also larger over the shorter wave periods, which makes the
system’s resonance period longer than the wave periods in this range, creating a mismatch in terms of
resonance. When considering the whole WEC system, significant PTO mechanical damping needs to be

added on top of the radiation damping, and the rotational gear inertia also adds to the flap’s moment of



inertia. For the purpose of this investigation, reasonable estimates of these constant drivetrain inertia and
damping are used to reflect the real operation. Those values are summarized in Table 1.

For the WEC system, one of the most important properties is its impedance, which determines its oscillation

response under forced excitations and defined as:

2 _ o)
Z(w) (22)

Z(w) =B(w)+ B, +i(o(l + A(w))-K/ )

where T (w) is the total external torque applied on the flap including wave excitation and PTO counter
torque, while 2(w) is the resulting rotational velocity. The real part of the impedance is the sum of the
flap’s radiation damping B(w) and viscous damping By, while the imaginary part of the impedance is
related to the flap’s physical and added inertia as well as the buoyancy stiffness. When the imaginary value
is zero, the WEC’s velocity is in phase with the excitation force, yielding the natural resonance period.

x10° <10°

10

- -
EE

8

6

4

2

Added mass (Kgm2)

Radiation damping (Nm/(rad/s}))

0 I I I
0 5 10 15 20 25 30

Wave period (s)

0 5 10 15 20 2‘5 30
Wave period (s)
(a) Added moment of inertia in the pitch mode (b) Radiation damping in the pitch mode

%107

6
4 x10

=

w
N w
T T

o

-
-

[=]
»

o

Excitation torque (Nm)
~n
Imaginary impedance (Nm/(rad/s))

10 15 20 25 30
Wave period (s)

=1
@

5 10 15 20 25 30
Wave period (s)

(c) Excitation torque in the pitch mode (d) Imaginary impedance

Figure 7 Hydrodynamic properties of the oscillating flap
Figure 7 (d) shows the plot of imaginary impedance value. It can be seen the system’s natural period is
around 10 second.
5.2 Wave energy converter power investigation with AMMR

When adopting the AMMR-based PTO, the optimal power computation can no longer be simply described

due to discontinuities introduced by the rectification process. Using the semi-analytical approach developed



in Section 4, this subsection details the influences of different design and control parameters on the WEC
power capture. An approximate optimal power can be obtained by examining a combination of possible
discrete parameter values spanning across their feasible ranges. The sweeping of parameter values also
allows detailed analysis of parameter variation. Table 1 summarizes the parameter values swept in this
study. All of the drivetrain inertia and damping are equivalent values after considering the gear ratio. The
generator side inertia I, includes both the gearsets Iy.q,» and an optional flywheel, which can have
different inertia to adjust I,. The flap side inertia I, includes inertia of the flap I and the equivalent inertia
of drivetrain gearsets I,.q, that are always connected to the flap. In this study, I, is deemed fixed and I,
is the design variable. Five levels of I, are considered, ranging from one sixth to more than twice the
oscillating part inertia (which includes I; and the water added inertia). The control variables include clutch
control variables ¢, d, and generator control variables K; and K,,. The engaging phase, ¢, is discretized into
ten even values across one half cycle of the excitation torque. The engaging duration, d, is discretized into
fifteen levels ranging from 20% to 90%. 100% engaging is not considered here as the system becomes
linear and its power can be easily evaluated using linear theory. The velocity feedback proportional gain
K,, takes only negative values, aimed at providing a generator damping torque that acts as the main way for
power absorption. Two hundred even discrete values are evaluated with the maximum set by the shorted
damping coefficient of a 300kW generator. The position feedback integral gain K; determines the
generator’s reactive forces which can adjust the overall system’s stiffness. For a non-switching always
engaging linear system, the work of reactive forces always integrates to zero and thus does not contribute
to the absorbed power. It is not necessarily the same case for the switching rectification system. Still, five
values of K; are considered to evaluate how adjusting the system’s stiffness can influence the AMMR WEC
system. The corresponding five levels of system stiffness range from no stiffness to double the original

buoyance stiffness. Wave heights of 1 m are considered for all regular waves studied here.

