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Abstract

Several studies have indicated that electricity production is the prime source of green-
house emissions, more than flying and driving combined. Hence, over the past few
decades, there has been a significant rise in the need for clean energy to achieve the
targets in emissions reduction. It has been observed that the share of renewable en-
ergy sources in the percentage of total electricity production is rising, but, according
to climate experts, the transition needs to speed up. Hence, it is significant to study

and develop underutilized renewable energy sources.

One of these underutilized renewable energy sources is wave energy. It has been ob-
served that wave energy is a source with very high potential and predictability but
has been in the nascent development stage for a while now due to several technical
challenges. One of them is the limitation in studying all the real-world scenarios in a
laboratory and the cost of up-scaling it to the real world. A low-cost, efficient solution
to study and validate such technologies is Hardware In the Loop (HIL) implementa-

tion.

In this study, an attempt has been made to develop a systematic wave energy con-
verter (WEC) model using Typhoon HIL and Speedgoat. The developed model can

act as a universal model to pick, study, test, and validate the individual components

Xix



of the WEC in the HIL environment. Preliminary results show a reasonable trend in
the behavior of the WEC. WEC system behavior for both single and multi-frequency
wave tests has been discussed in the report. The stability /operating conditions for
the current model configuration and a few insights on the energy storage system have

also been discussed.



Chapter 1

Introduction

Renewable energy technologies are the future. As per the assessment by the Inter-
national Renewable Energy Agency (IRENA), deploying renewable energy sources at
a higher rate would bring down emissions by 90% by 2050 [1]. The global energy
consumption in 2040 is predicted to be higher by 30% than the one in 2010 [2] hence;
there is a constant need to develop and study the existing underutilized renewable

energy sources.

One of these energy sources is the Marine Renewable Energy Sources (MRES), in-
cluding both tidal and wave energy. It has been observed that MRES are one of
the significant untapped energy sources with a theoretical potential of about 151300

TWh/yr [3]. Due to technical and economic difficulties, most of the projects in



this renewable energy sector have been small-scale demonstrations with a capacity of
about 1 MW compared to other renewable energy technologies. However, compared
to wave energy, using mature tidal turbine technologies, tidal energy extraction has
been demonstrating higher reliability due to lower complexities in power extraction.

It has surpassed a total generation of 60 GWh in 2020 [4].

The most significant technical challenge in WEC technology is conducting studies in
a laboratory environment. The scenarios demonstrated in a laboratory are highly
controlled compared to real-world scenarios. Considering the economic challenges to
up-scale a laboratory tested WEC technology to the real world with several unpre-
dictable scenarios, the capital, time, and resources required are very high [5]. An
economically viable and technically accurate option to tackle these challenges is im-

plementing, testing, and validating these systems using HIL technologies.

The past few decades have seen an exponential rise in the available computational
power. Hence, the use of simulations in testing the products has also increased. In
parallel with this trend, using HIL devices with such simulations for rapid prototyp-
ing and validation of complex engineering systems has also seen a rise [6]. Various
historical references to different kinds of HIL simulators used in flight testing, vehicle
testing are available in the literature [7]. [§] defines a HIL simulator as ”a setup that

emulates a system by immersing faithful physical replicas of some of its subsystems



within a closed-loop virtual simulation of the remaining subsystems.” Some advan-
tages of HIL systems over other ways of product development are cost-effectiveness,

repeatability, comprehensiveness, safety, and concurrent systems engineering [§].

For complex and expensive engineering systems like WECs, HIL simulations are
highly appropriate. This study attempted to develop a systematic HIL model for
a WEC. While modeling, the WEC system was segmented into individual mechan-
ical, electrical, and control components. Segmenting the model makes studying in-
dividual components easier and implementing the improvements effortlessly into the

large-scale model.

This report has been divided into three sections. The first part of the report explains
the design process of the mechanical, electrical, and control subsystems for the WEC.
Secondly, the report details the setup of the HIL devices and the model implementa-
tion, testing, and data acquisition using Typhoon HIL and Speedgoat devices. The

final part of the report is focused on the analysis and discussions of the acquired data.






Chapter 2

Design

The basic structure of a wave energy conversion setup is shown in Figure [2.1}

Vac, lac Vdc, ldc

Single Phase
Inverter

Rack and
pinion

Figure 2.1: Basic structure of a wave energy conversion setup

The wave force generates a vertical linear motion of the buoy. This vertical linear

motion is then converted into a rotational motion by a rack and pinion gear system.



This rotational motion in terms of motor speed/torque acts as a load to the DC
machine. Then, the machine generates AC power, then converts it to DC power

through a single-phase inverter.

2.1 Mechanical Systems

2.1.1 Buoy

The buoy has been modeled as a simple mass-spring-damper system for this study.

