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EXECUTIVE SUMMARY
The main objective of WP5 is the application and extension of the IEC Technical Specifications
Marine Energy Converters (MEC). The successful application of international standards will
help inspire investor and consumer confidence in the marine energy sector.
For electrical power generation, application of the IEC 62600-30: Electrical Power Quality
Requirements for Wave, Tidal, and other Water Current Converters helps to prove that the
electricity generated by MEC can be purchased, injected into the grid, and consumed by end
users safely and confidently without causing disturbances or damages to the grid operators or
end users. In Task 5.2, the IEC 62600-30 standards were applied to the power generated by
the Mutriku Wave Power Plant (MWPP), with the focus on the harmonic distortion and voltage
fluctuations, which can cause disturbances in power transmission and delivery. In WP4 Task
4.2, a Hardware-in-the-Loop (HIL) model of the MWPP was developed and used to perform
MEC emulation tests for Control Law development. For Task 5.5, the datasets generated for
IEC 62600-30 in T5.2 were used along with the model developed in T4.2 to create an extended
database of the electrical power quality measurements and analysis.
Laboratory generated datasets for current and voltage signals were created using the T4.2 HIL
MEC emulator at the University College Cork (UCC) Lir National Ocean Test Facility (NOTF) in
Ireland. The T5.2 datasets were used to validate the performance of the HIL emulator in
replicating the voltage and current outputs of a MEC. The model was fully verified for current
harmonic distortion analysis, but the model could not be fully verified for voltage fluctuations
analysis. The partially validated MEC emulator was used to create full datasets under different,
controllable conditions.
The laboratory datasets were created to extend the IEC 62600-30 evaluated data for
conditions that were not available at the MWPP. Each dataset included the 14 most common
sea state conditions spread across various resource classification, two types of grid
connections, and two types of generator control. The results from the extended datasets
showed that changes to grid strength had the most profound impact on the output power
quality of a MEC, while changes in available resource energy had a small but negligible effect
on power quality. The different control laws applied had no apparent effect on the output
power quality.
The analysis indicated harmonic distortion is a result of the switching frequency of variable
frequency drive (VFD) connecting the MEC to the grid, and its interaction with existing grid
harmonics. Voltage fluctuations are a created by the power fluctuations inherent of the MEC
and the grid’s ability to absorb those fluctuations. The power generated by a MEC can be
added to a strong grid, but for a weak grid, where the MEC accounts for over 50% of the
consumed energy, steps should be taken to mitigate disturbances caused by voltage
fluctuations.
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hfh: High Frequencu Harmonics
ih: Interharmonic Order
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IC: RMS value of the current component C
Ihfh,f : Current amplitude for high frequency harmonics at frequency f
Isg,h: Current amplitude at the harmonic order h
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𝛺: Rotational speed
FFT: Fast Fourier Transform
HIL: Hardware-in-the-Loop
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MWPP: Mutriku Wave Power Plant
NI: National Instruments
NOTF: National Ocean Test Facility
OWC: Oscillating Water Column
PCC: Point of Common Coupling
PLC: Programmable Logic Controller
PTO: Power Take-off
RMS: Root Mean Square
SCADA: Supervisory Control and Data Acquisition
SCIM: Squirrel Cage Induction Machine
UCC: University College Cork
VFD: Variable Frequency Drive
WP3: Work Package 3
WP4: Work Package 4
WP5: Work Package 5
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1. INTRODUCTION
Consistent with the objectives of Work Package 5 (WP5) under the framework of the H2020
OPERA project, the power quality monitoring standards established by IEC 62600-30 (TS30)
were applied to the electrical energy generator by the Marine Energy Converter (MEC)
emulator at the Lir National Ocean Test Facility (NOTR), MaREI Centre, University College
Cork (UCC), Ireland. The power quality standards evaluated here include harmonic current
distortion and voltage variation, or flicker, that the grid can experience when energy
generated from renewable sources is added to the generation portfolio. The purpose of these
laboratory experiments was twofold. The first objective was to determine the validity of using
a software model in conjunction with a Hardware-in-the-Loop (HIL) based MEC emulator to
duplicate real-world electrical power output in laboratory conditions. The verification of the
laboratory tests are performed by comparing the data collected from the TS30 sea-trials to
data generated using the Lir NOTF emulator. The second objective was using the MEC
emulator to extend the original dataset beyond the sea-trial data collected for D5.2.
To extend the data set, the emulator combined with the developed software model and used
to test two different control laws along with two different grid conditions, creating 4 new
datasets in total. The software model used with the emulator represented a single Mutriku
Oscillating Water Column (OWC) chamber with the turbine developed as part of Work
Package 3 (WP3). The software model was developed as part of Work Package 4 (WP4). The
two control laws tested were also developed for WP4, and each were tested both at Mutriku
and on the MARMOK buoy. The TS30 power quality tests and data analysis were performed
to determine harmonic distortion and voltage flicker caused by the power generated by a
MEC. These tests were similar to the tests that were performed for D5.2.
The deliverable is structured in several parts. Section 2 describes laboratory equipment at the
Lir NOTF at UCC and the Mutriku site, Section 3 details the model verification process and the
comparison between the real sea-trial dataset and the model dataset created based on the
real-world configuration. Section 4 analyses the data subset created to extend the overall
dataset, comparing the results from each different control law and grid condition.
Recommendations and conclusions from applying TS30 in laboratory conditions are given in
Section 5.
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2. UCC LABORATORY TESTING FACILITIES
The Lir NOTF dry laboratory testing facilities are used to create an extended dataset for the
IEC 62600-30 power quality analysis, building from the sea-trial data from the Mutriku power
plant and presented in Deliverable 5.2. The hardware, software, and Hardware-in-the-Loop
(HIL) systems of the Lir NOTF electrical laboratory used to create the extended dataset are
described in this section along with a brief description of the Mutriku electrical power plant
system.

2.1 MEDIUM SPEED ROTARTY EMULATOR
The medium speed rotary emulator at the Lir NOTF in UCC is an electromechanical system
used to duplicate the rotating electrical power take-off (PTO) system of a renewable energy
device and is shown in Figure 1. The emulator is composed of two electrical machines directly
coupled by a mechanical shaft, with a torque transducer between them. The mechanical drive
shaft also includes a stainless-steel flywheel that is connected to the system by a five-position
gear box. The flywheel allows the drive shaft to be composed of one of five different inertial
masses, which can be implemented to replicate the inertia of a system being tested. The prime
mover, which is used to emulate the forces applied by the turbine, is a 4-pole Squirrel Cage
Induction Machine (SCIM) with a rated power of 22 kW, a rated speed of 1467 rpm, and a
rated torque of 143 Nm. The generator is a slip ring 4-pole induction machine with rated
power of 22 kW, a rated speed of 1472 rpm, and a rated torque of 143 Nm. As described in
[1], the generator rotor can be set in multiple configurations depending on the system which
is being emulated. For the OPERA project, the rotor is configured as a SCIM. Both machines
are controlled by a Variable Frequency Drive (VFD), which allows for both speed and torque
control of each machine.

FIGURE 1: DRIVE TRAIN ELEMENTS OF THE UCC PTO TEST RIG
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2.1.1 HARDWARE-IN-THE-LOOP SYSTEM
The HIL system allows the emulator to be fully integrated with software models running on
the MATLAB® Simulink® platform. The conditions modelled in the Simulink® software are
relayed to the emulator to drive its behaviour, and the conditions of the physical testing
equipment are fed back into the Simulink® model to affect the model and complete the loop.
The emulator-HIL integration was meticulously characterised and verified to ensure accuracy
of the software-hardware link [2].
For the verification of the model and extension of the sea-trials data set, the Mutriku Wave
Power Plant (MWPP) was modelled using Simulink®. During operation of UCC’s emulator and
model, the turbine input torque determined in Simulink® is sent to the PLC as a reference
torque to drive the motor that acts as the turbine for dry lab testing. The controller for the
generator resides on the PLC and determines the generator braking torque to extract power
from the turbine and export electrical power to the grid. For the dry lab testing, Control Law 1
(CL1) and Control Law 2 (CL2) from WP4 D4.1 will be applied by the Programmable Logic
Controller (PLC) to determine generator braking torque. The chamber air pressure, which is
required for the operation of CL2, is sent to the PLC from the model along with the turbine
input torque.

2.2 MICROGRID
The Lir NOTF microgrid is a dual bus (labelled as Bus A and Bus B), three-phase, 400 V system
that can exist as an islanded system or in connection with the local 50 Hz grid. The microgrid
has several sinks and sources. The microgrid dedicated source devices are the medium speed
rotary emulator and a 33 kVA diesel generator. The microgrid dedicated sinks are a 10 kW
adjustable resistive load bank and a 50 kVA resistive and reactive load bank with adjustable
power factor. There are also three Pulse-Width Modulation (PWM) based power converters:
A 90 kW voltage control converter that can be used to adjust grid conditions, including
frequency and line voltage. Along with the voltage controller, there are 15 kW current control
converters, one connected to a small battery bank to act as a power storage unit, current
control converter connected to the local grid, which can act as an unlimited, flexible source or
sink as needed.

2.2.1 EXPERIMENTAL ELECTROMECHANICAL CONFIGURATIONS
Two different experimental configurations were utilized during the laboratory testing used for
verification of the model and data set expansion. The configurations included a strong grid
and a weak grid and are described below. Only two configurations were applied because the
emulator is incompatible with the 90 kW voltage converter as the high frequency switching of
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the 90 kW converter caused the emulator to trip during start-up, and this limited the flexibility
of the microgrid testing conditions.
2.2.1.1 STRONG GRID CONFIGURATION
The configuration for the strong grid testing was a simple set up using the local 400 V, 50 Hz
grid feeding the Lir NOTF as the source grid. The generator was connected through the
microgrid Bus A directly to the local grid with nothing else connected to the microgrid. The
voltages and currents for all three phases were measured and recorded. The configuration is
illustrated in Figure 2 below.

FIGURE 2: LIR NOTF MICROGRID SINGLE LINE DRAWING FOR STRONG GRID CONFIGURATION, WHERE V AND
A REPRESENT THE PLACEMENT OF THE VOLTAGE AND CURRENT TRANSDUCERS.

2.2.1.2 WEAK GRID CONFIGURATION
The configuration for monitoring power quality on a weak grid was more complex than the
strong grid testing and required several elements of the microgrid. As with the strong grid
tests, the weak grid configuration was maintained by the microgrid. The main power source
for the weak grid testing was the 33 kVA diesel generator, resulting in a weak grid as the power
rating of the MEC is approximately 65% of the main generating source. An electrical load of
25 kW with a power factor of 1.0 was used as the sink on the microgrid to both induce a
current from the diesel generator and ensure that all power generated by the MEC was
consumed within the islanded grid. Figure 3 below illustrates the weak grid configuration.
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FIGURE 3: LIR NOTF MICROGRID SINGLE LINE DRAWING FOR WEAK GRID CONFIGURATION, WHERE V AND A
REPRESENT THE PLACEMENT OF THE VOLTAGE AND CURRENT TRANSDUCERS.

2.2.2 LIR NOTF SCADA SYSTEM
Crucially, the microgrid includes an integrated Supervisory Control and Data Acquisition
(SCADA) system that is compatible with IEC 62600-30 power quality monitoring standards,
allowing for the dry lab testing to be used to extend the original dataset created for D5.2. The
Lir NOTF SCADA system uses a National Instruments (NI) cRIO-9082 running NI LabVIEW
software for high frequency data collection. The cRIO included NI-9225 cards rated for 300 VRMS and NI-9239 cards with a voltage measuring range of -10 to 10 Volts. The NI-9225 cards
were used to measure the line-to-neutral voltage at the point of common coupling (PCC)
between the grid and the DC-AC converter output of the medium speed rotary emulator. The
NI-9239 cards were monitoring the output of the current transducers for each of the three
phases of the converter. The current transducers installed within the microgrid were LEM
LA 55-P with a current range of 0 to 50 A. The output of the current transducers were analogue
current signals with a step-down ratio of 1000:1. The cRIO was fit with high tolerance resistors
rated to LEM specification to produce a voltage that could be monitored by the cRIO NI-9239
cards. The data was collected at a sampling frequency of 20 kHz for 10-minute windows for
each laboratory generated dataset. Figure 2 and Figure 3 show the placement of the current
and voltage meters within the Lir NOTF microgrid set up.

2.3 SIMULINK® MODEL
The Simulink® model used in conjunction with the MEC emulator was developed as part of
WP4. For a full description of the Simulink® model development and operation, please see
Deliverable 4.1.
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2.4 MUTRIKU WAVE POWER PLANT
Real sea-trial data collected at the MWPP was used to verify the validity of the Lir NOTF HIL
model. The MWPP is a fixed-type Oscillating Water Column (OWC) Marine Energy Converter
(MEC) array. The OWC array consists of 16 identical chambers built into the breakwater
protecting the harbour in Mutriku, Spain, which is located in the Basque Country along the
Bay of Biscay. Each of the 16 OWC chambers has a two-stage Wells turbine and an 18 kW
electrical generator that act as the PTO system. The power generated by the MWPP is supplied
to the local grid.
Each OWC generator is controlled by individual VFDs, which allows the turbines operate
efficiently over a wide range of sea state conditions. The OWC arrays are divided into two
separate groups, with each part of an 8 device array. The VFDs for each array are connected
to a DC-Bus, and each DC-Bus supplies the grid though a 158 kW DC-AC converter that is
synced with the local grid frequency. The measurements used to create datasets for the
evaluation of the IEC 62600-30 standards came from the output of single DC-AC converters
that is supplying the grid.

