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Chapter 1: Introduction

1.1 Motivation

Wave energy has an estimated untapped potential of around 8,000 to 80,000
TWh/y (1-10 TW), which is within the same order of magnitude as the world’s
electrical energy consumption |1]. This abundant resource is well worth any re-
search exploits as it has a limited environmental impact, high energy density and
it’s free. The significant problem however, is harnessing that wave energy and
converting it to electricity in large quantities. The waves are slow, random and
have varying power levels. To design a device that can efficiently capture these
irregular waves into smooth electrical power is quite the challenge. The device
would also have to withstand extreme wave conditions that occur very rarely, but
could have power levels in excess of 2000 kW /m [2]. Even though wave energy has
among the highest energy density out of all renewable resources, wind and solar
remain the leading powerhouses in clean energy production [3]. To date, only a
few experimental wave generator plants are in operation around the world. The
primary developers are located in USA, UK, Australia, Denmark, India, Ireland,
Japan, Norway, Portugal, and The Netherlands [4].

As wave energy is still a developing field, model testing and improvements will

keep on being conducted until a perfected model is produced. Our research builds



upon a novel dual-stator spoke array vernier permanent magnet machine [5] and
a direct drive hydraulic power take off architecture. The system requirements for
the analysis have been determined through collaboration with Dehlsen Associates
(DA). The results will show an analysis of steady state and transient efficiencies
of both topologies. The transient sea state analysis will give the Annual Energy

Production (AEP).

1.2 Literature Review

In this work we evaluate and compare the design of two power take-off topologies
for point absorber wave energy converters. A point absorber is a device that
possesses small dimensions relative to the incident wavelength. In this case, it is
a floating structure that heaves up and down on the surface of the water. Due
to their symmetry, wave direction is not an important factor for these devices [2].
The power take-off system grants the means to control the device and in doing so,
it optimizes the energy transferred from the incident waves to the WEC [6].
Comparisons between electrical linear generators and hydraulic PTOs have
been conducted in previous research [6,[7]. It was concluded from the results that
the electrical system is more efficient than the hydraulic system, but, to generate
the same power output, the electrical machine needs to be larger, leading to greater
costs due to permanent magnets, which are made from rare earth materials. The
hydraulic systems studied did have a smoother power output, but it required more

maintenance and needed to be sealed correctly to remain watertight. [7]. How-



ever, due to the heavier build and higher cost of the electrical machine, Bard [6]
concluded that the hydraulic system is a more reasonable choice for WEC commer-

cialization, even though it requires further research on efficiency and reliability.



Chapter 2: Direct Drive Hydraulic Power Take-Off Model

2.1 DDHPTO Overview

Wave energy conversion is considered a suitable application for hydraulics. Waves

apply large forces at slow speeds and hydraulic systems are suited to absorbing

energy under this regime [8].

This hydraulic PTO is similar to a rack and pinion, in that it transfers the

linear motion directly to rotational motion without rectifying or smoothing the

flow. This results in a simple solution in terms of part count at the expense of

more losses in mechanical to electrical conversion due to sub-optimal operating

conditions for the electric generator.
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Figure 2.1: Direct drive hydraulic PTO

Rotary
Generator

Speed
Torque

The direct drive hydraulic PTO shown in Fig. 2.1 consists of a cylinder, hy-

draulic motor and generator. The arrows depict the bi-directional course of flow.



2.2 Cylinder

Figure 2.2: Folded actuator side cross section

The cylinder itself is a dual acting “folded actuator” as shown in Figure 2.2.
This type of cylinder allows for operation in both directions to achieve an identical
pressure given the same input force, whereas, traditional cylinders have the acting
area of the piston reduced by the cylinder shaft on one side resulting in unequal
pressures depending on the direction of applied force. Traditional cylinders also
need to factor in the maximum load it can handle before it buckles. This is known

as critical buckling load and can be defined in the Euler’s Column Formula [9] :

n-m-2-E-1
F, = 7 (2.1)
Where F,,. is the critical load value, n is the factor accounting for the end
conditions (fixings), F is the modulus of elasticity 9], I is the moment of inertia,
and L is the unsupported length of the rod. With this equal pressure cylinder

design we can customize the rod diameter and internal bore of the rod as well.

