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Abstract—Maximum power control algorithms in wave
energy converter (WEC) are mainly based on the fluid-
structure dynamics with impedance matching from power
take-off (PTO) damping or model predictive control
through the buoy dynamics. However, the conventional
buoy characteristics study cannot satisfy estimation of
maximum output power in a practical wave-to-wire (W2W)
system due to significant losses on mechanical and electrical
components from PTO to power converter in comparison
with the losses on the buoy. To analysis the non-ideal
effects from mechanical transmission and energy
conversion characteristics of WEC with a power converter
output, a W2W simulation and tank testing is performed.
The 1:20 scale WEC system with 1.17m buoy diameter
includes a single body heaving buoy, mechanical-motion-
rectifier based power-take-off, and power converter that
store its output energy to a battery load. From the tank
testing results, a circuit model is built and is used to
estimate the system performance. The non-ideal effects such
as viscous damping between buoy and power take-off,
gearbox loss, generator loss, and power converter loss in the
system are included in the circuit model with efficiencies
from 60 - 80%. The maximum extracted power results under
various wave conditions are dominated by these non-ideal
effect.

Keywords —wave-to-wire model, PTO, tank test, power
electronics, mechanical-motion-rectifier, equivalent circuit

L INTRODUCTION

ower electronics converter plays an important role
Pin energy conversion and dynamic control in the WEC
system, but it is seldom studied in the ocean energy
field [1]-[5]. Due to the limit of the test equipment, most of
the power electronics tests are realized with the motor —
generator emulator in the lab [6]-[8], but usually the non-
ideal dynamics of PTO or WEC are neglected compared to
the wave-tank test or the ocean test. Wave-tank test
provide a possibility to emulate the real wave condition
before deploying the WEC system to the real ocean. The
whole system is evaluated in the wave tank test from the
buoy to the power converter, so the system characteristics
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and control verification be performed [9]-[11]. Wave tank
test with PTO control is studied in [12] which is mainly
focus on the harvesting the optimal power from the fluid-
body dynamics through an ideal actuator (i.e. ideal PTO).
However still very few studies on how the effects of the
overall system including power electronics and PTO in the
wave tank test.

This study shows a wave-to-wire test setup including
the power electronics setup and wave-tank-test results.
The circuit model [13] is derived from the PTO and WEC
parameters. It is simulated and compared with the actual
test results. The tank test is based on a 1:20 scale WEC
system including buoy, PTO [14], and power converter
based on the wave profile in Table 1. Passive damping
control is applied due to the restriction on the mechanical-
motion-rectifier (MMR) based PTO can only transfer the
power from buoy to PTO [14].

In this paper the WEC is test under heave only 1DOF
setup in the tank. Then a mechanical PTO along with the
power electronics is built to charge a battery emulator. The
frequency response and the design of digital controller of
power converter are discussed in the following section.
The wave-to-wire system including buoy, PTO, and power
electronics is simplified to an equation based model with
frictions. A linear circuit model is built accordingly to
analyzed the optimal impedance in a system perspective.
The analytical results and tested results are compared. The
detailed W2W circuit model is introduced based on the
experimental setups. The tank test results including the
output power Po on the battery, and the input power to the
PTO Ppto are shown with different passive loadings and
wave conditions. From the simulated result, the W2W
circuit approximates the force,
impedances for optimal output power from the tank test.

model maximum

II. SETUP OF WAVE-TO-WIRE TANK TEST

The wave tank test of a 1:20 scale WEC system is
deployed in the wave tank for system identification and
power converter testing.
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TABLE I
TEST PROFILE OF 1:20 SCALE WEC
1/20th Scale Waves |Equivalent Full Scale Waves
Wave ID - . . -
Period (s) [Height (m) [Period(s) Height (m)
M1 2.68 0.141 12.00 2.81
M2 3.13 0.191 14.00 3.83
M3 3.35 0.220 15.00 4.39
P1 3.47 0.260 15.50 5.20
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Fig. 1. Dimension and actual deployment of 1DOF 1:20 scale WEC
in the wave tank with its relative position in Fig. 2. The connections
of DAQ and power converter connection to the WEC are placed
offshore.

