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Micro In-lab Grid Integration of a Wave Energy Converter 
 

 

1. Introduction 

1.1 Background 

With the increasing demand for electricity and the decreasing supply of fossil fuels, 

additional sources of power generation are required.  Today’s trend is looking at various 

ways to capture some of the effects of the world’s natural phenomena, such as heat and 

wind, to generate clean and renewable energy.   

 There is an extreme dependence on foreign oil.  Currently, seventy percent of the 

United States’ electric generation comes from fossil fuels, while only nine percent is 

generated from clean and renewable sources [1].  We must address the issues of carbon 

concentrations and other forms of toxic gases in our atmosphere that have stemmed from 

our dependence and consumption of fossil fuels.  With the addition of ocean renewable 

energy, we can begin to diversify the nation’s portfolio of energy sources. 

An extremely abundant, untapped, and reliable source of energy exists in the world’s 

oceans.  There are currently five types of ocean energy being explored: tidal energy, salinity 

gradients, marine current energy, thermal differentials (ocean thermal energy conversion 

and seawater air conditioning), and wave energy.  Of the various forms of ocean energy, 

research has been completed and results suggest that significant opportunities and benefits 

exist in the area of ocean wave energy extraction.  Wave energy is the largest of the marine 

resources and the most accessible [1]. 
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The earth’s ocean covers about three quarters of our planet’s surface area, where at 

least 50 percent of the U.S. population lives within 50 miles of the coastline and consumes 

about 75 percent of the U.S.’ energy [1,2].  That is, thirty states border an ocean or the Great 

Lakes, and many of the populated regions with the greatest need for electricity are adjacent 

to these bodies of water.  For that reason, wave energy presents a promising addition to the 

nation’s energy portfolio by generating and delivering power where it is needed without the 

need for extensive transmission lines [1, 2]. 

Wave energy is a concentrated form of solar energy, where the uneven heating of 

the earth’s crust creates wind, which in turn generates waves.  The natural processes in the 

ocean concentrate the solar and wind energy into ocean waves, and the resulting waves are 

of much greater power density than the original solar and wind energy itself [3].  

Ocean waves are generated by the influence of the wind on the ocean’s surface first 

causing ripples.  As the wind continues to affect the surface, the ripples turn to chop, fully 

developed seas and finally swells.  In deep waters, the energy in ocean waves can travel for 

thousands of miles until that energy is dissipated on distant shores.  Thus, wave energy 

produced anywhere in an ocean ultimately arrives at its continental shelf virtually 

undiminished until it reaches depths less than half of its wavelength.  Approximately eighty 

percent of the energy in a given wave is stored between the surface and a depth equal to a 

quarter of its wavelength [3]. 

Ocean wave energy has several advantages over other forms of renewable energy, 

such as wind and solar, in that the waves are more available and predictable.  Furthermore, 

wave energy offers higher energy densities, which enables energy devices to extract the 

same quantity of power from a smaller volume at lower costs and reduced visual impact. 
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Our understanding of our ability to use ocean renewable energy to generate electricity 

is just now emerging.  Ocean wave technologies are in the preliminary stages of 

development, equivalent to where wind development was 15-20 years ago.  However, with 

numerous designs being developed and tested, as of yet no predominant winner or optimal 

solution has been declared. 

 

1.2 Wave Energy Converters 

Wave energy converters (WECs) are one of the newest forms of ocean renewable 

energy, where each converter utilizes the heave motion of waves to generate electricity.  

There are several different types of WECs that are being developed today, including point 

absorbers, oscillating water columns, attenuators and overtopping devices.   

Point absorbers are a bottom-mounted or floating structure that absorbs the ocean 

wave energy in all directions.  The incoming ocean wave moves components of the buoy 

relative to each other (for example, a float can move up and down with the wave relative to 

the spar).  This relative motion is used to drive electromechanical or hydraulic energy 

converters. 

An oscillating water column is a system in which water enters through a subsurface 

opening into a chamber with trapped air above the water.  As waves enter and exit the 

chamber, the water column moves up and down and acts like a piston, where the air is 

pushed back and forth.  The column of air is compressed and decompressed by this 

movement to generate an alternating stream of high-velocity air channeled through an air 

turbine/generator to produce electricity. 
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An attenuator is a long floating structure that is oriented parallel to the direction of 

wave propagation.  The structure is usually composed of multiple sections that are designed 

for articulation in pitch and yaw relative to each other.  Differing heights of the waves along 

the length of the device causes flexing where the segments connect.  This movement relative 

to each other is converted at each hinge point to electricity by a hydraulic power converter 

system. 

Overtopping devices are floating reservoir structures with reflecting arms and a ramp 

so that as waves arrive, they overtop the ramp and are restrained in the reservoir with levels 

above the average surrounding ocean.  The collected water is then released and turns a 

turbine, coupled to a generator, as it flows through the bottom of the reservoir back out to 

the sea. 

While all ocean wave energy technologies are intended to be installed at or in 

proximity to the water’s surface, they differ in their orientation to the waves which they are 

interacting with and in a manner in which they convert the energy of the waves into 

electricity.   

These different technologies can be classified into three different categories that 

include shoreline, nearshore and offshore devices.  The benefits of shoreline based 

technologies include: less equipment maintenance, no need for expensive mooring systems, 

and less equipment being exposed to the harsh open ocean environment.  Usually, the 

shoreline-based ocean wave devices come in the form of oscillating water columns.  

Nearshore and offshore are usually point absorber buoys which directly convert the ocean 

heave motion into electricity; however, these are hard to maintain and must be able to stand 

up to the harsh open ocean environment of being exposed to salt and high wind/waves for 
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longer periods of time.  Furthermore, point absorber buoys require complex and expensive 

mooring systems to implement the technology correctly [4].   

WECs may be single-phase or three-phase configurations with the possibility of 

producing DC, AC, or variable frequency AC output, and may have variable amplitude 

outputs.  The variable frequency and amplitude is the result of a rotary or linear synchronous 

generator on a WEC oscillating back and forth with the wave input [5].   

A single WEC would be part of a large wave park situated one or two miles offshore, 

making it nearly invisible from the shore.  These buoys would be placed in water depths of 

120-200 feet, beyond where the waves start to break and dissipate a large percentage of 

their energy.  Each buoy would have a power take-off cable dropping down along the 

mooring lines to the sea floor, as seen in Figure 1.1, where it would be routed to a central 

junction box.  The voltage may be stepped up before it is delivered to shore through an 

undersea cable.  At the substation located on shore, the power provided by the wave park 

could be conditioned and connected to the utility’s power grid [6, 7]. 
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Figure 1.1: Oregon State University Conceptual Wave Park [7] 

 

1.3 Facility Connection Requirements for Generation Resources 

There are technical requirements that are set forth by the utility industry that apply 

to all new or expanded generating resources, regardless of type or size.  The location of the 

resource, interconnection, and impacts on the utility’s system determine the specific 

requirements.  The main objective is that the project and its interconnecting facilities must 

not degrade the safe operation, integrity, and reliability of the system. 

An interconnection study must be completed to determine the interconnection 

facilities required, as well as any system modifications necessary to accommodate the 

project.  The study must also address the following items but is not limited to: transient 

stability, voltage stability, and losses [8].   
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For synchronous generators connecting to the power grid system, the system should 

have an overexcited power factor rating of 0.9 or higher and an under-excited power factor 

of 0.95 or higher.  Alternatively, a power factor capability rating at the point of 

interconnection (on the network side of a step-up transformer) may be negotiated with the 

utility [8]. 

Unbalanced phase voltages and currents can affect the protective relaying (system 

components that protect against abnormal conditions on the power grid) coordination of the 

system, cause high neutral currents, and cause thermal overloading of transformers.  

Therefore, any generation should not cause a voltage imbalance greater than 1% nor a 

current imbalance greater than 5%, where an imbalance is defined as the percent of 

deviation of one phase from the average of all three phases [8]. 

 The ability to predict an intermittent resource is of high significance toward 

commercialization, cost reduction, and industrial success of renewables such as wind, solar 

and wave.  There are three main issues that operators of this type of resource encounter: the 

lack of dispatchability, the stress on the electrical network, and high penetration effects [8].  

 Due to the fact that variable renewables, such as wave energy, are non-dispatchable 

resources (generation that system dispatchers cannot directly control the power level 

output), system operators find it difficult to synchronize with existing or predicted load 

demands.  The stress on the electrical network is due to the fact that many renewable energy 

systems directly depend upon the variations in environmental conditions, and a sudden 

increase in output or outage from the generation may cause some implications on 

neighboring networks.  With a minimal level of renewable energy currently integrated into 

the bulk electrical system, time-varying generators are buried in the overall load-generation 
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mix.  As more renewable generation is introduced, occasional mismatch between existing 

load demand and generation level may cause the system to migrate from equilibrium 

conditions [8]. 