2.4.1 MUTRIKU SCADA SYSTEM
The equipment used for the Mutriku SCADA system was based on the SCADA system deployed
in the Lir NOTF dry laboratory. A NI cRIO-9082 running NI LabVIEW software was installed in
the MWPP. Unlike the Lir NOTF, the cRIO installed in Mutriku lacked the NI-9225 cards for
measuring line voltage. Instead, the plant cRIO included voltage transducers with additional
NI-9239 cards, which required the addition of voltage transducers to the SCADA system to
monitor line voltage. The NI-9239 cards were monitoring the output of the voltage and current
transducers for each of the three phases of the DC-AC converter.
The voltage and current transducers were both LEM transducers. The voltage transducers
were LEM DVL 750, which are rated for 750 volts with isolated measurements up to 1125 V.
Current transducers were LEM LA 305-S with a current range of 0 to 500 A. The output of both
the voltage and current transducers were analogue current signals, and the cRIO was fit with
high tolerance resistors rated to LEM specification to produce a voltage that could be
monitored by the cRIO NI-9239 cards. The data was collected at a sampling frequency of 15
kHz for 10-minute windows twice per day. The SCADA system was installed and operational
over a 4-month period.
The SCADA system for the application of the IEC 62600-30 power quality monitoring standards
had to be retrofitted into the electrical cabinets of the Mutriku plant, which led to some
necessary compromises in signal measurement. The most consequential compromise was the
placement of the voltage and current transducers. As is common for grid VFD-based
renewable energy generating systems, a radio-frequency inference (RFI) filter separates the
OPERA Deliverable, Grant Agreement No 654444
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output of the grid connected VFD-based DC-AC converter from the local grid, which is used to
attenuate the high frequency switching from VFD. The current transducers could not be
physically fitted to the grid side of the RFI filter, and as a result the signal monitored by the
SCADA system at the plant were located on the converter side of the filter rather than the
point of common coupling (PCC) between the plant and the grid. Additionally, the voltage
measurements were line-to-line voltage rather than line-to-neutral at the MWPP because
there was no available neutral line on the DC-AC converter side of the RFI filter. This SCADA
configuration represented a departure from the Lir NOTF SCADA system, which had the
voltage and current transducers located on the grid side of the RFI filter and measured the
voltage from line-to-neutral. Figure 4 is a single-line diagram of the MWPP and includes the
placement of the current and voltage meters.

FIGURE 4: MUTRIKU WAVE POWER PLANT SINGLE LINE DRAWING, WHERE V AND A REPRESENT THE
PLACEMENT OF THE VOLTAGE AND CURRENT TRANSDUCERS.

2.5 NOTE EXTRAPOLATION OF DATA PRODUCED IN OPERA T5.4
OPERA T5.4 presented an application and evaluation of IEC 62600-102 (TS102). TS102 is part
of the Marine energy - Wave, tidal and other water current converters series and entitled Part
102: Wave energy converter power performance assessment at a second location using
measured assessment data. It presents a method of estimating the power performance of a
Wave Energy Converter (WEC) at a second location (location 2) based on power performance
measurements recorded at a primary location (location 1). It is expected that the power
performance measurements recorded at the original site should be carried out in accordance
with IEC TS 62600-100:100 (TS100). The outputs of T5.4 are reported in OPERA D5.3.
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TS102 sets out how validated numerical models can be used to generate the complimentary
data that might be required to complete power matrices; should the coverage of the power
matrix generated for location 1 not completely overlap with the resource of location 2. A
validated WEC numerical model wasn’t available in the OPERA T5.4 activities, OPERA D5.4 sets
out how this issue was overcome in the analysis of TS102. Were a WEC numerical model
available, its accuracy could be improved through the lessons learned in OPERA T5.5.
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3. MODEL VERIFICATION
The goal of model verification process is to confirm that the model-based emulator functions
and produces data similar to the data collected during the sea-trials presented in D5.2. This is
done by generating datasets in laboratory trials and analysing and comparing them to the
sea-trial datasets. To maintain continuity of the sea-trial and simulated datasets, the power
quality analysis performed for this deliverable focused on current harmonic distortion and
voltage fluctuations (flicker), as was executed for Deliverable 5.2.
In this section, the basic operation of the model and data collection is verified from a strictly
electrical perspective. The verification process of the full system for power quality monitoring
was hindered by significant differences between the system used to collect the sea-trial data,
and the laboratory system and configuration. This section presents the sea-trial data, followed
by the laboratory data, and compares them. Within the comparison section, it details the
substantial differences between the two systems and how these inconsistencies affect the
verification process, before offering a final conclusion.

3.1 SEA-TRIALS DATASETS
The sea-trial datasets were originally analysed and categorised in D5.2 Section 3. The work
presented in that section is represented here in a more condensed format. For further details
on the sea-trial power quality analysis based on the IEC 62600-30 standard, please refer to
D5.2. The datasets were categorized into three groups based on the resource assessment
provided in the IEC 62600-30 documentation, those resource groups are Low, with a
significant wave height Hs < 1.25 m; Medium, 1.25 m ≤ Hs < 2.5 m; and High, Hs > 2.5 m energy
resources. The data was collected over a period of 4 months. A total of 24 sea-trial datasets
were evaluated for this deliverable, 8 for each of the 3 resource classifications. The summary
statistics for the sea states of the 24 sea-trial datasets are presented in Table 1.
TABLE 1: SUMMARY STATISTICS FOR THE SEA STATE CONDITIONS FOR THE 24 DATASET PRODUCED DURING
SEA-TRIALS AT THE MWPP, INCLUDING SIGNIFICANT WAVE HEIGHT (HS) AND ENERGY PERIOD (TE).

Sea State

Low

Data Set
1

Hs (m)

Te (s)

0.50

17.80

2

0.54

8.06

3

0.69

10.81

4

0.74

9.98

5

0.90

13.03

6

0.94

13.34

7

1.00

11.55

8

1.09

10.12
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Sea State

Medium

High

Data Set
1

Hs (m)

Te (s)

1.33

12.53

2

1.39

16.43

3

1.58

15.51

4

1.86

13.61

5

1.93

15.05

6

2.11

12.89

7

2.23

14.33

8

2.41

13.85

1

2.62

14.31

2

2.64

13.65

3

2.66

13.28

4

2.74

15.54

5

3.22

16.19

6

3.35

15.65

7

3.69

15.68

8

4.14

16.81

3.1.1 CURRENT HARMONIC DISTORTION
Harmonic distortion refers to distortion of the main signal at frequencies which are an integer
multiple of the fundamental frequency of the power system. The power system evaluated in
this report has a fundamental frequency of 50 Hz, and as a result, the harmonics of the system
are 100 Hz, 150 Hz, 200 Hz, etc, up to and including 2.5 kHz. In addition to harmonic current
analysis, the interharmonic and high frequency harmonic currents are also identified and
characterised. Interharmonics refers to spectral components with frequencies between two
consecutive harmonic frequencies. High frequency harmonics refer to those signals with
frequencies above 2 kHz and below 50% of the sampling frequency, which was 15 kHz for the
sea-trial data collected and presented in this report, so the high frequency harmonics range is
2 kHz to 7.5 kHz.
3.1.1.1 HARMONIC CURRENTS BELOW 2.5 KHZ
Harmonic distortion below 2.5 kHz represents the harmonic orders from h = 2 to h = 50 for a
50 Hz signal, where h is the integer ratio of a harmonic frequency to the fundamental
frequency of the power system. The harmonic current subgroups are identified via Fast
Fourier Transform (FFT). The Root-Mean Square (RMS) of the amplitude of the current
harmonic subgroups are used to determine the harmonic current distortion for each harmonic
from h = 2 to h = 50. Harmonic currents below 0.1% of device rated current, Ir, for any of the
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harmonic orders are not to be reported as per IEC 62600-30. Equation (1) is used to determine
the normalised currents of a given harmonic:
𝐼

( 𝑠𝑔,ℎ
)% =
𝐼
𝑟

2
√∑1𝑘=−1 𝐼𝐶,(𝑁×ℎ)+𝑘

𝐼𝑟 √2

∗ 100

(1)

where Isg,h is the current amplitude at the harmonic order of h, Ir is the rated current of the
marine energy converter, and IC(N h)+k is the RMS value of the current component C.
Figure 5 shows the average harmonic currents from the sea-trials as a percentage of Ir, for the
three resource classifications determined via equation (1).

FIGURE 5: AVERAGE NORMALISED HARMONICS CURRENT VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION.

The most significant harmonic currents occur at the 3rd harmonic, 150 Hz, with additional
notable harmonic currents occurring at the 5th harmonic, 250 Hz. The amplitudes of the
remaining harmonic currents are below 1% of Ir with a number of them below the reporting
threshold given in IEC 62600-30. For verification purposes, other notable peaks in harmonic
currents, those above 0.3% of Ir, occur at the 2nd, 7th, 11th, 13th, 15th, and 17th. At the high end
harmonics the 39th, 41st, and 50th harmonics reach the reporting threshold. Only the amplitude
of the 5th harmonic exhibits any noticeable changes with changes in available energy in the
sea condition.
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3.1.1.2 INTERHARMONIC CURRENTS BELOW 2.5 KHZ
Interharmonics below 2.5 kHz represent the current RMS values of current components
whose frequencies are not an integer of the fundamental, which appear as discrete
frequencies of as a wide-band spectrum. A grouping of the spectral components in the interval
between two consecutive harmonic components forms an interharmonic group.
Interharmonic components are caused primarily by two sources: variations of the amplitude
and/or phase angle of the fundamental component and/or of the harmonics components, and
power electronics circuits with switching frequencies no synchronized to the power supply
frequency and power factors correctors. Potential effects include additional torques on
motors and generators, disturbed zero crossing detectors, and additional noise in inductive
coils.
To reduce the effects of amplitude and phase angle fluctuations, components immediately
adjacent to the harmonic frequencies that the interharmonics are between are excluded. The
RMS of the amplitude of the current interharmonic subgroups are used to determine the
interharmonic current distortion between harmonics from h = 2 to h = 40. Equation (2) is used
to determine if the normalised currents of a given harmonic order need to be reported:
(

𝐼𝑖𝑠𝑔,ℎ
𝐼𝑟

)% =

2
√∑𝑁−2
𝑘=2 𝐼𝐶,(𝑁×ℎ)+𝑘

𝐼𝑟 √2

∗ 100

(2)

where Iisg,h is the current amplitude at the interharmonic order of h, Ir is the rated current of
the marine energy converter, and IC(N h)+k is the RMS value of the current component C.
Figure 6 shows the average interharmonic currents as a percentage of Ir, for the three resource
classifications determined via equation (2).
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FIGURE 6: AVERAGE NORMALISED INTERHARMONIC CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION.

For the interharmonics, the most significant harmonic currents occur at the 1st interharmonic,
which represents the window around 75 Hz. With the exception of the 1 st interharmonic
current, there is no discernible change in the interharmonic currents across the three resource
classifications. There is a clear distribution across the interharmonic orders with peak currents
at the 1st order, reaching a minimum in the lower interharmonics at the 10th order, reaching a
secondary maximum at the 15th order, and sitting an overall minimum until the 39 th order
interharmonic where there is a final small peak in current.
3.1.1.3 HIGH FREQUENCY HARMONIC CURRENTS
High frequency harmonic are components in signals with frequencies above the 40th
harmonic, which is 2 kHz for a 50 Hz system, up to 9 kHz. They can be caused by several
phenomena, including PWM control of power supplies at the mains side connection,
emissions like mains signalling, feed-through from load or generator side of power converters
to the mains system side, and oscillations due to commutation notches. The measurement of
these components are grouped into predefined frequency bands based on the signal energy
of each band.
The FFT output is grouped into 200 Hz bands beginning at the first centre band above the
harmonics range. For the analysis of 50 Hz signals, the first centre band frequency is 2100 Hz.
The RMS of the amplitude of the high frequency current bands are used to determine the
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harmonic current distortion between harmonics from f = 2100 Hz to f = 7500 Hz for the real
sea-trial datasets. Equation (3) is used to determine if the normalised currents of a given
harmonic order need to be reported:
𝐼ℎ𝑓ℎ,𝑓

(

𝐼𝑟

)% =

2
√∑𝑏+100
𝑓=𝑏−95 𝐼𝐶,𝑓

𝐼𝑟 √2

∗ 100

(3)

where Ihfh,f is the current amplitude at the frequency of f, Ir is the rated current of the marine
energy converter, and IC,f is the RMS value of the current component C.
Figure 7 shows the average high frequency harmonic currents as a percentage of Ir, for the
three resource classifications determined via equation (3).

FIGURE 7: AVERAGE NORMALISED HIGH FREQUENCY CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION.