Table 1 Evaluated parameter values

Symbol Values Meaning
By 5x10° Nm/(rad/s) Drivetrain mechanical damping
14 8.53x10° Kgm? Flap and drivetrain inertia
K 2.85x10° Nm/rad Flap buoyance stiffness
Iy 0.5%10°%, 2x10°, ..., 6.5x10° Kgm? Generator side gear/flywheel inertia
@ 0,0.1m, ..., 091 Engaging phase
d 20%, 25%, ..., 90% Engaging duty cycle

K; —2.85%10°, —1.425x10°, ..., 2.85x10° Nm/rad PI control integral gain



Ky

tp

—1.25x10%, —2.5x10%, ...,—2.5x10” Nm/(rad/s)
5,6,...,15s

PI control proportional gain

Wave period

(1) Comparison between AMMR and MMR PTOs against the impedance matching optimal conditions

By evaluating all the parameter value combinations listed in Table 1, the largest achieved power is plotted

for five different generator inertia levels in Figure 8 (a). For an MMR PTO, simulations were run to evaluate

the largest power across the two hundred generator damping coefficients K;,, and the results are shown in

Figure 8 (b) for the five generator inertia levels. The theoretical maximum with the well-known impedance

matching condition [38] is also calculated and plotted as a reference. Note that with impedance matching,

the inertia levels don’t influence the maximum power. This is because inertia only affects the imaginary

part of the WEC impedance, which is canceled by the impedance matching.
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Figure 8 Largest power obtained by AMMR and MMR PTO with different generator inertia

Figure 8 shows that the AMMR PTO has significant improvements over the MMR PTO in terms of power

performance. In fact, for wave periods longer than 8 seconds, AMMR PTO can almost achieve the same

level of power as the theoretical maximum under impedance matching, which indicates its great power

potential. In contrast, the MMR PTO can only achieve the theoretical maximum at the 10 s resonance period.
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Figure 10 Active MMR responses with different generator inertia

This suggests that while the MMR PTO might be sufficient if the WEC operates at resonance, the AMMR
can adapt to more broadly varying wave conditions where the WEC operates off resonance. Moreover, the
generator inertia, which has a considerable effect on power performance with MMR PTO, does not affect
the AMMR’s power as much. As shown in Figure 8 (b), for the MMR PTO, smaller generator inertia tends
to have more power when the wave period is shorter than the resonance period, and larger generator inertia
tends to have more power when the wave period is longer than the resonance period. The reason for this
inertia difference can be intuitively seen from the steady state time domain response shown in Figure 9 (the
wave excitation unit is normalized in Figure 9 and 10 for visualization). At short waves, small inertia
generator can achieve higher velocity amplitude as shown in Figure 9 (a); while at longer waves, large
inertia has better phase alignment with the excitation torque and higher average speed due to disengaged
freewheeling. On the other hand, with AMMR’s active clutch control, different generator inertia wouldn’t
influence the engagement time. And the optimally controlled engagement time schedule can enforce a good
phase alignment of the flap velocity and excitation torque as shown in Figure 10. It is important to note that
in this paper the AMMR’s steady state response is computed analytically, therefore the time axis in the plot
is only for illustration purpose and does not mean real simulation time. By adjusting the engagement control
gains, the flap’s velocity amplitude of different inertia can also be controlled to be around the same optimal

value. This leads to similar levels of power absorption among different generator inertia levels. Therefore,



the generator inertia’s selection can be decided solely by PTO efficiency rather than considering its

influences on power capture potential.