The equation of motion for this system is shown as

NF = Mi + Ci + K. (2.1)

The forces considered in the system are the wave force (F,,(£2)), where Q is the wave

frequency and the actuator force (F,). Substituting these terms into the result is

Fo(Q)+ F. = Mi+ Ci + K. (2.2)

where, z (m) is the position of the buoy, # (m/s) is the velocity of the buoy and &



(m/s?) is the acceleration of the buoy. The values considered for the mass-spring-

damper coefficients for this study are shown in Table

Table 2.1
Mass-spring-damper parameter values

Parameter Description Value
M Mass of the buoy 268 kg

C Damper coefficient 1226 Ns/m
K Spring constant 1194 N/m

2.1.2 Rack and Pinion

The rack and pinion gearing system converts the vertical linear motion of the buoy
to rotational motion. Gear radius is an important parameter when translating the

linear velocity into rotational velocity. This process is governed by

T =0 ="Twy. (2.3)

This study has not considered the static and viscous friction losses in the rack and
pinion gear system. The gear radius was considered to be 0.047 m. The gearing system

can be sized using the values of the maximum linear and the rotational velocity as



Wm, mazx Wm,max

where, 7 (m) is the gear radius, v and # (m/s) is the velocity of the buoy, %, and
Umaz (m/s) is the maximum velocity of the buoy, w,, (rad/s) is rotational speed of the

DC machine and wy, jq, (rad/s) is the maximum rotational speed of the DC machine.

2.2 Electrical Systems

2.2.1 DC Machine

The DC machine model available in Typhoon HIL library is a separately excited DC
machine, and this model has been used in this study [9]. The model schematic as
seen in the Typhoon HIL Schematic editor can be seen in the Figure F1 and F2
are the field (stator) winding terminals, and Al and A2 are the armature (rotor) field

windings.

The system of equations governing the electrical part of the DC machine is shown

below in the (2.5)), (2.6)), (2.7) and (2.8]). The electrical parameters represented with

the subscript @ indicate the armature part, and those with the subscript f indicate

the field part of the DC machine. The armature and field voltage is computed as



F1 Al

F2 A2

DC Machine

Figure 2.2: Typhoon HIL DC machine schematic

_ . (2.6)
Yy 0 Lg| iy

The motor flux linkage is governed by

¥ = Lqyiy. (2.7)

The electrical torque of the machine is given by



T, = i, (2.8)

The parameter values used for the electrical parameters of the DC machine were

computed using (2.5)), (2.6]), (2.7), (2.8 and are given in Table

Table 2.2
DC machine electrical parameters

Parameter Description Value
R, Armature winding resistance 0.01 Q
Ry Field winding resistance 25 Q
L, Armature winding inductance 0.01 H
Ly Field winding inductance 0.01 H
Loy Mutual inductance between the armature and field windings 0.165 H
Vs Field voltage 150 V

The motion equation for the mechanical part of the DC machine is such that

and

O = /wmdt. (2.10)

The parameter values used for the mechanical parameters of the DC machine are

shown in Table 2.3

10



Table 2.3
DC machine mechanical parameters

Parameter Description Value
Jm Combined rotor and load moment of inertia 0.02215 kg.m?
b Machine viscous friction coefficient 0 Nms
Unconstrained Limiting mechanical angle between 0 and 27 disabled
mechanical
angle

The following important parameter in the DC machine setup is the load applied to the
machine. Typhoon HIL gives the load to the motor through the model or an external
pin. This study applied a speed load to the motor from the model environment.
Figure shows how the motor load parameter was set up in the Typhoon HIL

Schematic Editor.
¥ " Component (DC Machine) properties X

DC Machine with Separate or Parallel Excitation from library 'core’

DC Machine with Separate or Parallel Excitation

Electrical Mechanical Load Feedback Snubber Output

Load source: Model v

External/Model load type: speed v

Load ai pin: 1

Load ai offset: 0 v

Load ai gain: 1

Help OK | Cancel

Figure 2.3: Typhoon HIL DC machine load parameter

11



2.2.2 Power Electronics - Single Phase Inverter

A single-phase inverter is used to convert the AC power to DC power in this system.
The single-phase inverter model available in the Typhoon HIL library has been used in
this study [9]. The switches and diodes used in this model are ideal, and the losses are
not considered. The model schematic as seen in the Typhoon HIL Schematic editor
can be seen in the Figure 2.4, The general internal representation of a single-phase

inverter as shown in [9] can also be seen below in Figure [2.5]

( )
DC+[| |]A

1 A

“{ ¥

Figure 2.4: Typhoon HIL single phase inverter schematic

There are multiple options available in Typhoon HIL to control the inverter module.
The first option is to provide switching signals to the individual inverter switches/legs

through external hardware and pins. Another option is using the internal modulator

12



DC+

Sa_tEiKES Sb_tEKES
- G-

DC-

Figure 2.5: Single phase inverter general representation
to modulate the PWM switching signals based on the reference signals provided
through the model. This study uses the latter, and the generation of the reference

signals is explained in section [2.3.2]

13



The inverter set up for this study is seen in Figure An internal modulator was
used to generate the PWM switching signals based on the reference signal in the
range of 0-1. This means that when the reference signal is 0.5, both the legs of
inverter switches conduct for 50% of the time period (duty cycle of 50%). All the

other parameters are discussed in detail under PWM modulator in [9].