The high frequency signals prevalent in the data collected from the sea-trials are directly
related to the PWM switching of the grid side VFD used to create a 50 Hz sine wave to deliver
power from the MEC to the grid, which has a switching frequency of 3 kHz. The largest currents
are around the 3 kHz switching, with secondary currents at 6 kHz, which is the 2 nd harmonic
of 3 kHz. All other high frequency harmonics currents are well under 1% of Ir.
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3.1.2 FLICKER DATA
Flicker, described as voltage fluctuations during continuous operation by the IEC 62600-30,
refers to changes in the grid voltage. Flicker is caused by rapid changes to the voltage level of
the electrical supply due to behaviour of devices connected to the electrical system. The
voltage variations can result from fluctuating power consumed or generated by a load or a
generator. In this case, the voltage fluctuations caused by an MEC generator are analysed.
The IEC 62600-30 differentiates between Medium Voltage (MV) and Low Voltage (LV) flicker,
with MV flicker analysis requiring more in depth study than LV flicker analysis. The grid
connection between the MWPP and the local grid is a 460 V connection, and the connection
for the dry laboratory MEC emulator to the local grid is a 400 V connection. Both are
categorized as a LV connection by IEC 62600-30.
For LV connected MEC units, a simplified measurement and direct reporting procedure is
outlined in IEC 62600-30. Three phase instantaneous line currents and instantaneous
phase-to-neutral voltages are to be measured at the MEC unit terminals or the point of
common coupling as appropriate. However, within the MWPP, there is no neutral available
for monitoring, so for the tests performed for this project, the phase-to-phase voltage was
measured at the unit terminals instead. It is suggested that at least fifteen 10-minute time
series of instantaneous voltage and current measurements are collected. In this report,
twenty-four 10-minute series are evaluated and presented, and they represent the 24 data
referred to in the Section 3.1.
The MEC unit short term flicker disturbance factor during continuous operation, Pst, is stated
as the 95th percentile for the measured condition. The Pst value was determined by applying
the IEC 61000-4-15 digital flickermeter, which is available within MATLAB® Simulink®. Each
dataset was analysed using the MATLAB® Simulink® flickermeter, the resulting Pst values are
presented in tabular form in Table 2 following the example given in IEC 62600-30 Appendix A.
The limiting value Pst is specified at 1.0 for a 10-minute observational period by IEC 61000-3-3.
The values of Pst for all sea states fall between 2.5 and 5.5, which is significantly above the
published limiting value. As discussed in Section 2.4, the placement of the voltage and current
transducers was suboptimal, and the analysis of the voltage flicker was compromised as a
result. The problems with the voltage flicker measurements are discussed further in Section
3.3.2, where the sea-trial and dry laboratory datasets are compared. While the major
takeaway from the dataset presented in Table 2 is that it does not accurately account for the
voltage flicker caused by the MEC monitored during sea-trials, it should be noted that there
appears to be little correlation between the energy period, Te, or significant wave height, Hs,
and the value of Pst, as this also a consistent theme throughout the dry laboratory testing.
Figure 8 showing a 3D scatter plot of the data presented in Table 2, which illustrates the lack
of correlation between the Pst values and the sea state summary conditions.
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TABLE 2: FLICKER COEFFICIENT VALUES, PST, FOR REAL SEA-TRIAL DATA.

Scatter plot short-term flicker disturbance factor, Pst

Significant Wave Height (m)
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3.5
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3.90
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2.75

3.81

2.5

3.70 4.77 4.18

2.25

5.35

2

4.94
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1.75

4.55

4.57

1.5

4.11
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1
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0.75
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FIGURE 8: 3D SCATTER PLOT OF THE PST VALUES BY HS AND TE OF THE SEA-TRIAL DATA USED TO ILLUSTRATE THE LACK OF CORRELATION BETWEEN THE ENERGY
RESOURCE AND PST.
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Additionally, Figure 9 shows a 5-minute window of instantaneous flicker for each of the three
resource classifications. Here the variations in voltage over time are clearer than through
applying the Pst value. The low energy sea state resource here does appear to create the
smallest voltage fluctuations, but the power generated under medium energy resource
appears to have larger fluctuations than the power from the high energy resource. Under all
conditions, the voltage fluctuations appear to be larger than desired. This will be discussed
further later in Section 3.

FIGURE 9: INSTANTANEOUS FLICKER FOR OUTPUT VOLTAGE OF THE MUTRIKU POWER PLANT FROM SEATRIALS TESTING FOR EACH OF THE THREE RESOURCE CLASSIFICATIONS DETAILED BY IEC 62600-30.

3.2 DRY LABORATORY DATASET
The dry laboratory tests rely on the software model and HIL testing developed as part of WP4.
The model was initially built in MATLAB® Simulink® to test and develop several control laws.
It was a wave-to-wire model that included modelling of the wave conditions at MWPP, the
hydrodynamic response of the OWC, the pneumatic response of the OPERA bi-radial turbine,
and the OPERA electrical generator. The Simulink® model was then modified to work with the
dry laboratory HIL test facilities at the Lir NOTF for further testing. The HIL Simulink® model
was combined with the microgrid and SCADA system described in Section 2.2 to generate the
dry laboratory datasets used in this deliverable. For a full description of the software model,
including the hydrodynamic model of the Mutriku OWC, the bi-radial turbine, and the
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development of the wave spectra and the generation of the wave resource, see
Deliverable 4.1.
The datasets were categorized into three groups based on the resource assessment provided
in the IEC 62600-30 documentation, those resource groups are Low, Hs < 1.25 m; Medium,
1.25 m ≤ Hs < 2.5 m; and High, Hs > 2.5 m energy resources. A total of 14 dry laboratory datasets
were evaluated for this deliverable, 6 for the low energy classification and 4 for both the
medium and high energy resource classifications. The 14 datasets were based on the testing
performed for WP4 to maintain continuity between the work packages and the data collected
throughout the OPERA project during MEC emulator testing. The summary statistics for the
sea states of the 14 sea-trial datasets are presented in Table 3.
TABLE 3: SUMMARY STATISTICS FOR THE SEA STATE CONDITIONS FOR THE 14 DATASET PRODUCED DURING
DRY LABORATORY TESTING AT THE LIR NOTF ELECTRICAL LABORATORY, INCLUDING SIGNIFICANT WAVE
HEIGHT (HS) AND ENERGY PERIOD (TE).

Sea State

Low

Medium

High

Data Set
1

Hs (m)

Te (s)

0.88

5.50

2

1.03

6.50

3

1.04

7.50

4

1.02

8.50

5

1.08

9.50

6

1.19

10.50

7

1.29

11.50

8

1.48

12.50

9

1.81

13.50

10

2.07

12.50

11

2.59

14.50

12

2.88

15.50

13

3.16

16.50

14

3.20

11.50

3.2.1 CURRENT HARMONIC DISTORTION ANALYSIS
Like the sea-trial power system, the dry laboratory power system used to generate data has a
fundamental frequency of 50 Hz. The harmonic, interharmonic, and high frequency harmonic
currents are identified and characterised for the dry laboratory created datasets.
Interharmonics refers to spectral components with frequencies between two consecutive
harmonic frequencies. High frequency harmonics refer to those signals with frequencies
above 2 kHz and below 50% of the sampling frequency, which was 20 kHz for the data
collected during the dry laboratory tests, so the high frequency harmonics range is 2 kHz to
9 kHz.
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3.2.1.1 HARMONIC CURRENTS BELOW 2.5 KHZ
As stated in Section 3.1.1.1, harmonic distortion below 2.5 kHz represents the harmonic
orders from h = 2 to h = 50 for a 50 Hz signal, where h is the integer ratio of a harmonic
frequency to the fundamental frequency of the power system. The harmonic current
subgroups are identified via FFT. The RMS of the amplitude of the current harmonic subgroups
are used to determine the harmonic current distortion for each harmonic from h = 2 to h = 50.
The harmonic current amplitude for the datasets generated during dry laboratory testing was
processed using the same FFT software that was applied to the sea-trial data. Figure 10 shows
the average harmonic currents as a percentage of Ir, for the three resource classifications
determined via equation (1).

FIGURE 10: AVERAGE NORMALISED HARMONIC CURRENTS VS. RATED CURRENT OF THE DRY LABORATORY
DATA GENERATED FOR EACH RESOURCE CLASSIFICATION.

The most significant harmonic currents occur at the 5 th harmonic, 250 Hz, with additional
notable harmonic currents occurring at the 3rd harmonic, 250 Hz. The amplitudes of the
remaining harmonic currents are below 1% of Ir with a number of them low enough that they
need not be reported. For verification purposes, other notable peaks, those above 0.4% of Ir,
in harmonic currents occur at the 7th, 15th, 17th, 19th, 20th and 26th. At harmonic orders above
the 26th, only the 32nd, 37th, 38th and 43rd harmonics reach the reporting threshold. The
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amplitudes of the 3rd and 5th harmonic exhibit any noticeable changes with changes in
available energy in the sea condition.
3.2.1.2 INTERHARMONIC CURRENTS BELOW 2.5 KHZ
Interharmonics below 2.5 kHz represent the current RMS values of current components
whose frequencies are not an integer of the fundamental, which appear as discrete
frequencies of as a wide-band spectrum. A grouping of the spectral components in the interval
between two consecutive harmonic components forms an interharmonic group.
Interharmonic components are caused primarily by two sources: variations of the amplitude
and/or phase angle of the fundamental component and/or of the harmonics components, and
power electronics circuits with switching frequencies no synchronized to the power supply
frequency and power factors correctors. Potential effects include additional torques on
motors and generators, disturbed zero crossing detectors, and additional noise in inductive
coils.
Figure 11 shows the average harmonic currents as a percentage of Ir, for the three resource
classifications determined via equation (2).

FIGURE 11: AVERAGE NORMALISED INTERHARMONIC CURRENTS VS. RATED CURRENT OF THE DRY
LABORATORY DATA GENERATED FOR EACH RESOURCE CLASSIFICATION.
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For the interharmonics, the most significant currents occur at the 2nd and 3rd interharmonic,
which represents the window around 125 Hz and 175 Hz respectively. Including the below the
20th interharmonic order, there is an increase in the current amplitude of each interharmonic
order with increasing energy available in the sea conditions. The increases are very small, with
only the 1st through 4th interharmonics order current amplitudes seeing increases above 0.1%
of Iih/Ir between the low energy and high energy conditions. Above the 20 th order, there is
little change between the sea state energy classifications.
3.2.1.3 HIGH FREQUENCY HARMONIC CURRENTS
As with the sea-trials data, the high frequency harmonics refer to components in the current
with frequencies above the 40th harmonic, which is 2 kHz for a 50 Hz system. Because the
sampling frequency used during the dry laboratory testing was 20 kHz, the high frequency
harmonics that can be detected in lab testing extend to 9 kHz. The reason for this is described
by the Shannon Sampling Theorem that states that any reliability of a signal with a given base
frequency is determined by the sampling frequency, which must be at least twice the base
frequency of the analysed signal. During the sea-trials, the sampling frequency was only
15 kHz, which limited the high frequency harmonic analysis to signals at or below 7.5 kHz. High
frequency can be caused by several phenomena, including PWM control of power supplies at
the mains side connection. The measurement of these components are grouped into
predefined frequency bands based on the signal energy of each band.
As with the harmonic and interharmonic current amplitude determination, the high frequency
harmonic current amplitude for the data sets generated during dry laboratory testing was
processed using the same FFT software that was applied to the sea-trial data. Figure 12 shows
the average high frequency harmonic currents as a percentage of Ir, for the three resource
classifications, for the three resource classifications determined via equation (3).
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FIGURE 12: AVERAGE NORMALISED HIGH FREQUENCY CURRENT VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION DURING LABORATORY TESTING WITH A STRONG GRID AND CONTROL LAW CL1.

Like the high frequency harmonic currents observed in the sea-trial datasets, the high
frequency signals prevalent in the data collected in the dry laboratory datasets are directly
related to the PWM switching of the grid side VFD used to create a 50 Hz sine wave to deliver
power from the MEC to the grid, which has a switching frequency of 3 kHz. The results from
the laboratory testing have lower harmonic currents at the 3 kHz switching frequency, while
currents observed around at 6 kHz are similar to those seen in the sea-trial datasets. Also like
the sea-trials data, all other high frequency harmonics currents in the dry laboratory testing
are well below 1% of Ir.