A.  Setup of the buoy and PTO in the wave tank

The buoy is test with 1DOF setup as shown in Fig. 1. The
floating buoy has 1.17-meter diameter and the PTO
column is clamped to the bridge. Thus the linear motion
on the buoy transfers to the PTO column through the push
rod, and the top and bottom wheels ensure the PTO
column is driven in vertical directions. The PTO linear
motions are transferred to rotary through ball- screw
inside the PTO column. After that, the mechanical motion
rectifier (MMR) gearbox converts the bidirectional motion
to unidirectional rotation, and the generator is driven in
one direction from the gearbox. The three phase output
cables of the generator are sent offshore to the power
electronics. The DAQ recorded the data during each run
including the linear displacement of the PTO dpw from
which its linear velocity vpw is derived through
differentiation; the force to the PTO fpw is measured
through load cell; the output voltage and current are
measured with shunt resistors; the case temperature of the
IGBT module in the power converter is measured through
thermal coupler; input voltages and currents to the power
separately through the
oscilloscope. The sampling frequency of DAQ is 100 Hz,
and the oscilloscope is set at 50 kHz for the power
converter 15-kHz switching frequency.

The relative position of the deployed buoy in the water
tank is shown in Fig. 2 which is place 11 meter from the
wavemaker. The tank is 30-meter long, 9-meter wide, 4.5-
meter deep, and with a 16-paddles flap-type wave maker
and a beach at the end of the tank to cancel the wave

converter are measured

reflections. The fixture block is built by steel structural I-
beam and a wood block as an extension of thickness to fix
the PTO column to the bridge. With its PTO column tied
on the bridge in Fig. 1, the buoy was driven in heave only
motion, and it is assumed that bridge and fixture block are

fixed as one body.
Basin depth =5m
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Fig. 2. Wave tank layout and dimensions at the University
of Maine’s Alfond W2 Ocean Engineering facility.

The WEC was tested under 3 regular wave conditions
and 1 irregular wave condition as in Table I which are the
1:20 scaled down test conditions according the DOE Wave
Energy Prize’s [15] conditions. The monochromatic
(regular) wave condition is tested for four minutes to
ensure the buoy reach steady state, and the polychromatic
(irregular) wave condition for 30 minutes. The irregular
wave spectrum is created from Bretschneider spectrum

[12].

B.  Setup of the power electronics
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Fig. 3. Setup of power electronics. a) input and output power
connections, and DAQ sensors connections, b) schematics from the
generator in PTO - power converter — battery emulator, built by
DC load and DC source with 70 V of constant voltage mode.
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The 3-phase, 2-level power converter modified from a
Texas Instrument high voltage development kit [16] as a
generator rectifier in Fig. 3. The power converter is rated
to 1000 W power, with connection to the 500 W permanent
magnet synchronous generator (PMSG) inside PTO and
output to the battery emulator as in Fig. 3(b). The battery
emulator consists of a DC electronics load and a DC
source, through the setup of DC load in constant voltage
mode (CV) and DC source with constant voltage output at
70 V. The power flows from generator to the DC load
through controlling the power converter with constant
impedance mode to match the impedance with buoy and
PTO, and the output current of the converter was
measured through a 50 W/ 0.5 Q shunt resistor connected
in series with the DC load. The DC source is used to
compensate the reactive power for field-oriented-control
to ensure the maximum power is harvested with the
minimum output current from the generator [17].

C. Controller design for the power converter

To design the controller for the power converter, an
average circuit model in Fig. 4 is derived through the
conventional three phase converter with battery and
generator setup in d-q frame expression. The small signal
model from the PWM duty to current is written in (1) by
assuming i«= 0, and v« is constant with battery load. Its
frequency response is plotted in Fig. 5 with originally 5
kHz of bandwidth. To compensate the DC gain and phase
margin in the closed loop, a compensator with transfer
function G(s) is deployed to the control loop. The loop
gain Gi(s) from (2) has an infinite DC gain 2 kHz of
bandwidth, and 100 degree of phase margin in the
frequency response in Fig. 5.
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Fig. 4. Average model of the power converter with generator input
and battery output according the switching-model circuit and the
electrical part of the generator in Fig. 9.

Ve
_ iq(s) _ _Vdc _ Ri
CO 4,6 Resh) by .
R,
G.(5)=G(5)G, (5) @

phase (deg
o

2200 ‘ '
10° 10"

102 10° 104
frequency (Hz)

Fig. 5. Frequency response of the power converter from the small
signal model G(s) in (1), the compensator G(s), and the loop gain with

the compensator Gr(s) = G(s) Ge(s) in (2).