B " Component (Single Phase Inverter1) properties X

Single Phase Inverter from library 'core’

Switches and diodes are modeled as ideal switches.
There are three options for controlling the single phase inverter switches, through digital
inputs, using an internal modulator or through model control signals.

weight = 1

General Losses Advanced Experimental

Control: Internal modulator v

Operation mode: Fixed carrier frequency v

Carrier frequency (Hz): 5000 Hz

Phase operation mode: Fixed carrier phase offset ¥

Carrier phase offset: 0 deg

Dead time period: 5e-6 s

Reference signal [min, max]: [0.0, 1.0] Load mode: onmin ¥
Execution rate: Ts

DTV detection:

Help OK | Cancel

Figure 2.6: Single phase inverter setup for the study

14



2.2.3 Energy Storage System and Power Take-Off to the Grid

The basic structure of the WEC as shown in Figure [2.1] is simplified and does not
include the power take-off to the grid. However, designing the power take-off is very
important to study the scope of a renewable energy source. The design for power

take-off is incorporated from [10]. The design for power take-off can be seen in Figure

Shore Under sea cable Buoy
R L |- bcBus .
i\ " ess : 3
+ ] + ! 8
ig,idCD V,=C, Rg§ ESS = V,==C, §Rb: i(1) 58 —DbC Machine+
. ' -,V i ' 2= Won, Te
. : =

Figure 2.7: ESS and PTO to the grid

The model of the system for power take-off is shown

dvy, . Vi . :
C’b% = Ipto — Eb — less — - (211)
di
L = Vy— iR — V. (2.12)
dt
awv, .. V,
ng_tg =1 — ng‘d — R—g (213)

g

15



The model variables and the parameter values used are shown in the Tables and

respectively [10].

Table 2.4
Parameters for the ESS and PTO circuit model

Parameter Description Value
R, Bus Parasitic Resistance 1000 €2
R, Grid Inverter Resistance 1000 Q2
Cy Bus Capacitance 2 pF
Cy Grid Inverter Capacitance 2 pF

R, Under sea cable inductance 2.5 €2

L; Under sea cable inductance 95.6 uH

Table 2.5

Variables for the ESS and PTO circuit model

Parameter Description

Lpto Current from the WEC drive (A)
less Current from the ESS (A)

lgrid Current drawn into the grid (A)

i Current in the under sea cable (A)
Vi Bus voltage (V)

V, Grid-side voltage (V)

ESS requirements for the WEC system are relatively small [I0]. Passive supercapaci-
tor systems can act as the ESS. Having a supercapacitor bank on the buoy also helps
in direct filtering of the DC power, and an active DC-DC converter is not required
[10]. In [10], the ESS has been emulated as a current source with PI control which
assumes that the ESS has infinite energy to stabilize the bus, but, in this study, a

supercapacitor model available in the Typhoon HIL library has been used [9]. This

16



can provide a better overview of how the ESS would behave in the WEC system.

The undersea cable used to transmit the power from the buoy to the shore has been
modeled as a series RL circuit. A 6 AWG, 1 km cable has been considered. The

equations governing the parameter design for the undersea cable can be seen in ([2.14))

and [11].

L, = Hollr o5k <E> (length of the cable). (2.14)
T d
R, = (DC'resistance of the cable) (length of the cable) (2). (2.15)

where the values of the parameters used to compute L; and R; shown in Table are,
permeability of free space (1, = 4me™" H/m), relative permeability (u, = 1 H/m),
distance between the conductors (s = 4.115 mm), diameter of the conductors (d = 4
mm), length of the cable = 1 km = 1000 m, DC resistance of a 6 AWG copper cable

= 1.25 m)/m.

A grid side inverter has been realized using an RC circuit on the shore side. The
power injected into the grid is emulated by a current source igiq. There is a specific

control structure implemented to update the power command to the grid through

17



changing the reference igiq current value. It has been explained in detail in section

233

18



2.3 Controls

2.3.1 PD control to maximize the wave power extraction

A PD control is implemented for the actuator force (F.) to generate an F..¢ such
that maximum power is extracted from the wave force (Fy(€2)) [I2]. The equation

governing this control is shown

Fe,ref = —kp7pd37 — kdpdj?. (216)

The gains were computed to match the impedance of the system as

kppa = MQ? — K. (2.17)

kapa = C. (2.18)

where, k, ,q is the proportional gain and kg ,q is the derivative gain used here. The

values of M, C, and K used are given in Table [2.1]

19



2.3.2 Inverter control

Inverter control determines the modulation signal provided to the inverter. The mod-
ulation signal determines the switching of the inverter switches through the internal
modulator. From the F .. computed in the PD control, using the gear radius, a refer-
ence torque is generated. The reference torque is compared with the present torque of
the machine. Then, a control action is initiated through a PI controller to determine
the modulation signal. The controller gains are tuned to be ky iy = 0.01 and k; i,y =
0.05 by analyzing the error between the machine torque and the computed reference

torque. The modulation signal is limited to a range of 0-1. The action of this control

can be explained through ([2.19)) and (2.20)).

Ty = Typer — To. (2.19)
Modulation signal = kpymvfe + Eiinw /Tedt. (2.20)

where, &, in, is the proportional gain and £; ;,, is the integral gain.

20



2.3.3 Grid reference feed-forward control

The model variables used to design the control can be seen in Table[2.6] The reference
bus voltage is set at 200 V during this study. As mentioned in section [2.2.3] the grid
side on the shore is realized using a current source (igq) and an RC circuit. The
power export from the WEC to the grid is performed through this control.