Figure 11 (a) plots the WEC’s displacement amplitude with the AMMR PTO when it is controlled to
produce the largest power. Figure 11 (b) plots the displacement amplitude with the MMR PTO at the largest
power. In both figures, the WEC displacement amplitude under impedance matching is plotted as a
reference. Compared with Figure 8, it is noted that larger power corresponds to larger movement amplitude,
regardless of which PTO or control is applied. Also, for most wave periods, the AMMR WEC would need
to go above 30 degrees to achieve the optimum, violating the linear buoyance stiffness assumption. In this
sense the power shown in Figure 8 is only an upper bound indicating the AMMR’s power potential under
linear wave theory. Still, relatively speaking, the AMMR PTO certainly outperforms the MMR PTO in
terms of power performance. It increases power by as much as two folds at short waves and as much as

three folds at long waves compared to MMR PTO.
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Figure 12 Power comparison between different K, levels

(2) The influence of reactive power for AMMR PTO

For a non-rectification PTO, reactive power is known to be indispensable to achieving the maximum power
set by impedance matching. But it is unclear how much benefit reactive power has for a rectifier PTO. By
introducing the position feedback gain K, which supplies reactive power, it is found that reactive power
does not have significant effects on the power of the AMMR PTO. Figure 12 shows the optimal power with
different K, values. It can be seen that although using reactive power to stiffen the system can lead to larger
power over short wave periods, this increase is less than 15%. Moreover, the power drops slightly over long
wave periods, likely counteracting the gains from the short period waves. Similar effects are observed with
positive K; that softens the system, in which case there is slight increase over long wave periods and slight
decrease over short wave periods. Considering the fact that reactive power often entails larger required

generator currents and torque, it is more desirable to only draw active power from the generator. The power
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Figure 13 Power sensitivity with respect to switching time control parameters

performance of K; = 0 shows that the AMMR PTO can achieve close to optimum power with only
damping control of K,,, indicating its unique advantage of maximizing power without incurring reactive
power flow using AMMR PTO. In the following sections, more analysis is performed with only the active
damping power to quantify the effects of control parameters and wave conditions.

(3) Control parameters sensitivity with respect to wave periods

For an active power damping only control of the AMMR WEC, the control parameters are the engaging
timing, engaging duration and generator damping torque. Since the power is nonconvex with respect to
these parameters and the combination of parameter space is very large, it is important to determine the
sensitivity of the power to changes in the parameters. An analysis on regular waves sheds some light on the
effects of shifting control parameters. Figure 13 (a) shows the sensitivity of engaging phase ¢ over different
wave periods. It is seen that the power is at a similar level across different engaging phases at the resonance
10 second wave. As the wave periods get longer or shorter, the power begins to show larger differences
across the whole engaging phase range. However, the power value is only sensitive around a narrow range
of phase values, and remains at similar levels within relatively wide phase ranges. In summary, for each
wave period there are a high-power phase range and a low-power phase range. The high-power range of
short waves is generally narrower than that of longer waves, but still wide enough that 1 radian phase shift
from the optimum decreases power by less than 20%. Figure 13 (b) shows the sensitivity of engaging duty
cycle dover different wave periods. Again, for the 10 second wave, the power is at the same level regardless
of duty cycle. The power shows larger difference across different duty cycle values as wave periods get
longer or shorter. The sensitivity of power as the duty cycle shifts is generally mild, with power remaining
at similar levels in certain ranges of duty cycle values. The optimum power range for short waves is
narrower and covers smaller duty cycles, while the optimum power range for long waves is wider and

extends to medium duty cycles. Overall speaking, 30%-50% duty cycle can achieve a high-power level for



all different wave periods, and larger engaging duty cycle generally decreases power except near the

resonance period.
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Figure 14 Power sensitivity with respect to generator damping coefficient Kp