3.2.2 VOLTAGE FLICKER ANALYSIS
Flicker, which is described as voltage fluctuations during continuous operation in the
IEC 62600-30 documentation, refers to changes in the grid voltage. In this case, the voltage
fluctuations caused by the generator of a MEC emulator are analysed.
The Lir NOTF dry laboratory MEC emulator to the grid is a 400 V connection, which is
categorized as a LV connection by IEC 62600-30. For LV connected MEC units, a simplified
measurement and direct reporting procedure is outlined in IEC 62600-30. Three phase
instantaneous line currents and instantaneous phase-to-neutral voltages are to be measured
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at the MEC unit terminals or the point of common coupling as appropriate. Unlike the MWPP,
the neutral of the MEC emulator was available for monitoring, so for the tests performed for
this phase of the project, the phase-to-neutral voltage was measured at the unit terminals.
Here fourteen 10-minute series are evaluated and presented, and they represent the 14 data
sets referred to in the Section 3.2.
The MEC unit short term flicker disturbance factor during continuous operation, Pst, is stated
as the 95th percentile for the measured condition. As with the sea-trial data, the Pst values for
the dry laboratory test were determined by applying the IEC 61000-4-15 digital flickermeter,
which is available within MATLAB® Simulink®. Each dataset was analysed using the MATLAB®
Simulink® flickermeter, the resulting Pst values are presented in tabular form in Table 4
following the example given in IEC 62600-30 Appendix A. All identified Pst values are under
0.4, which is well below the 1.0 limiting value for the dry laboratory testing.
Similar to the results of the flicker evaluations for the sea-trials datasets, there appears to be
little correlations between the energy resource and the resulting Pst values. Figure 13 is a 3D
scatter plot of the Pst values against the values of Hs and Te to better illustrate the
inconsistencies of in the Pst values across changing sea conditions.
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TABLE 4: FLICKER COEFFICIENT VALUES, PST, FOR DRY LABORATORY TESTING OF A MEC EMULATOR AT THE LIR NOTF.

Significant Wave Height (m)

Scatter plot short-term flicker disturbance factor for Strong Grid Testing with CL1 (Pst)
0.17
0.16

3
2.75
0.14
2.5
0.26
2.25
2
0.16
1.75
0.15
1.5
1.25
0.16
0.16
1
0.21
0.26
0.20
0.38
0.13
0.75 0.14
0.5
0.25
0
5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16 16.5
Energy Period (s)

OPERA Deliverable, Grant Agreement No 654444

Page 35 | 86

D5.4
Extending wave energy converter power quality data set

FIGURE 13: 3D SCATTER PLOT OF THE PST VALUES BY HS AND TE FROM DRY LABORATORY TESTING USED TO ILLUSTRATE THE LACK OF CORRELATION BETWEEN THE
ENERGY RESOURCE AND PST.
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Additionally, Figure 14 shows a 5-minute window of instantaneous flicker graph for each of
the three resource classifications. Here the variations in voltage are much smaller than those
observed in the sea-trial data, this will be addressed further in the following section. The low
energy sea state resource here appears to create the largest and most regular voltage
fluctuations, but the largest spike in voltage variation happens during the medium energy
tests. The testing with the high energy resource appears to have the lowest voltage
fluctuations. This is reflected in the Pst values for each dataset, 0.20, 0.16, and 0.14 for the
low, medium, and high energy resources respectively. Under all conditions, the voltage
fluctuations and peaks in those fluctuations appear to be very low and generally uncommon.

FIGURE 14: INSTANTANEOUS FLICKER FOR OUTPUT VOLTAGE OF THE DRY LABORATORY TESTING FOR EACH
OF THE THREE RESOURCE CLASSIFICATIONS AS DETAILED BY IEC 62600-30.

3.3 COMPARISON AND CONCLUSION
Using the real sea-trial data to verify the model was fraught with inconsistencies due to the
difference in power ratings, device arrays, turbine type, and sensor placement. These
discrepancies hampered verification efforts. The largest problem was the placement of the
voltage transducers before the RFI filter at Mutriku and after the RFI filter in Lir NOTF
laboratory. RFI filters are very effective at attenuating high frequency noise in voltage signals.
However, they are less effective at attenuating the same noise in current signals, so while the
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voltage flicker validation has been compromised by the sensor placement, the current
harmonic analysis was able to produce trustworthy verification results.
Figure 15 shows the voltage measurements from both a sea-trial dataset and a dry laboratory
dataset over two wave cycles. The differences in the signals are obvious at a quick glance. A
closer look at the voltage signal measured during the sea-trial data indicates that the PWM
switching used by the grid side VFD to generate a 50 Hz sinusoidal wave is the prevalent
waveform measured. The average value of the waveform, which can be seen in the negative
space of the plot, in the plot illustrates the 50 Hz sine wave, while the measured values are
indicative of the 3 kHz square wave. In contrast, the dry laboratory dataset clearly shows the
50 Hz sine waveform, with very little to indicate the underlying 3 kHz PWM generated square
waveform. This difference between the recorded waveforms are directly related to the
placement of the voltage transducer in relation to the RFI filter, and create the large
separation in the Pst values measured for each dataset.

FIGURE 15: VOLTAGE MEASUREMENTS FROM SEA-TRIALS AT MUTRIKU AND DRY LABORATORY TESTING AT
THE LIR NOTF ELECTRICAL LABORATORY.

The current signals are largely unaffected by the RFI filter. Figure 16 shows the current
measurements from both a sea-trial and a dry laboratory test from the same datasets that the
voltage measurements were taken from over the same time period. While there is a
noticeable difference between the two signals, it is much more subtle than the differences
between the measured voltage signals. The sea-trial dataset has as more prevalent 3 kHz
signal, but the 3 kHz signal can also be clearly observed in the dry laboratory generated
dataset. This allows for the current harmonic distortion analysis part of the model verification
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to be continued and the results considered trustworthy while the results of the voltage flicker
verification process cannot be taken with confidence.

FIGURE 16: CURRENT MEASUREMENTS FROM SEA-TRIALS AT MUTRIKU AND DRY LABORATORY TESTING AT
THE LIR NOTF ELECTRICAL LABORATORY.

3.3.1 HARMONIC CURRENT COMPARISON ANALYSIS
In this section, the comparison of harmonic, interharmonic, and high frequency harmonic
currents from the dry laboratory testing are compared against the dataset collected from the
sea-trials performed at the MWPP. The data presented here represents the average of all the
datasets for both the sea-trial data and the laboratory generated data.
Figure 17 shows the harmonic, interharmonic, and high frequency harmonic current
amplitudes identified during testing and analysis. The bar graphs presented in Figure 17
include data from both sea-trails and dry laboratory testing side by side.
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FIGURE 17: AVERAGE NORMALISED HARMONIC CURRENTS OBSERVED DURING SEA-TRIAL TESTING VERSUS
DRY LABORATORY TESTING.

The most significant observations made in Figure 17 is that the general scale of the harmonic
currents are very similar for both the sea-trial tests and the laboratory generated data, with
all harmonic currents fall below 5% of the rated current of the device. The observed harmonic
currents are not always identical between sea-trial and laboratory data, such as the 3rd order
harmonic being more prevalent in the sea-trial data while the 5th order is more prevalent in
the laboratory data, but no two grid connections are exactly the same.
The interharmonic currents fall below 1% of rated current, with very similar results for both
datasets. Again, the datasets are not identical, but the pattern of peaks at the lowest
interharmonic orders, with a lull in currents around the 10 th order before increasing again
slightly around the 15th order are apparent in both datasets.
The largest deviations in the two datasets can be seen at the high frequency harmonics around
3 kHz. These deviations are directly related to the placement of the current and voltage
transducers for the separate experiments. For the laboratory generated datasets, the current
transducers were beyond the RFI filter, which was specifically designed to attenuate the 3 kHz
switching frequency signal from the VFD, while the sea-trial current transducers were located
before the RFI filter, which leads to the high harmonic current amplitudes observed around
3 kHz in the sea-trial testing compared to the dry laboratory datasets. The similarities, as well
as the known discrepancies, in the two datasets show that model based HIL testing of LV wave
energy converters in a laboratory setting can be substituted for sea-trial testing in early stage
prototype development for harmonic current distortion analysis.
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3.3.2 VOLTAGE FLICKER COMPARISON ANALYSIS
While the flicker validation was significantly compromised by the difference in placement of
current and voltage transducers in relation to the RFI filter, there are some clear observations
that can still be made about the two datasets. The first is the Pst values determined through
analysis of the sea-trial datasets are on average approximately 40 times greater than those
determined analysis of the dry laboratory datasets. This result, which has been explained
earlier in this section, can be traced back to the variations in placement of the voltage
transducers for the sea-trials and the datasets.
Despite being unable to make direct comparisons of the flicker analysis, the results in Table 2
and Table 4, as well as Figure 8 and Figure 13, do indicate similarities that would likely be
independent of the RFI filter placement. The variations in the Pst values indicate a lack of
correlation between the available energy resource and the measured Pst values. This is clear
in both datasets. The variations in the Pst values for both datasets have a similar standard
deviation over the mean, with the sea-trial dataset showing a smaller change over a larger
dataset. While this observation can only be noted briefly and does not have the conviction of
the results from the current harmonic analysis, it does appear to indicate, much like the
harmonic current analysis, that the available energy resource does not greatly affect the
output power quality of a MEC.
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4. SEA-TRIAL DATASET EXTENSION
Following the verification work on the model output, the model was used to create datasets
for a number of controlled conditions with two basic variables. The two variables for testing
are grid strength and generator control law. The dataset extension was organised this way to
maximise the variety of data generated and to investigate the impacts on power quality
caused by different variables.
The different grid strengths tested are a strong grid and a very weak, islanded grid. The strong
grid is dictated by the local grid that delivers power to the Lir NOTF electrical laboratory. The
weak grid is powered by the 33 kVA diesel generator and includes a simple resistive load for
power consumption. The control laws applied and compared for the dataset extension were
both developed as part of WP4 and were tested at the Mutriku plant and in the MARMOK
buoy. This section is divided first by grid strength, with each grid section further organised by
control law.
The dataset extension was to apply different generator control strategies to evaluate how
various strategies effect output power quality of a MEC. For the dry laboratory, the two most
successful adaptive control laws, those applied to both the onshore Mutriku testing and the
offshore MARMOK testing, were used to develop the extended dataset. Those control laws
are described in more detail later in this section, and the power quality datasets generated for
each control law under the different grid strengths are evaluated.

4.1 STRONG GRID TESTING
The local electrical grid that feeds the Lir NOTF laboratory was used as the strong grid for the
development of the extended dataset for MEC testing. The local grid is rated at 400 V line-toline, with 125 A rated connection to the microgrid within the Lir NOTF electrial laboratory. The
actual line voltage can fluctuate over the course of a day, with the typical line-to-line voltage
being at approximately 405 V. The fluctuations in line voltage are caused by load demands of
the greater local grid, which feeds multiple manufacturing plants located within a 10 km radius
of the Lir NOTF facilities.

4.1.1 CONTROL LAW 1
The Control Law 1 (CL1) is based on simple evidence that the maximum power extraction is
achieved with an ideal zero-inertia turbine-generator set whose instantaneous rotation speed
is controlled.
As described in D4.2, the turbine power is defined as:
5
3
𝑃𝑔𝑒𝑛𝑡𝑢𝑟𝑏 = 𝜚𝑑
⏟ Π (Ψ(𝜂bep )) Ω

(4)

const
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where Π(Ψ) is the turbine power coefficient as a function of the pressure head coefficient,
Ψ(𝜂bep ) is the pressure head coefficient at the best efficiency point, Ω is the rotational speed
and d is the diameter of the turbine. Based on this equation, the following control law is
proposed to define the generator power:
𝑃𝑔𝑒𝑛 = 𝑎𝛺 𝑏

(5)

where 𝑎 and 𝑏 are two constants depending on the the turbine geometry and the inertia of
the turbine and the generator rotating parts.
There were several variations of CL1 implemented during sea trials. For the dry laboratory
testing, the first control law applied directly with an upper limit to the instantaneous
generator power
rated
𝑃gen (Ω) = min(𝑎 Ωb , 𝑃gen
).

(6)

rated
where 𝑎 and 𝑏 are user defined constants and 𝑃gen
is the generator rated power. If the
turbine rotational speed reaches Ωmax then the system enters in safe mode and the valve is
closed until the rotational speed drops below Ωthr , resuming the system to normal operation.

4.1.1.1 CURRENT HARMONIC DISTORTION ANALYSIS
As described in Section 3.2.1, the dry laboratory power system used to generate data has a
fundamental frequency of 50 Hz. This section presents the identified harmonic, interharmonic,
and high frequency harmonic currents caused by the Lir NOTF dry laboratory equipment
testing when connected to a strong grid, with a model based on the Mutriku testing site, and
control law CL1 applied to the turbine-generator system. The sampling frequency for data
collection was 20 kHz and remained consistent for all harmonic current and voltage flicker
analysis performed in the dry laboratory testing.
4.1.1.1.1 HARMONIC CURRENTS BELOW 2.5 KHZ
As previously stated in several parts of Section 3.1.1.1, harmonic distortion below 2.5 kHz
represents the harmonic orders from h = 2 to h = 50 for a 50 Hz signal, where h is the integer
ratio of a harmonic frequency to the fundamental frequency of the power system. The
harmonic current subgroups are identified via FFT, and the RMS of the amplitude of the
current harmonic subgroups are used to determine the harmonic current distortion for each
harmonic from h = 2 to h = 50 using equation (1). Figure 18 shows the average harmonic
currents as a percentage of Ir, for the three resource classifications determined from the
collected data for the dry laboratory testing using CL1.
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FIGURE 18: AVERAGE NORMALISED HARMONIC CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION DURING LABORATORY TESTING WITH A STRONG GRID AND CONTROL LAW CL1.