 

1.4 Scope of Thesis 

The research for this thesis involves wave energy converter integration and focuses on 

point absorbers.  The work that was performed evaluates the grid-connection of a wave 

energy converter device exhibiting a variable frequency, variable amplitude output of a 

simulated sea state during the summer months.   The wave energy device under test was a 

10 kW permanent magnet linear generator operating on a vertical linear test bed, both of 

which were completed during previous work at Oregon State University.  The buoy power 

take-off is connected to a 480 V line-to-line micro in-lab test grid using a motor/generator set 

and a power analysis and data acquisition system.  Laboratory demonstrations and post-

processing of the recorded data shows the characteristics of the power grid-connection of 

these types of variable renewable devices.  
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2. Experiment Setup 

2.1 Experimental Setup Overview 

The test setup was comprised of five basic components connected together in series 

to link the device under test to the micro-grid: the active test components of the L10 WEC, a 

wave energy linear test bed, 30 kW Power Analysis and Data Acquisition (PADA) system, a 

motor/generator set, and a wye-connected variable transformer.  

The active components of the L10 WEC include the central spar containing the 

armature coils and the outer section (not including the float) containing the permanent 

magnets.  The output of the WEC is connected through the PADA for data acquisition and 

rectification to DC.  A power take-off cable was attached to the DC bus of the active rectifier 

in the PADA and directly connected to the armature windings of the DC machine.  This DC 

machine is physically coupled to a 230 V induction machine, where the output is connected 

to the 480 V line-to-line micro-grid through a step-up transformer. 

Looking at the overall function of the system and what it models itself after, the 

PADA will act as a rectifier and the coupled motor/generator set will act as an inverter.  A 

complete schematic of this grid interconnect system can be seen in Figure 2.1. 
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Figure 2.1: LTB and Grid Interconnection 

 

2.2 In-Lab Grid 

The Wallace Energy Systems and Renewables Facility (WESRF) features a 480V, 750kVA 

dedicated utility supply, which, with the help of the autotransformers, will act as the stiff 

grid.  This test micro-grid was designed and built to test the control and integration of energy 

storage systems and several high-power grid sources and loads [9].  The in-lab grid includes 

simulated wind farms, hydro resources, local loads, energy storage devices, and a wave 

energy converter.  A picture of the WESRF in-lab grid can be seen in Figure 2.2 with the 

schematic seen in Figure 2.3. 

The in-lab grid system has been connected together via the Modbus protocol, a 

protocol developed for communication between many devices connected to the same 

network, enabling control of the Schweitzer Engineering Laboratories 751A Feeder 

Protection Relays, which will protect each of the components of the grid from standard fault 

conditions.  The in-lab grid is controlled by dSPACE, a rapid prototyping system, which 

enables the control and the ability to record data using MATLAB/Simulink [9]. 
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Figure 2.2: In- Lab Grid Point of Common Coupling 
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Figure 2.3: In-Lab Grid Schematic 

 
 
 

2.3 SEL 751A Feeder Protection Relay 

 For protection of the system, a Schweitzer Engineering Laboratories (SEL) 751A 

Feeder Protection Relay was put at the interconnection of the WEC and the micro-grid, as 

seen in Figure 2.4.  This relay was designed by SEL to maximize control scheme flexibility 

using time-average and instantaneous overcurrent, overvoltage, undervoltage, and 

frequency elements with breaker failure protection for a three-phase system. 
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   SEL 751A Feeder Protection Relay 
 
 
 
 
 
 
   3-Phase Contactors 
 
 
 
 
   3-Phase Current Transducer 
 
 
 
 
 
 
 
   3-Phase Circuit Breaker 

Figure 2.4: Protection Scheme 

 

2.4 Wave Energy Linear Test Bed 

The Wave Energy Linear Test Bed (LTB), seen in Figure 2.5, is a unique test bed that will 

allow vertically-oriented ocean WECs to be tested in a dry, controlled, repeatable 

environment by creating the linear motion between a vertically oriented center spar and the 

active components of a surrounding “float”.  It is designed to generate the relative linear 

motion created by ocean waves to optimize wave energy device technologies [10].   
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The LTB can be programmed with position vs. time motion profiles, including those of 

actual wave data, and moves the device under test though the motion profile, while 

performing data acquisition including speed, position, acceleration and force.  The device 

under test (DUT) can be controlled to heave and fall in the LTB as if the device was actually in 

that wave environment, which will provide accurate results from buoy type wave converters 

[5,11].   

This LTB system has a two meter relative motion/stroke length (6.5 feet), and can 

generate 20,000 N thrust at 1 m/s and 10,000 N thrust at 2 m/s, and up to 3 m/s with much 

lighter loads [10].   



15 
 

 

Figure 2.5: Linear Test Bed 

 

2.5 Wave Energy Converter – Device Under Test 

In a permanent magnet linear generator, electric coils and magnet assemblies can be 

located in the central spar or in the float of the buoy where the relative motion between the 

float and the spar causes the coils to experience a changing magnetic field such that voltage 

is induced.  The region of the generator where the magnets and coils are moving past each 
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other and producing power is called the active region.  The magnets or coils that are not 

contributing to the generation of power, at any given moment in time, are called non-active. 

The DUT is a linear 10 kW buoy, also known as the L10, where the generator coils are 

located in the central spar and the magnet assembly is attached to the outer float.  A 

computer model can be seen in Figure 2.6, and an open ocean test deployment can be seen 

in Figure 2.7.  This buoy is 23 feet tall with a float 11 feet in diameter, and is a direct drive, 

integrated linear generator that contains no pneumatics or hydraulics.  For testing in the 

WESRF lab, the outer active magnetic assembly is attached to the LTB carriage (acting as the 

float), and a servomotor, through the use of timing belts, moves the carriage to drive the 

active magnet assembly up and down.  The buoy’s spar is mounted to the base of the linear 

test bed so that as the carriage moves vertically, there is relative linear motion between the 

magnet assembly and the spar [4].   

Since this WEC is being operated and tested in a dry environment, water must be 

introduced between the sliding surfaces (particularly the bearings) of the buoy, as in the 

ocean application.  Cogging forces (small variations in torque and speed of the linear 

generator due to variations in magnetic flux as the permanent magnets move past the 

electric coils and try to reduce the reluctance path) tend to distort the smooth movement of 

the buoy in comparison to the actual wave profile data.  
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Figure 2.6: Oregon State University's Linear 10KW Buoy [2] 

 
 

 
Figure 2.7: Open Ocean Testing of the L10 [2] 
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2.6 Power Analysis and Data Acquisition System 

In previous research completed at Oregon State University, a PADA system was 

developed for use in the testing of WECs in a marine environment.  The requirements of the 

PADA included the ability to provide an electrical load to the WEC while simultaneously 

acquiring data on its output electrical characteristics.  Due to the variable nature of wave 

energy converter outputs, the PADA system had to be accommodating to different input 

configurations (DC, AC, variable AC and variable amplitude) at a range of voltage and current 

ratings [5]. 

The PADA has the capability of measuring and recording output voltage and current 

waveforms with respect to time at a high sampling interval of up to 250 µs.  From these 

waveforms, post processing of the data can be done to provide RMS voltages and currents, 

frequency, real and reactive power, and the power factor [5]. 

 A full system schematic is shown in Figure 2.8, with the internal components shown 

in Figure 2.9.  As seen in Figure 2.8, the variable frequency and amplitude input from the L10 

WEC is noted as the “3 Phase Bulkhead Connectors” and is rectified to DC  in the “3 Phase 

Rectifier Front End”.  The power take-off cable was attached at the “DC-Link Capacitor” on 

the right side of the figure. 
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Figure 2.8: Power Analysis and Data Acquisition System Schematic [5] 

 
 

 
 

Figure 2.9: Power Analysis and Data Acquisition System [5] 
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2.7 Motor/Generator Set 

For the process of converting a DC voltage and current to a sinusoidal 60 Hz, 230 V 

line-to-line voltage and current, a DC motor and an induction machine were physically 

coupled together, as seen in Figure 2.10, with the induction machine on the left, and the DC 

machine on the right. 

When the buoy accelerates in any direction, a voltage is induced and current is 

generated, which correspondingly produces a torque on the DC machine.  The torque 

produced will act to speed up the rotation of the machine.  However, since the DC machine is 

physically coupled to the induction machine, where the speed is synchronized with the grid, 

the overall speed of the motor/generator set must remain constant.  Thus, a torque is 

produced on the shaft of the induction machine, and current is transferred to the test micro-

grid. 

 

 
Figure 2.10: Motor/Generator Set 
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The characteristics of each machine can be seen below in  
Table 2.1 and Table 2.2. 

