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Abstract: Offshore photovoltaic installations are the future technology in solar energy since they
enable the use of the large amount of maritime space, which is especially important when land
space is not available. Various research groups are working to create viable installations. However,
there are currently no tools available that an offshore system designer can use to quantify the
effect of wave response motion on offshore photovoltaic installations. This research presents a new
simulation tool termed the Offshore Solar Irradiance Calculator (OSIC) that is able to quantify this
effect. Furthermore, a yearly parametric analysis is presented to show the effects of a characteristic
wave equation on different offshore tracking systems; namely, horizontal single-axis tracking, vertical
single-axis tracking and dual-axis tracking. Finally, another parametric analysis is presented to show
the effects of varying wave amplitudes of oscillations on the incident irradiance received by these
tracking systems.
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1. Introduction

A tracking system involves changing a PV system’s tilt, orientation or both in order to
maximise the incident solar radiation throughout the day. This can be achieved in various
different ways, which can be categorised as passive [1] or active trackers. Passive trackers
usually use containers filled with a low-boiling-point liquid that, when heated by incident
solar radiation, expands into a gas and pushes the rest of the liquid to a shaded part of the
container. This shift in weight results in the rotation of the solar panel until the fluid reaches
thermal equilibrium and, hence, the rotation stops [2,3]. When compared to non-tracking
systems, passive trackers have been reported to achieve up to 23.3% increases in power
output [4] and 23% increases in efficiency [5]. Although passive tracking can be cheap to
implement and maintain, it is sensitive to weather conditions, such as low temperatures,
radiation and high wind speeds [2].

Active tracking systems involve the use of geared motors, sensors and control algo-
rithms to detect and follow the Sun’s position during the day. Active photovoltaic trackers
can achieve higher gains than passive trackers but usually come at a higher installation
cost and may require more maintenance due to the increased number and complexity of
components. These trackers have been classified into various categories; however, the most
common are single-axis and dual-axis solar trackers [6]. Single-axis tracking can employ a
horizontal axis parallel to the ground (horizontal single-axis trackers (HSATs)), a tilted axis
with horizontal tracking (HTSATs), a vertical axis normal to the ground (vertical single-axis
trackers (VSATs)) or a polar axis aligned with the polar star (PASATs) [7]. In one study [8],
it was found that HSATs are more suitable for low-latitude regions and can achieve annual
energy gains of 16% to 24% when the axis is oriented south–north. A similar study [9]
concluded that VSATs are more suitable in regions with abundant solar resources, where
the collectible solar radiation can be increased by up to 28%. Another study [10] reported
an energy yield gain of 15.4% when comparing an HSAT with a non-tracking installation.
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Dual-axis trackers are the most complex to implement but can achieve the greatest
energy gains. These trackers have two axes, usually perpendicular to each other, with one
axis adjusting the tilt of the solar panels while the other axis adjusts the azimuth. This
tracking configuration can be controlled by either an open-loop or a closed-loop control
system. In an open-loop control system, the control algorithm is programmed to make
certain fixed movements throughout the day based on weather data and irradiance models.
The accuracy of this type of control is highly dependent on the quality of the data on which
the programming is based. In contrast, closed-loop tracking systems use sensors, such
as light-dependent resistors (LDRs), to obtain feedback on irradiance intensity. Based on
this feedback, the tilt and azimuth of the solar panel are adjusted until peak intensity is
reached. Closed-loop tracking systems can track the Sun’s position very accurately and
are mostly limited by the feedback sensor’s accuracy. Sebastijan et al. [11] designed and
tested an open-loop dual-axis solar tracker and achieved an increase in energy yield of 27%
when compared to non-tracking PV installations. Moreover, a closed-loop dual-axis solar
tracking system was reported to increase daily energy yield by 39.43% [12]. Although these
trackers can result in considerable increases in efficiency, they require higher maintenance
and are susceptible to major forces due to the weight of the panels and the effect of wind
when the panels are at a high tilt angle [7].