The most significant harmonic currents occur at the 5th harmonic, 250 Hz, with additional
notable harmonic currents occurring at the 3rd harmonic, 150 Hz. The amplitudes of the
remaining harmonic currents are below 1% of Ir with a number of them low enough that they
need not be reported. For verification purposes, other notable peaks, those above 0.4% of Ir,
in harmonic currents occur at the 7th, 15th, 17th, 19th, 20th and 26th. At harmonic orders above
the 26th, only the 32nd, 37th, 38th and 43rd harmonics reach the reporting threshold. The
amplitudes of the 3rd and 5th harmonic exhibit any noticeable changes with changes in
available energy in the sea condition. The largest harmonic current amplitudes were observed
during the highest energy sea state conditions. This was largely anticipated because the
largest injection of power onto the grid happened at this time, and larger base currents from
the MEC should lead to larger harmonic currents. That there was little impact on the harmonic
currents outside of the 3rd and 5th order is a welcome result.
4.1.1.1.2 INTERHARMONIC CURRENTS BELOW 2.5 KHZ
As previously stated in Section 3.1.1.2, interharmonics below 2.5 kHz represent the current
RMS values of current components whose frequencies are not an integer of the fundamental,
which appear as discrete frequencies of as a wide-band spectrum. A grouping of the spectral
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components in the interval between two consecutive harmonic components forms an
interharmonic group.
Interharmonic components are caused primarily by two sources: variations of the amplitude
and/or phase angle of the fundamental component and/or of the harmonics components, and
power electronics circuits with switching frequencies no synchronized to the power supply
frequency and power factors correctors. Potential effects include additional torques on
motors and generators, disturbed zero crossing detectors, and additional noise in inductive
coils.
The interharmonic current amplitude for the datasets generated during dry laboratory testing
were processed using the same FFT software that was applied to the sea-trial data. Figure 19
shows the average interharmonic currents as a percentage of Ir, for the three resource
classifications determined using Equation (2).

FIGURE 19: AVERAGE NORMALISED INTERHARMONIC CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION DURING LABORATORY TESTING WITH A STRONG GRID AND CONTROL LAW CL1.

For the interharmonics, the most significant harmonic currents occur at the 2 nd and 3rd
interharmonic, which represents the window around 125 Hz and 175 Hz respectively. Below
and including the 20th interharmonic order, there is an increase in the current amplitude of
each harmonic order with increasing energy available in the sea conditions. The increases are
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very small, with only the 1st through 4th interharmonics order current amplitudes seeing
increases above 0.1% of Iih/Ir between the low energy and high energy conditions. Above the
20th order, there is little change in the interharmonic currents between the sea state energy
classifications. The largest interharmonic current amplitudes were observed during the
highest energy sea state conditions. This was largely anticipated as the largest injection of
power onto the grid happened at this time and larger base currents from the MEC should lead
to larger interharmonic currents. That there was very little impact on the interharmonic
currents beyond the 4th order was encouraging.
4.1.1.1.3 HIGH FREQUENCY HARMONIC CURRENTS
As explained in Section 3.1.1.3, the high frequency harmonics refer to components in the
current with frequencies above the 40th harmonic, which is 2 kHz for a 50 Hz system. High
frequency harmonics that can be detected in the dry laboratory testing extend to 9 kHz
because the sampling frequency of the SCADA system used to the collect the data analysed
for Section 4 was 20 kHz.
High frequency harmonics can be caused by several phenomena, including pulse-with
modulated (PWM) control of power supplies at the mains side connection, emissions like
mains signalling, feed-through from load or generator side of power converters to the mains
system side, and oscillations due to commutation notches. The measurement of these
components are grouped into predefined frequency bands based on the signal energy of each
band.
As with the harmonic and interharmonic current amplitude determination, the high frequency
harmonic current amplitude for the data sets generated during dry laboratory testing was
processed using the same FFT software that was applied to the sea-trial data. Figure 20 shows
the average high frequency harmonic currents as a percentage of Ir, for the three resource
classifications determined using Equation (3).
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FIGURE 20: AVERAGE NORMALISED HIGH FREQUENCY HARMONIC CURRENTS VS. RATED CURRENT FOR EACH
RESOURCE CLASSIFICATION DURING LABORATORY TESTING WITH A STRONG GRID AND CONTROL LAW CL1.

The high frequency harmonic signals prevalent in the data collected from CL1 are directly
related to the PWM switching of the grid side VFD used to create a 50 Hz sine wave to deliver
power from the MEC to the grid, which has a switching frequency of 3 kHz. The largest currents
are observed around at 6 kHz, which is the 2nd harmonic of the switching frequency, and there
are also higher amplitudes found at the 3 kHz switching. All other high frequency harmonics
currents are well under 1% of Ir. For the high frequency harmonic current analysis, there very
little difference seen between the various sea state conditions.
4.1.1.2 VOLTAGE FLICKER ANALYSIS
Flicker is described as voltage fluctuations during continuous operation in the IEC 62600-30
documentation and in Section 3.1.2. In this case, the voltage fluctuations caused by the
generator of a MEC emulator are analysed.
The dry laboratory MEC emulator to the grid is a 400 V connection. It is categorized as a LV
connection by IEC standards. For LV connected MEC units, a simplified measurement and
direct reporting procedure is outlined in IEC 62600-30. Three phase instantaneous line
currents and instantaneous phase-to-neutral voltages are to be measured at the MEC unit

OPERA Deliverable, Grant Agreement No 654444

Page 47 | 86

D5.4
Extending wave energy converter power quality data set
terminals or the PCC as appropriate. Here fourteen 10-minute series are evaluated and
presented, and they represent the 14 data referred to in the Section 3.2.
The MEC unit short term flicker disturbance factor during continuous operation, Pst, is stated
as the 95th percentile for the measured condition. The Pst values for the dry laboratory test
were determined by applying the IEC 61000-4-15 digital flickermeter, which is available within
MATLAB® Simulink®. Each dataset was analysed using the MATLAB® Simulink® flickermeter,
the resulting Pst values are presented in tabular form in Table 5 following the example given
in IEC 62600-30 Appendix A. All identified Pst values are under 0.4, which is well below the 1.0
limiting value.
In Table 5, there is little correlations between the energy resource and the resulting Pst values.
Figure 21 is a 3D scatter plot of the Pst values against the values of Hs and Te to better illustrate
the inconsistencies of in the Pst values across changing sea conditions.
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TABLE 5: FLICKER COEFFICIENT VALUES, PST, FOR DRY LABORATORY TESTING OF A MEC EMULATOR WITH A STRONG GRID CONNECTION AND CONTROL LAW CL1 APPLIED
TO THE GENERATOR.

Significant Wave Height (m)

Scatter plot short-term flicker disturbance factor for Stong Grid Testing with CL1 (Pst)
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Energy Period (s)
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FIGURE 21: 3D SCATTER PLOT OF THE PST VALUES BY HS AND TE FROM DRY LABORATORY TESTING WITH A STRONG GRID CONNECTION AND CONTROL LAW CL1 APPLIED
TO THE GENERATOR.
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Additionally, Figure 22 shows a 5-minute window of instantaneous flicker graph for each of
the three resource classifications. The variations in voltage small enough to be measured are
in millivolt, which is idea when the line voltage is above 400 V. The low energy sea state
resource here appears to create the largest and most regular voltage fluctuations, but the
largest spike in voltage variation happens during the medium energy tests. The testing with
the high energy resource appears to have the lowest voltage fluctuations. This is reflected in
the Pst values for each dataset, 0.20, 0.16, and 0.14 for the low, medium, and high energy
resources respectively. Under all conditions, the voltage fluctuations appear to be very low
and generally uncommon.

FIGURE 22: INSTANTANEOUS FLICKER FOR OUTPUT VOLTAGE OF THE DRY LABORATORY TESTING FOR EACH
OF THE THREE RESOURCE CLASSIFICATIONS WITH A STRONG GRID CONNECTION AND CONTROL LAW CL1
APPLIED TO THE GENERATOR.

4.1.2 CONTROL LAW 2
The Control Law 2 (CL2) is based on a torque reference determined by a function of the mean
pressure measured within the plenum chamber of the OWC and the pneumatic-to-mechanical
conversion efficiency of the turbine. This control law results in a quasi-constant torque
reference that changes slowly as the mean chamber pressure changes. The mean chamber
pressure is calculated based on a moving average over a predetermined time window. Any
rapid fluctuations in power capture will be momentarily stored in turbine inertia.
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In high energy sea state conditions, the inertia of the turbine may not be large enough to store
excess energy, so a second mean pressure control law was developed that introduces a
condition based on instantaneous chamber pressure. The purpose of this added condition was
to reduce turbine speed excursions in higher energy conditions.
The control law in this case also included a rotational speed ‘floor’, where if the rotational
speed of turbine was below a set value, no torque would be applied to the generator. The
floor can be adjusted depending on sea state conditions as well as generator specifications to
maximise energy conversion efficiency during operation.
The control law CL2 presents a good contrast to CL1 because the applied generator torque has
a slow changing base value with a secondary value that leads the changing rotational speed
of the turbine. This leads to significantly different behaviour in the PTO system of the OWC.
Comparing the results of the power quality testing from the application of CL1 and CL2 should
give a good indication as to how important the turbine-generator control algorithm is to the
quality of the power a MEC can generate.
4.1.2.1 CURRENT HARMONIC DISTORTION ANALYSIS
As described in previous sections analysing the current harmonic distortion, the dry laboratory
power system used to generate data has a fundamental frequency of 50 Hz. This section
presents the identified harmonic, interharmonic, and high frequency harmonic currents
caused by the Lir NOTF dry laboratory equipment testing when connected to a strong grid,
with a model based on the Mutriku testing site, and control law CL2 applied to the
turbine-generator system. The sampling frequency for data collection was 20 kHz and
remained consistent for all harmonic current analysis performed in the dry laboratory testing.
4.1.2.1.1 HARMONIC CURRENTS BELOW 2.5 KHZ
As previously repeated, harmonic distortion below 2.5 kHz represents the harmonic orders
from h = 2 to h = 50 for a 50 Hz signal, where h is the integer ratio of a harmonic frequency to
the fundamental frequency of the power system. The harmonic current subgroups are
identified via FFT, and the RMS of the amplitude of the current harmonic subgroups are used
to determine the harmonic current distortion for each harmonic from h = 2 to h = 50 using
equation (1). Figure 23 shows the average harmonic currents as a percentage of Ir, for the
three resource classifications determined from the collected data from the FFT.
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FIGURE 23: AVERAGE NORMALISED HARMONIC CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION DURING LABORATORY TESTING WITH A STRONG GRID AND CONTROL LAW CL2.

The most significant harmonic currents occur at the 5th harmonic, 250 Hz, with additional
notable harmonic currents occurring at the 3rd harmonic, 150 Hz. The amplitudes of the
remaining harmonic currents are below 1% of Ir with a number of them low enough that they
need not be reported. For verification purposes, other notable peaks, those above 0.3% of Ir,
in harmonic currents occur at the 7th, 15th, 17th, 19th, 20th and 26th. At harmonic orders above
the 26th, only the 32nd, 37th, 38th and 43rd harmonics reach the reporting threshold. The
amplitudes of the 3rd and 5th harmonic exhibit any noticeable changes with changes in
available energy in the sea condition. Interestingly, the amplitude of the 3rd harmonic current
decreases during testing with the highest wave energy resources. Like the results for CL1, the
largest harmonic current amplitudes were observed during the highest energy sea state
conditions, and there was little impact on the harmonic currents outside of the 3rd and 5th
order.
4.1.2.1.2 INTERHARMONIC CURRENTS BELOW 2.5 KHZ
Interharmonics below 2.5 kHz represent the current RMS values of current components
whose frequencies are not an integer of the fundamental, which appear as discrete
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frequencies of as a wide-band spectrum. A grouping of the spectral components in the interval
between two consecutive harmonic components forms an interharmonic group.
Interharmonic components are caused primarily by two sources: variations of the amplitude
and/or phase angle of the fundamental component and/or of the harmonics components, and
power electronics circuits with switching frequencies no synchronized to the power supply
frequency and power factors correctors. Potential effects include additional torques on
motors and generators, disturbed zero crossing detectors, and additional noise in inductive
coils.
The interharmonic current amplitude for the datasets generated during dry laboratory testing
with CL2 applied to the torque-generator system were processed using the same FFT software
that was applied to datasets generated using CL1 to control the torque-generator system.
Figure 24 shows the average harmonic currents as a percentage of Ir, for the three resource
classifications which were determined using Equation (2).

FIGURE 24: AVERAGE NORMALISED INTERHARMONIC CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION DURING LABORATORY TESTING WITH A STRONG GRID AND CONTROL LAW CL2.

For the interharmonics measured here, the most significant harmonic currents that occur for
low and medium energy sea conditions are the 2nd and 3rd interharmonic, which represents
the window around 125 Hz and 175 Hz respectively. The only reportable increases in
interharmonic current amplitude occur during the high energy sea state testing from the 1 st
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through 4th interharmonics orders. The significant increases at the 1st and 2nd interharmonic
order appear to correspond with the decrease in 3rd order harmonic current amplitude seen
in Section 4.1.1.1.2. Also as seen that section, the largest interharmonic current amplitudes
were observed during the highest energy sea state conditions, and there was very little impact
on the interharmonic currents beyond the 4th order. Different from the results from the CL1
tests were the increases in the 1st order interharmonic current amplitudes, which were much
larger during CL2 testing.
4.1.2.1.3 HIGH FREQUENCY HARMONIC CURRENTS
High frequency harmonics are components in signals with frequencies above the 40 th
harmonic, which is 2 kHz for a 50 Hz system, up to 9 kHz. They can be caused by several
phenomena, including PWM control of power supplies at the mains side. The measurement
of these components is grouped into predefined frequency bands based on the signal energy
of each band.
As with the high frequency data analysis in pervious sections of this report, the high frequency
harmonic current amplitude for the data sets generated during dry laboratory testing was
determined using equation (3). Figure 25 shows the average high frequency harmonic currents
as a percentage of Ir, for the three resource classifications.