 

Table 2.1: DC Machine Characteristics 
 Baldor Electric Direct Current Machine  
 5 Hp  
 RPM: 1750/2300  
 Armature Voltage: 240 V  
 Armature Current: 17.7 A  
 Field Voltage: 150/300 V  
 Field Amps: 0.68-0.4/0.34-0.2 A  

 

Table 2.2: Induction Machine Characteristics 
 U.S. Electrical Motor: Induction Machine  
 60 Hz  
 RPM: 1750  
 Volts: 208-230/460  
 Nominal Efficiency: 87.5  
 
 

2.8 Three Phase Variable Transformer 
 

The output of the 230 V induction machine on the motor/generator set is connected 

to the low voltage side of a 3-phase wye-connected 60 Hz variable transformer (as seen in 

Figure 2.11).  The input and output voltages are found by using a percentage of rated output.  

By looking at the wiring diagram (Figure 2.12), the induction machine was connected to tap 

#3, while the output from tap #2 was connected to the micro-grid.  The input voltage of 230 

V is stepped up to 480 V by setting the turns-ratio of the transformer to approximately 

2.09:1. 

An efficiency plot, as seen in Figure 2.13, would suggest that the transformer used in 

this testing will have an efficiency around 97% under fully-loaded conditions. 



22 
 

 

Figure 2.11: Three Phase Variable Transformer 
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Figure 2.12: Transformer Wiring Schematic 
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Figure 2.13: Transformer Efficiency 

 
 

2.9 Theoretical System Model 
 

Although using a true grid-connected back-to-back rectifier/inverter would be the 

optimal solution, using a motor/generator set to invert the DC voltages and currents was a 

direct approach.  The ideal model that would take a variable frequency and amplitude signal 

and power condition it for grid interconnection is seen in  

Figure 2.14. 

Power conditioning commonly refers to the process of changing and filtering of 

voltages to the proper level and characteristics before interconnecting the generation to the 

utility grid.  Additionally, power conditioning provides noise suppression and transient noise 

protection. 
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A true grid-connected variable output energy converter would have the output 

rectified to a DC bus, either stepped-up or stepped-down to match the voltage of the utility 

grid, and inverted with the correct switching frequency that matches the frequency of the 

grid. 

 

 
 

Figure 2.14: Three-phase converter [5] 
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3. System Recording Models 

The lab system setup was tested in stages, where each component in the conversion 

and interconnect process was tested isolated from the system before being integrated and 

connected together.  From previous work done in the Energy Systems Group, the PADA was 

extensively tested and verified.  The transformer’s voltage gain was tested, starting at low 

voltages for safety reasons, and verified that it was operating correctly before applying 

higher voltages.  Lastly, the DC machine and induction machine were coupled together, and 

test voltages were applied.  A voltage was applied across the field windings of the DC 

machine and the corresponding armature voltages were measured, to determine the positive 

rotation on the machine. 

After completion and verification of the hardware connections, the LTB was 

programmed to simulate a 1.25 meter maximum peak-to-peak, motion of the linear 

generator, and the voltages and currents of the entire system were observed and recorded 

for post processing. 

Since there were two distinct sides to the recording process, the L10 and the AC 

interconnect side, two different recording models were used. 

 

3.1 L10/PADA Recording Model 

The recording model used for recording the data from the WEC and the DC bus was a 

small portion of the models used in the previous work done at Oregon State University 

during the development of the PADA.  The three phase voltages and phase currents of the 

L10 were recorded, along with the PADA DC bus voltage and position signal. 
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In addition to monitoring performance data in real-time from a host computer, users 

can control operation of the PADA.  A screenshot from the host computer of the model can 

be seen in Figure 3.1, and a screenshot showing an example of data feedback can be seen in 

Figure 3.2. 

In Figure 3.1, the measured voltages and currents are displayed (after being filtered 

for reduction in noise of the signal) in the middle of the figure (as indicated as vdc, va, vb, vc, 

ia, ib, pos).  Also, the latch signals are checking to see if there are any hardware errors in the 

PADA (where ‘1’ indicates there are no errors).  The latches on the right-hand side indicate 

the reset of the system, enabling the rectifier, and enabling of the record option. 

When using the analog inputs to the system, it is capable of recording at 250 µs data 

sampling interval.  For this research, the sampling interval was set to 1ms, and recorded for a 

length of ten minutes to make sure that transient operations were recorded.  Since friction 

forces affect the early operations on the wave profile, due to less lubrication of moving parts, 

a longer test period was required to study the grid-interconnection of a wave energy 

converter. 
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Figure 3.1: Recording Console for the PADA using RT-LAB 
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Figure 3.2: Data Feedback from L10 

 

3.2 Simulink/Control Desk Recording Model 
 
Simulink is a software package included with MATLAB, which enables the modeling, 

simulating, and analyzing of systems whose outputs change over time.  It is a time-domain 

equation solver, that is, it calculates the solution to equations for sample points in time out 

to some specified end time.  Basically, it is a convenient and user-friendly graphical front-end 

to MATLAB.   ControlDesk is the dSPACE experiment software that combines the model’s 

inputs and outputs into a single, graphical working environment, from the start of the 

experiment to the end. 

dSPACE is a rapid prototyping tool that is used most heavily in the automotive 

industry for developing control systems.  It allows users to program a high-performance 

digital signal processor using Simulink.  All of the analog and digital inputs and outputs 
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connected to the DSP are easily accessible via a connector panel to a computer.  Thus, all of 

the input and output signals can be recorded for post-testing processing work. 

There are scaling factors between Simulink, the dSPACE inputs, and the AC/DC 

recording probes.  The AC and DC current probes are set to 10A/V, the differential probes 

(used to measure phase voltages) are set to 50mV/V, and dSPACE scales the inputs 10:1.  The 

signal gains must be reversed to record the actual voltages and currents of the system.  In 

Figure 3.3, the signal gains are grouped into one gain block as either 100 for current gains, or 

5000 for voltage gains. 

dSPACE partnered with Simulink/ControlDesk makes an excellent system that 

records the voltages and currents of the system being tested.  An example screenshot of the 

real-time voltages and currents of the system, as well as the position of the buoy, can be 

seen in Figure 3.4. 
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Figure 3.3: Simulink Recording Model 

 

 
Figure 3.4: ControlDesk Layout 
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3.3 Comparison of PADA and Simulink Models 

Since there were two distinct sides (the buoy and DC bus, and the AC interconnect), 

two different computers were used for recording data.  The buoy wave profile started at a 

position of zero meters, where the float is centered vertically on the spar.  The position of 

the buoy was recorded on both sides of the rectification/inversion process, along with the 

voltages and currents of the system.  To ensure both recording models began at the same 

time, a position of 0.1 meters was used as a trigger signal to start recording.  This recording 

technique ensures that post-processing of the data, from two separate computers, would 

start at the same initial point. 
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4. System Testing 

After individually testing each stage of the interconnect process (rectification, 

inversion, and voltage step-up), the overall connected system was tested together.  The 

aforementioned system recording models recorded the voltages, currents and position of the 

DUT, as well as the voltages, currents, and position of the grid interconnected side.  This was 

followed by post-processing of the data to analyze the power transfer, power factor, and 

efficiencies of the system. 

 

4.1 L10 Recorded Data 

The measured data (voltages, currents, and position) of the L10 were measured and 

recorded using the OPAL-RT system and MATLAB/Simulink within the PADA, as seen in the 

model shown in Figure 3.1. 

 

4.1.1 Position vs. Time Profile 

 For this research, the LTB was programmed to simulate the motion of a point 

absorber device in actual ocean conditions.  This motion profile was developed in previous 

work performed at Oregon State University, and is representative of a sea state during the 

summer months off the coast of Oregon with a maximum wave height of 1.25 meters and 

dominant period of 7.5 seconds [5, 12, 13].  A ten-minute motion profile is shown in Figure 

4.1, with a shorter duration example shown in Figure 4.2.  
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Figure 4.1: L10 Position Signal 

 

 
Figure 4.2: Shorter Duration of L10 Position Signal 
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4.1.2 Phase Voltages of Buoy 

The phase voltages of the L10 were measured, and a ten minute recording is shown 

in Figure 4.3, with a shorter duration sample shown in Figure 4.4.  The calculated RMS 

voltage of the buoy output is 14.9711 V. 

 

 
Figure 4.3: L10 Phase Voltages 
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Figure 4.4: Shorter Duration of L10 Phase Voltages 

 

4.1.3 Phase Currents of Buoy 

The currents were measured by the OPAL-RT system before being rectified to DC.  As 

seen in Figure 4.6, each phase current is balanced.  A ten minute recording is shown in Figure 

4.5, with a shorter duration sample shown in Figure 4.6.  The calculated RMS current of the 

buoy output is 2.8038 A. 
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Figure 4.5: L10 Phase Currents 

 

 
Figure 4.6: Shorter Duration of L10 Phase Currents 
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4.1.4 Frequency Output of Buoy 

Frequency is determined by finding the reciprocal of the duration of one cycle in a 

repeating event.  Equation 4.1 was used to determine the frequency of the output of the 

buoy and can be seen below in Figure 4.7, where the average frequency over the testing 

interval is 0.5341 Hz.  By looking at Figure 4.4, it can be readily seen that this average is 

accurate. 