I1I. ANALYSIS OF SIMULATION AND TANK TEST RESULT

Tank test results are shown in this section with
comparison of calculation results and simulation results

A. Equivalent circuit and suboptimal passive loading for
calculations

The circuit model is used to derived the equation for
suboptimal power estimation with passive loading, and its
calculation results are compared with the tank test results.

From Fig. 9, the simplified equivalent circuit model in
Fig. 6 is developed which includes the non-ideal effects in
the PTO, the circuit model for fluid — body dynamics, and
the impedance to the power converter is controlled as Ziny
equals to the sum of Ry and R. in the figure. The diodes
and inductors are omitted in the Fig. 9 due to low driving
frequency, and transformers are eliminated by converting
all the parameters the buoy side of the circuit. The output
power of the power converter Po is written in (3) as a result
from the i. (the excitation force to the buoy) and viscous
damping in between where the Z: is the impedances of
buoy and PTO; s equals to jw, w is the wave frequency in
rad/s; Rip, Zinpis the equivalent generator internal resistance
and the equivalent controlled impedance of the power
converter seen from the buoy; Cm is the equivalent inertia
from the generator; ks is the linear — rotary ratio of the ball-
screw; kg is the gear ratio of gearbox; the generator ratio kg
=3p K. K¢ /32 ; p, K, K: are listed in the Table II
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Fig. 6. Simplified circuit model of the WEC from Fig. 9 for the
suboptimal passive loading calculation.
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As a result, the maximum output power is derived from
(7) with the optimal passive loading Zi: is plotted on Fig. 8
in comparison with the tank test results. The calculated P,
are more than the tested result due to the lack of the model
on other practical damping during the test such as the
damping/friction from the wheels, or the drag force on the
buoy. While the calculation results in Fig. 8 (a) still shows
a closed optimal loading Zie (around 3 — 4 Q) to the
optimal loading in the tank test (around 5 Q).

The input power to the PTO - Py is written in (8) with
Zuwee(s) equals to vp(s) / ir(s) as the impedance of buoy
which is an analogy of X(s) / fe(s), where the vy and f. are
the velocity and excitation force. Similar analogies from
WEC dynamics to circuit model is found in [18] and [19].
The buoy impedance Zwe(s) is defined under the
assumption of open circuit on PTO terminal i.e. i =0. The
values in Fig. 6 of the Zu.(s) are derived from WAMIT
model and network synthesis process. The impedance
Zwee(s) in Fig. 7 shows that the resonant period of the buoy
is around 1.5 second. In the tank test condition M2, 3.13
second of period, the magnitude of the impedance is -71.6
dB which is around 3833 Ns/m of damping at the given
frequency. From (10) and (11), the optimal power occurs
when the PTO damping Zyw equals to the Zwe, where Zpi
consists not only the impedance from the power converter,
and the mechanical damping/frictions of the PTO
transmission are considered.

The results of Pyw from analytical model (8) and tank test
are shown in Fig. 8(b) where two curves have similar
optimal passive loading Zix (around 2 - 3 €2).

- Zyee(8) 1o
P = 2r_ “weel\ = 727
W@ =G e @
Z e (8) = V.pw(S) = 1 1 1
(8) scq Ty 1 ©)
sk R, +sL,+——

e

assuming ispto =0

v (S) 1
Z,,(s)= i pro o 1 1 1 (10)
fpto SCpp+—+—+-——
gb c Zinp
d [i]2 Z
pto
deto _ Zwec + Zpto =0 (ll)
dZinp dZinp
-50 ZWE%
@ 100+ e
as0b—— J
2080 103 102 10” 10° 10"
o
2 or
(0]
-200 ‘ ‘ ‘ ‘
10 1073 1072 107" 10° 10"
frequency(Hz)

Fig. 7. Frequency response of the WEC buoy dynamics from
the equivalent current ir(s) of wave excitation force to the
equivalent voltage vp(s) of buoy velocity where Zue(s) = vpr(s)/
if(s) as shown in Fig. 6 is equivalent to the impedance from the
circuit model.
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Fig. 8. Electrical output power and PTO input power from the
calculations (dotted lines) through (3) and (8), and tank test results
(solid lines).