Figure 14 shows the generator damping coefficient’s sensitivity at different wave periods. A clear trend can
be seen from the resonance 10 second wave to shorter and longer wave periods. At the resonance period,
power remains at the same level across the whole K, value range. As the wave period shifts away, there
still is a wide band of K;, value range that produces high power. The upper bound of that band is always at
the high end of K, values, while the lower bound gradually moves from small K, values to medium K,
values as wave periods get shorter or longer. Clearly, a medium to high K,, value can guarantee a high
power output across different wave periods. From the sensitivity analysis above, control strategies can be
adapted accordingly when wave conditions change. When dominant wave periods become shorter, duty
cycles should generally be tuned shorter and generator damping should be tuned larger. While when wave
periods get longer, duty cycles need to increase as well as the generator damping. In realistic irregular
waves, the engaging phase needs to be decided on a wave-to-wave basis with some sort of wave prediction.
In short waves this timing is more sensitive than longer waves and needs finer discretization when it comes

to discrete control optimization.
(4) Analysis of AMMR WEC trajectories

To understand why and how the switching effects of AMMR increase power generation and to see if there
are any conflicts between the goal of power maximization and motion rectification, a detailed analysis of
the AMMR WEC’s trajectories is needed. Three sets of trajectories corresponding to wave periods 5s, 10s
and 15s are analyzed to show how the AMMR PTO works at and outside the resonance frequency. Figure
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Figure 15 AMMR WEC trajectories under 10 s wave
15 first shows the optimal trajectories of three duty cycle levels at the resonance 10s wave. Note from
Figure 13(b) that the generated power is similar for these three duty cycle levels. This can be explained by
observing the excitation force and WEC velocity trajectories. Despite the engaging duration differences, in
all three cases the resulting flap velocity is almost in phase with the excitation force. This greatly amplifies
the absorption of input wave power as shown in Figure 15(d), where the enclosed area of the excitation-
displacement loop represents the input wave energy over one wave period. Also, a comparison with the
non-switching conventional PTO (100% duty cycle) demonstrates the AMMR PTO’s capability of
amplifying the WEC’s motion. This comes from the unique dynamics switching phenomenon which can
align the WEC structure’s motion to be in phase with the wave force without the need of the generator
drawing reactive power. What’s even more attractive about this switching phenomenon is its flexibility of
engaging duration. For this 10 second wave example, 80% duty cycle engaging duration gives the most
power. However, the motion cannot be rectified since the flap reverses direction during the engaging stage.
After decreasing the duty cycle to 20%, rectification can be easily performed. Also, by increasing the
generator damping coefficient and shifting the engaging phase, the power only decreases slightly. This

makes it possible to maximize power and rectify motion at the same time.

Figure 16 shows the optimal trajectories of 5 second wave. This is the wave period where AMMR PTO
significantly boosts power compared to other PTOs. Among the three duty cycle levels, 50% duty cycle

gives more power output. This can be attributed to a better aligned phase between wave excitation force
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Figure 16 AMMR WEC trajectories under 5 s wave
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Figure 17 AMMR WEC trajectories under 15 s wave
and flap velocity, which implies an effective control of the switching times of the clutches should target a

WEC velocity in phase with the excitation. For short waves such as in this example, the optimal control

takes a declutching pattern [41], where the flap is disengaged from the PTO at a low speed to gain speed



and then PTO is engaged at a high speed with large damping to take out power. With the optimal duty cycle
around only 50%, it is also easy to perform rectification for this short wave.

Figure 17 shows the optimal trajectories of 15 second wave. This is the wave period where the designed
flap has the smallest power potential due to small wave excitation force. Still, with proper engaging control
the AMMR PTO is able to triple the power compared to non-switching PTOs. But the power is more
sensitive to the duty cycle at this wave period. 50% duty cycle gives much more power than the other two
duty cycle levels. By examining the corresponding trajectories, it appears the optimal switching pattern
resembles a latching strategy [42]. During the engaging stage, a large generator damping is applied and the
flap moves very slowly as if it is latched, then after disengaging it swiftly crosses to the other side and gets
engaged again when its velocity drops close to zero. The difference from latching control is that with
AMMR the power is generated during the latched stage instead of the unlatched stage, because during
engaged stage the flap still has a slow velocity. The problem with this control pattern is that it is not
compatible with the goal of rectification, since engaging must happen around low speed. Although it is
possible to start engaging after the flap’s velocity crosses zero, this may sacrifice some potential power

gains.
5.3 Tank experiment validation

The proposed AMMR gearbox was fabricated and tested with a 1:10 scaled down prototype of the flap
considered in the case study. The experiment setup in the wave tank is shown in Figure 18. The flap hinge
at the bottom was fixed to a frame that was anchored on two heavy I-beams on the tank floor. The PTO was
set on a platform hanged above the water and its input shaft was driven by a belt transmission connected to
the flap. A torque sensor is located right after the belt pulley to measure the torque from the flap. A high