 

 𝑓 =
1
𝑇

 (4.1) 

 

 

 
Figure 4.7: Frequency of Voltage and Current Output of L10 
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4.1.5 Instantaneous Power of Buoy 

The instantaneous power of the buoy can be calculated by taking the sum of each 

measured phase voltage multiplied by the measured phase current, as seen in Equation 4.2.   

 

 𝑝(𝑡) = 𝑣𝐴𝑁(𝑡)𝑖𝐴(𝑡) + 𝑣𝐵𝑁(𝑡)𝑖𝐵(𝑡) + 𝑣𝐶𝑁(𝑡)𝑖𝐶(𝑡) (4.2) 
 

The plot of the buoy’s instantaneous power is shown below in Figure 4.8, with a 

shorter duration example in Figure 4.9.  The position was multiplied by 1000, and overlaid on 

the instantaneous power plot for a direct comparison.  The motivation behind the 

multiplication factor is that it is a way to efficiently and easily get the two signals on a time 

scale for direct comparison.  This buoy multiplication factor was chosen based solely upon 

the height of the other waveform in the plot, where the two waveforms are approximately 

the same height. 

By looking at the shorter duration plot, it can be seen that there is a direct 

relationship between the output power and the position of the L10 WEC.  When the position 

of the buoy is changing, there is an induced voltage and a corresponding increase in current, 

thus a spike in power generated.  When the buoy hits a peak or trough of a wave, the power 

generated goes to zero. 
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Figure 4.8: Instantaneous Power Output of L10 

 

 

Figure 4.9: Shorter Duration of the Instantaneous Power Output of L10 
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4.2 Recorded Data of DC Portion of the System 

At the the output of the rectifier, the voltage and current were measured on the DC 

bus, using the same model and system that recorded the values for the L10.  These values 

were also recorded and verified by the data collected by MATLAB/Simulink. 

 

4.2.1 DC Voltage of Output of PADA 

The DC bus voltage for the ten minute test duration can be seen in Figure 4.10, with 

a shorter duration for analysis in Figure 4.11. 

 

 
Figure 4.10: PADA Output - DC Bus Voltage 
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Figure 4.11: Shorter Duration of PADA Output - DC Bus Voltage 

 
 
 

4.2.2 DC Current of Output of PADA 

The DC bus current for the ten minute testing period is shown in Figure 4.12, with a 

shorter duration in Figure 4.13 for a closer comparison of the current generated and the 

position of the buoy.   
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Figure 4.12: PADA Output - DC Bus Current 

 
 

 
Figure 4.13: Shorter Duration of PADA Output - DC Bus Current 
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4.2.3 Power Output of PADA 

The product of the DC bus voltage and current is the power delivered to the 

armature winding of the DC machine on the motor/generator set.  The ten minute test 

duration is shown in Figure 4.12, and a shorter duration in Figure 4.13.  As in the case for the 

instantaneous power of the buoy, there is a direct correlation between the power generated 

and the position of the buoy. 

 
 

 
Figure 4.14: PADA Output Power vs. Buoy Position 
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Figure 4.15: Shorter Duration of PADA Output Power vs. Buoy Position 

 
 
 

4.3 Recorded Data of AC Portion of the System 

 
Once the power was transferred through the motor/generator set, the following 

voltage and current waveforms were recorded at the terminals of the AC induction machine.   

Post-test processing of the data has resulted in the calculation of instantaneous power, real 

power, efficiencies, power factor and frequency of the grid interconnection. 
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4.3.1 Phase Voltages of the Grid Interconnect System 

The line-to-neutral voltages were recorded using the MATLAB/Simulink model, as 

shown in Figure 4.16.  Using Equations 4.3-4.5, the line-to-line voltages were calculated and 

plotted in Figure 4.17.  As the turns ratio set on the transformer (2.09:1) indicated, the high 

side of the voltages are approximately double that of the low side voltages. 

 
 

 
Figure 4.16: Phase Voltages Line-to-Neutral of the Grid Interconnect System 

 
 
 

 𝑉𝐴𝐵 = 𝑉𝐴𝑁 − 𝑉𝐵𝑁 (4.3) 
 

 𝑉𝐵𝐶 = 𝑉𝐵𝑁 − 𝑉𝐶𝑁 (4.4) 
 

 𝑉𝐶𝐴 = 𝑉𝐶𝑁 − 𝑉𝐴𝑁 (4.5) 
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Figure 4.17: Line Voltages of the Grid Interconnect System 

 
 

4.3.2 Phase Currents of the Grid Interconnect System 

As can be seen in Figure 4.18, there is a difference in amplitude of the current at 50 

seconds versus 50.05 seconds.  This difference is directly related to the power generated by 

the buoy.  Furthermore, by comparing the phase voltages in Figure 4.16 with the phase 

currents in Figure 4.18, it can be seen that the high side voltage has a lower current than its 

corresponding low side voltage.  This directly follows the principles of an ideal transformer, 

as noted by Equation 4.6.  

 

 𝑉𝑙𝑜𝑤𝐼𝑙𝑜𝑤 = 𝑉ℎ𝑖𝑔ℎ𝐼ℎ𝑖𝑔ℎ (4.6) 
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Figure 4.18: Phase Currents of the Grid Interconnect System 

 

4.3.3 Frequency of the Grid Interconnect System 

Comparing the voltage and current frequency from the L10 in Figure 4.7, which is a 

varying frequency between 0 and 3 Hz, to the stiff frequency of the grid interconnect of 60 

Hz, the rectification and inversion process gives us control over the power transferred.  

However, by enabling this type of control, there are losses due to switching and heat. 

There is a large difference in frequency due to the sampling rate of 1 ms.  Since the 

period of a 60 Hz signal is 16.67 ms, data points were recorded at 16 ms and 17 ms.  By 

taking the average of the recorded period, the average frequency of 60.0645 Hz was 

calculated.  
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Figure 4.19: Frequency of Voltage and Current of Power Transferred to the Grid 

 
 

4.3.4 Instantaneous Power of the Low Side of Transformer 
 
The instantaneous power that is seen on the low side of the transformer for the ten 

minute test duration can be seen in Figure 4.20, with a shorter duration sample in Figure 

4.21.  This instantaneous power was calculated using Equation 4.2.  It can be easily seen that 

the position of the buoy has a direct correlation to the power transferred from it. 
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Figure 4.20: Instantaneous Real Power of the Low Side of Transformer vs. Buoy Position 

 

 

Figure 4.21: Shorter Duration of Instantaneous Real Power of the Low Side of Transformer vs. 
Buoy Position 
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4.3.5 Instantaneous Power of the High Side of Transformer 
 
The instantaneous power that is seen on the high side of the transformer for the ten 

minute test duration can be seen in Figure 4.22, with a shorter duration sample in Figure 

4.21.  This instantaneous power was calculated using Equation 4.2.   

 

 
Figure 4.22: Instantaneous Real Power of the High Side of Transformer vs. Buoy Position 
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Figure 4.23: Shorter Duration of Instantaneous Real Power of the High Side of Transformer 

vs. Buoy Position 

 

4.3.6 Instantaneous Power of the High Side vs. Low Side 
 
It can be seen that the instantaneous power waveforms of the low voltage side of 

the transformer match extremely well with the power seen on the high voltage side.  The 

difference between the sides is the loss across the transformer, which can be seen in Figure 

4.24. 
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Figure 4.24: Short Duration of the Instantaneous Power of the High Side vs. Low Side 

 

4.4 Overall System Recorded Data 
 

4.4.1 Instantaneous Power of the System 

The instantaneous power of the output of the PADA is overlaid with the low and high 

side of the transformer to show the correlation between the power transferred throughout 

different parts of the system.  The ten minute test duration is shown in Figure 4.25, with a 

shorter duration example shown in Figure 4.26. 
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Figure 4.25: Instantaneous Power of the Entire System 

 
 

 
Figure 4.26: Shorter Duration of Instantaneous Power of the Entire System 
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4.4.2 Power Factor of the System 

The power factor on an electric system is defined as the ratio of the real power to 

apparent power flowing in the system.  Power factor can be calculated using the theoretical 

equation by finding the difference in angle between the voltage and current waveforms, as 

seen in Equation 4.7.  However, doing this in real time is challenging, so by combining 

Equations 4.8 and 4.9, the power factor can be calculated for the system. 

