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ABSTRACT

Recommended practice for quantifying the energy resource at a tidal energy site requires the use of multiple
instruments deployed across the site. However, the instruments used work by emitting an acoustic pulse and
instruments working at the same time have the potential to interfere with each other through a process known as
*cross-talk’. It is important to understand the impact of cross-talk on measurements and how this can be managed
and through data processing or suitable positioning of devices. The ReDAPT project conducted a measurement
campaign using two Acoustic Doppler Current Profilers (ADCPs) placed upstream of an operational tidal turbine.
This aimed to assess the ’in-line’ instrument placement guidelines from IEC 62600-200 for Power Performance
Assessment (PPA) in real-world conditions. Consequently, the results within hold potential to support arguments
for expanding these zones or adjusting their general dimensions. Despite adhering to industry standards and best
practices to eliminate unreliable data in the Quality Control (QC) checks, in both concurrently measuring ADCPs
at different time stamps in approximately 15 % of the returned data. This work identified for the first time
interference throughout the campaign and quantified subsequent impact on estimates. A method to remove data
anomalies caused by interference between closely positioned ADCPs has been developed and demonstrated,
resulting in a 7 % variation in estimated Annual Energy Production (AEP). The algorithm effectively removed
approximately 90 % of the corrupted measurements. Moving forward, multi-sensor deployments could use the
algorithm described to double-check for interference within the data sets, although care should be taken to avoid
this by choosing a suitable layout for deployment.

Nomenclature (continued)
Np  Total number of velocity bins in the power curve
i Index related to velocity bin U Mean velocity, m-s~!
j Index related to time stamp u Velocity magnitude, m-s~!
L Number of samples in the defined averaging period 2 Height above seabed, m
n Index related to data point
S Number of depth bins across projected area of tidal energy converter
P; Mean calculated tidal energy converter power in velocity bin i 1. Introduction
U Mean power weighted rotor average velocity, m-s~*
— s -1
u Mean velocity, m's . . 1 Tidal energy, a form of renewable energy, generates electricity from
U Instantaneous power weighted rotor average velocity, m-s o K ¢ X A )
A Type-A configuration, instrument location, A1 and A the cyclic rise and fall of ocean tides which are driven by interacting
Ax  Depth bin over the swept area of the tidal energy converter, m? gravitational forces between the Earth, moon, and sun. Tidal energy
fi Proportion of time during an average year for which the mean current velocity produces minimal greenhouse gas emissions, thus aiding in reducing

occupies a value within velocity bin i

carbon footprints and combating climate change. To adopt tidal energy
(continued on next column) for a low-carbon future, a thorough understanding of the challenging
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ocean environment is crucial for efficient, cost-effective, and reliable
tidal turbine systems [1]. To capture tidal flows, the commonly used
acoustic Doppler current profiler (ADCP) remotely samples the water
column over ranges/depths of tens to hundreds of meters without
interfering with fluid flow [2-4]. ADCPs work by transmitting acoustic
pulses into the water, which scatter off particles such as sediment and
plankton. The transducers then receive the backscattered signals, and
the frequency shift (Doppler shift) of these signals is analysed to deter-
mine water velocity [2-5].

ADCPs exhibit a range of configurations and transducer quantities,
with the prevailing variant in the tidal industry being the four-beam
divergent ADCP and its successor which includes an additional fifth-
beam; a central vertically orientated transducer. These configurations
allow us to capture different components of the water velocity vector. By
combining data from multiple beams, we can reconstruct the three-
dimensional velocity field. As the beam spread increases with the
range from the instrument, sampling increasingly further away from the
above-ADCP water column, it must be assumed that the flow is homo-
geneous between beams to determine flow profiles [2]. It is assumed
that the velocity within each measurement cell (sample volume) along
the profile is measured virtually simultaneously given the speed of
sound in water (approximately 1500 m s™!) relative to the speed of the
sampled current. The beam path of each individual transducer is typi-
cally known as the main lobe. All transducers have a side lobe - a small
amount of the transmitted energy falls outside the main lobe [6].

Instruments positioned near structures, cables, or other acoustic
devices may encounter increased backscatter, not only from typical
sources within the main lobe or side lobe regions but also from these
adjacent objects [6], refer to Fig. 1. Such proximity can lead to signal
contamination, distinct from cross-talk, which arises when the acoustic
beams intersect fixed objects within their paths. This form of contami-
nation often appears as horizontal lines in echogram representations,
particularly if these objects remain static [2,6]. However, if these
interfering objects move relative to the Doppler sonar, the resulting
range of contamination can evolve over time. On the other hand,
cross-talk specifically refers to interference between multiple sonar
units, which typically manifests as diagonal lines in data visualisations
due to variations in the internal clock speeds of the different units. Users
must be vigilant and understand these potential complications to pre-
vent biases in measurements, which can become evident as either
reduced flow velocity or increased echo amplitude. In contour images
that plot the relationship between time, depth, and variables like ve-
locity or echo amplitude, these biases are often distinctly visible, helping
to identify the nature and source of interference [7,8].
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Fig. 1. Example of seabed mounted ADCP echo amplitude measurements
featuring cross-talk characteristics, where A and B markers are strong vertical
lines associated with the descent and ascent of a deployed remote-operated
vehicle respectively. Markers C and D are diagonal and horizontal lines asso-
ciated with cross-talk from other acoustic instruments [8].
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Side lobe contamination from surface reflections and interference
specific to a pair of ADCPs are distinct types of interference that affect
ADCP data in different ways [9]. Side lobe contamination occurs when
acoustic signals from an ADCP unit reflect off the water surface and
return to the instrument, typically biasing the measured velocities to be
lower than actual due to interference with the direct path signal, this has
been comprehensively explored by Lentz, S.J [9]. The detection of this
interference defines the extent of the contaminated surface region,
which is influenced by factors such as water depth, beam angle, and bin
size. It is crucial to note that this region has been excluded from the
analysis, ensuring no overlap with the zone affected by cross-talk
(interference specific to a pair of ADCPs). In contrast, cross-talk occurs
when two units are deployed in close proximity and their acoustic sig-
nals interfere with each other. Cross-talk introduces erroneous data
points and spikes, making velocity measurements unreliable. It is usu-
ally identified through comparative analysis between the two ADCPs,
using methods like the spike test, a standardised test from the Quality
Assurance of Real-Time Oceanographic Data (QARTOD), which is used
to detect sudden, unexplained discrepancies.