Torque sensor,
1:3.5 gearbox

AMMR

L) e
Solid state relay x2

Generator

Flap Hinge Connected to the fixed
- bottom platform

Servo drive dSPACE Microautobox II

Figure 18 Integrated tank validation experiment setup
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Figure 19 Optimal trajectories obtained in the tank tests for AMMR and linear PTO

precision encoder is mounted on the other side of the pulley to measure the flap’s velocity. Note that all the

shaft measurements are scaled back to the flap torque and velocity by a pre-calibrated belt transmission

ratio (1:66). The input motion is amplified again with a 1:3.5 gearbox before the AMMR PTO. The

equipment used for the experiment is listed in the Appendix Table A.1. The engagement of electromagnetic

clutches in the AMMR gearbox were controlled through two solid state relays (SSR) while the generator’s

torque was controlled by a servo drive using space vector pulse width modulation (SVPWM). The control

program was implemented using a dSPACE real-time machine, which outputs analog signals to control the

SSRs and uses CAN signals to communicate with the drive. During the tests, the clutch switching times

and control gains of the generator were tuned manually to find the optimal power. The wavemaker control

signals were pre-calibrated before the tests by placing a wave probe at the location of the flap installation

so that desired wave conditions (height and period) can be generated accurately for the test spot. The wave



excitation torque acting on the flap was estimated by performing a latched flap test. Specifically, the flap
was locked by engaging both clutches when running the waves. The torque sensor then recorded the
excitation torque. In the meantime, a wave probe located roughly 10 feet upstream recorded the wave
height. A relationship between wave heights and excitation torques in the frequency domain was then
derived using Fourier transform and used to estimate the excitation torque from wave heights in the control

tests.

According to Froude scaling law, the corresponding wave periods for 5 to 15 seconds at 1:10 scale device
are 1.58 to 4.74 seconds. Therefore, eight wave periods from 1.5 s to 5 s are investigated and the
corresponding optimal power and control parameters obtained in the experiments are summarized in Table
2. All the waves have the same 10 cm wave height as scaled down from the 1 m wave height in the full
scale. It is observed that the optimal power trend is similar to that of the full-scale analysis, with the peak
power obtained in the shortest wave instead, indicating an excitation dominant system. The optimal
generator damping is the smallest around the resonant 3 second wave and becomes larger as waves get
shorter or longer, showing the same trend as the full-scale analysis. The optimal duty cycle at short waves
is much larger than the full-scale analysis. This is due to insufficient applied generator damping in the
experiments. For example, the generator damping can only be set at a maximum 0.004 Nms/rad for the 1.5
s wave. At this damping level, the peak generator velocity is about 280 rad/s, and 1.12 Nm damping torque
needs to be applied. This is almost 3 times the generator’s rated 0.44 Nm torque and can only last
temporarily. Since maximum damping is limited, more engaging time is required to achieve the same power
level. Other than this, the optimal duty cycle and phase values agree reasonably well with the full-scale
analysis. The optimal trajectories observed in the experiments for three typical wave periods are presented
in Figure 19. The plots on the left side show the trajectories under optimal AMMR control while the plots
on the right show the trajectories of a non-switching PTO where one clutch is always engaged. For the non-

switching linear PTO, only the proportional control gain is tuned for the largest power.