 

 𝑃𝐹 =  cos(𝜃𝑣 − 𝜃𝑖) (4.7) 

 
 

𝑃𝑎𝑣𝑔 =
1
𝑇
� 𝑝(𝑡)𝑑𝑡
𝑇

0
 

(4.8) 

 

 𝑃𝐹 =  
𝑃𝑎𝑣𝑔

𝑉𝑟𝑚𝑠������𝐼𝑟𝑚𝑠������ 
 

(4.9) 

 

 In equation 4.9, the Vrms and Irms are the average voltage and currents over each 

cycle.  The root mean square, RMS, is the square root of the mean of the squares of the 

original waveform.  Equations 4.7-4.9 require that the voltage and current waveforms are 

perfectly sinusoidal.  However, the micro-grid is subject to little fluctuations in the voltage 

and is not an ideal sinusoidal waveform.  The power factor, as calculated in Equation 4.7, 

contains all of the harmonics of the system.  By calculating the true power factor, as defined 

in Equation 4.10, a better understanding of the real power flowing on the system can be 

achieved. 
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 𝑇𝑟𝑢𝑒 𝑃𝐹 =  
𝐼1
𝐼𝑟𝑚𝑠

 cos(𝜃𝑣 − 𝜃𝑖) 

 
where I1 is the fundamental of the Fourier Transform, and IRMS is the RMS 
value of the phase current. 

 
(4.10) 

 

  

The power factors and the true power factors that were calculated for the 

connection of the buoy with the micro-grid can be found below in Table 4.1 and Table 4.2. 

 

Table 4.1: Power Factor of System Components 

 Power Factor of: PF  
 L10 Buoy 0.9998 lagging  
 Grid Interconnect 0.8757 lagging  

 
The power factor of the L10 buoy in Table 4.1 shows 0.9998 lagging, which is due to 

the PADA acting as a resistive load, where the voltages and currents were measured.  A 

resistive load will have a unity power factor, or 1.0. 

 
Table 4.2: True Power Factor of System Components 

 True Power Factor of: PF  
 L10 Buoy 0.8601 lagging  
 Grid Interconnect 0.7343 lagging  

 
 

Figure 4.27 and Figure 4.28 help to illustrate the power factors that were calculated 

and displayed in the tables above.  
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Figure 4.27: Phase Voltages and Currents of L10 Buoy to Show Power Factor 

 
 

 
Figure 4.28: Phase Voltages and Currents of Grid Interconnect To Show Power Factor 
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4.4.3 Efficiency of System 

The efficiency of each component can be determined by taking the ratio of power 

out of the component/stage by the power that was input into the component/stage.  The 

average real power of each component/stage was calculated using Equation 4.8.  

As seen in the power plots of the AC interconnect side, there is a negative amount of 

power being produced.  This negative power is observed when the buoy isn’t producing 

power (no relative movement between the magnets and the electric coils), which causes the 

induction machine to operate as a motor and consume power provided by the micro in-lab 

grid.  The average power on the low voltage and high voltage sides of the transformer were 

calculated only when the buoy was generating power. 

 
Table 4.3: Average Power of System 

 Average Power of: Watts  
 Buoy 276.9653  
 DC Bus 186.3137  
 Low Voltage Side 151.9035  
 High Voltage Side 134.4785  
 

By using average power of each stage and Equation 4.11, the efficiencies for each 

component/stage on the grid interconnect system were calculated and can be found in Table 

4.4.  By taking the product of each component/stage, using Equation 4.12, the overall system 

efficiency can be calculated. 

 
 ƞ =

Powerout
Powerin

× 100 (4.11) 

 
 Ƞ𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = Ƞ𝑃𝐴𝐷𝐴 ∗ Ƞ𝑚𝑜𝑡𝑜𝑟−𝑔𝑒𝑛 𝑠𝑒𝑡 ∗ Ƞ𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 (4.12) 
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Table 4.4: System Efficiencies 

 Efficiency of: Percent  
 PADA 67.27  
 Motor/Generator Set 81.53  
 Transformer 88.53  
 Overall System 48.55  

 

This overall system efficiency can also be verified by using Equation 4.11 with the 

output power of the buoy and the power measured at the point of interconnection, which 

was calculated to be 48.55%.  In comparing the efficiency using the power into/out of the 

system and taking the product of efficiencies across each stage, the data measured and the 

efficiencies calculated are verified. 

If the motor/generator set is converted to a traditional grid-tied inverter, the 

efficiency of the overall variable AC/grid-matched AC conversion process should be around 

90%.  Current studies that have been completed at other academic institutions suggest grid-

tied rectifiers/inverters have efficiencies between 90-95% [14].  When the inverter does not 

immediately control the grid’s voltage or frequency, the efficiencies are much higher.  Based 

upon the results in this research, and using the conservative end of the efficiency of the 

rectifier and inverter of 90%, the overall efficiency of the grid connecting of this wave-energy 

device to the test micro-grid could be up to 71.7%. 
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5. CONCLUSION 

Developers, operators, and utilities face many challenges when interconnecting large 

distributed sources of generation with fluctuating output.  Utilities always request to 

maintain a constant voltage and frequency from any generation source.  Generally, utilities 

set a specific power factor or the amount of reactive power that can be delivered to the grid.  

Any power generating facility, from its own perspective, wants to produce only active (real) 

power, because revenue is made only when active power is produced and delivered to the 

grid. 

Due to the variable nature of ocean waves (the periodic rise, fall, and height of the 

waves), wave energy converters produce a variable voltage and variable frequency output.  

Thus, the voltage waveforms from the WEC will need to be converted to match the 

magnitude, phase angle, and frequency of the utility grid before the relays are able to close 

and transfer power. 

The device under test in the WESRF lab was a linear 10 kW generator, where the 

variable output was rectified and inverted using the PADA system and motor/generator set, 

respectively, then the voltage was stepped up to equal that of the micro-test grid. 

 

5.1 WEC Grid Interconnection 

Based upon the results that were observed throughout the testing phase and post 

processing of the data, wave energy converters are able to be connected to the grid 

following power conditioning.  Although the efficiency of the overall system was extremely 

low due to the lowest efficiency of the motor/generator set, the average power transferred 
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to the system was very stable with no significant transient periods.    This low efficiency is 

due to the fact that the power provided to the motor/generator is consistently changing. 

 

5.2 Recommendations for Future Work 

The next step in the testing of a micro-grid integration of a wave energy converter 

and the validation of the integration of a multi-buoy wave park is the evaluation of a grid 

tied, back-to-back rectifier and inverter.  Using a grid-tied inverter would yield additional 

accuracy, by limiting the losses that were seen across the DC machine/induction machine 

generator set, and create greater control over the interconnection.   

Additionally, investigations could be performed into real-time power transfer from a 

wave converter farm, where a single wave affects each buoy differently in time.  By looking 

back at Figure 4.8, we can see that the power output of the buoy is extremely variable, and 

by incorporating multiple buoys in a given area, the power output will be smoothed.  Lastly, 

the mixing of variable wave generation with wind generation on the in-lab grid would be of 

interest to determine the stability of the grid when multiple non-dispatchable generation 

sources are grid-connected.   
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A. Current and Power Plots of the DUT M-File Code 
 

%housekeeping 
clear all; 
close all 
clc; 
  
%creating filter functions 
wc=2*pi*100;    %filter frequency 
ws=2*pi*1000;   %sample frequency 
[B,A]=butter(1,wc/ws,'low'); 
  
%load the data recorded during testing 
load('PADAData.mat'); 
  
%splitting data into each measured component 
time = filtfilt(B,A,PADAData.time); 
armatureVoltage = filtfilt(B,A,PADAData.armatureVoltage); 
phaseAVoltage = filtfilt(B,A,PADAData.phaseAVoltage); 
phaseBVoltage = filtfilt(B,A,PADAData.phaseBVoltage); 
phaseCVoltage = filtfilt(B,A,PADAData.phaseCVoltage); 
phaseACurrent = filtfilt(B,A,PADAData.phaseACurrent); 
phaseBCurrent = filtfilt(B,A,PADAData.phaseBCurrent); 
phaseCCurrent = filtfilt(B,A,PADAData.phaseCCurrent); 
position = filtfilt(B,A,PADAData.position); 
  
%calculating power generated by buoy 
buoyPowerA = phaseAVoltage.*phaseACurrent; 
buoyPowerB = phaseBVoltage.*phaseBCurrent; 
buoyPowerC = phaseCVoltage.*phaseCCurrent; 
buoyPowerTotal = buoyPowerA + buoyPowerB + buoyPowerC; 
  
%calculating total current and voltage of buoy 
totalCurrent = phaseACurrent + phaseBCurrent + phaseCCurrent; 
totalVoltage = phaseAVoltage + phaseBVoltage + phaseCVoltage; 
  