Measurement campaigns must take into account the specific infra-
structure that they are designed to measure. Numerous Tidal Energy
Converter (TEC) designs exist and differ in characteristics like rated
power, rated velocity, and deployment depths (z) in the water column.
For floating turbines, assessing power performance becomes more
complex due to motion from mooring cables and flow velocity variations
in the upper water regions. Additionally, wind-induced flow and wave-
current interaction further impact the floating TEC concepts of tidal flow
variation. The removal of measured flow data near the surface can affect
the calculation of the power-weighted rotor average (PWRA) velocity, a
metric recommended in IEC TS 62600-200 [10]. Moreover, floating TEC
concepts necessitate mooring systems that occupy the water column
around the device, posing a challenge for ADCP placement. It becomes
crucial to maintain a distance from potential cross-talk caused by the
mooring system and device in the upper water column [6].

Within the Reliable Data Acquisition Platform for Tidal (ReDAPT)
project [11], multiple ADCP deployments took place at the European
Marine Energy Centre (EMEC) full-scale tidal test site at the Fall of
Warness (FoW) between 2011 & 2015 (Fig. 2). The objectives were to
evaluate flow characteristics and in-situ measurements for Alstom’s
DEEP-Gen IV 1 MW tidal turbines power performance. Recent studies
indicate that spatial variations in current flow and direction significantly
influence performance metrics [12,13]. One measurement campaign
(out of seven) assessed the current flow variation upstream of the tur-
bine using two concurrent flow sensors to comply with the guidelines set
by the International Electrotechnical Commission (IEC) [12,14]. The
IEC Technical Specification (IEC TS 62600-200) guides tidal developers
in assessing machine performance [10]. According to this IEC TS, power
performance should be measured relative to two independently located
current profilers deployed in either ’in-line’ (preferred) or ’adjacent’
(least preferred) orientations at ranges based on the turbines diameter
equivalent (Dg) [10].

This study investigates the impact of measurement cross-talk on the
power performance assessment of an operational 1 MW tidal turbine and
two modelled turbines. The analysis focuses on the effect of measure-
ment bias on the power curve using in-situ data from two ADCPs located
upstream on the flood tide of the DEEP-Gen IV at the Fall of Warness
(Orkney, Scotland). This first-of-its-kind deployment at the site aimed to
identify any near-machine upstream flow effects during the operation of
the DEEP-Gen IV 1 MW tidal turbine and, on the alternate tide, wake
effects. Despite passing the relevant QC checks outlined by QARTOD
[15], this work identifies incidences of cross-talk between the two
ADCPs, which would not be visible if adhering to the IEC 62600-200
(which requires a singular ADCP upstream of the TEC) by placing a
second ADCP within 3 effective diameters of the first on the same side of
the rotor.

However, this dataset is unique as it allows a review of data from two
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Fig. 2. Location of the study site. a) Orkney Islands location relative to Scotland; b) EMEC’s full-scale tidal test site at the Fall of Warness, Eday; ¢) RDI ADCP in

Gravity-based concrete frame being deployed. Image sourced from Ref. [11].

locations upstream of an operating turbine, enabling the conduction of
two power performance assessments with more than 15 days of good
data from both instruments, satisfying the IEC standard. Additionally,
the study provides a robust method for removing interference from a
dataset, offering valuable insights for deployments that encounter pe-
riods of interference and cannot afford to waste the collected data. This
approach not only enhances the usability of contaminated datasets but
also contributes to cost efficiency and knowledge transfer in ADCP
deployments.

A methodology is proposed and demonstrated to identify and correct
the interfered measurements, with a further study conducted to assess
the impact of anomalous and filtered data on Annual Energy Production
(AEP), a key techno-economic metric in the sector. Furthermore, the
study addresses a key challenge of implementing IEC 62600-200 -
deploying ADCPs within specified zones that are often small relative to
water depth at deeper sites. The results advocate for expanding these
zones or adjusting their dimensions.