Offshore tracking must overcome various challenges to become a mature and viable
technology. Firstly, active tracking algorithms find it difficult to accurately follow the
Sun while the raft underneath is moving due to incoming waves. Furthermore, once the
algorithm successfully tracks the Sun, any movement caused by the response of the floating
raft to incoming waves results in a change in the amount of incident radiation on the
photovoltaic panels. This movement can have a positive or negative effect depending
on the type of tracking system implemented. For example, any movement affecting an
accurate dual-axis tracking algorithm should result in the photovoltaic panels receiving
less irradiance when compared to the same tracking system installed on land. However,
this effect has not been quantified in the literature. Therefore, the aim of this study was to
optimise the simulation tool presented in a previous publication [13] and to parametrically
analyse the effect of wave response motion on the incident irradiance on offshore tracking
photovoltaic installations.

2. Materials and Methods

The simulation tool presented in this study was programmed using C language
in Visual Studio 2022 Integrated Development Environment (IDE). The aim of this part
of the research was to create user-friendly software that includes a graphical user in-
terface (GUI) and is able to process inputs and output results in a fraction of the time
it takes for the Excel-based tool [13]. Furthermore, N–S HSATs, VSATs and dual-axis
tracking were added to the tool, making it the first tool (at the time of writing) that can
calculate the effects of wave response motion on both non-tracking and tracking offshore
photovoltaic installations.

The movement of the floating raft was divided into three parts; namely, pitch, yaw
and roll. The OSIC software had to allow the user to use different orientations for the solar
panels and the floating raft and it needed to automatically calculate the tilts and orientations
of the solar panels without requiring third-party software. Therefore, rotational matrices
were used in order to calculate new tilts and orientations after particular movements.

2.1. General Operation of OSIC

A graphical user interface (GUI) was created using the open-source GTK library [14].
Furthermore, an application called Glade [15] was used in order to facilitate the placement
of widgets. In addition, the pbPlots library [16] was used for the interface to enable plotting
graphs. Hence, the GUI was split into three sections; namely, the input section, the graphical
results section and the numerical results section. Figure 1 shows the input section.
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Figure 1. The input section of the graphical user interface.

The user first has to input the longitude and latitude of the installation, the Greenwich
Mean Time (GMT) and the date for which the simulation is to be run. The date is input
by choosing the correct day and year from the calendar on the left-hand side of the user
interface. This information is used by an NOAA calculator [17] to find the position of the
Sun for every hour of the day. Hence, if the user selects a tracking system, the software will
calculate the tilt and azimuth of the solar panels in accordance with the position of the Sun
during the day. On the other hand, if the user selects a non-tracking installation, the tilt
and azimuth will be fixed to the values entered by the user. Furthermore, the user has to
enter hourly data for the direct normal beam and the global horizontal radiation G (0,0),
diffused horizontal radiation D (0,0) or both. If the user enters only one of either the global
or diffused radiation, the software will automatically calculate the other parameter.

Next, if a wave response movement is required, the user has to enter a characteristic
equation for this movement under one of the three movement categories. In order for the
software to be able to understand and compute this user input, a string-parsing method
was used to allow the different parts of the equation to be read. When the user enters an
equation, the program only records a series of characters and does not understand what
each character means. Therefore, specific instructions related to each character had to be
programmed so that, when the program reads each of these characters independently, it
can understand it and apply the correct instruction. With this part of the code, the software
is able to recognise various mathematical functions and symbols, such as trigonometric
functions, f, t and pi. If a periodic equation is entered by the user, it has to be accompanied
by an input for the period. Consequently, the software will compute the amplitudes
resulting from these equations at a time step of 0.1 s until the period value is reached. The
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right-hand rule was used as a convention for movements, as shown in Figure 2, and users
must adhere to this rule in order to obtain correct results.
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After the user inputs the characteristic equations for pitch, yaw and roll movements,
they must also choose between “Degrees” and “Radians” in order to inform the software
how it should handle trigonometric functions. Finally, details must be input for the “Fixed
PV Module” and the “Moving PV Module”. These details include the designed tilt and
orientation of the PV for non-tracking installations, the albedo of the installation location
and the orientation of the raft, which can be different from that of the solar panels. The
“Orientation PV” refers to the azimuth of the PV installation, while the “Orientation
Raft” refers to the orientation of the front of the raft, abiding with the convention shown
in Figure 2. If dual-axis or HSAT tracking is selected, the “Tilt” and “Orientation PV”
boxes will be greyed out and will not allow any input, while if VSAT is selected, only the
“Orientation PV” box will be greyed out.