Table 2.6
Variables for the grid reference control model

Parameter Description

ipto Current from the WEC drive (A)

1 ref Reference undersea cable current (A)
lgref Reference grid current (A)

Viref Reference bus voltage (V)

Vyref Reference grid voltage (V)

Continuously updating the power export command is ideal, but it poses challenges
due to the inverter and communication difficulties. Hence, a concept of update rate
(777) has been introduced. 7y is the rate at which the grid power export is updated
through the update of reference grid current (i ). Basic Kirchoff’s laws are used to
compute the reference grid current. The process used to compute the reference grid

current (iy,er) can be seen below [10].

Analyzing the circuit from the bus side to the shore side, a reference undersea cable

21



current is computed by reducing the bus side parasitic losses from the WEC drive

current

. . %T‘@
ey = ipto — —2L (2.21)

Then, the grid side reference voltage is computed by reducing the undersea cable

transmission voltage drop from the reference bus voltage

Vorer = Vorer — tires Bi. (2.22)

On the grid side, the losses due to the grid side inverter resistance is reduced from

the incoming undersea cable reference current to compute the reference grid current

. . 1% re
tygref = Upref — g}%_f (223)
9

Combining all the above equations as

, , R Ry+ Ry + R
igref = @pto(l + R—l> - %,ref(%)- (2.24)
g g

22



The update rate parameter 7;¢ was realized using a zero-order hold. Zero order hold
block is available in Simulink under Discrete library [13]. It was required that the
grid demand was updated at a specific sample period. This block works as a switch
which holds the current value for a specified sample period (update rate) and then
updates it periodically. The effect and significance of 7/ on the system behavior has

been explained and illustrated in chapter [}
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Chapter 3

Hardware In the Loop

Implementation

HIL implementation of the WEC system was done using a Typhoon HIL 604 and two
baseline real-time target machines by Speedgoat. The mechanical part of the system
was implemented using Speedgoat 1, controls using Speedgoat 2 and the electrical part
using Typhoon HIL 604. A PC was used as a host PC to configure all the devices
and to view the testing panel. Speedgoat connects to the host PC via Ethernet and
the switch in the figure is the high speed NETGEAR Ethernet switch used to link

both the Speedgoat devices. The hardware rack setup used can be seen in Figure 3.1}
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Figure 3.1: Hardware rack setup
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Figure [3.2] shows the other side of the hardware rack and the breakout boards used

to get the 1/O’s out of the hardware can be seen.

Typhoon HIL I/0
breakout board

Figure 3.2: Hardware rack setup I/O’s
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Tables , and shows the details about wiring the I/O’s for the hardware de-

vices. All the parameter values were calibrated and counter-calibrated to appropriate

analog voltage ranges mentioned below in the hardware description.

Table 3.1

Hardware I/O wiring - Speedgoat 1 - mechanical sub-system

I/0 Parameter From/To

I Machine Torque (T.)  From Typhoon HIL 604
O  Load Speed (wy,) To Typhoon HIL 604

O  Position of the buoy (x) To Speedgoat 2

O  Velocity of the buoy (v) To Speedgoat 2

Table 3.2

Hardware I/O wiring - Speedgoat 2 - controls sub-system

1/0

Parameter From/To

OO = — -

Machine Torque (T,) From Typhoon HIL 604
WEC drive current (i) From Typhoon HIL 604
Position of the buoy (x) From Speedgoat 1
Velocity of the buoy (v) From Speedgoat 1
Modulation Signal To Typhoon HIL 604
To Typhoon HIL 604

Table 3.3

Hardware I/O wiring - Typhoon HIL 604 - electrical sub-system

I/0 Parameter From/To

| Modulation Signal From Speedgoat 2

I lgref From Speedgoat 2

I Load Speed (wy) From Speedgoat 1

O Machine Torque (T.) To Speedgoat 1 and 2
O  WEC drive current (i,,) To Speedgoat 2
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Figure shows the schematic of 1/0’s between the WEC subsystems.

Host PC
via USB

Speedgoat 1 Ethernet Typhoon HIL 604
Fw (wave input) (Mechanical) Switch (Electrical)

Speedgoat 2
(Controls)

Ig,ref

Modulation
signal

Figure 3.3: I/O wiring schematic

3.1 Typhoon HIL

3.1.1 Hardware and Setup

Typhoon HIL focuses on the products and tools for power electronics testing and
validation. The hardware used for this study is the Typhoon HIL 604 [9]. HIL

breakout board is used in the setup to access the analog and digital 1/O [9]. Analog
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I/O was majorly used for this study. Analog I/O has a voltage range of +10 V. All
the inputs quantities were counter-calibrated, and output quantities were calibrated

such that the I/O electrical signals would stay within their limits.

Setting up a Typhoon HIL 604 is a relatively simple process. The hardware can be
directly plugged into the host PC through a USB port. The PC detects the hardware,

and the driver software is automatically installed [9].

3.1.2 Modeling Tools

Typhoon HIL Control Center is the interface used to launch Typhoon HIL tools.
The tools majorly used for this study are Typhoon HIL Schematic Editor and HIL
SCADA. Various other tools like the Typhoon Test IDE and Script editor can write

Python-based automated tests for validating the models.