The manuscript is structured as follows: Section 2 introduces the Fall
of Warness tidal test site (Section 2.1), instrumentation relevant to this
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work (Section 2.2), turbine operational principles (Section 2.3), the
modelled power for two other horizontal axis turbines (Section 2.4) and
the power weighted rotor average method (Section 2.5). Section 3 out-
lines the methodology, the method for identifying the cross-talk (Section
3.1). The results are presented in Section 4, highlighting the difference
between in-situ measurements between ADCPs (Section 4.1), impact on
the power performance estimates (Section 4.2) and the variation in AEP
estimates (Section 4.3) when data featured cross-talk characteristics.
The results are discussed and concluded in Sections 5 and 6 respectively.

2. Test overview
2.1. Deployment site conditions

To ensure an obstacle-free environment, a rectangular area of 10 Dg x
20 Dg was surveyed for the power performance assessment (PPA)
following IEC TS 62600-200 guidelines [10,12]. Fig. 3a depicts the
survey area relative to the DEEP-Gen IV and the two ADCPs (known
from here forward as A; and A, which are situated at 61 and 106 m

Flow Measurements and ADCP Beam Orientation

60°

@ T, - Flood Measurements
@ U - Flood Measurements
Uy 42 - Ebb Measurements
90° .
. ws  Heading of ADCP deployed at A1
..... Beam position of ADCP deployed at 41
= Heading of ADCP deployed at A2
120° | ssmss Beam position of ADCP deployed at 42

s Principle Flood Direction

Fig. 3. Channel bathymetry and ADCP locations relative to the DEEP-Gen IV a t the FoW tidal test site. (a) The area of interest (solid black rectangle) showing the
depth around the DEEP-Gen IV ’Contains Maritime and Coastguard Agency data © Crown Copyright’ [16]. (b) Tidal ellipse for the flood tide PWRA flow velocities
Ua, (orange dot) and Uy, (blue dot), with the beam orientation of both instruments (solid line representing main beam heading - beam 3 for RDI Work Horse (WH)
ADCPs) and the principle flow direction is shown as the red line. Ebb data (grey) is not used in this analysis. Images adapted from [12,13].[12,13]. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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upstream of the DEEP-Gen IV respectively). For the purpose of a PPA the
ADCP must be positioned within a rectangular area measuring 3 D long,
1 Dg wide and commencing at 2 Dg upstream of the turbine rotor.
However, a significant challenge in implementing IEC 62600-200 has
been effectively deploying ADCPs within the specified zones, particu-
larly in deeper sites where these zones may be relatively small compared
to the water depth. In this campaign, both ADCPs were deployed up-
stream of the turbine at distances of 3.4 Dg and 5.5 Dg exceeding the
specified deployment zone outlined in IEC 62600-200.

The depth within this area varies from 46 m northwest of the turbine
to 39 m near the east side. The typical flood tidal currents’ directionality
and strength at the deployment location are depicted in Fig. 3b. In a
Janus configuration of a four-beam instrument like the Teledyne RDI
ADCPs, the main heading is usually derived from the “forward-looking”
beam. In this context, the ADCPs, labelled as A; and A, face approxi-
mately 206°and 6°, respectively. The forward-looking beam, oriented in
the direction of the currents movement, serves as a crucial reference for
determining the ADCPs’ orientation relative to the flow direction and
accurately calculating current velocities in various directions.

At this site, the flood tide reaches approximately 3.5 m s~! with a
direction offset of about 45° from the South. On the other hand, the ebb
tide can reach up to 4 m s~! and is known to feature higher turbulence,
attributed to various features in the site bathymetry and nearby islands,
as reported by others [17,18]. However, for this study, the ebb tide
measurements were excluded since the instruments were placed in the
wake of the TEC during this tide.

2.2. Instrumentation

Two RDI workhorse 600 kHz ADCPs (4 beams, 20-degree variant)
were used, configured with 1 Hz sampling with a resolution of 1 m depth
bins as specified in Table 1. Fig. 4 illustrates the displacement in the
vertical and horizontal plane between the two deployed ADCPs A; and
Ay and the relative clearance zones (transparent cones around the
transducers’ main lobes). Instrument locations are specified in Table 2.

Fig. 5 illustrates a key scenario relevant to this study, involving two
seabed ADCPs positioned 45 m apart. This figure shows how the signal
from the source sensor spreads into the measurement column (vertical
column that extends from the water surface to the seafloor). If the
transducer beams of the two ADCPs are not perfectly aligned but remain
relatively close, part of the signal pulse from the source sensor can
reflect at an angle that matches the receiving ADCP’s orientation. This
misaligned reflection, interacting with the free-stream velocity compo-
nent u, which causes an un-predictable pulse that arrives at the other co-
located ADCP. This delay results in the second ADCP receiving the
shifted signal later than expected, which introduces a measurement bias.

2.3. Turbine description

The operational TEC is a 1 MW rated machine featuring a traditional
three-blade, horizontal axis design with an 18 m diameter rotor and
variable-pitch control. The relevant turbine parameters are listed in
Table 3. Throughout the study, this turbine will be referred to as TECy o
(due to its position relative to the other two variants used in the

Table 1
Instrument settings during the measurement campaign.
Specification Unit A & Ay
Model RDI WH 4 beam
Abbreviation ADCP
Operating Frequency kHz 600
Sample Rate Hz 1
Cell Size m 1
Beam Angle ° 20
Estimated Beam Width ° 2

Clearance Zone ° 11

Measurement: Sensors 35 (2024) 101293

analysis). To evaluate the impact of cross-talk on the measured power
curve at different depths, two further variants of horizontal axis tidal
turbines, which operate in different locations of the water column, were
examined.