Note that in Figure 19, the flap’s velocity is multiplied by the transmission gear ratio for ease of
visualization, so it’s essentially the bidirectional velocity at the AMMR gearbox input shaft. It is noted that
in comparison with a linear PTO, the AMMR PTO significantly amplifies the motion of the flap, allowing
the generator to rotate at a higher velocity. As for the mechanical power absorbed, the AMMR achieves
comparable power performance as the linear PTO in short waves and can capture more power than the
linear PTO when wave periods get longer. It is worth mentioning here that the optimal trajectory at 1.5 s
short wave is a little different from what is suggested in the numerical analysis of Subsection 5.2. The
numerical analysis suggests a declutching pattern of control, where the generator engages at high speeds

and applies large damping towards low speeds. However, in the experiments the optimal engagement



happens at lower speeds and the engaging duration lasts longer. This is due to the limitation on the largest
damping the generator can apply, which negatively impacts the optimal power that is obtained in the
experiments. Although sacrificing some power absorption, this pattern of control is easier to implement in
practice as engaging at lower speeds generally does not incur large clutch impacts or require the generator
to rapidly accelerate. Other than this short wave period, optimal clutch control patterns similar to the
numerical analysis were observed for other wave periods, especially over the long wave periods, where it
is best to engage the generator and disengage it at low speeds to let the flap swing further. Overall, the
experiments show good agreement with the numerical results and demonstrated the proposed design’s
effectiveness. Still, several constraints present in the current experimental implementation limit the
attainable maximum power. Notably, the friction in the mechanical transmission is larger than expected.
Larger viscous damping leads to an overdamped system, which reduces the flap’s oscillation amplitude.
Larger stiction and coulomb friction cause non-smooth motion of the flap, further increasing the system’s
nonlinearity and reducing the predictability of the numerical model. Better fabrication and alignment of the
mechanical PTO are needed to reduce the friction, but at a small scale it is hard to reduce the friction level
to a point that is representative of the full scale. Another constraint comes from the limited encoder
resolution. Ideally, the speeds on the two sides of AMMR should be synchronized before engaging. As
encoders’ resolutions are low, in reality the speeds difference cannot be controlled well. Therefore, the
generator inertia has to be kept minimal to avoid large impacts due to engaging at different speeds. This

limitation prevents us from investigating more on the generator inertia effects experimentally.

Table 2 AMMR Optimal power and control parameters in experiments

Wave period AMMR power  Generator damping  Duty cycle Phase
15s 8 Watt 0.004 Nms/rad 70% 2.3 rad
25s 7.2 Watt 0.003 Nms/rad 70% 2.5 rad
2.5s 5.2 Watt 0.0015 Nms/rad 50% 3rad
3s 4 Watt 0.0008 Nms/rad 50% 1.6 rad
35s 2.5 Watt 0.002 Nms/rad 50% 1.8 rad
4s 1.5 Watt 0.003 Nms/rad 50% 0.3 rad
45s 0.55 Watt 0.003 Nms/rad 50% 0.5 rad
5s 0.82 Watt 0.004 Nms/rad 50% 2.6 rad

6. Discussions

Traditionally, generators’ inertia plays an important role in smoothing out power. For wave energy

converters with direct mechanical transmissions, the rigid connection between the generator and the floater