3.1.2.1 Typhoon HIL Schematic Editor

Typhoon HIL Schematic Editor is the modeling environment provided by Typhoon
HIL and is one of the essential tools. It is intuitive and straightforward to use. It

contains a library browser, as shown in Figure [3.4]
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Library Explorer (& eS|

find component Pt

o+
i+

b = Circuit Breakers
b = Communication
¥ P Contactors

b P Converters

b = Machines
P2 Measurements
b B Microgrid

b P9 Model Partitioning
¥ P PHIL Interfaces
b [P Passive Components
¥ P Ports

¥ B Signal Processing

b P Sources

b P System

b P Test Suite

¥ P Transformers

b = Transmission Lines

Figure 3.4: Typhoon HIL Library Browser

Any components required can be easily chosen, dragged, and dropped into the
schematic. The right-most icon in the toolbar below the menu bar is a 'Compile
and load in HIL SCADA’ icon. This helps to compile the model and load it into HIL
SCADA, which is the testing environment provided by Typhoon HIL [9]. A sample
circuit built in the Typhoon HIL Schematic Editor environment can be seen in Figure

3.3
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3.1.2.2 HIL SCADA

HIL SCADA is the tool used to design the testing panel to validate the model. Several
visual tools are available in HIL SCADA to develop the testing panel. HIL SCADA
also provides an interface through 'Model Settings’ to access and configure all the
external /internal hardware inputs and modify the modifiable model parameters like
controller gains during the data run. After the compilation process, HIL. SCADA
also provides an option to test the model using "Virtual HIL (VHIL) if the hardware
device is unavailable. Figure 3.6 shows the visual tools available and the testing panel

used in this study.
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3.2 Speedgoat

The Speedgoat focuses on the solutions for HIL testing and validation. Speedgoat
devices are designed to be used with Simulink and Simulink Real-time from Math-
works. As Simulink has an extensive library, Speedgoat can be used for a wide range

of applications compared to Typhoon HIL.

3.2.1 Hardware and Setup

Two 'Baseline Real-Time Target Machines” were used during this study. One of the
advantages of Speedgoat target machines is that they have /O boards and specifica-
tions that can be assembled according to the purpose of the customer. Each target
machine used in this study has two I/O boards assembled, namely 10183 and 10397.
Analog 1/0 ports of the I0183 module were used during this study. The module has
eight analog inputs with a voltage range of +10 V and four analog outputs that can be
configured as either 0-2.5V or 0-5V. All the inputs quantities were counter-calibrated,
and output quantities were calibrated such that the 1/O electrical signals would stay

within their limits.

Speedgoat setup is comparatively complicated as compared to Typhoon HIL.
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The host PC should have MATLAB, Simulink, MATLAB and Simulink Coders, and
Simulink Real-Time installed. Using Speedgoat involves building the model and code
generation; hence, a required C-compiler version should be installed. The Speedgoat
libraries for Simulink Real-Time should be installed. The models used for this study

can be seen in Figure|3.7| The target machine should be powered. The Ethernet cable

ﬁa Simulink Library Browser

<&
Simulink Real-Time: Speedgoat Library/I0183
Simulink Real-Time ~ T
~ Simulink Real-Time: Speedgoat Library 2
ARINC b
o TEE W N e S
10101 srakaen b Anaiog autput o it e Selup
Modull 10 Madule ID: 1
10102 b
10103 h
10104 Y
10105 ? u —
owe Analog Input Analog Output Digital Input Digital Qutput Setup
10107
10108
10109
10110
10111
10112
10113
10114
10115
10116
10117
10121
10130
10131
10132
10133
10134
10135
10143
10144
10171
10183
10203 v

Figure 3.7: 10183 models from Simulink Real-Time library

should connect the target machine and the host PC. In this study, a NETGEAR high-
speed ethernet switch has been used to establish the common connection between the
Speedgoat devices. On the host PC, through the 'Network and Sharing Center,’
the ’Internet Protocol Version 4’ properties should be configured for Ethernet.On
MATLARB, the target machines can be accessed using the ’slrtexplr’ command. Then,
the connection can be established by changing the 'Host to Target Communication’

properties to the preconfigured target machine TCP/IP settings. The target can be
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pinged using the 'ping’ command to test the communication between the target and

the host PC.

3.2.2 Modeling Tools

MATLAB was used to initialize the parameters for the Simulink models. It was
also used to process and analyze the data captured through Typhoon HIL. Simulink
was used to develop, compile and build the models. Simulink requires a few setup
procedures before running real-time models, and they are setting the simulation mode

to 'External’ as shown in Figure[3.8] The right most icon is used to build the model.

Externa i i

Figure 3.8: Simulation mode setup

Under the model configuration parameters, code generation settings and Simulink
Real-Time options need to be setup. The target machine to build the model can be

specified through these settings. Figures and shows the setup.
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@ Configuration Parameters: Final_Speedgoat?_Control_grid_Wave_gh/Configuration (Active) — m]

|Q Search

Solver Target selection
Data Import/Export

System target file: |siri.tic ‘ Browse...

Math and Data Types
» Diagnostics Language: = ‘ ~ ‘
Hardware Implementation
Model Referencing
Simulation Target
¥ Code Generation

Description Simulink Real-Time

Build process

Optimization [] Generate code only

Report ["] Package code and artfacts Zip file name: | <empiy>
Comments ) i i :

Symbols Compiler optimization level: |Optimizations on (faster run5)| - |

Custom Code Makefile configuration

Verification

- _ Generate makefile
Simulink Real-Time Options

» Coverage Template makefile: ‘slr‘l_defaull_tmf |
» HDL Code Generation Make command: ‘make rtw |
Simscape

Simscape Multibody 1G

» Simscape Multibody Code generation objectives

Select objective: Unspecified | = |

Check model before generating code: [Off [ =] | check Model...