Data inputs are protected against unexpected entries in order to prevent the software
from crashing. For example, if a user inputs a negative period for any of the wave equations,
a pop-up window will prompt the user to fix this before continuing. Once all the required
fields have been filled in, the user clicks on the “Results” button and the software runs all
the calculations while the GUI changes to the graphical results section shown in Figure 3.
This section is composed of six graphs, two for each raft movement. The top graphs show
the irradiance incident on the fixed solar panels in blue and the irradiance incident on the
offshore solar panels in orange. The second graph shows the percentage difference for the
two irradiances when subtracting the values for the fixed panels from those for the moving
panels. This means that a negative percentage difference indicates that the moving PV
installation receives lower irradiance than the fixed installation.

Finally, the user has the option to click on the “Set Up” button, return to the GUI
input section and modify some parameters or click on the “Details” button to view the GUI
numerical results section. In this section, the numerical values for the irradiance for every
hour for both fixed and moving PVs are shown. In addition, this section also displays the
percentage difference for the irradiance of the moving and the fixed solar panels, following
the same convention as the graphical results section. Moreover, both results sections are
dynamic and only show hours with irradiance values above zero in order to minimize
the number of calculations performed by the application and produce a cleaner GUI. The
data presented in this section can be copied into third-party software for further processing
and analysis. Finally, from this window, the user can return to either the graphical results
section or the input section.
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The OSIC simulation tool was extensively tested and any bugs that were discovered
were corrected. The software robustness was increased by optimising any memory leaks
occurring in the code and correctly handling unexpected user inputs without crashing.
Furthermore, the software is able to check for erroneous weather data and a pop-up message
is shown to the user, prompting them to continue or to modify the input parameters. Finally,
information messages are shown when the pointer moves over various parts of the software
in order to better guide the user.
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2.2. Calculation of Tilt and Azimuth after Movement

In order to determine the incident radiation for each wave-induced movement, it is
necessary to know the exact tilt and azimuth of the offshore solar panels. These new tilts
and azimuths are calculated every 0.1 s during a given period. However, it is not necessary
to recalculate them every hour since the wave response equations for the raft are assumed
to be the same throughout the day. In order to calculate the new tilt and azimuth, a number
of conventions had to be used. Firstly, the orthonormal frame of reference in which the boat
is located follows the right-hand rule, as defined in Figure 2. In this figure, the red arrow
indicates the positive direction of rotation. For example, for the yaw, if the raft is turning
clockwise, the angle will be considered negative. The orthonormal reference is composed
of the three vectors defined in Equation (1).

→
x = (1 0 0);

→
y = (0 1 0);

→
z = (0 0 1) (1)

To calculate the rotations made by the solar panel, rotation matrices must be used.
Rotation matrices calculate the new object position after a rotation around one of the three
main axes passing through the origin of the orthonormal reference frame in which this
object is located (represented in Figure 2 by the x, y and z axes). These new positions
are then defined with reference to the basic orthonormal reference frame. It is possible to
define rotation matrices both clockwise and counter-clockwise; however, OSIC software



Energies 2023, 16, 3735 6 of 14

uses the clockwise matrix of rotation. The three rotation matrices for the pitch, yaw and
roll movements are defined in Equations (2)–(4), respectively.

Rpitch =

 cos(x) 0 sin(x)
0 1 0

−sin(x) 0 cos(x)

 (2)

Ryaw =

cos(x) −sin(x) 0
sin(x) cos(x) 0

0 0 1

 (3)

Rroll =

1 0 0
0 cos(x) −sin(x)
0 sin(x) cos(x)

 (4)

It is assumed that:

- The vector
→
x in front of the raft is oriented south;

- The orientation of the PV module is the same as that of the raft;
- The tilt of the panel is 0◦; that is, it is lying horizontally on the raft.

Hence, a vector
→
a normal to the plane formed by the solar panel is defined in Equation (5).