FIGURE 25: AVERAGE NORMALISED HIGH FREQUENCY HARMONIC CURRENTS VS. RATED CURRENT FOR EACH
RESOURCE CLASSIFICATION DURING LABORATORY TESTING WITH A STRONG GRID AND CONTROL LAW CL2.
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The high frequency harmonic signals prevalent in the data collected from CL1 are directly
related to the PWM switching of the grid side VFD used to create a 50 Hz sine wave to deliver
power from the MEC to the grid, which has a switching frequency of 3 kHz. The largest currents
are observed around at 6 kHz, which is the 2nd harmonic of the switching frequency, and there
are also higher amplitudes found at the 3 kHz switching. All other high frequency harmonics
currents are well under 1% of Ir. Similar to the results observed during CL1 testing, there are
little differences in the high frequency harmonic current amplitudes between the various sea
state conditions. Unexpectedly, for the harmonic currents observed around 6 kHz, there was
a decrease in amplitude at high energy seas during CL2 testing.
4.1.2.2 VOLTAGE FLICKER ANALYSIS
Flicker is described as voltage fluctuations during continuous operation in the IEC 62600-30
documentation and refers to changes in the grid voltage. In this case, the voltage fluctuations
caused by the generator of a MEC emulator with CL2 are analysed.
The dry laboratory MEC emulator to the grid connection is categorized as a LV connection by
IEC 62600-30. For LV connected MEC units, a simplified measurement and direct reporting
procedure is outlined in IEC 62600-30. Three phase instantaneous line currents and
instantaneous phase-to-neutral voltages are to be measured at the MEC unit terminals or the
point of common coupling as appropriate. Fourteen 10-minute series are evaluated and
presented, and they represent the 14 data referred to in the Section 3.2.
The MEC unit short term flicker disturbance factor during continuous operation, Pst, is stated
as the 95th percentile for the measured condition. As with the sea-trial data, the Pst values for
the dry laboratory test were determined by applying the IEC 61000-4-15 digital flickermeter,
which is available within MATLAB® Simulink®. Each dataset was analysed using the MATLAB®
Simulink® flickermeter, the resulting Pst values are presented in tabular form in Table 6
following the example given in IEC 62600-30 Appendix A. All identified Pst values are under
0.4, which is well below the 1.0 limiting value.
Similar to the results of the flicker evaluations for the sea-trials datasets, there appears to be
little correlations between the energy resource and the resulting Pst values. Figure 26 is a 3D
scatter plot of the Pst values against the values of Hs and Te to better illustrate the
inconsistencies of in the Pst values across changing sea conditions.
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TABLE 6: FLICKER COEFFICIENT VALUES, PST, FOR DRY LABORATORY TESTING OF A MEC EMULATOR WITH A STRONG GRID CONNECTION AND CONTROL LAW CL2 APPLIED
TO THE GENERATOR.

Significant Wave Height (m)

Scatter plot short-term flicker disturbance factor for Stong Grid Testing with CL1 (Pst)
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FIGURE 26: 3D SCATTER PLOT OF THE PST VALUES BY HS AND TE FROM DRY LABORATORY TESTING WITH A STRONG GRID CONNECTION AND CONTROL LAW CL2 APPLIED
TO THE GENERATOR.
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Additionally, Figure 27 shows a 5-minute window of instantaneous flicker graph for each of
the three resource classifications. The variations in voltage seen in the testing for CL2 have
very similar results as those from CL1. The low energy sea state resource here appears to
create the largest and most regular voltage fluctuations, with the high energy sea state
resource leading to the smallest fluctuations in voltage. This is reflected in the Pst values for
each dataset, 0.25, 0.16, and 0.14 for the low, medium, and high energy resources
respectively. Under all conditions, the voltage fluctuations appear to be very low and generally
uncommon, which again is ideal for renewable energy generation.

FIGURE 27: INSTANTANEOUS FLICKER FOR OUTPUT VOLTAGE OF THE DRY LABORATORY TESTING FOR EACH
OF THE THREE RESOURCE CLASSIFICATIONS WITH A STRONG GRID CONNECTION AND CONTROL LAW CL2
APPLIED TO THE GENERATOR.

4.1.3 CONTROL LAW COMPARISON
For the evaluation of the extended data set based on strong grid testing, the results of the
data generated using CL1 and CL2 are compared against each other directly. A control dataset
was also created to help analyse the full impact that the MEC has to the power available to
consurmers. The control dataset was generated by placing a 15 kW load with a power factor
of 1.0 on the microgrid in the Lir NOTF electrical laboratory and monitoring the currents and
voltages between the load and the local grid in the same way as the currents and voltages
were measured. This includes using the cRIO, LEM current transducers, and sampling at
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20 kHz. The control data was then processed using the same MATLAB® code that was
generated and used to evaluate the power quality of the MEC output power based on IEC
62600-30. The resulting data and observations are presented in this section.
4.1.3.1 HARMONIC CURRENT COMPARISON ANALYSIS
In this section, the comparison of harmonic, interharmonic, and high frequency harmonic
currents from the dry laboratory testing featuring CL1 and CL2 are performed using the data
collected for the highest energy sea state conditions. The high energy sea state conditions
were chosen because in nearly every case, the highest harmonic current amplitudes were
observed, and those would have the highest impact on power quality observed on the local
grid.
Figure 28 shows the harmonic, interharmonic, and high frequency harmonic current
amplitudes identified during testing and analysis carried out to created extended datasets for
this report. The bar graphs presented in 0 include data from testing with CL1 and CL2, along
with the data generated to act as a control, where a static load was added to the local grid
and the voltages and currents of the load were analysed in the identical manner as the MEC
laboratory data.

FIGURE 28: AVERAGE NORMALISED HARMONIC CURRENTS OBSERVED DURING LABORATORY TESTING AT
THE HIGH ENERGY RESOURCE CLASSIFICATION FOR BOTH CONTROL LAWS AND INCLUDING A CONTROL
SIGNAL FOR COMPARISON.

The first observation made in Figure 28 is that all harmonic currents fall below 5% of the rated
current of the device, with most below 1% of the rated current. Many higher order harmonic
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currents measured fall below reporting threshold set by the IEC 62600-30 document, which
stipulates that the current amplitudes below 0.1% of rated current need not be reported.
The second observation is that the control laws have little impact on the harmonic current
amplitudes measured. For basic low frequency harmonics, the 3rd order harmonic currents
have the most notable change, with the amplitude of CL1 approximately 18% higher than the
3rd current measured for CL1. With the interharmonics, the 1st order interharmonic current
amplitude for CL2 is 73% higher than the measured 1st order interharmonic of CL1 testing, but
the values of both are less than 1% of the rated current. At high frequencies, the harmonic
currents around 6 kHz are 25% higher for CL1 when compared to CL2. Neither control law has
a distinct advantage over then other for harmonic current generation.
Finally, the most glaring observation that can be made between these datasets is that the
harmonic currents of the local grid are nearly imperceptible when compared to the harmonic
currents caused by the MEC emulator. Figure 29 shows the harmonic current amplitudes
measured on the local grid using the static load by themselves.

FIGURE 29: NORMALISED HARMONIC CURRENTS NATURALLY OCCURRING ON THE LOCAL GRID OBSERVED
DURING LABORATORY TESTING TO SERVE AS A CONTROL GROUP FOR THE DRY LABORATORY GENERATED
MEC DATASETS.
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The results from the analysation of the grid currents in 0 show that the harmonics present on
the grid nearly non-existent and only the 5th, 7th, 11th, and 13th order harmonic currents reach
the reporting threshold provided in IEC 62600-30.
4.1.3.2 VOLTAGE FLICKER COMPARISON ANALYSIS
The comparison of flicker recorded during the dry laboratory testing featuring CL1 and CL2
with a strong grid connection are performed using by directly comparing the data originally
presented in Sections 4.1.1.2 and 4.1.2.2.
Figure 30 shows the scatter plots of Pst for both control law applied for the dry laboratory
testing. As can be seen, there is very little difference between the results for both control laws.
The scatter plots are based on the data presented in Table 5 and Table 6, and the tables also
confirm this consistency in flicker analysis results. This further reiterates that there is little
correlation between sea conditions and the measured flicker data. It also highlights that flicker
also appears to be unaffected by the control law applied to the generator of a MEC.

FIGURE 30: 3D SCATTER PLOT OF THE PST VALUES BY HS AND TE FROM DRY LABORATORY TESTING WITH A
STRONG GRID CONNECTION WITH BOTH CONTROL LAWS REPRESENTED IN A SINGLE GRAPH.

OPERA Deliverable, Grant Agreement No 654444

Page 62 | 86

D5.4
Extending wave energy converter power quality data set
Figure 31 below shows the instantaneous flicker measured over a 5-minute window during
testing for both CL1 and CL2 for one sea state at each of the three describe resource
classifications. Here the largest flicker occurs at the lowest resource classification for both
control laws. There is little difference in instantaneous voltage variation, and all the variation
remains well below 1 V. Similar to the harmonic analysis, the control laws have very little
impact on the observed flicker, and therefore neither control law has a distinct advantage
from a power quality perspective when operating a MEC with a strong grid connection.

FIGURE 31: INSTANTANEOUS FLICKER FOR OUTPUT VOLTAGE OF THE DRY LABORATORY TESTING FOR EACH
OF THE THREE RESOURCE CLASSIFICATIONS WITH A STRONG GRID CONNECTION WITH BOTH CONTROL LAWS
FOR COMPARISON.

4.2 WEAK GRID TESTING
The weak grid testing was performed by using the microgrid at the Lir NOTF in islanded mode,
with the 33 kVA diesel generator acting as the main source of electrical energy. The diesel
generator has a 400 V line-to-line rating and a base frequency of 50 Hz, which matches the
base ratings of the local grid used to perform tests in Section 4.1. The islanded grid include a
static 25 kW load with a power factor of 1.0, this ensured that the energy generated by the
MEC emulator was consumed and that the results of the testing were only affected by the
MEC. This diesel generator and static load create a very weak islanded grid where the MEC
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could contribute nearly 100% of the energy demand by the local load. A grid of this
configuration would only be realised in very isolated areas.
The weak grid testing is done in this manner because it was the only available option for weak
grid testing at the Lir NOTF facilities. However, there is a real potential that wave energy
converters could be used to generate energy in precisely this type of enviroment, so these
conditions remain relevent to MEC testing despite the ridge constrants. The configuration also
allows for testing where the voltage fluctuations caused by a MEC could cause a maximum
distrubance to a grid.

4.2.1 CONTROL LAW 1
The Control Law 1 (CL1) used during weak grid testing is identical to CL1 applied in 4.1.1, which
is based on simple evidence that the maximum power extraction is achieved with an ideal
zero-inertia turbine-generator set whose instantaneous rotation speed is controlled.
4.2.1.1 CURRENT HARMONIC DISTORTION ANALYSIS
The dry laboratory power system used to generate data has a fundamental frequency of 50 Hz.
This section presents the identified harmonic, interharmonic, and high frequency harmonic
currents caused by the Lir NOTF dry laboratory equipment testing when connected to a weak
grid, with a model based on the Mutriku testing site, and control law CL1 applied to the
turbine-generator system. The sampling frequency for data collection was 20 kHz and
remained consistent for all harmonic current analysis performed in the dry laboratory testing.
4.2.1.1.1 HARMONIC CURRENTS BELOW 2.5 KHZ
Harmonic distortion below 2 kHz represents the harmonic orders from h = 2 to h = 50 for a
50 Hz signal, where h is the integer ratio of a harmonic frequency to the fundamental
frequency, 50 Hz, of the power system. The harmonic current subgroups are identified FFT,
and the RMS of the amplitude of the current harmonic subgroups are used to determine the
harmonic current distortion for each harmonic from h = 2 to h = 50 using equation (1).
Figure 32 shows the average harmonic currents as a percentage of Ir, for the three resource
classifications with the device connected to a weak, islanded grid and CL1 as the acting
generator controller for the MEC.
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FIGURE 32: AVERAGE NORMALISED HARMONIC CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION DURING LABORATORY TESTING WITH A WEAK GRID AND CONTROL LAW CL1.