Figure 3.9: Model code generation settings

@ Configuration Parameters: Final_Speedgeat2_Control_grid_Wave_gh/Configuration (Active) - O
|Q Search

Solver

Data Import/Export Target options

Math and Data Types [] Build for default target computer

» Diagnostics )
Hardware Implementation Specify target computer name: | TargetSNS031 |
Medel Referencing Al y download ication after building
Simulation Target

¥ Code Generation

Name of Simulink Real-Time object created by build process: |tg |

Use default communication timeout

Optimization

Report ; i

Comments Execution options

Symbols Execution mode: | Real-Time [~]

Custom Code Real-time interrupt source: [Timer [+]

Verification

Simulink Real-Time Options /O board generating the interrupt: ‘Nunefolher | ) |
» Coverage PCI slot {-1: autosearch) or ISA base address: -1 |
» HDL Code Generation

Simscape Data logging options

Simscape Multibody 16

» Simscape Multibody [] Monitor Task Execution Time

Signal logging data buffer size in doubles: | 100000

Application tunable parameter options
|| Double buffer parameter changes

[] Load a parameter set from a file on the designated target file system

Figure 3.10: Model real-time target configuration settings
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Chapter 4

Results and Discussions

4.1 Preliminary WEC model results

4.1.1 Single frequency wave test

The results presented in this section show the plots for all the essential WEC param-
eters for an update rate 74y = 1s. The wave force is the only input to the model, and

for the presented case, wave force (F,,) is 5000 N and the wave period is 20 s.

Figure [4.1] shows the linear forces on the buoy. F,, is the wave input provided to the

system, and F, is the actuator force. The actuator force is a reaction force to the
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wave input;

N)

Linear Forces

hence, it is out of phase with the wave force.

Linear forces on the WEC buoy
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Figure 4.1: Linear forces on the buoy - single frequency

Figures and show the vertical position and velocity of the buoy. From the

reference, the buoy exhibits a vertical movement between 4 and -4 m. At the highest

and lowest position, the velocity of the buoy becomes zero. The maximum velocity

of the buoy was observed to be 1.15 m/s.

40



Linear vertical position of the buoy
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Figure 4.2: Linear vertical position of the buoy - single frequency

Linear vertical velocity of the buoy
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Figure 4.3: Linear vertical velocity of the buoy - single frequency
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The speed of the machine is shown in Figure 4.4l It can be validated using

Vertical velocity of the buoy 1.15
m = = =244 .
“ Gear radius 0.047 6rad/s
- Machine Speed
T T __\ T T T T T T T
of /) \
\\n \
151 -,\ Il'ﬂ |
10 'J \ ".II 1
51 R
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(=

\

\ / 1
\ / \
I"uk / :
\ / \
‘\_ i i i “ll\\- i
-25
1750 1755

. \
1760 1765 1770 1775 1780

1785 1790
Simulation Time (s)

N i
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T T
——
—

L
o

1795 1800

Figure 4.4: Speed of the DC machine - single frequency
The torque of the machine is generated through inverter PI control scheme (section
2.3.2)). The reference torque generated through the reference actuator force (F ) as

mentioned in section can be seen in Figure It can also be observed that the

PI controller (section [2.3.2)) does not have an error because the machine is achieving
the reference torque.
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Reference and machine torque
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Figure 4.5: DC machine reference and actual torque - single frequency
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Figure shows the modulation signal generated by the PI controller (section [2.3.2)

for the inverter control. It has an impact on the current from the WEC drive and the

bus voltage.

ol M
5ol f lHl ;(f v
05| erH L LJ\L HJ LJ

Duty Cycle

0.44 :
1750 1755 1760 1765 1770 1775 1780 1785 1790

Simulation Time (s)

Figure 4.6: Modulation signal for inverter control - single frequency

The variation in the modulation signal is due to the variation in motor torque at zero.
The torque transience is shown in Figure But, as the variation stays for a time
factor lower than 0.2 s and the controller catches up with the signal, the effect can

be ignored.
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Reference and machine torque

30r Reference Torque (T

rarva1':I
Machine Tarque [TE]
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Figure 4.7: Torque variation

The current from the WEC drive is a significant parameter. The current from the
WEC drive i, is shown in Figure and it peaks at around 8 A for this case. The iy,
is always positive justifying that power extraction from the input wave is happening.
It can be observed that the impact of the variation in the modulation signal at the
positive and negative peaks is reflected in the current from the WEC drive. The same
effect is seen in the bus voltage as well in Figure [£.9 The frequency of these signals
is twice the wave frequency period because of the positive and negative peaks of the

input wave. The bus voltage is also achieving the reference bus voltage value at 200V

(section [2.3.3)).
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The power flow in the WEC system is illustrated in Figure It can be observed
that the mechanical power is the highest. As the power flows in the system from the
mechanical end to the grid, several losses are happening due to the parasitic elements.