The designs of turbines TECr; and TECr3 are based on deployed
variants of horizontal-axis turbines. These designs were derived from the
RealTide project [19], and their basic parameters are provided in
Table 3.

2.4. Modelled power

The two separate power curves were created to simulate power
production for the 0.1 MW and 2 MW TEC concepts. The power calcu-
lation method is illustrated by Equation (1):

v -UZ
Pciive = P [ — 1
active rated (Ug — Ui) ( )

here, Prateq represents the predefined rated power, U is the in-situ
velocity measurement in m-s~!, Uy is the cut-in velocity for the pro-
posed TEC, and U is the rated flow velocity for peak power production.
Velocity measurements below the cut-in velocity are rejected, and those
above the rated velocity are set to the defined rated power. This method
is beneficial because it directly incorporates the turbine specific pa-
rameters, providing a straightforward and realistic estimation of power
output across a range of current velocities, which is adequate for our
comparison purposes. The quadratic model was chosen over the cubic
model because it can provide a more conservative and realistic repre-
sentation of tidal turbine power output, particularly at lower velocities,
accounting for mechanical and environmental factors that may prevent
immediate efficiency gains and thereby better capturing the gradual
power increase from cut-in to rated speeds. Energy production was
calculated using available time series power data from each instrument.
This was achieved through the trapezoidal method, which approximates
the power integral. The resulting energy was then scaled by the cam-
paigns deployment ratio relative to the length of a year, as depicted in
Equation (2):

AEP = R-x2.Pdt (2

where AEP represents the anticipated annual energy production in
MWh, R is the ratio of the number of days in a year to the deployment
duration, P signifies the calculated mean TEC power, t; denotes the
index number marking the beginning of the time interval, and t; in-
dicates the index number marking the end of the time interval.

2.5. Power weighted rotor average velocity

To comply with the guidelines of IEC/TS 62600-200 [10], the cur-
rent flow was averaged directly over depth bins that corresponded to the
positions and diameters of three rotors in the water column, following
the method of bins. To calculate the power-weighted rotor average
(PWRA) velocity for the two seabed-placed ADCPs, the velocity mea-
surements from depth bins corresponding to the rotor plane were
averaged [13]:

1
Uijin = {%Eizl U?J,k.nAk] ’ 3
where i represents the index number defining the velocity bin, j repre-
sents the index number of the time instant at which the measurement is
performed, k represents the index number of the current profiler bin
across the projected capture area, S is the total number of current pro-
filer bins across the projected capture area, U; jn denotes the instanta-
neous power-weighted tidal current velocity across the projected
capture area in m-s ™, U; Jjk,n represents the magnitude of the instanta-
neous tidal current velocity for time j, at current profiler bin k, in
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Fig. 4. RDI WH 600 kHz ADCPs, A; and A, which are 61 m and 106 m northeast of the TEC location (upstream on a flood tide), respectively. (a) Distance between
neighboring beam trajectories from ADCP,; and ADCP45. Beam distance at the upper rotor bound (circle) and close to the sea surface (square) and the mean water
level for the flood (blue triangle) and ebb (grey triangle). IEC TS 62600-200 instrument target box is included as the lined box. (b) Showcases the top-down view of A;
and A, beam paths and the clearance zones. (c) Illustration of the main lobes (solid), clearance zones (shaded), and the orientation of the two bottom-mounted
ADCPs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Turbine proximal deployments of ADCPs showing unique campaign ID, date deployed (date format yyyy-mm-dd) and deployment duration. The coordinate system is in

Decimal Degrees - WGS84.

ADCP ID Campaign ID Deployed Recovered Days LN [°] LW [°]
Aq ADCP01-NWDep5 2014-06-22 2014-08-05 41 59.13726 2.80651
Ay ADCP02-NWDep5 2014-07-07 2014-08-16 40 59.13764 2.80686

LN/LW: Location North/Location West

32.8m diameter
at 45m above sensor

21.7m diameter
at 29.8m above sensor

15.1m diameter
at 20.8m above sensor

8.6m diameter
at 11.8m above sensor

Turbine Swept
Area - 18m
Diameter

Flow Direction

Indicative Measurement
Volume

Source
ADCP

Receiving
ADCP

Fig. 5. Illustration of the theory of two angled sensors measuring a component of the free stream velocity along the angle intersecting the two beams. NOTE the
rhombus volumes represent the ADCP weighting as per user manuals [2] where the depth cell is most sensitive to velocities at the centre of the cell.

Table 3

Key parameters of the DEEP-Gen IV TECr; and two further modelled variants,

TECr; and TECys.

velocity bin i, for data point n in m-s ', and A is the projected capture
area of the proposed TEC in square meters.

The in-situ measurements were averaged by 5 min. Where Ujj,

should be averaged to calculate the mean PWRA velocity corresponding

Specification Units TECn TECr TECr to the extraction plane of each rotor in the study. The averaging process
Type - HATT HATT HATT is visually represented in Fig. 6 and expressed by Equation (4):

Distance above seabed m 12 18 30

Blade radius m 6 9 10

Projected capture area m? 113 256 314 —. 13 |°

Rated output power MW 0.1 1 2 Ui,n = L 4 Ui»j-,n Q)
Cut-in ms! 0.75 1 1.2 =

Rated speed ms~! 2.0 2.7 3.0

HATT: Horizontal-Axis Tidal Turbine.
NOTE: All turbines used in this study have 3 blades.