For the weak grid testing here, the 5th order harmonic, 250 Hz, is the dominant harmonic
current identified through the data analysis process. The amplitudes of the remaining
harmonic currents are below 1% of Ir with a most low enough that they need not be reported.
For verification purposes, other notable peaks, those above 0.3% of Ir, in harmonic currents
occur at the 2nd, 7th, 11th, 13th, and 15th. No harmonics currents above the 20th harmonic reach
the reporting threshold. Similar to the harmonics in strong grid testing, the amplitude of the
5th harmonic exhibits any noticeable changes with changes in available energy in the sea
condition.
4.2.1.1.2 INTERHARMONIC CURRENTS BELOW 2.5 KHZ
Interharmonics below 2.5 kHz represent the current RMS values of current components
whose frequencies are not an integer of the fundamental, which appear as discrete
frequencies of as a wide-band spectrum. A grouping of the spectral components in the interval
between two consecutive harmonic components forms an interharmonic group.
Interharmonic components are caused primarily by two sources: variations of the amplitude
and/or phase angle of the fundamental component and/or of the harmonics components, and
power electronics circuits with switching frequencies no synchronized to the power supply
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frequency and power factors correctors. Potential effects include additional torques on
motors and generators, disturbed zero crossing detectors, and additional noise in inductive
coils.
The interharmonic current amplitude for the data sets generated during dry laboratory testing
was processed using the same FFT software that was applied to strong grid testing datasets
and equation (2) was applied to determine the interharmonic current amplitudes. Figure 33
shows the average harmonic currents as a percentage of Ir, for the three resource
classifications with the device connected to a weak, islanded grid and CL1 as the acting
generator controller for the MEC.

FIGURE 33: AVERAGE NORMALISED INTERHARMONIC CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION DURING LABORATORY TESTING WITH A WEAK GRID AND CONTROL LAW CL1.

For the interharmonics, the most significant harmonic currents occur at the 1st interharmonic,
which represents the window around 75 Hz. The interharmonic currents exhibit a steep drop
in amplitude beyond the 1st order, with no amplitudes reaching the reporting threshold
beyond the 15th order. The changes in energy resource have minimal impact on the
interharmonic currents caused by the MEC in weak grid conditions.
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4.2.1.1.3 HIGH FREQUENCY HARMONIC CURRENTS
High frequency harmonic are components in signals with frequencies above the 40th High
frequency harmonics are components in signals with frequencies above the 40 th harmonic,
which is 2 kHz for a 50 Hz system, up to 9 kHz. They can be caused by several phenomena,
including PWM control of power supplies at the mains side. The measurement of these
components are grouped into predefined frequency bands based on the signal energy of each
band.
As with the high frequency data analysis in previous sections of this report, the high frequency
harmonic current amplitude for the data sets generated during dry laboratory testing was
determined using equation (3). Figure 34 shows the average high frequency harmonic currents
as a percentage of Ir, for the three resource classifications with the device connected to a
weak, islanded grid and CL1 as the acting generator controller for the MEC.

FIGURE 34: AVERAGE NORMALISED HIGH FREQUENCY HARMONICS CURRENT VS. RATED CURRENT FOR EACH
RESOURCE CLASSIFICATION DURING LABORATORY TESTING WITH A WEAK GRID AND CONTROL LAW CL1.

The largest high frequency harmonic current amplitudes occurring during testing of the CL1
controller with the MEC injecting power into the weak grid are directly related to the PWM
switching frequency of the VFD used to create the necessary 50 Hz signal. The largest currents
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are around the 3 kHz switching, with secondary currents at 6 kHz, which is the 2 nd harmonic
of 3 kHz. All other high frequency harmonics currents are well under 1% of Ir.
4.2.1.2 VOLTAGE FLICKER ANALYSIS
The flicker caused by the power generated by a MEC emulator being injected onto the weak
grid simulated at the Lir NOTF are presented in this section. The control law applied for these
tests was CL1. The grid has a 400 V base voltage with an operating frequency of 50 Hz. The
simplified measurement and direct reporting procedure is outlined in IEC 62600-30 is again
applied for flicker analysis. Three phase instantaneous line currents and instantaneous phaseto-neutral voltages are to be measured at the MEC unit terminals or the PCC as appropriate.
The same 14 sea states are evaluated here that were analysed in the strong grid testing in
Section 4.1.
The MEC unit short term flicker disturbance factor during continuous operation, Pst, was
applied to the weak grid testing exactly as it was applied for the strong grid testing though the
IEC 61000-4-15 digital flickermeter, which is available within MATLAB® Simulink®. Each
dataset was analysed using the MATLAB® Simulink® flickermeter, the resulting Pst values are
presented in tabular form in Table 7 following the example given in IEC 62600-30 Appendix A.
All identified Pst values are between 1.0 and 2.0, which is above the 1.0 limiting value,
suggesting that under the weak grid conditions tested for this section, the MEC would cause
perceptible and problematic voltage flicker for consumers.
Similar to the results of the flicker evaluations for the strong grid testing datasets, there
appears to be little correlation between the energy resource and the resulting Pst values.
However, the Pst values were on average 10 times higher than those observed during strong
grid testing. The values are still much lower than those observed in the sea-trial datasets, but
this again is a result of the measurement point being before the line filter for sea-trial data
while the measurement point for the weak grid testing was beyond the filter in the same
configuration as the strong grid testing. Figure 35 is a 3D scatter plot of the Pst values against
the values of Hs and Te to better illustrate the inconsistencies of in the Pst values across
changing sea conditions.
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TABLE 7: FLICKER COEFFICIENT VALUES, PST, FOR DRY LABORATORY TESTING OF A MEC EMULATOR WITH A STRONG GRID CONNECTION AND CONTROL LAW CL1 APPLIED
TO THE GENERATOR.

Significant Wave Height (m)

Scatter plot short-term flicker disturbance factor for Weak Grid Testing with CL1 (Pst)
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FIGURE 35: 3D SCATTER PLOT OF THE PST VALUES BY HS AND TE FROM DRY LABORATORY TESTING WITH A WEAK GRID CONNECTION AND CONTROL LAW CL1 APPLIED TO
THE GENERATOR.
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Additionally, Figure 36 shows a 5-minute window of instantaneous flicker graph for each of
the three resource classifications. The variations in voltage small enough to be measured are
in millivolt, which is idea when the line voltage is above 400 V. The medium energy sea state
resource here appears to create the largest and most regular voltage fluctuations due to
several spikes see during the first minute of the observed window. Beyond the early peaks
observed under medium energy resource classification, the instantaneous flicker for all three
resource classifications have very similar profiles. This is reflected in the Pst values for each
dataset, 1.30, 1.77, and 1.27 for the low, medium, and high energy resources respectively,
with the larger 1.77 Pst value relating to the spikes in voltage variation seen in Figure 36.

FIGURE 36: INSTANTANEOUS FLICKER FOR OUTPUT VOLTAGE OF THE DRY LABORATORY TESTING FOR EACH
OF THE THREE RESOURCE CLASSIFICATIONS WITH A WEAK GRID CONNECTION AND CONTROL LAW CL1
APPLIED TO THE GENERATOR.

4.2.2 CONTROL LAW 2
The Control Law 2 (CL2) used during weak grid testing is identical to CL2 applied in 4.1.2, which
is based on a torque reference determined by a function of the mean pressure measured
within the plenum chamber of the OWC and the pneumatic-to-mechanical conversion
efficiency of the turbine.
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4.2.2.1 HARMONIC CURRENT ANALYSIS
As described in Section 4.1.1.1, the dry laboratory power system used to generate data has a
fundamental frequency of 50 Hz. This section presents the identified harmonic, interharmonic,
and high frequency harmonic currents caused by the Lir NOTF dry laboratory equipment
testing when connected to a weak grid, with a model based the Mutriku testing site, and
control law CL2 applied to the turbine-generator system. The sampling frequency for data
collection was 20 kHz and remained consistent for all harmonic current analysis performed in
the dry laboratory testing.
4.2.2.1.1 HARMONIC CURRENTS BELOW 2.5 KHZ
Harmonic distortion below 2 kHz represents the harmonic orders from h = 2 to h = 50 for a
50 Hz signal, where h is the integer ratio of a harmonic frequency to the fundamental
frequency, 50 Hz, of the power system. The harmonic current subgroups are identified FFT,
and the RMS of the amplitude of the current harmonic subgroups are used to determine the
harmonic current distortion for each harmonic from h = 2 to h = 50 using equation (1).
Figure 37 shows the average harmonic currents as a percentage of Ir, for the three resource
classifications with the device connected to a weak, islanded grid and CL2 as the acting
generator controller for the MEC.
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FIGURE 37: AVERAGE NORMALISED HARMONIC CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION DURING LABORATORY TESTING WITH A WEAK GRID AND CONTROL LAW CL2.

As with the results from CL1 testing with a weak grid, the 5th order harmonic, 250 Hz, is the
dominant harmonic current identified through the data analysis process. The amplitudes of
the remaining harmonic currents are below 1% of Ir with a most low enough that they need
not be reported. For verification purposes, other notable harmonic currents, those above
0.3% of Ir, occur at the 2nd, 7th, 11th, 13th, and 15th. No harmonics currents above the 20th
harmonic reach the reporting threshold. Similar to the CL1 weak grid testing, the amplitude
of the 5th harmonic is the only recorded harmonic current to exhibit any increase with
increases in available energy in the sea condition.
4.2.2.1.2 INTERHARMONIC CURRENTS BELOW 2.5 KHZ
The interharmonics below 2.5 kHz represent the current RMS values of current components
whose frequencies are not an integer of the fundamental, which appear as discrete
frequencies of as a wide-band spectrum. A grouping of the spectral components in the interval
between two consecutive harmonic components forms an interharmonic group.
Interharmonic components are caused primarily by two sources: variations of the amplitude
and/or phase angle of the fundamental component and/or of the harmonics components, and
power electronics circuits with switching frequencies no synchronized to the power supply
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frequency and power factors correctors. Potential effects include additional torques on
motors and generators, disturbed zero crossing detectors, and additional noise in inductive
coils.
The interharmonic current amplitude for the data sets generated during dry laboratory testing
was processed using the same FFT software that was applied to the sea-trial data and
equation (2) was applied to determine the interharmonic current amplitudes. Figure 38 shows
the average harmonic currents as a percentage of Ir, for the three resource classifications with
the device connected to a weak, islanded grid and CL2 as the acting generator controller for
the MEC.
Again, the results of CL2 follow the results of CL1, with the most significant interharmonic
currents occurring at the 1st interharmonic, which represents the window around 75 Hz. The
interharmonic currents exhibit a steep drop in amplitude beyond the 1 st order, with no
amplitudes reaching the reporting threshold beyond the 15 th order. The changes in energy
resource have minimal impact on the interharmonic currents caused by the MEC in weak grid
conditions.

FIGURE 38: AVERAGE NORMALISED INTERHARMONIC CURRENTS VS. RATED CURRENT FOR EACH RESOURCE
CLASSIFICATION DURING LABORATORY TESTING WITH A WEAK GRID AND CONTROL LAW CL2.
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4.2.2.1.3 HIGH FREQUENCY HARMONIC CURRENTS
High frequency harmonic are components in signals with frequencies above the 40 th High
frequency harmonics are components in signals with frequencies above the 40 th harmonic,
which is 2 kHz for a 50 Hz system, up to 9 kHz. They can be caused by several phenomena,
including PWM control of power supplies at the mains side connection and emissions like
mains signalling. The measurement of these components are grouped into predefined
frequency bands based on the signal energy of each band.
As with the high frequency data analysis in pervious sections of this report, the high frequency
harmonic current amplitude for the data sets generated during dry laboratory testing was
determined using equation (3). Figure 39 shows the average high frequency harmonic currents
as a percentage of Ir, for the three resource classifications with the device connected to a
weak, islanded grid and CL2 as the acting generator controller for the MEC.

FIGURE 39: AVERAGE NORMALISED HIGH FREQUENCY HARMONIC CURRENTS VS. RATED CURRENT FOR EACH
RESOURCE CLASSIFICATION DURING LABORATORY TESTING WITH A WEAK GRID AND CONTROL LAW CL2.

As with the other harmonic current distortion analysis for CL2 testing, the high frequency
current amplitudes observed during analysis match those observed during analysis for the CL1
controller. The largest high frequency harmonic current amplitudes occurring during testing
of the CL1 controller with the MEC injecting power into the weak grid are directly related to
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the PWM switching frequency of the VFD used to create the necessary 50 Hz signal. The largest
currents are around the 3 kHz switching, with secondary currents at 6 kHz, which is the 2 nd
harmonic of 3 kHz. All other high frequency harmonics currents are well under 1% of Ir.
4.2.2.2 FLICKER ANALYSIS
The flicker caused when power generated by a MEC emulator is injected onto a weak grid are
presented in this section, control law CL2 applied for these tests. The grid has a 400 V line-toline base voltage with an operating frequency of 50 Hz. The simplified measurement and direct
reporting procedure is outlined in IEC 62600-30 is again applied for flicker analysis. Three
phase instantaneous line currents and instantaneous phase-to-neutral voltages are to be
measured at the MEC unit terminals or the point of common coupling as appropriate. The
same 14 sea states are evaluated here that were analysed in the strong grid testing in
Section 4.1.
The MEC unit short term flicker disturbance factor during continuous operation, Pst, is stated
as the 95th percentile for the measured condition. As with the sea-trial data, the Pst values for
the dry laboratory test were determined by applying the IEC 61000-4-15 digital flickermeter,
which is available within MATLAB® Simulink®. Each dataset was analysed using the MATLAB®
Simulink® flickermeter, the resulting Pst values are presented in tabular form in Table 8
following the example given in IEC 62600-30 Appendix A. All identified Pst values are between
1.0 and 2.0, which is well above the 1.0 limiting value, suggesting that under the weak grid
conditions tested for this section, the MEC would cause perceptible and problematic voltage
flicker for consumers.
Consistent with the results from all other dry laboratory testing conducted for this report, the
results of the flicker evaluations for the weak grid testing datasets, there appears to be little
correlations between the energy resource and the resulting Pst values. The Pst values for CL2
weak grid testing followed the trend observed in the CL1 testing and were an average of 10
times higher than those recorded during strong grid testing. Figure 40 is a 3D scatter plot of
the Pst values against the values of Hs and Te to better illustrate the inconsistencies of in the
Pst values across changing sea conditions.
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TABLE 8: FLICKER COEFFICIENT VALUES, PST, FOR DRY LABORATORY TESTING OF A MEC EMULATOR WITH A WEAK GRID CONNECTION AND CONTROL LAW CL2 APPLIED
TO THE GENERATOR.