The peak mechanical power generated for this case is close to 1600 W and it reduces

to 1300 W at grid.
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Figure 4.10: Powers in the WEC system for 77y = 1s - single frequency
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Similarly, Figure [4.11]shows the current flows in the WEC system. The reference grid
current is updated as per the update rate. The WEC supplies the grid current/ex-

porting power as per the reference current. It can also be observed that as per the

grid reference current, the ESS is charging and discharging.

Currents (rﬁ= 1s)
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Figure 4.11: Currents in the WEC system for 7,y = 1s - single frequency
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The efficiency of the system for this case can be computed as

B Average Grid Power ~639.7760
= Average Mechanical Power — 792.9071

= 80.69%. (4.2)

4.1.2 Multiple frequency wave test

The results presented in this section show the plots for all the essential WEC param-
eters for an update rate 74 = 1 s. In the real-world, most of the waves encountered
are multi-frequency waves. Hence, in this case, the sum of two waves with differ-
ent frequencies is the input to the model. For the presented case, wave forces are

F,1 =5000 N and F,2 = 3000 N. The wave periods are 20 and 5 s respectively.

Figure 4.12| shows the linear forces on the buoy due to multi-frequency waves. F, is
the actuator force for the provided wave input. The actuator force is a reaction force

to the wave input; hence, it is out of phase with the wave force.
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Linear forces on the WEC buoy
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Figure 4.12: Linear forces on the buoy - multi-frequency

Figures and show the vertical position and velocity of the buoy respectively
for multi-frequency waves. From the reference, the buoy exhibits a vertical movement
between 4.5 and -4.5 m. At the highest and lowest position, the velocity of the buoy

becomes zero. The maximum velocity of the buoy was observed to be 2.3 m/s.

20



Linear vertical position of the buoy

5 T T

Position {m)

_4 1 1
500 510 520 530 540 550 560 570 580 580 600

Simulation Time (s)

Figure 4.13: Linear vertical position of the buoy - multi-frequency
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Figure 4.14: Linear vertical velocity of the buoy - multi-frequency
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The speed of the machine is shown in Figure[4.15| It can be validated using equation

2.4 to be

Wm

Machine speed (rad/s)

_ Vertical velocity of the buoy 2.3
B 0.047

= 48.93rad/s. (4.3)
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Figure 4.15: Speed of the DC machine - multi-frequency

The torque of the machine is generated through inverter PI control scheme (section

2.3.2)). The reference torque generated through the reference actuator force (Fe ) as

mentioned in section [2.3.1|can be seen in Figure It can also be observed that the

PI controller (section [2.3.2)) does not have an error because the machine is achieving

the reference torque. This validates that the system works well for both single and
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multi-frequency waves.

Reference and machine torque
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Figure 4.16: Reference and the actual torque of the DC machine - multi-
frequency

Figure shows the modulation signal generated by the PI controller (Section
for the inverter control. The current from the WEC drive i, is shown in Figure m
and it peaks at around 30 A for this case. The iy, is always positive justifying that
power extraction from the input wave is happening. It can also been observed that
the output from the WEC drive increases as the input wave force increases. The
frequency of these signals is twice the wave frequency period because of the positive

and negative peaks of the input wave.
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Figure 4.17: Modulation signal for inverter control - multi-frequency
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Figure 4.18: Current from the WEC drive - multi-frequency
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Figure [4.19] shows the bus voltage for this case. The bus voltage is achieving the

reference bus voltage value at 200V (section [2.3.3).

Bus voltage ['rﬂ= 1s)
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Figure 4.19: Bus voltage for 77y = 1 s case - multi-frequency
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The power flow in the WEC system is illustrated in Figure It can be observed

that the mechanical power is the highest. As the power flows in the system from the

mechanical end to the grid, several losses are happening due to the parasitic elements.

The peak mechanical power generated for this case is close to 6500 W and it reduces

to 4000 W at grid. It was observed that the losses are comparatively high for the

multi-frequency wave case.
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Figure 4.20: Powers in the WEC system for 77y = 1 s - multi-frequency
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Figure shows the current flows in the WEC system for multi-frequency wave

case. It can be observed that when the demand from the grid is low, ESS is charging

using the WEC drive current and vice-e-versa.
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Figure 4.21: Currents in the WEC system for 77y = 1 s - multi-frequency
The efficiency of the system for this case can be computed as
A Grid P 1254.3
" verage Grid Power - _ 75.45%. (4.4)

- Average Mechanical Power — 1662.5

The efficiency of the system during the multi-frequency test was observed to be lower
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due to higher losses as compared to the single frequency test.
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4.2 Operating conditions of current model based

on the update rate

As mentioned earlier in section [2.3.3] the update rate is an important parameter to

be explored, and a zero-order hold was used to simulate it. To study the effect of the

update rate on the system, the WEC was run with the single frequency wave (section
4.1.1)) for different update rates.

The wave force for the presented case (F,) is 5000 N and the wave period is 20 s.

Figure shows the trend of the bus voltage with respect to (w.r.t) to update rates.
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Figure 4.22: Bus voltage trend w.r.t update rate - 20 s wave period
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It was observed that the system was not achieving the reference bus voltage and
reaching steady state for the cases where 74y = 5 s and as the update rate reaches

close to 10 s. For all the other cases, the bus voltage achieves the reference bus voltage

(Figure 4.22)).