The measurements were grouped into velocity increments of 0.1 m
s71, and the data within each bin were further averaged to obtain a
single-point average. The study considers the PWRA velocity calculated
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Fig. 6. The vertical variation of tidal current across the projected capture area - introducing the importance of the power PWRA technique. Image sourced

from Ref. [13].

from instruments A; and A,. For each turbine variant, the PWRA ve-
locity from instrument A; is represented as UA; 11, UA; 12, and UA; 13,
while for instrument Ay, it is denoted as UAs 11, UAz 12, and UAy 1.

3. Methodology
3.1. Identification and removal of the bias

Bias in ADCP measurements emerges as a consequence of the cross-
talk between two instruments positioned in close proximity to each
other. This cross-talk, often referred to as “acoustic interference,” in-
troduces distortions in the acquired data due to the overlap of acoustic
signals emitted by one instrument and received by the other. The bias
manifests as deviations from the true values, rendering the measure-
ments susceptible to misinterpretation.

ADCP data typically undergoes rigorous quality checks to ensure that
extreme outliers do not distort the analysis results. The QARTOD
guidelines are highly recommended for quality control of ADCP data, as
they provide both required and recommended checks, including setting
appropriate thresholds. Key checks recommended by QARTOD guide-
lines that are relevant for detecting interference include the range test,
which ensures data values are within expected ranges, and the flat line
test, which identifies periods with no data variation. The spike test
identifies data points that significantly deviate from the expected or
neighboring values within a dataset, helping to detect and correct out-
liers or anomalies, while the attenuated signal test aims to flag issues
with signal strength. Additionally, the surface echo test identifies
interference from surface reflections. Together, these checks help miti-
gate the effects of interference and maintain the accuracy of the data
analysis.

Table 4 provides a simple set of flags, as per guidance from QARTOD
[15] - and associated descriptions that have been used in the data
post-processing phase. For example, if the data failed the current speed
test by exceeding the upper limit, a "failed high’ flag may indicate that
the values were higher than the expected range.

Data anomalies passing through the quality control were then
identified by the author as strong diagonal lines. This led to the devel-
opment of an algorithm that could detect these features caused by
acoustic cross-talk. The proposed method involves manipulating the
data to locate the bias caused by cross-talk and disregard the corrupted
measurements from further analysis.

To effectively identify cross-talk in echo amplitude profiles, data

Table 4

Assigning specific flags to data points that display potential anomalies or issues,
helping to categorise and address the reliability of measurements, as per
QARTOD.

Flag ID  Description

Pass 1 Data have passed critical QC tests and are deemed
adequate for use as preliminary data.

Not evaluated 2 Data has not been QC-tested, or the information on

quality is not available.

Data are considered to be either suspect or of high
interest to the user. They are flagged suspect to draw
further attention to them.

Suspect or of high 3
interest

Fail 4 Data are considered to have failed one (or more) critical
QC check. If they are disseminated at all, it should be
readily apparent that they are not of acceptable quality.

Missing data 9 Data are missing, used as a placeholder.

points were flagged for removal based on two key criteria: exceeding a
prominence of 5 counts and containing two peaks in the detrended and
smoothed amplitude profile. These conditions suggest potential acoustic
cross-talk in this data set. Data with more than 5 counts but lacking two
peaks were flagged, although not removed, due to limitations in the
algorithms capacity to fully address complex cross-talk patterns near
boundary layers. The algorithm assigns a flag of 4 to data that fail the
check, indicating unacceptable quality. To quantify the total number of
samples affected by cross-talk, the flagged data was summed for this
quality control check and compared it to the overall data set.

The algorithm examines the contaminated averaged echo amplitude
and time-averaged velocity profiles to identify peaks in echo amplitude.
The cross-talk detection algorithm in amplitude performs the following
tasks:

1. The 5-min averaged echo amplitude profiles are separated out indi-
vidually to be assessed for indications of cross-talk.

2. The amplitude profile was detrended, subtracting the line of best fit
(typically known as y = mx + b) from each profile.

3. The profile was then smoothed - using the function in MATLAB

(smoothdata(X), where X is the dataset) a moving average filter of 3
data points was used - to remove small measurement fluctuations and
distinguish the large peaks.
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4. Finally, the profile is then multiplied by negative one to identify the
primary peak (eliminating the peak found at the lower and most
upper region of the water column due to boundary layers) to allow
correct identification of the peak on either side of the biased mea-
surement. The peaks were identified using the “findpeaks” function
from the Curve Fitting Toolbox in MATLAB. The identified peaks had
a prominence of at least 5 counts after detrending the data.

By removing the trend from the signal, the analysis focused on
studying the significant fluctuations caused by cross-talk. The cross-talk
consistently led to the identification of two peaks using this method. To
address this, a set of quality control factors was introduced based on the
number of peaks in the signal. The quality control factors and their
corresponding flag as per QARTOD guidance are as follows:

- if N, < = 1: flag data I;

- if N, = 2: flag data 4 between the two peaks;

- if Nj > 2, the trough between the number of peaks is checked, and the
peaks on either side of the largest trough are flagged 4

where N, is the number of peaks, measurements that have been
flagged as containing cross-talk have been removed from the analysis. It
should be noted that data flagged as 4 can also be reclassified as 3 and
used for further analysis. By representing this reclassified data with a
different colour or symbol, we can effectively compare the data set with
and without the flagged data, providing a more detailed and nuanced
analysis.