Differences are shown in Fig. 8 between the tank-test
results and the analytical results from (3) and (8) especially
when with higher driving frequency, e.g. M2 and M3. The
differences are mainly from the non-linearity of the MMR
is more obvious in higher frequency due the higher
disengagement ratio [14]. The analytical results are still a
useful tool to estimate the optimal impedance Zi
(damping) for a maximum output power Po. The circuit
model considering MMR dynamics shows a better
prediction of trend on Po and Pyr.
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Fig. 9. Wave- to —wire equivalent model for circuit-based simulations from fluid to body — PTO — generator — power converter — battery. The

control algorithm of the power converter includes sensorless control, field oriented control, and space vector pulse width modulation (PWM)
as passive loading control for the input impedance Zi» sweeping under various wave conditions. The parameters values are shown in the table
from the appendix. The simulation results are shown in Fig. 10 — 12 using vt from tank test as input.

B. Tank test results and simulation model

The tank-test results are compared with the simulated
results in this section. The simulation circuit model is
derived in [12] from the bench test of the PTO in Fig. 9
which is an analogy of buoy dynamics and the MMR based
PTO. It models the mechanical components such as
mechanical coupling, one-way bearing, ball screw, and
gearbox to equivalent circuit network. The model predicts
the efficiency and the input force of the PTO by
considering the non-ideal effects from the mechanical
transmission  including fictions, damping, and
compliances in the mechanical components. Along with
the power electronics circuits, a simulation model is built
for the electrical based simulation, and the controller for
the power converter is designed in the model. The velocity
measured from the tank test is applied as an input to the
model. The output power P, of the converter and the input
power Ppo to the PTO are compared between the
simulation and tank test results in Fig. 10.

The simulation results show high consistency with the
test results on the input power Py to the PTO in Fig. 10(a).
This simulated Py» shows that the maximum input power
to PTO occurs when Zix is around 2 Q

While the results on output power shows around 5 - 10
W of errors between testing and simulation which might
due to the high electromagnetic noise contaminate the
measured current signal to the DAQ. Therefore, the test
data is higher than the simulated data in Fig. 10 (b). Even
through the mismatch on the simulated data of output
power, it predicts the optimal power damping on various
wave conditions, where all the maximum power point
occurs when Ziequals to 5 Q.

The difference between the maximum Py and the
maximum P. shows that the optimal impedances Zi are
different in when using different power as criteria. The
optimal power harvested by the battery P, is decided not
only by the overall damping from the PTO, but the non-
ideal effects in the PTO transmission.
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Fig. 10. The tank test results and simulation results of the circuit
model in Fig. 9 using the measured vpw from tank test as input, a) The
input power of PTO Pi, and b) the output power to the battery Poe.
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Fig. 11. The time domain results from tank test and simulation
with Fig. 9 circuit model showing the PTO force fpto (ifpto)and output

current of the generator ia under M2 condition (Table I) with input
impedance Zi» equals to 5 ohm.
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Fig. 12. Simulation results with irregular wave condition P1 from
Tabel I, and input impedance Zi» = 5 Q (passive control).

The prediction of the circuit model in time domain is
shown in Fig. 11 that the PTO input force and output
current from the generator are approximated to the results
from the tank test. Finally, the W2W model is used to
estimate the irregular wave dynamics from the given PTO
velocity to PTO force, all the way down to the output
power of the power converter.

IV. CONCLUSION

A wave-to-wire test is performed in the wave tank. The
power electronics setup is introduced with its controller
design. A circuit simulation model and equation model is
built from the parameters of 1:20 scale WEC and PTO.
These model includes the non-ideal effects in PTO
showing its predictive capability on comparison between
simulation/calculation and test results.

APPENDIX
TABLEII
SETUP PARAMETERS OF THE WEC
PMSG NE 600W
IGBT module ps21765
Battery emulator Voltage Eb 70V
Switching frequency fow 15 kHz
Internal resistor of PMSG Ri 1.1Q
Internal inductor of PMSG Li 2.3 mH
Voltage constant of PMSG K. 0.104
Torque constant of PMSG Kt 0.104
Pole pairs of PMSG o) 6
Inertia of generator Jg 0.013 kgm?
Dc bus capacitance Ce 1950 puF
Battery emulator resistance Ro 020
gear ratio of gearbox kg 1
Linear-rotary ratio of ball screw | ko 104
Mass of buoy mi 266

5% 4+ 942s + 2e5
s2 + 1.25e4s

Compensator for current loop
controller: G(s) =
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