These controllable design parameters prevent buckling to be a design driver with



respect to the pressure and flow.

2.3 Hydraulic Motor

The hydraulic motors used in this system are manufactured by Bosch Rexroth [10].
The hydraulic motor system is comprised of two axial piston fixed displacement
motors connected together via a common drive shaft to accommodate for incoming
force and velocity, as there are no motors made to date that can handle the system
requirements alone. In that regard, a 750 ¢m?/rev and a 1000 em?/rev motor is
chosen for the combined hydraulic motor system, which will then be connected to

a generator.

2.4  Generator

——AW

Rs Ls

Rc Em

Figure 2.3: Equivalent electric circuit model of generator

The generator is a traditional permanent magnet synchronous generator with a
rated speed of 1800 rpm. An equivalent circuit of the generator is shown in Figure

2.3. The per phase circuit consists of a series resistor Ry at the input terminals,



representing the IR loss in the stator windings, a shunt resistor R, representing

the core loss, a stator inductance Ly and a back-emf voltage E,,.

2.5 DDHPTO Formulation and Simulink Model

The electric power output is calculated as follows:

w :2
m DT
Q=V-A,

Ty =P -Dr-np

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

where w,, is the motor speed, Q is the volumetric flow, Dy is the combined motor

displacement, V is the PTO heave velocity, A, is the piston area of the cylinder,



T, is the motor torque, P is the pressure applied across the motor ports, 7, is the

combined motor efficiency, Ty, is the generator torque, and Jr is the combined

motor and generator torque. The electric power is then selected by a look-up table

based on individual torque and speed values and the operating generator efficiency

at each intersecting point. The Simulink model is shown in Figure 2.4.
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Figure 2.4: Simulink model of the DDHPTO
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Chapter 3: Vernier Permanent Magnet Linear Generator

3.1 VPMLG Overview

Vernier Permanent Magnet (VPM) machines represent a special class of perma-
nent magnet synchronous electrical machine. The VPM utilize higher order space
harmonics of the air gap magnetic field due to the multiphase stator winding cur-
rents that are contained in open slots at the air gap surface of the stator structure.
Conventional PM synchronous machines employ only the fundamental component
of the air gap magnetic field due to the slotted stator winding currents. A major
disadvantage of the VPM machine is its low power factor [11,|12]. Therefore, a
Dual-Stator Spoke Array Vernier Permanent Magnet (DSSA VPM) machine was
introduced to eradicate that disadvantage. Finite Element Analysis (FEA) and
prototype experimentation proved that the DSSA VPM machine induces a higher
torque density than regular VPM machines and comparable power factor with the
traditional permanent magnet machines [5].This machine is suitable for direct drive
applications, based on its magnetic gearing. Small movements of the translator
create large changes in flux resulting in high steady torque generation, which is

known as the gearing effect [13].
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3.2 VPMLG Design

The direct drive generator with translator is shown in the high-level model Figure
3.1. The vertical arrow indicates direction of oscillation. This structure is a single
floating device, tethered to the ocean floor, with a transmission line connected to

a storage device or the grid.
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Figure 3.1: Direct drive vernier permanent magnet linear generator

3.3 VPMLG Formulation and Simulink Model

The voltage, currents, and electrical power in the d-q reference frame are formu-

lated as follows:

dA
Ud:Rd'id-f-d—:—wd-)\q (31)



d\
Uq:Rq"iq—i-d—;—f—wd')\d

1qg =10

P Fpro -7
e )\fd-ﬂ'

A =Lg-iqg+ Mg

>\q = Lq * 14
2 2
v v
Pd coreloss — - + £
- R. R.