3.2. Alternative approaches to mitigating cross-talk

While the algorithm developed in this study effectively detects data
contamination in the presented example (see section 3.3), it is important
to recognise its limitations. Specifically, the algorithms performance
may vary under different contamination scenarios, such as those
involving more complex noise patterns or more frequent levels of
interference at the boundary layers. Additionally, the current algorithm
may not be robust against all types of data anomalies, potentially
limiting its applicability in diverse environments.

Alternative approaches to mitigating cross-talk contamination
include altering ping rates, using interleaved sampling schedules, and
employing parent-child arrangements. Adjusting the ping rates of
nearby instruments can minimise data collection overlap, thereby
reducing cross-talk, but this method requires careful coordination and
calibration, increasing deployment complexity. Interleaving sampling
schedules to prevent multiple instruments from sampling simulta-
neously can also avoid cross-talk, though this comes at the cost of losing
synchronous data, which may be crucial for certain analyses. Finally,
connecting instruments in parent-child configurations ensures
synchronised transmission and avoids cross-talk, yet this approach can
complicate the deployment and maintenance of the instrument network.

Each of these alternative solutions introduces a different type of
complexity to the deployment process. For instance, altering ping rates
and using interleaved sampling schedules require precise timing mech-
anisms and thorough testing to ensure accuracy and reliability. On the
other hand, parent-child arrangements necessitate additional hardware
and coordination, which could be prohibitive in large-scale or resource-
limited deployments.

3.3. Removal of cross-talk features

A robust flow velocity measurement is crucial for accurate perfor-
mance assessments. The presence of contaminated data, which passed
the QC steps outlined by industry standards and instrument manufac-
turers can have a significant impact on the measured power curve and
AEP estimates. To address this issue, a method is proposed in Section 3.1
to identify and remove the contaminated measurements, this is shown
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visually in Fig. 7. The method involved manipulating the data to high-
light the contaminated sections and applying a flag to exclude them from
further analysis. By implementing this approach, the study can compare
the consequence of filtered/unfiltered data used in the measured power
curve and AEP estimates.

During post processing the data set it was apparent that cross-talk
interference impacted only one instrument at a time, rather than both
simultaneously. This finding suggests that the interference source
alternated between the two instruments, complicating the identification
of the exact cause. One hypothesis for this intermittency could be related
to the synchronisation of the ADCPs. It is possible that the ADCPs
experience slight variations in synchronisation over time due to clock
drift. As a result, one ADCP may briefly slip in and out of sync with the
other, causing intermittent periods of cross-talk interference. During
these periods, the ADCP that is slightly out of sync may inadvertently
“listen” shortly after the other, leading to the observed alternating
pattern of interference affecting only one instrument at a time. Fig. 8
depicts the interference from the two ADCPs by the diagonal lines (ve-
locity reduction along the depth profile) and also presents that only one
ADCP is affected at a time. While variations in clock speeds between
separate instruments are beyond the users control, and perfect align-
ment or minimal differences could reduce the ability to remove
contamination, this scenario is highly unlikely.

As the currents measured at the two ADCP locations were often
similar and interference typically affected only one instrument at a time,
the impact of interference on calculating the AEP can be accurately
assessed by replacing measurements affected by cross-talk with the
corresponding clean measurements from the other instrument, thereby
obtaining the best-case scenario to compare against. However, it is
important to note that this replacement approach is only valid when the
currents are sufficiently homogeneous, such that the two instruments
measure the same currents when there is no cross-talk. This method may
not be applicable in regions of strongly sheared flow, where significant
differences in measurements between the instruments could occur.

4. Results
4.1. Cross-talk impact: inter-instrument measurements

Initially, cross-talk was identified through analysis of velocity time
series plots, as shown in Fig. 9a, allowing for a direct comparison be-
tween the two ADCPs. Following identification, the methodology pre-
viously outlined in section 3 was employed to flag and subsequently
remove the contaminated measurements. This approach proved effec-
tive in removing up to 90 % of the samples that were influenced by
interference, see Fig. 9b. The remaining data that passed through were
from regions close to boundary layers, where accurately locating a peak
proved challenging.

Fig. 10a and b highlight the individual mean velocity and echo
amplitude profiles (dark blue) with features of cross-talk being removed
(light blue) and have passed through the algorithm. Fig. 11a, b, and 11c
show the correlation of the measured flow velocities (Us; and Ugaz)
across the rotor plane of TECy;, TECr2 and TECr3 respectively.

Table 5 provides a detailed summary of the total samples available,
flagged, and removed during flood tides over a 26-day measurement
period for two ADCPs. It highlights the number of samples impacted by
interference and the subsequent removal percentages, emphasising the
rigorous data processing steps taken to ensure only high-quality, time-
stamp-matching samples were used in the final analysis.