%% Total Current 
figure; 
hold on; 
plot (time, totalCurrent); 
ylim ([-0.001 0.001]); 
xlabel ('Time [sec]'); 
ylabel ('Current [A]'); 
title ('Total Current of Buoy'); 
legend ('Total Current'); 
print('-dpng','-r300','.\Total Current of Buoy'); 
hold off; 
  
%% Plot Phase Currents 
figure; 
hold on; 
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plot (time, phaseACurrent, 'b'); 
plot (time, phaseBCurrent, 'r'); 
plot (time, phaseCCurrent, 'g'); 
xlabel ('Time [sec]'); 
ylabel ('Current [A]'); 
legend ('Phase A Current', 'Phase B Current', 'Phase C Current'); 
title ('Phase Currents of Buoy'); 
print('-dpng','-r300','.\Phase Currents of Buoy'); 
xlim ([270 285]); 
print('-dpng','-r300','.\Phase Currents of Buoy (Zoomed In'); 
hold off; 
  
%% Plot Phase Voltages 
figure; 
hold on; 
plot (time, phaseAVoltage, 'b'); 
plot (time, phaseBVoltage, 'r'); 
plot (time, phaseCVoltage, 'g'); 
xlabel ('Time [sec]'); 
ylabel ('Voltage [V]'); 
legend ('Phase A Voltage', 'Phase B Voltage', 'Phase C Voltage'); 
title ('Phase Voltages of Buoy'); 
print('-dpng','-r300','.\Phase Voltages of Buoy'); 
xlim ([270 285]); 
print('-dpng','-r300','.\Phase Voltages of Buoy (Zoomed In'); 
hold off; 
  
%% Plot Power vs. Buoy Position 
figure; 
hold on; 
plot (time, -1*buoyPowerTotal, 'b'); 
plot (time, 1000*position, 'r'); 
xlabel ('Time [sec]'); 
ylabel ('Power [watts], Position [meters*1000]'); 
legend ('Instantaneous Power', 'Position of Buoy * 1000', 'location', 
'NorthEast'); 
title ('Instantaneous Power of Buoy vs. Buoy Position'); 
print('-dpng','-r300','.\Instantaneous Power of Buoy vs Buoy 
Position'); 
xlim ([270 310]); 
legend ('Instantaneous Power', 'Position of Buoy * 1000', 'location', 
'NorthWest'); 
print('-dpng','-r300','.\Instantaneous Power of Buoy vs Buoy Position 
(Zoomed In)'); 
hold off; 
  
%% Frequency of Buoy 
[frequencyBuoy, numElements, timediff] = calcFrequency 
(filtfilt(B,A,phaseAVoltage), phaseACurrent, time); 
  
figure; 
hold on; 
plot (time, frequencyBuoy, 'b'); 
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xlabel ('Time [sec]'); 
ylabel ('Frequency [Hz]'); 
title ('Output Frequency of Buoy vs. Time'); 
legend ('Output Frequency of Buoy'); 
print('-dpng','-r300','.\Frequency of Buoy'); 
hold off; 
  
%% Buoy Position 
figure; 
hold on; 
plot (time, position, 'b'); 
ylim ([-0.6 0.6]); 
xlabel ('Time [sec]'); 
ylabel ('Position [m]'); 
title ('L10 Position'); 
print('-dpng','-r300','.\L10 Position'); 
xlim ([270 310]); 
print('-dpng','-r300','.\L10 Position (Zoomed In)'); 
hold off; 
  
  



67 
 

B. Voltage, Current and Power Plot M-File Code 
 

%housekeeping 
clear all; 
close all 
clc; 
tic; 
  
%creating filter functions 
wc=2*pi*100;    %filter frequency 
ws=2*pi*1000;   %sample frequency 
[B,A]=butter(1,wc/ws,'low'); 
  
%load the data recorded during testing 
load('researchData.mat'); 
  
%splitting data into each measured component 
time = filtfilt(B,A,researchData.time); 
armatureCurrent = filtfilt(B,A,researchData.armatureCurrent); 
armatureVoltage = filtfilt(B,A,researchData.armatureVoltage); 
highSideVoltageA = filtfilt(B,A,researchData.highSideVoltageALL); 
highSideVoltageB = filtfilt(B,A,researchData.highSideVoltageBLL); 
highSideVoltageC = filtfilt(B,A,researchData.highSideVoltageCLL); 
highSideCurrentA = filtfilt(B,A,researchData.highSideCurrentA); 
highSideCurrentB = filtfilt(B,A,researchData.highSideCurrentB); 
highSideCurrentC = filtfilt(B,A,researchData.highSideCurrentC); 
highSideVoltageALN = filtfilt(B,A,researchData.highSideVoltageALN); 
highSideVoltageBLN = filtfilt(B,A,researchData.highSideVoltageBLN); 
highSideVoltageCLN = filtfilt(B,A,researchData.highSideVoltageCLN); 
position = filtfilt(B,A,researchData.position); 
fieldCurrent = filtfilt(B,A,researchData.fieldCurrent); 
fieldVoltage = filtfilt(B,A,researchData.fieldVoltage); 
lowSideCurrentA = filtfilt(B,A,researchData.lowSideCurrentA); 
lowSideCurrentB = filtfilt(B,A,researchData.lowSideCurrentB); 
lowSideCurrentC = filtfilt(B,A,researchData.lowSideCurrentC); 
lowSideVoltageALN = filtfilt(B,A,researchData.lowSideVoltageALN); 
lowSideVoltageBLN = filtfilt(B,A,researchData.lowSideVoltageBLN); 
lowSideVoltageCLN = filtfilt(B,A,researchData.lowSideVoltageCLN); 
lowSideVoltageA = filtfilt(B,A,researchData.lowSideVoltageALL); 
lowSideVoltageB = filtfilt(B,A,researchData.lowSideVoltageBLL); 
lowSideVoltageC = filtfilt(B,A,researchData.lowSideVoltageCLL); 
  
%calculating the armature and field power and its averages 
armaturePower = armatureCurrent.*armatureVoltage; 
averageArmaturePower = mean(armaturePower); 
fieldPower = fieldCurrent.*fieldVoltage; 
averageFieldPower = mean(fieldPower); 
  
%calculating the power seen on the high side of the transformer 
highSidePowerA = highSideVoltageALN.*highSideCurrentA; 
highSidePowerB = highSideVoltageBLN.*highSideCurrentB;  
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highSidePowerC = highSideVoltageCLN.*highSideCurrentC; 
highSidePowerTotal = -1*(highSidePowerA + highSidePowerB + 
highSidePowerC); 
  
%calculating the power seen on the low side of the transformer 
lowSidePowerA = lowSideVoltageALN.*lowSideCurrentA; 
lowSidePowerB = lowSideVoltageBLN.*lowSideCurrentB;  
lowSidePowerC = lowSideVoltageCLN.*lowSideCurrentC; 
lowSidePowerTotal = -1*(lowSidePowerA + lowSidePowerB + 
lowSidePowerC); 
  
%load the data recorded during testing 
load('PADAData.mat'); 
  
%splitting data into each measured component 
armatureVoltage = filtfilt(B,A,PADAData.armatureVoltage); 
phaseAVoltage = filtfilt(B,A,PADAData.phaseAVoltage); 
phaseBVoltage = filtfilt(B,A,PADAData.phaseBVoltage); 
phaseCVoltage = filtfilt(B,A,PADAData.phaseCVoltage); 
phaseACurrent = filtfilt(B,A,PADAData.phaseACurrent); 
phaseBCurrent = filtfilt(B,A,PADAData.phaseBCurrent); 
phaseCCurrent = filtfilt(B,A,PADAData.phaseCCurrent); 
position = filtfilt(B,A,PADAData.position); 
  
%calculating power generated by buoy 
buoyPowerA = phaseAVoltage.*phaseACurrent; 
buoyPowerB = phaseBVoltage.*phaseBCurrent; 
buoyPowerC = phaseCVoltage.*phaseCCurrent; 
buoyPowerTotal = -1*(buoyPowerA + buoyPowerB + buoyPowerC); 
  
%calculating total current and voltage of buoy 
totalCurrent = phaseACurrent + phaseBCurrent + phaseCCurrent; 
totalVoltage = phaseAVoltage + phaseBVoltage + phaseCVoltage; 
  
%accounts for the instrument drift 
for k=1:size(lowSideCurrentA,2) 
   lowSidePowerTotal(1,k) = lowSidePowerTotal(1,k)+95; 
   highSidePowerTotal(1,k) = highSidePowerTotal(1,k)+95; 
   armaturePower(1,k) = armaturePower(1,k)+55; 
   buoyPowerTotal(1,k) = buoyPowerTotal(1,k); 
end 
  