means that the generator constantly reverses rotating direction with the floater’s oscillations. Therefore,
power fluctuation is large and mechanical and electrical components are over designed to be bulky and
costly. With mechanical motion rectification, the generator’s output power can be greatly smoothed.
Ideally, the larger the inertia, the smoother the power is, and the less power conditioning would be required.
However, generator inertia also influences the WEC’s power capture, which indicates that the inertia value
should be chosen based on a tradeoff between power fluctuation level and average recovered power.
Interestingly, the case study presented in this paper implies that generator inertia’s impact on power capture
can be minimized through proper control, which is enabled by the proposed new active motion rectification
mechanism (AMMR). This motivates the need for further studies on control co-design of the generator
inertia, or even control co-design of the floater geometry since the influence of the floater’s added mass
needs to be reconsidered as well. The method presented in this paper serves as a convenient tool for
conducting such co-design analysis for individual frequencies across a targeted spectrum. Still, for random
irregular sea conditions, a more practical control algorithm would need to be designed to maximize average
power capture while satisfying certain power variation constraints. Another aspect that needs further
investigation is the effect of PTO efficiency. In this paper it is assumed the wave power captured is equal
to the harvested power, which implies a loss free power takeoff. However, in reality PTO is not loss free
and has different efficiencies depending on the WEC’s operation conditions. For example, for the
mechanical PTO considered in this paper, there are different mechanical transmission losses depending on
the velocity profile. The generator also has different copper losses and iron losses depending on the applied
torque and its rotational speed. Considering these losses will allow a more accurate and realistic estimate
of the true useful power that can be harvested from a device. This paper also follows the convention in
assuming accurate generator torque control and neglecting the detailed control implementation in power
electronics [43]. Since the generator’s mean velocity can be increased after motion rectification, additional
benefits/opportunities may be found when taking the power electronics control into consideration. However,
when considering more realistic PTO and power converters, the design optimization becomes much harder

and likely needs to use some heuristic optimization methods [44].
7. Conclusions

An active mechanical motion rectifier (AMMR) design for mechanical PTO of wave energy converters
(WEC) was proposed, designed, analysed and experimentally validated. The new design is inspired by
active electrical rectifiers and has more control freedom than a passive MMR. Along with the new design,
a compatible computational approach was developed for evaluating the power capture of the nonlinear
WEC using the new AMMR-based PTO. This method directly solves the steady-state controlled response

of the WEC, thus eliminating the need of expensive time-domain simulations and allowing for power



optimization. A case study of a flap-type oscillating surge wave energy converter demonstrated the
effectiveness of this approach. For the investigated flap WEC, optimally controlled AMMR-based PTO
was found to outperform the previous MMR PTO in terms of power capture by 2 to 3 folds depending on
the wave periods. Moreover, it was found that with active clutch control the generator’s inertia does not
have as large influences on the power capture as the passive MMR. It was also shown that the generator
reactive force leads to less than 15% increase in power capture, suggesting passive damping force alone
can achieve good power performance for the WEC with AMMR PTO. Optimal trajectories show a
declutching and a latching control pattern for short and long wave periods respectively, sometimes
contradicting the rectification requirement. In addition, sensitivity analysis indicates there exist control
intervals where power remains within 20% of the optimum when the control parameters vary. This provides
some guidance for optimizing control parameters under an irregular wave situation. Finally, scaled down
tank tests showed the new AMMR design is effective and works as predicted by the numerical analysis.
There are three aspects that need further investigations in the future work to realize the full potential of this
new design. First, the mechanical PTO is assumed ideal in this paper to focus on the clutch effects. More
realistic modelling of the drivetrain as well as the electric generator is needed to incorporate various losses
in assessing the PTO’s power potential. Second, there is a need to develop a more efficient method to
evaluate the power potential of a certain PTO design. Currently a costly parameter sweeping is still required
to evaluate each design option. Based on the patterns of optimal trajectories identified in this paper, it may
be possible to find a more efficient way to approximate the regular wave optimal control without
enumerating different control parameter combinations. Finally, in order to use the AMMR-based PTO
efficiently in realistic random seas, controllers suitable for real-time implementation under irregular waves
needs to be designed. The generator’s inertia needs to be co-designed with the corresponding controller to

strike a balance between power maximization and power smoothing.
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Appendix

Table A.1 Experiment equipment lists

Equipment name Reference

dSPACE controller dSPACE Microautobox II



Servo drive Advanced Motion Control DPCANTE-060b080

Generator Anaheim Automation BLWS235D-36V-4000
Gearbox (1:3.5) GYSIN Gearbox GPL042
Electromagnetic clutch Ogura Clutch AMC-20
Solid state relay Opto22 DC60S3
Torque sensor ATO torque sensor ATO-TQS-DYN-205 3Nm version
Flap side encoder SICK DFS60B-TFPA10000
Generator encoder Anaheim Automation ENC-A21-1250
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