Fig. 11 provides an observation that underscores at higher depth
bins, where signal levels from the profiler in question decrease while
contaminating signal levels remain unchanged, the impact of cross-talk
becomes more pronounced. This phenomenon highlights the initiation
of measurement cross-talk at shallower depths, gradually diminishing in
intensity with increasing depth. The cross-talk affects the velocity be-
tween 1 m s~ and 3 m s~l. The power-weighted flow velocity is
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compared, including periods of cross-talk across the depth bins used in
the power-weighted calculation. The linear model coefficients (with 95
% confidence bounds) and the sum of squared error (SSE) are presented
in Table 6. Where 27 ___ is representative of the bin depths used across the
rotor diameter of TECy;, TEC and TECys. Also presented in Table 6 P1
and P2, these statistics represent correlation parameters between

concurrently measuring ADCPs at A; and Aj,. P1 assesses the alignment
in magnitude of the measurements, while P2 evaluates the bias between
them. These statistics are crucial for determining the agreement between
the ADCPs.
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4.2. Cross-talk impact: estimates of power performance

The main objective of this investigation is to analyze the impact of
cross-talk on velocity measurements and its subsequent effect on esti-
mated power metrics for a turbine. Fig. 12 presents three consecutive
flood cycles, showing the varying locations of cross-talk along the water
column (dashed lines), followed by three consecutive flood cycles with
no cross-talk (solid lines). The PWRA velocity is calculated for mea-
surements obtained across the swept area of three turbines represented
by square, triangle, and circle symbols, corresponding to TECy3, TECro,
and TECyq, respectively.

In Fig. 13a, the generated power output for each 5-min measurement
is plotted against the flood tide velocity component approaching the
DEEP-Gen IV, TECrs. The flow velocity measurements containing cross-
talk features are represented by blue dots, showcasing the variation
caused by cross-talk between the two ADCPs. Additionally, the flow
velocity measurements with 90 % of the cross-talk features removed are
displayed as orange dots.

Fig. 13b illustrates the variation in the mean PWRA velocity (black
dashed line) for measurements with and without cross-talk features. The
PWRA velocity represents measurements taken across zrs, the swept
area of TECpo. At lower flow velocities, more noticeable differences are
observed between the curves in Fig. 13b. The velocity differences range
from 0.5 % to 2.5 % between flow velocities of 1-1.5 m s ! and 1.5-2.0
m s~! (where cross-talk occurs during the depth bins used for PWRA
velocity calculation), respectively.

Had the cross-talk not been identified and removed, the power curve
would shift to the left, favouring lower flow velocities when paired with
the power produced by the DEEP-Gen IV. In the measurement campaign,

1

15 % of the flood tide data displayed significant interference features
throughout the water column. The variation in flow velocity changes
with depth, implying that the cross-talks impact on the measured power
curve could be more significant depending on the depth bins used.

This effect becomes more evident when examining Fig. 14, where
depth bins relative to the swept area of TECrs in the upper region of the
water column (z73) are used. In this case, the cross-talk features are more
pronounced, leading to a significant reduction in the measured velocity
(as shown in Fig. 12).

The flow velocity, including the 15 % contaminated flood cycles,
when used to generate the power curve, was found to be, on average,
approximately 6 % lower than data unaffected by cross-talk. Neglecting
to identify and remove these cross-talk features during the data post-
processing phase can alter the power curve for the turbine under per-
formance review, potentially misrepresenting the annual energy esti-
mate. Hence, it is crucial to address cross-talk issues to ensure accurate
and reliable turbine performance assessments.

4.3. Cross-talk impact: estimates of annual energy production

Using the velocity time series from ADCPs positioned at A; and As,
along with the power produced by TECry, the AEP can be calculated.
During periods of cross-talk (which occurred in one instrument at any
given time), the other instrument was used to estimate the AEP, allowing
the impact of cross-talk to be quantified.

Considering the cross-talk affected approximately 15 % of the flood
cycles, the results revealed a difference in AEP estimates of up to 4 %.
The variability in AEP differences was observed when using different
depth bins as the reference. The cross-talk effect on velocity
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Table 5

Overview of total samples available, flagged, and removed during flood tides
over a 26-day (days of overlap between the co-located ADCPs) measurement
period. Note that only samples with matching timestamps were included in the
analysis for comparison. The table summarises the total number of samples.

ADCP ID Ay Ay
No. 5 min samples 3744 3801
No. interfered samples 562 646
No. samples removed 507 588
% removed 90.2 91.0
No. remaining 5 min samples 3237 3213
No. samples used in analysis 3213 3213

measurements was more significant in the upper region (zr3) of the
water column, resulting in differences in AEP of up to approximately 7
%. In contrast, the lowest difference in AEP with and without cross-talk
features was found in the lower region of the water column (zr7), where
the difference was 2 %.

When cross-talk interference was absent, the measurements obtained
at the two ADCP locations exhibited a high degree of similarity. This
finding suggests the possibility of advocating for the expansion of these
zones or the adjustment of their general dimensions, potentially by an
additional 0.5 Dg, to accommodate more reliable data collection.

5. Discussion

In previous studies containing multiple acoustic velocity sensors,
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Table 6

Correlation parameters between concurrently measuring ADCPs located at A;
and A,. Velocities representative of the depth bins across the swept area of
TECr, TECr» and TECys given by (a, d), (b, ) and (c, f) respectively. Correlation
between PWRA velocities - calculated using depth bins across TECr;, TECr and
TECrs - with (a, b, ¢) and without (d, e, f) features of cross-talk are provided.