Significant Wave Height (m)

Scatter plot short-term flicker disturbance factor for Weak Grid Testing with CL1 (Pst)
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FIGURE 40: 3D SCATTER PLOT OF THE PST VALUES BY HS AND TE FROM DRY LABORATORY TESTING WITH A WEAK GRID CONNECTION AND CONTROL LAW CL2 APPLIED TO
THE GENERATOR.
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For further evaluation, Figure 41 shows a 5-minute window of instantaneous flicker graph for
each of the three resource classifications. The variations in voltage typically between 1 and 2
volts with occasional peaks up to 10 volts. The largest spike in voltage variation happens during
the medium energy tests, but the high energy resource causes higher disturbances most
frequently. The Pst values for each dataset, 1.31, 1.39, and 1.25 for the low, medium, and high
energy resources respectively.

FIGURE 41: INSTANTANEOUS FLICKER FOR OUTPUT VOLTAGE OF THE DRY LABORATORY TESTING FOR EACH
OF THE THREE RESOURCE CLASSIFICATIONS WITH A WEAK GRID CONNECTION AND CONTROL LAW CL2
APPLIED TO THE GENERATOR.

4.2.3 CONTROL LAW COMPARISON
As with the evaluation of the extended data set based on strong grid testing, the resulting
data generated using CL1 and CL2 during weak grid testing are compared against each other
directly. A control dataset was created to help analyse the full impact that the MEC has to the
power available to consurmers. The control dataset was generated by monitoring the currents
and voltages of the 20 kW load without the MEC connected to the microgrid. This includes
using the cRIO and LEM current transducers and sampling at 20 kHz. The control data was
then processed using the same MATLAB® code that was generated and used to evaluate the
power quality of the MEC output power based on IEC 62600-30. The resulting data and
observations are presented in this section.

D5.4
Extending wave energy converter power quality data set
4.2.3.1 HARMONIC CURRENT COMPARISON ANALYSIS
Like Section 4.1.3.1 this section compares the harmonic, interharmonic, and high frequency
harmonic currents from the dry laboratory testing featuring CL1 and CL2 for the highest
energy sea state conditions. The high energy sea state conditions were chosen because in
nearly every case, the highest harmonic current amplitudes were observed, and those would
have the highest impact on power quality observed on the local grid.
Figure 42 shows the harmonic, interharmonic, and high frequency harmonic current
amplitudes identified during testing and analysis of the weak grid power quality testing. The
bar graphs presented in Figure 42 include data from testing with CL1 and CL2, along with the
data generated to act as a control, where a static load was added to the local grid and the
voltages and currents of the load were analysed in the identical manner as the MEC laboratory
data.

FIGURE 42: AVERAGE NORMALISED HARMONIC CURRENTS OBSERVED DURING LABORATORY TESTING WITH
A WEAK GRID AT THE HIGH ENERGY RESOURCE CLASSIFICATION FOR BOTH CONTROL LAWS AND INCLUDING
A CONTROL SIGNAL FOR COMPARISON.

Like the results for the strong grid testing in Section 4.1.3.1, the harmonic currents shown in
Figure 42 are below 5% of the rated current of the device, with most below 1% of the rated
current. Many higher order harmonic currents measured are below the reporting threshold
set by the IEC 62600-30 document, which stipulates that current amplitudes below 0.1% of
rated current need not be reported. In contrast to the strong grid testing, the interharmonic
currents observed in the weak grid testing have amplitude above 1% of Ir at the 1st order. This
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is the result of high interharmonic currents caused by the diesel generator, which are
amplified by the addition to of the MEC to the islanded grid.
In Section 4.1.3.1, it was noted that the control laws have little impact on the harmonic current
amplitudes measured. The weak grid testing results confirm this observation, as there is less
deviation evident in the harmonic currents for CL1 and CL2 testing with the weak grid. The
largest change occurs at high frequencies, the harmonic current amplitudes at 3100 Hz for CL1
are 4% larger than those apparent for CL2 testing. During the weak grid tests, the differences
between the control laws were expected to be highlighted, but these results show that the
control laws have practically no effect on the harmonic distortion cause by a MEC.
Similar to the observations with a strong grid in Section 4.1.3.1, the harmonic currents of the
weak grid caused by the diesel generator are much smaller without the impact of the MEC.
Figure 43 shows the harmonic current amplitudes measured on the local grid using the static
load by themselves.

FIGURE 43: NORMALISED HARMONIC CURRENTS NATURALLY OCCURRING ON THE WEAK GRID OBSERVED
DURING LABORATORY TESTING TO SERVE AS A CONTROL GROUP FOR THE DRY LABORATORY GENERATED
MEC DATASETS.

While the measured harmonic currents for the weak grid control dataset are much smaller
than the currents observed with the MEC powering the grid, the harmonic currents caused by

OPERA Deliverable, Grant Agreement No 654444

Page 81 | 86

D5.4
Extending wave energy converter power quality data set
the diesel generator are stronger than those apparent in the local strong grid. The results from
the analysis of the grid currents in Figure 43 show that several harmonics caused by the diesel
generator on the grid are above the reporting threshold, with 5th harmonic order being above
one 1% of the rated current. The current of the 2nd, 7th, 11th, and 17th order harmonics along
with the 1st and 2nd order interharmonics reaching the reporting threshold provided in IEC
62600-30.
4.2.3.2 FLICKER COMPARISON ANALYSIS
In this section, the comparison of flicker recorded during the dry laboratory testing featuring
CL1 and CL2 with a weak grid connection will be performed by directly comparing the data
originally presented in Sections 4.1.1.2 and 4.1.2.2.
Figure 44 shows the scatter plots of Pst for both control law applied for the dry laboratory
testing. As can be seen, there is very little difference between the results for both control laws.
This further confirms the conclusion from the strong grid testing that there is little correlation
between sea conditions and the measured flicker data. It also highlights that flicker is generally
unaffected by the control law applied to the generator of a MEC.

FIGURE 44: 3D SCATTER PLOT OF THE PST VALUES BY HS AND TE FROM DRY LABORATORY TESTING WITH A
WEAK GRID CONNECTION WITH BOTH CONTROL LAWS REPRESENTED IN A SINGLE GRAPH.
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Figure 45 below shows the instantaneous flicker measured over a 5-minute window during
testing for both CL1 and CL2 for one sea state at each of the three describe resource
classifications. As observed for the strong grid tests, there is little difference in instantaneous
voltage variation, and this is remains consistent even as the average fluctuation increases 10
fold. The peaks observed for CL1 exist in CL2 testing, though they are not as large and
frequent. Due to the peaks only occurring in one of the dataset, the control law cannot be
singled as the root cause. With data in both Figure 44 and Figure 45 taken together along with
Table 7: Flicker coefficient values, Pst, for dry laboratory testing of a MEC emulator with a
strong grid connection and control law CL1 applied to the generator.Table 7 and Table 8, it is
clear that the different control laws have very little impact on the observed flicker, and as
concluded in the strong grid testing, the control laws testing have no clear advantage from
the perspective of output power quality.

FIGURE 45: INSTANTANEOUS FLICKER FOR OUTPUT VOLTAGE OF THE DRY LABORATORY TESTING FOR EACH
OF THE THREE RESOURCE CLASSIFICATIONS WITH A WEAK GRID CONNECTION WITH BOTH CONTROL LAWS
FOR COMPARISON.
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5. CONCLUSIONS AND RECOMMENDATIONS
This report for WP5 has presented a HIL model of a Marine Energy Converter based on a single
Oscillating Water Column chamber at the Mutriku Wave Power Plant with the bi-radial turbine
developed for WP3 and control laws developed for WP4. The model was verified as well as it
could be against real sea-trial data collected as part of WP5 for Deliverable 5.2. The model was
then used to create an extended dataset that tested the effects different control laws and
different grid strengths had on the output power quality of an MEC.
The verification of the MEC model using the real sea-trial data was difficult to fully realise due
to the differences between the two systems. The differences include device power rating,
turbine type, the presence of a device array for the sea-trial data, and sensor placement. The
differences in power were mitigated during harmonic analysis by evaluating harmonic
currents as a ratio of the rated current of the individual devices. Additionally, the turbine could
potentially have an effect on the output power quality, but as the results from CL1 and CL2
testing indicated the turbine controller had little effect on power quality, it is unlikely that
changing the turbine would dramatically change the output quality. The other discrepancies
between the two systems being evaluated could not be fully accounted for. The sea-trials
included an 8-OWC array, while the MEC emulator only accounted for a single OWC. The extra
OWCs connected to a single output VFD could lead to a reduction in voltage flicker, which was
not accounted for in the MEC emulator. Most significantly, the placement of the current and
voltage transducers effected on the voltage flicker measurements, as the placement of the
RFI filter drastically impacted observed voltage flicker and most likely overshadowed the
smoother effects of the 8-device array. The final results of the verification process determined
that the model MEC emulator was verified as an accurate replacement for harmonic analysis
of LV grid connected MEC, but while initial indications are that the model MEC emulator can
also be used for voltage flicker analysis, the model could not be considered verified for voltage
flicker analysis. Despite this, the results for both current harmonic distortion and voltage
flicker analysis were presented, with the hope that further sea-trial testing, with correct
sensor placement, can be used to confirm the model data presented in Section 3.2.2.
The conclusions that can be taken from the dataset extension presented in Section 4 are more
straightforward, though the inability to currently verify the model accuracy as it pertains to
voltage flicker diminishes the authority of the conclusions presented. Below are the
conclusions drawn from the model based extended dataset:
•

•

The variable that has the greatest effect on the power quality of the electricity
delivered to a grid by a MEC is the strength of the grid at the point of common
coupling. This effect is most prevalent for the observed voltage flicker.
The harmonic and interharmonic distortion caused by the addition of an MEC
amplifies the harmonic and interharmonic currents present on the grid. This can be
observed by comparing the results of the weak and strong grid harmonic current
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•

•

•

•

•

•

analysis. The local strong grid shows the presence of more high order harmonics that
were not present in the weak islanded grid created by the diesel generator. The
observed harmonics caused during MEC testing for the strong grid showed an
increased presence of these high order harmonic currents, while for the weak grid
testing with the MEC, those same high order harmonic currents were not present.
Conversely, the weak grid showed a much higher presence of interharmonic current,
particularly at low order interharmonics, while the strong grid had much lower
interharmonic currents. This was also reflected in MEC testing, when the weak grid
testing showed a much higher percentage of interharmonic currents than the strong
grid testing.
The available energy in the sea conditions has a small effect in the current harmonic
distortion caused by a MEC. This was observed in both the sea-trial datasets and the
dry laboratory created extended datasets for both weak and strong grids. As the
energy available increases, the power injected into the grid, which leads to higher
currents and therefore higher harmonic currents. However, the increase in harmonic
currents was modest.
The available energy in the sea conditions had no consistent discernible effect on the
voltage flicker caused by a MEC. Despite the large differences between the sea-trial
datasets and the laboratory dataset, this was observation was the same for all sea-trial
and dry laboratory datasets for both weak and strong grids.
The weak grid Pst values indicate perceptible and problematic voltage flicker levels for
consumers, suggesting that grids predominately powered by a single wave MEC,
without additional flicker mitigating solutions, would be undesirable for consumers.
Changing the generator control law had no effect on the power quality output of an
OWC MEC from both a current harmonic distortion and a voltage flicker perspective.
When developing MEC device control for an OWC, power quality does not need to be
a priority. This conclusion should only be applied to the OWC because the nature of
power take-off for other MECs could still potentially lead to changes in power quality
from changes in device control.
The results from the work presented in the report indicate that the output power
quality of Oscillating Water Column Marine Energy Converters with LV connections
and power ratings below 160 kW meet the IEC 62600-30 standards for current
harmonic distortion when connected to both weak and strong grid. The same
conclusions cannot be drawn for voltage flicker from the results of this report due to
the inability to fully verify the model for voltage flicker.
When installing a SCADA system to monitor power quality for the IEC 62600-30
Standard, insure that the voltage and current measurements are taken on the grid
side of the RFI filter, as that represents the power injected into the grid more
accurately than if the measurement is taken from the device side of the RFI filter.
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