%% True PF of grid 
[pfHighSide, pRMSHighSide, pRMSmeanHigh, iRMSA] = calcPowerFactor 
(highSideVoltageALN, highSideCurrentA, ... 
    highSideVoltageBLN, highSideCurrentB, highSideVoltageCLN, ... 
    highSideCurrentC, highSidePowerTotal); 
  
truePFGrid = (fft(highSideCurrentA,1)/mean(iRMSA))*pfHighSide 
  
%% True PF of buoy 
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[pfBuoy, pRMSBuoy, pRMSmeanBuoy, iRMSA] = calcPowerFactor4 
(phaseAVoltage, phaseACurrent, ... 
    phaseBVoltage, phaseBCurrent, phaseCVoltage, ... 
    phaseCCurrent, buoyPowerTotal); 
  
truePFBuoy = (fft(iRMSA,1)/mean(iRMSA))*pfBuoy 
  
%% Calculating Efficiencies of the System 
[pfHighSide, pRMSHighSide, pRMSmeanHigh] = calcPowerFactor 
(highSideVoltageALN, highSideCurrentA, ... 
    highSideVoltageBLN, highSideCurrentB, highSideVoltageCLN, ... 
    highSideCurrentC, highSidePowerTotal); 
  
[pfLowSide, pRMSLowSide, pRMSmeanLow] = calcPowerFactor 
(lowSideVoltageALN, lowSideCurrentA, ... 
    lowSideVoltageBLN, lowSideCurrentB, lowSideVoltageCLN, ... 
    lowSideCurrentC, lowSidePowerTotal); 
  
[pfBuoy, pRMSBuoy, pRMSmeanBuoy] = calcPowerFactor (phaseAVoltage, 
phaseACurrent, ... 
    phaseBVoltage, phaseBCurrent, phaseCVoltage, ... 
    phaseCCurrent, buoyPowerTotal); 
  
efficiencyPADA = mean(armaturePower)/mean(pRMSmeanBuoy) 
efficiencyMotor = mean(pRMSLowSide)/mean(armaturePower) 
efficiencyTransformer = mean(pRMSmeanHigh)/mean(pRMSmeanLow) 
efficiencyTotal = mean(pRMSmeanHigh)/mean(buoyPowerTotal) 
  
pfBuoy = mean(pfBuoy) 
pfGrid = mean (pfHighSide) 
  
%% Phase Voltage and Current Comparison of Buoy (to show lagging PF) 
figure; 
hold on; 
plot (time, phaseAVoltage, 'b'); 
plot (time, -2*phaseACurrent, 'r'); 
xlim ([270 280]); 
xlabel ('Time [sec]'); 
ylabel ('Voltage [V], Current*2 [A]'); 
title ('Phase Voltage vs. Phase Current of Buoy'); 
legend ('Voltage [V]', 'Current*2 [A]'); 
print('-dpng','-r300','.\Phase Voltage vs Current of Buoy'); 
  
%% Real Power 
for k=1:size(lowSideCurrentA,2) 
   pRMSHighSide(1,k) = pRMSHighSide(1,k)-3; 
end 
figure; 
hold on; 
plot (time, pRMSHighSide,'b'); 
plot (time, pRMSLowSide,'r'); 
xlabel ('Time [sec]'); 
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ylabel ('High Side Power [watts], Low Side Power [watts]'); 
title ('High Side Power vs. Low Side Power'); 
legend ('High Side Power of Transformer','Low Side Power of 
Transformer'); 
print('-dpng','-r300','.\High Side Power vs Low Side Power'); 
xlim ([270 310]); 
print('-dpng','-r300','.\High Side Power vs Low Side Power (Zoomed 
In)'); 
hold off; 
  
%% Real Power vs. Low Side 
close all; 
figure; 
hold on; 
plot (time, filtfilt(B,A,pRMSLowSide), 'b'); 
plot (time, pRMSBuoy, 'r'); 
xlabel ('Time [sec]'); 
ylabel ('Power [watts]'); 
title ('Power Across Motor/Gen Set'); 
legend ('Low Side Power','L10 Power'); 
print('-dpng','-r300','.\Power Across MotorGen Set'); 
xlim ([280 300]); 
print('-dpng','-r300','.\Power Across MotorGen Set (Zoomed In)'); 
xlim ([510 520]); 
print('-dpng','-r300','.\Power Across MotorGen Set (Problem)'); 
hold off; 
 
%% Frequency of AC System 
[frequencyGrid] = calcFrequency (highSideVoltageALN, 
highSideCurrentA, time); 
  
close all; 
figure; 
hold on; 
plot (time, frequencyGrid, 'b'); 
xlabel ('Time [sec]'); 
ylabel ('Frequency [Hz]'); 
title ('Grid Interconnect Frequency vs. Time'); 
legend ('Grid Interconnect Frequency'); 
axis ([0 600 0 80]); 
print('-dpng','-r300','.\Grid Interconnect Frequency'); 
hold off; 
  
%% Armature Power vs. Buoy Power 
figure; 
hold on; 
plot (time, filtfilt(B,A,armaturePower+75), 'b'); 
plot (time, buoyPowerTotal, 'r-'); 
xlabel ('Time [sec]'); 
ylabel ('Power [watts]'); 
title ('Armature Power vs. Buoy Power'); 
legend ('Armature Power', 'Buoy Power'); 
print('-dpng','-r300','.\DC Bus Voltage'); 
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xlim ([270 310]); 
print('-dpng','-r300','.\DC Bus Voltage (Zoomed In)'); 
hold off; 
  
%% Armature Voltage 
figure; 
hold on; 
plot (time, filtfilt(B,A,armatureVoltage), 'b'); 
plot (time, 10*position+215, 'r-'); 
xlabel ('Time [sec]'); 
ylabel ('Voltage [V], Position*10+215 [m]'); 
title ('DC Bus Voltage'); 
legend ('DC Bus Voltage', 'Position of Buoy*10+215 [m]'); 
print('-dpng','-r300','.\DC Bus Voltage'); 
xlim ([270 310]); 
print('-dpng','-r300','.\DC Bus Voltage (Zoomed In)'); 
hold off; 
  
%% Armature Current 
figure; 
hold on; 
plot (time, armatureCurrent, 'b'); 
plot (time, 5*position, 'r'); 
xlabel ('Time [sec]'); 
ylabel ('Current [A], Position*5 [m]'); 
title ('DC Bus Current'); 
legend ('DC Bus Current', 'Position of Buoy*5 [m]'); 
print('-dpng','-r300','.\DC Bus Current'); 
xlim ([270 310]); 
print('-dpng','-r300','.\DC Bus Current (Zoomed In)'); 
hold off; 
  
%% Efficiency of Transformer 
figure; 
hold on; 
efficiency = pRMSHighSide./pRMSLowSide; 
plot (time, 100*efficiency-12.7663, 'b'); 
plot (time, 15*position+93, 'r'); 
xlabel ('Time [sec]'); 
ylabel ('Efficiency [%], Position * 0.15 [meters]'); 
title ('Efficiency of Transformer vs. Position'); 
legend ('Efficiency of Transformer','Position'); 
print('-dpng','-r300','.\Efficiency of Transformers Position'); 
xlim ([270 310]); 
print('-dpng','-r300','.\Efficiency of Transformers Position (Zoomed 
In)'); 
hold off; 
  
%% Instantaneous Power of the System 
figure; 
hold on; 
plot (time, filtfilt(B,A,lowSidePowerTotal), 'b'); 
plot (time, filtfilt(B,A,highSidePowerTotal), 'r'); 
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plot (time, filtfilt(B,A,armaturePower), 'k'); 
% plot (time, filtfilt(B,A,buoyPowerTotal),'g'); 
xlabel ('Time [sec]'); 
ylabel ('Power [watts]'); 
title ('Instantaneous Power'); 
legend ('High Side of Transformer', 'Low Side of Transformer', 
'Armature Power', 'Location', 'NorthWest'); 
print('-dpng','-r300','.\Instantaneous Power of System'); 
xlim ([270 310]); 
print('-dpng','-r300','.\Instantaneous Power of System (Zoomed In)'); 
hold off;  
  
%% Instantaneous Power Low Side vs. Position  
figure; 
hold on; 
plot (time, lowSidePowerTotal, 'b'); 
plot (time, 500*position, 'r'); 
xlabel ('Time [sec]'); 
ylabel ('Power [watts], Position * 250 [meters]'); 
legend ('Instantaneous Power', 'Position of Buoy * 250'); 
title ('Instantaneous Power Low Side vs. Buoy Position'); 
print('-dpng','-r300','.\Instantaneous Power Low Side vs Buoy 
Position'); 
xlim ([270 310]); 
print('-dpng','-r300','.\Instantaneous Power Low Side vs Buoy 
Position (Zoomed In)'); 
hold off; 
  