Pelec =1Uq - id + Vq - iq + qu,coreloss

11

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

where vg, vy, 14, 74,Aq, Aq, Lq, and L, are the d-q voltages, currents, flux linkages

and inductances, respectively R4, R,, and R, are the d-q series resistance at the

input terminals and shunt resistor representing core loss, wy is the synchronous

speed, Fpro is the input PTO force, 7, is the translator pole pitch, Asq is the d-
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axis flux linkage, Pyq coretoss 18 the d-q core losses, and P, is the electrical power

output for one side of the machine. The the d-axis is aligned with the translator;

therefore, the current, ig4, is zero for (3.3), assuming no flux weakening.

The Matlab Simulink model of the direct drive VPMLG is shown in Figure 3.2.

The model shows one side of the machine; however, since both stators are identical

and are drive balanced and phase locked to each other, simply multiplying the

output by a factor of 2 will give the power output of the whole machine.

Velocity

Vv

Fpto

F

idq
vdq

Rc

DSSA VPM Machine

idq
vdq

Rc

Pelec

Power Output

Electric Power
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Figure 3.2: Simulink model of direct drive vernier permanent magnet linear gen-

erator



13

Chapter 4: Simulations Results and Analysis

To assess the impact of maximum Power Take Off (PTO) force on Annual Energy
Production (AEP), Dehlsen Associates (DA) computed a power matrix for the
Centipod [14] using Model Predictive Control (MPC) [15] with 200 kN, 400 kN, 600
kN, and 1000 kN as Fpro max limit within the controller. These power matrices
were computed per the Department of Energy (DOE) Levelized Cost Of Energy
(LCOE) guidance specification of 200 - T, time series Bretschneider spectrum for
each of the 114 sea state bins in the Northern California reference resource Joint

Probability Matrix (JPD) [16].

4.1 System Requirements

The system requirements for the topologies are outlined in Table 4.1.

Table 4.1: PTO System Requirements
Value Unit
Max Fpro 600 kN
Max dFpro | 1000 kN/s
Max Velocity | 1.5 m/s
Stroke 4 m
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The main control parameters for development and the design of the two ma-
chines were the maximum Fpro and the maximum wave speed. DA set the maxi-
mum force to 600 kN based on its impact on minimizing the LCOE. The maximum
PTO velocity was explored using the time series output of the 114 sea state sim-
ulations, and a maximum speed of 1.5 m/s was set, as the majority of the energy
extraction occurred below that. The range of forces and velocities provided by DA

are shown on the graphs below, including the power waves based for each machine.
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The following graphs match the JPD for the northern California wave resource

(the DOE uses this as a standard for cost of energy calculations). The JPD gives

the percentage chance of a certain sea state occurring on an annual basis. The

efficiency in the transient results are applied directly on a sea state by sea state

basis and multiplied by the probability of that sea state occurring. The JPD comes

from real measured buoy data; the results are lumped into discrete bins.

For

example, for sea states that produce vertical PTO heave velocities (dz) between
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1.0 and 1.10 m/s, that bin is labeled 1.05 m/s since it is the center of the range

that bin represents. All the bins are then summed up to get AEP.

4.2  Steady State

Steady state efficiency matrices were created for each of the PTO topologies investi-
gated using the machine parameters calculated. These matrices cover all operating
points between zero and the defined constraint for force and velocity (600 kN, and
1.5 m/s respectively) with bin widths of 50 kN and 0.1 ms.

Comparing the steady state efficiency matrices for both the topologies, it is
shown that for any operating point in the sea state, the VPMLG in Figure 4.3
has a higher efficiency than the DDHPTO Figure 4.4. For example, in one case,
where the operating efficiency at 125 kN and 1.45 m/s, is 53.5% in the DDHPTO,
it is 93.2% for the VPMLG. Thus, proving that for the steady state analysis the

VPMLG is by far the more efficient machine.
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PTO Efficiency by Operating State
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Figure 4.4: Steady State Efficiency of DDHPTO

4.3 Transient

Machine performance was further explored through the creation of a Simulink

model which could simulate the transient performance of the machine. This exer-

cise is more intensive than the steady state analysis and therefore, it was used to



18

check the suitability of the completed analysis on each of the PTO topologies.
H,, is significant wave height in meters. This is roughly equal to the mean of
the largest third of the individual wave heights in the time series sample.
T, is the energy period in seconds. Energy period is the period that a given time
series would have if every wave were a fixed period to produce the same power [17],

which is defined as:

Power = 0.49 - H2,, - T, (4.1)

The previous performance analysis used in this study applied an efficiency
matrix of steady state force and velocity combinations to a probability of those
conditions occurring to produce a close but optimistic approximation of AEP for
the topologies. The Simulink model of the VPMLG machine in Figure 4.5 showed
an AEP only 1% below the original predicted value.