The variation observed here can be due to the limitation of the system while updating
the grid reference current using the zero order hold. These probable reasons for the

trends have been mentioned in detail later in section [4.2.1]

To validate that the result at 7/ = 5 s is not an outlier, data runs were done at
several 7f¢’s close to 5 s. Data was acquired for 7¢; of 4.3, 4.5, 4.7, 4.9, 4.95 and 4.98
s. For all these cases, the system was attaining steady-state but, it was observed that
as the update rate increases the variation in average bus voltage suddenly increases
after 4.95 s and then dips at 5 s. So, this shows that the system does not achieve

steady state in this case. Similar trend is seen after 9.5 s. (Figure |4.23)).

60



Average bus voltage w.r.t Te

==
=]
=]
T
1

80 | b
60

40 r

|
|
|
!
4556 46 465 47 475 48 485 49 4095 5

Figure 4.23: Bus voltage trend w.r.t update rate close to 5 s - 20 s wave
period

As the update rate increases, the system efficiency is reducing (Figure [4.24). The
maximum efficiency at 81.51 % was observed at the update rate of 2.5 s. The efficiency
is seen to be reduced after 4.95 s (Figure 4.25) because the system is not in steady

state as it approaches to 5 s as seen earlier due to the operating limitation (section

121).
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Figure 4.24: Efficiency w.r.t update rate - 20 s wave period
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Figure 4.25: Efficiency w.r.t update rate close to 5 s - 20 s wave period
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At higher update rates, the ESS power and energy are higher. This indicates that
the ESS capacity should be higher because as the update rate increases, during the

grid current update, the power contributed by the ESS to the grid needs to be higher

(Figures [4.26] and [4.27). It should be noted that similar variations at update rate

close to 5 s can be seen because it is an operating condition encountered in the

system configuration.
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Figure 4.26: Max ESS power w.r.t update rate - 20 s wave period
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Figure 4.27: ESS energy required w.r.t update rate - 20 s wave period

4.2.1 Discussions about the operating condition of the cur-

rent model

The update rate is simulated using a zero-order hold as mentioned earlier. The
grid reference current is computed in real-time using and the zero-order hold
samples through the data in real-time to set and hold a value for 74 s. But, when
the update rate is a multiple of the wave period, due to sampling at the same point,
the grid reference current value will be the same as shown in Figure 4.28 and hence,
the power export will be low always though there is enough WEC drive current. This

condition is a limitation in the present system configuration and needs to be explored
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further.

Zero-order hold action at Ty = 5s
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Figure 4.28: Currents at 77y = 5 s

It was also observed that the system does not attain steady state when the update

rate approaches

Wave period

Tip —
Ir 9

(4.5)

This can be explained using the Nyquist criterion. As an update rate is basically
sampling a signal, the sampling frequency should be at least twice the wave frequency

for proper reconstruction.

When there are multi-frequency waves, the possibility of periodicity significantly re-

duces. Hence the observation about the stability based on the update rate due to
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sampling may be less relevant when there are multiple frequency components in the

wave as encountered in real-world scenarios.
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4.3 ESS energy requirement

Figure 4.29) shows the ESS energy trend at steady state for both single and multi-
frequency wave tests at update rate 74y = 1 s. During the runs, the ESS was modeled

as a supercapacitor. The supercapacitor ratings were C = 1 F and R = 0.2¢72 Q.
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Figure 4.29: Comparing ESS energy for single and multi-frequency tests

ESS energy required during the single frequency wave test for a wave force (F,,) is

5000 N and the wave period is 20 s at the update rate of 1 s was 1004.2 J.

ESS energy required during the multi-frequency wave test for the wave forces of

F,1 = 5000 N and F,o = 3000 N and wave periods being 20 and 5 s respectively for
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an update rate of 1 s was 3585.5 J.

It was observed that the ESS requirement for these cases were low. But, as the wave

force increases, the ESS energy required also increases.
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Chapter 5

Conclusion and Future Work

A WEC model was developed, and a few HIL simulations were run to validate the
model’s working. The modeled system behaves reasonably well for single and multi-
frequency waves. The efficiency of the system for the single frequency and multi-

frequency test at update rate of 1 s was found to be 80.69% (4.2)) and 75.45% (4.4))

respectively.

The effect of the update rate on the WEC behavior for a single frequency wave
was explored. The behavior exhibited a few variations when the update rate value
was approaching half the wave period. It can be explained using Nyquist criterion
as the sampling frequency should be at least twice the wave frequency for proper

reconstruction of the grid reference current. Similarly, the system also exhibits a
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limitation when the update rate is a multiple of the wave period probably due to
periodicity in a single-frequency wave case. The limits and operating condition of the

system needs further exploration.

A comparison of ESS energy requirement for both single and multi-frequency waves
was presented. The ESS requirements of the system were found to be small in these
preliminary tests. Further exploration in terms of multi-frequency tests and the effect

of ESS on efficiency needs to be explored.

The future scope of the work is vast. This model can act as a starting point for all
the studies regarding any WEC component. These improvements can be effortlessly
integrated into this model, tested, and validated using the HIL devices. Modeling
and design is the most important paramater to get started with HIL testing of any
system. The systematic modeling of the system with appropriate I/O calibration is
significant. Testing of these systems can be done on different scales from validating

the model using HIL devices to replacing the individual sub-systems with hardware.
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