%% Instantaneous Power High Side vs. Position  
figure; 
hold on; 
plot (time, highSidePowerTotal, 'b'); 
plot (time, 500*position, 'r'); 
xlabel ('Time [sec]'); 
ylabel ('Power [watts], Position * 500 [meters]'); 
legend ('Instantaneous Power', 'Position of Buoy * 500'); 
title ('Instantaneous Power High Side vs. Buoy Position'); 
print('-dpng','-r300','.\Instantaneous Power High Side vs Buoy 
Position'); 
xlim ([270 310]); 
print('-dpng','-r300','.\Instantaneous Power High Side vs Buoy 
Position (Zoomed In'); 
hold off; 
  
%% Armature Power vs. Buoy Position 
figure; 
hold on; 
plot (time, armaturePower, 'b'); 
plot (time, 1000*position, 'r'); 
xlabel ('Time [sec]'); 
ylabel ('Power [watts], Position * 1000 [meters]'); 
legend ('Power Output of PADA', 'Position of Buoy * 1000'); 
title ('Power Output of PADA vs. Buoy Position'); 
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print('-dpng','-r300','.\Power Output of PADA vs Buoy Position'); 
xlim ([270 310]); 
print('-dpng','-r300','.\Power Output of PADA vs Buoy Position 
(Zoomed In)'); 
hold off; 
  
%% Phase Voltages - Line to Neutral 
figure; 
hold on; 
plot (time, highSideVoltageALN, 'b'); 
plot (time, highSideVoltageBLN, 'r'); 
plot (time, highSideVoltageCLN, 'g'); 
plot (time, lowSideVoltageALN, 'b-x'); 
plot (time, lowSideVoltageBLN, 'r-x'); 
plot (time, lowSideVoltageCLN, 'g-x'); 
xlim ([100 100.05]); 
xlabel ('Time [sec]'); 
ylabel ('Voltage [V]'); 
title ('Phase Voltages (L-N)'); 
legend ('High Side Voltage A L-N', 'High Side Voltage B L-N', ... 
    'High Side Voltage C L-N', 'Low Side Voltage A L-N', ... 
    'Low Side Voltage B L-N', 'Low Side Voltage C L-N'); 
print('-dpng','-r300','.\Phase Voltages L-N'); 
hold off; 
  
%% Phase Voltages - Line to Line 
figure; 
hold on; 
plot (time, highSideVoltageA, 'b'); 
plot (time, highSideVoltageB, 'r'); 
plot (time, highSideVoltageC, 'g'); 
plot (time, lowSideVoltageA, 'b-x'); 
plot (time, lowSideVoltageB, 'r-x'); 
plot (time, lowSideVoltageC, 'g-x'); 
xlim ([50 50.05]); 
xlabel ('Time [sec]'); 
ylabel ('Voltage [V]'); 
title ('Phase Voltages'); 
legend ('High Side Voltage A', 'High Side Voltage B', ... 
    'High Side Voltage C', 'Low Side Voltage A', ... 
    'Low Side Voltage B', 'Low Side Voltage C'); 
print('-dpng','-r300','.\Phase Voltages'); 
hold off; 
  
  
%% Phase Currents 
figure; 
hold on; 
plot (time, highSideCurrentA, 'b'); 
plot (time, highSideCurrentB, 'r'); 
plot (time, highSideCurrentC, 'g'); 
plot (time, lowSideCurrentA, 'b-x'); 
plot (time, lowSideCurrentB, 'r-x'); 
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plot (time, lowSideCurrentC, 'g-x'); 
xlim ([50 50.05]); 
xlabel ('Time [sec]'); 
ylabel ('Current [A]'); 
title ('Phase Current'); 
legend ('High Side Current A', 'High Side Current B', ... 
    'High Side Current C', 'Low Side Current A', ... 
    'Low Side Current B', 'Low Side Current C'); 
print('-dpng','-r300','.\Phase Current'); 
hold off; 
  
%% Phase Voltage and Current Comparison of Grid Interconnect(to show 
lagging PF) 
figure; 
hold on;  
plot (time, highSideVoltageA, 'r');  
plot (time, highSideCurrentA*500,'b');  
xlim ([100 100.1]); 
xlabel ('Time [sec]'); 
ylabel ('Voltage [V], Current*500 [A]'); 
title ('Phase Voltage vs. Phase Current of Grid Interconnect'); 
legend ('Voltage', 'Current*500 [A]'); 
print('-dpng','-r300','.\Phase Voltage vs Current of Grid 
Interconnect'); 
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C. Frequency Calculation M-File Code 
 

function [frequency, numElements, timediff] = calcFrequency (voltage, 
current, time) 
  
frequency = zeros (1,size(voltage,2)); 
numElements=0; 
  
%calculate size of new array 
for j=2:4:size(voltage,2)-1; 
    if ((voltage(1,j-1)<0 && voltage(1,j)>0)||(voltage(1,j)==0)) 
        numElements = numElements+1; 
    end 
end 
  
maxTimeVoltage = zeros (1,numElements); 
maxPeakVoltage = zeros (1,numElements); 
maxTimeCurrent = zeros (1,numElements); 
maxPeakCurrent = zeros (1,numElements); 
  
%find peak values of voltage 
index = 1; 
for j=2:4:size(voltage,2)-1; 
    if ((voltage(1,j-1)<0 && voltage(1,j)>0)||(voltage(1,j)==0)) 
        maxTimeVoltage(1,index) = time(1,j); 
        maxPeakVoltage(1,index) = j; 
        index = index+1; 
    end 
end 
  
%find peak values of current 
index = 1; 
for j=2:size(voltage,2); 
    if ((current(1,j-1)<=0 && current(1,j)>=0)||(current(1,j)==0)) 
        maxTimeCurrent(1,index) = time(1,j); 
        maxPeakCurrent(1,index) = j; 
        index = index+1; 
    end 
end 
  
%calculate the difference between time steps 
timediff = zeros (1,size(maxTimeVoltage,2)-1); 
for j=1:size(maxTimeVoltage,2)-1 
    timediff(1,j)= maxTimeVoltage(1,j+1)-maxTimeVoltage(1,j); 
end 
  
%expand the peak value array to the full array size 
index=1; 
lastused = 0; 
for j=1:size(voltage,2); 
    if (j<=maxPeakVoltage(1,index))  
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        if (1/timediff(1,index)>=3.5) 
            frequency(1,j) = lastused; 
        else 
            frequency(1,j) = 1/timediff(1,index); 
            lastused = 1/timediff(1,index); 
        end 
       if (j==maxPeakVoltage(1,index)) 
           index = index +1; 
       end 
    end 
    if (index == size(maxTimeVoltage,2)) 
       frequency(1,j:size(voltage,2)) = 1/timediff(1,index-1); 
       break; 
    end 
end 
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D. Power Factor Calculation M-File Code 
 

function [powerFactor, pRMS, pRMSmean] = calcPowerFactor 
(voltageA,currentA,... 
    voltageB, currentB, voltageC, currentC, power) 
  
vRMSA = zeros(1,size(voltageA,2)); 
vRMSB = zeros(1,size(voltageB,2)); 
vRMSC = zeros(1,size(voltageC,2)); 
  
iRMSA = zeros(1,size(currentA,2)); 
iRMSB = zeros(1,size(currentB,2)); 
iRMSC = zeros(1,size(currentC,2)); 
apparentPower = zeros(1,size(power,2)); 
vRMStempA = 0; 
vRMStempB= 0; 
vRMStempC = 0; 
iRMStempA = 0; 
iRMStempB = 0; 
iRMStempC = 0; 
  
apparentPower = zeros(1,size(currentA,2)); 
apparentTemp = 0; 
  
for j=1:16:size(voltageA,2) 
    vRMStempA = sqrt((1/16)*sum(voltageA(j:j+15).^2)); 
    vRMSA(1,j:j+15) = vRMStempA; 
    vRMStempB = sqrt((1/16)*sum(voltageB(j:j+15).^2)); 
    vRMSB(1,j:j+15) = vRMStempB; 
    vRMStempC = sqrt((1/16)*sum(voltageC(j:j+15).^2)); 
    vRMSC(1,j:j+15) = vRMStempC; 
     
    iRMStempA = sqrt((1/16)*sum(currentA(j:j+15).^2)); 
    iRMSA(1,j:j+15) = iRMStempA; 
    iRMStempB = sqrt((1/16)*sum(currentB(j:j+15).^2)); 
    iRMSB(1,j:j+15) = iRMStempB; 
    iRMStempC = sqrt((1/16)*sum(currentC(j:j+15).^2)); 
    iRMSC(1,j:j+15) = iRMStempC; 
     
    apparentTemp = sqrt((1/16)*sum(power(j:j+15).^2)); 
    apparentPower(1,j:j+15) = apparentTemp;    
end 
  
%calculate total RMS Power 
pRMS = vRMSA.*iRMSA + vRMSB.*iRMSB + vRMSC.*iRMSC; 
  
pRMSmean = sum(pRMS)/size(pRMS,2); 
 
%calculate power factor 
powerFactor = apparentPower/pRMS; 
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