The same process was carried out for the DDHPTO topology in Figure 4.6.
The Simulink model of the linear to rotary hydraulic machine showed an AEP
only 2% below the original predicted value.

The transient analysis showed an AEP only a couple percent below what had
been predicted via the steady state efficiency method for both machines, proving
that for the purposes of this study the steady state performance assessment alone

would have been sufficient to compare the efficiencies.
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Chapter 5: Conclusion and Future Work

5.1 Summary and Conclusions

he considerable potential of wave energy is a significant lure to generating electric-
ity. Research and development will keep on going into this vast resource until effi-
cient and marketable models are made. There are still design challenges that prove
difficult to solve. Although, simulation results may prove more than promising,
the manufacturing and live testing will always have factors that are unaccounted
for. Beyond producing a single device, individual WECs will need to operate in
tandem to provide sufficient power in farms, therefore, analysis will need to be
conducted to optimize that.

This research provided a comparison between two wave energy conversion
topologies, a novel Dual-Stator Spoke Array Vernier Permanent Magnet (DSSA
VPM) machine and a Direct Drive Hydraulic Power Take-Off (DDHPTO) model.
It was stated from previous research that while the electrical linear generators
were more efficient, they were heavier and more costly than the the hydraulic
machines and that the hydraulic machines were more reasonable for commercial-
ization. These results show that the efficiencies of the VPMLG is much higher
than the DDHPTO to make it a reasonable choice for commercialization. The

machines were tested by a steady state and transient efficiency analysis. The final
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results showed that while the transient to steady state AEP ratios were about 1%
off for each, the AEP of the VPMLG machine was 16% higher than the DDHPTO.
Future work will implement model predictive control to the VPMLG machine for
optimal wave energy conversion within system limits. Model predictive control will

be done via reactive control which will be discussed further in the section below.

5.2 Future Work

Wave energy is captured most efficiently when the frequency of a realistic irregular
sea state is close to that of the resonant frequency of the wave converter [18].
During resonance, the velocity of the oscillator is in phase with the dynamic force
of an incoming wave, resulting in a significant transfer of energy from the wave to
the oscillator [19].

It is shown by Falnes, that the maximum energy converted at any frequency w

is obtained under the following condition:

Fu(w) =—Z}(w) - u(w) (5.1)

Zi(w) = Ri(w) — X;(w) (5.2)

where F,(w) is the optimal load force, Z; is termed the intrinsic mechanical

impedance which is the mechanical impedance of the oscillating system, respec-
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tively R;(w) and —X;(w) are the real and imaginary part of the impedance and
u(w) is the oscillating speed.

The condition can be met through reactive control, alternatively termed complex-
conjugate control. It is known as reactive control, due to the fact that the imagi-
nary part of Z* cancels the imaginary part of Z,. Complex-conjugate control refers
to the fact that the optimal load impedance has to match the complex-conjugate of
the intrinsic impedance Z; [20]. This is analogous to electrical AC power systerns,

hence the names.

S=P+iQ (5.4)

The complex power, S is the product of the conjugate of current, I and the
voltage, V. The complex power can also be split into it’s real, P and imaginary,
() parts. Based on the P and () values, S will determine whether it is absorbing
or delivering power. In generator convention, where current is leaving the positive
terminal of the circuit element, if Q is positive then the reactive power is delivered
back into the system [21].

In order to achieve optimum condition, reactive power is needed for the WEC.
This means that rather than just absorbing power, the device will deliver some

energy back to the ocean during part of the oscillation cycle. The reason for doing
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so, is to improve the phase alignment between the oscillating velocity and the

dynamic force of the incoming wave, which will lead to resonant operation.