Statistics zZ71 ZTo Zr3
Ua1 vs Uaz (a) (b) (@]
P1 0.996 0.999 0.998
P2 0.009 0.003 —0.007
SSE 663 223 1465
R? 0.983 0.990 0.972
RMSE 0.065 0.067 0.134
TUa1 vs Uaz (d (e) ®
P1 1.002 1.002 1.006
P2 —0.005 —0.005 —0.020
SSE 14.272 10.331 24.853
R? 0.993 0.994 0.991
RMSE 0.061 0.052 0.081

z: depth across swept area.

features of interference within the in-situ measurements were found to
negatively affect the accuracy of velocity measurements. This study
demonstrated that two ADCPs when placed close to each other (around
45 m apart), can still provide useful measurements. Nonetheless, this
work identified for the first time interference throughout the campaign
and quantified subsequent impact on AEP estimates. This interference
was most pronounced at a certain range, where the possibility of the two
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ADCPs picking up signals reflecting off the sea surface was greater. This
interference seemed to be associated with one sensor at a time, making it
difficult to pinpoint the exact cause.

Despite the interference, we managed to obtain data valid (=80 % of
the campaign) for the purpose of a power performance assessment. This
work suggests that It’s is possible to position two ADCPs on the seabed
for vertical profiling at a depth of 45 m, separated by 45 m, and obtain
reliable results. Notably, the interference caused a frequent shift in the
location of peak interference (measurements corrupted between 10 and
40 m from the seabed), with the most significant impact occurring in the
upper part of the water column (over 25 m from the seabed). This led to
a bias in the measurements, where the velocity data is reduced, but still
appreciable, at points where interference was strong.

The interference primarily affects current velocity in the range of
1-3 m s~! - a range crucial for applications like tidal energy. Since the
interference happened at various depths simultaneously, it greatly dis-
torted the calculation of the PWRA velocity. This bias in the PWRA
velocity, when combined with the generated power from the TEC, was

11

observed to lead to a misrepresentation of up to 8 % at velocities directly
relevant to turbine operation. These findings highlight the significance
of eliminating data that distorts the representation of flow characteris-
tics. This observation is particularly relevant in the context of a data
campaign in which 15 % of the data was compromised. In scenarios
where this level of corruption is greater, the consequences would be
even more substantial.

A method to remove data anomalies caused by interference between
these closely positioned ADCPs has been developed and demonstrated,
resulting in a 7 % variation in estimated AEP. The method involved data
manipulation that successfully removed interference features with an
accuracy of up to 90 %. However, addressing interference in the up-
permost region proved to be more intricate, primarily due to the
heightened variability in velocity measurements.

6. Conclusion

This study introduces a novel perspective on the deployment of
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closely positioned ADCPs, demonstrating that two ADCPs placed 45 m
apart can still provide valuable measurements, despite the challenges of
interference (a consequence of not adhering to IEC 62600-200). For the
first time, interference throughout the ReDAPT campaign was identified
and quantified, revealing its significant impact on AEP estimates. The
interference was most pronounced between 10 and 40 m from the
seabed, affecting current velocities in the crucial range of 1-3 m/s for
tidal energy applications.

Despite the interference, approximately 80 % of the data collected
was valid and sufficient for accurate power performance assessment.
This suggests that positioning two ADCPs 45 m apart on the seabed is
viable for effective vertical profiling at a depth of 45 m. However, the
interference introduced a bias in PWRA velocity calculations, leading to
up to an 8 % distortion in velocities relevant to turbine operation.

To address this challenge, a method was developed to remove data
anomalies with 90 % accuracy, resulting in only a 7 % variation in
estimated AEP. This study underscores the importance of effective
interference management and robust data cleaning techniques to ensure
reliable turbine performance assessment and energy production esti-
mates. These findings provide valuable insights for future research and
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practical applications, emphasising the need for accurate data in the
context of tidal energy and other marine environments.

Against the backdrop of potential uncertainties, our findings high-
light the resilience of the deployed ADCPs in capturing valid data for a
PPA, despite interference. However, it is essential to recognise that the
interference introduced a bias in PWRA velocity calculations, leading to
up to an 8 % distortion in velocities directly relevant to turbine opera-
tion. Moreover, the resultant 7 % variation in estimated AEP un-
derscores the importance of accounting for and mitigating the effects of
interference in order to ensure accurate AEP estimates. By acknowl-
edging these potential sources of uncertainty and their implications, our
study contributes to a more comprehensive understanding of the chal-
lenges and opportunities in AEP estimation under real-world environ-
mental conditions.

Data availability

To address the objectives of this project, in-situ data was required.
Data from the ReDAPT project was chosen as a rich data resource (with
unique multi-sensor deployments at a tidal energy site) that was avail-
able through the ReDAPT data exchange [20].
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Abbreviations The following abbreviations are used in this manuscript:

TEC Tidal Energy Converter

ADCP Acoustic Doppler Current Profiler
PPA Power Performance Assessment
AEP Annual Energy Production

EMEC European Marine Energy Centre

Fow Fall of Warness

ReDAPT Reliable Data Acquisition Platform for Tidal

DE Equivalent Diameter

QC Quality Control

PWRA Power Weighted Rotor Average

QARTOD Real-Time Quality Control of Stream Flow Observations
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