[7]

24

Bibliography

http://www.renewableuk.com/.

B. Drew, A. Plummer, and M. Sahinkaya., “A Review of Wave Energy Con-
verter Technology,” in Part A: Journal of Power and Energy, pp. 887902,Pro-

ceedings of the Institution of Mechanical Engineers, 2009.

A. Clément, P. McCullen, A. Falcao, A. Fiorentino, F. Gardner, K. Hammar-
lund, G. Lemonis, T. Lewis, K. Nielsen, S. Petroncini, M.-T. Pontes, P. Schild,
B.-O. Sjostrom, H. C. Srensen, and T. Thorpe, “Wave Energy in Europe: Cur-
rent Status and Perspectives,” Renewable and Sustainable EnergyReviews, vol.

6, no. 5, pp. 405431, 2002.

H. Bernhoff and M. Leijon, “Conversion of Wave Energy to Electricity,” Nov
2006.

D. Li, R. Qu, W. Xu, J. Li, and T. A. Lipo, “Design Procedure of Dual-Stator
Spoke-Array Vernier Permanent-Magnet Machines,” IEEE Transactionson In-

dustry Applications, 2015.

J. Bard and P. Kracht, “Report on Linear Generator Systems for Wave Energy
Converters,” tech. rep., AALBORG University, 2013.

C. Bostrom, “Electrical systems for wave energy conversion,” 2011.



8]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

25

R. Henderson, “Design, simulation, and testing of a novel hydraulic powertake-
off system for the pelamis wave energy converter,” Renewable Energy, vol. 31,

no. 2, pp. 271-283, 2006.
http://www.engineeringtoolbox.com/euler-column-formula-d1813.html.

https://www.boschrexroth.com/ics/cat/?language=enid=cat=mobile-

hydraulics-catalogm=xcu=sio=desktopp=g261597.

E. Spooner and L. Haydock, “Vernier Hybrid Machines,” IFE Proceedings -
ElectricPower Applications, vol. 150, pp. 655-662, Nov 2003.

D. Li, R. Qu, and Z. Zhu, “Comparison of Halbach and Dual-Side Vernier
Permanentmagnet Machines,” IEEE Transactions on Magnetics, vol. 50, pp.

801-804, Feb 2014.

A. Toba and T. A. Lipo, Novel Dual-Excitation Permanent Magnet Vernier
Machine, in Conference Record of the 1999 IEEE Industry Applications
Conference. Thirty-Forth IAS Annual Meeting (Cat. No.99CH36570), vol. 4,
pp. 2539-2544, 1999.

http://www.ecomerittech.com/centipod.php.
https://mhkdr.openei.org/submissions/74.

A. McCall, “Advanced Controls for the Multipod Centipod WEC Device,”

tech. rep.,Dehlsen Associates, 2016.



26

[17] J. B. Herbich, Handbook of Coastal Engineering. McGraw-Hill Professional, 1
ed., 2000.

[18] U. Korde, “Efficient Primary Energy Conversion in Irregular Waves,” Ocean

Engineering, vol. 26, no. 7, pp. 625-651, 1999.

[19] K. Budar and J. Falnes, “A Resonant Point Absorber of Ocean-Wave Power,”

Nature, vol. 256, p. 478, Aug 1975

[20] J. Falnes, Ocean Waves and Oscillating Systems. Cambridge University Press,
2002

[21] J. D. Glover, M. S. Sharma, and T. J. Overbye, Power System Analysis and

Design. Global Engineering, 2012.






	Introduction
	Motivation
	Literature Review

	Direct Drive Hydraulic Power Take-Off Model
	DDHPTO Overview
	Cylinder
	Hydraulic Motor
	Generator
	DDHPTO Formulation and Simulink Model

	Vernier Permanent Magnet Linear Generator
	VPMLG Overview
	VPMLG Design
	VPMLG Formulation and Simulink Model

	Simulations Results and Analysis
	System Requirements
	Steady State
	Transient

	Conclusion and Future Work
	Summary and Conclusions
	Future Work

	Bibliography