→
a =

0
0
1

 (5)

When an object performs several rotations, it is possible to combine rotation matrices
to create a new rotation matrix that describes the complete set of rotations. Hence, this new
combined rotation matrix is multiplied by the normal vector of the base solar panel to obtain
the new normal vector of the solar panel after it has undergone a set of rotations. When a
photovoltaic installation is installed on a floating raft, its orientation may be different from
that of the raft. This means that if we take the raft’s orientation as a reference, a rotation
around the z-axis (yaw) must be performed in order to describe the orientation of the PV. If
the angle between the orientation of the PV and the orientation of the raft is ψ, then this
rotation can be described by the rotation matrix A defined by Equation (6).

A =

cos(ψ) − sin(ψ) 0
sin(ψ) cos(ψ) 0

0 0 1

 (6)

Once this rotation is complete, the main orthonormal frame may be different from the
PV module’s orthonormal frame. It is then possible to perform an extrinsic rotation around
one of the axes of the main frame or an intrinsic rotation around one of the axes of the new
PV frame itself. After the rotation to match the orientation of the PV panel (described by
matrix A), it is necessary to perform an intrinsic rotation to achieve the designed tilt of
the PV panel. For this purpose, a rotation around the y-axis of the orthonormal reference
frame of the PV panel is performed. If θ represents the angle of this rotation, the matrix B
describing this rotation is given by Equation (7). This matrix is then multiplied by matrix
A to obtain the rotation matrix C defined by Equation (8). This rotation matrix is used as
the basis for calculating the three rotation matrices for the roll, pitch and yaw effects of the
waves on the raft.

B =

 cos(θ) 0 sin(θ)
0 1 0

−sin(θ) 0 cos(θ)

 (7)
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C = A·B =

cos(ψ)cos(θ) −sin(ψ) cos(ψ)sin(θ)
sin(ψ)cos(θ) cos(ψ) sin(ψ)sin(θ)
−sin(θ) 0 cos(θ)

 (8)

To calculate the effect of the roll on the position of the solar panel, the rotation matrix
of the roll must be used. This is an extrinsic rotation because the effect of the waves is linked
to the position of the raft and not that of the solar panel; therefore, the main orthonormal
reference frame must be used. If φ represents the angle of this rotation, the matrix D
describing a roll movement is defined by Equation (9). This matrix is then multiplied by
matrix C in order to obtain a new combined matrix E, as shown in Equation (10).

D =

1 0 0
0 cos(φ) −sin(φ)
0 sin(φ) cos(φ)

 (9)

E = D·C =

 cos(ψ)cos(θ) −sin(ψ) cos(ψ)sin(θ)
cos(φ)sin(ψ)cos(θ) + sin(φ)sin(θ) cos(φ)cos(ψ) cos(φ)sin(ψ)sin(θ)− sin(φ)cos(θ)
sin(φ)sin(ψ)cos(θ)− cos(φ)sin(θ) sin(φ)cos(ψ) sin(φ)sin(ψ)sin(θ) + cos(φ)cos(θ)

 (10)

Hence, the next step is to calculate the normal vector to the solar panel
→
v after it has

undergone the roll effect. This is achieved by multiplying the normal vector of the solar
panel before rotation,

→
a , by the matrix E, as shown in Equation (11).

→
v = E

→
a =

 cos(ψ)sin(θ)
cos(φ)sin(ψ)sin(θ)− sin(φ)cos(θ)
sin(φ)sin(ψ)sin(θ) + cos(φ)cos(θ)

 (11)

The next calculation determines the new tilt angle of the solar panel after the roll
movement (βn), which corresponds to the angle between the vector

→
v and the plane of the

flat solar panel; it is given by Equation (12).

βn =

90− arcsin
(

|sin(φ)sin(ψ)sin(θ)+cos(φ)cos(θ)|√
(cos(ψ)sin(θ))2+(cos(φ)sin(ψ)sin(θ)−sin(φ)cos(θ))2+(sin(φ)sin(ψ)sin(θ)+cos(φ)cos(θ))2

)
(12)

To calculate the orientation of the solar panel after the roll movement, the angle,
α, between the vector

→
x = (1 0 0) and the projection of the vector

→
v on the plane

composed of the vectors
→
x and

→
y must be calculated. The projection of the vector

→
v is

given by Equation (13), while the angle α is calculated using Equation (14).

v̂ = projv
→
x + projv

→
y =

 cos(ψ)sin(θ)
cos(φ)sin(ψ)sin(θ)− sin(φ)cos(θ)

0

 (13)

α = arcos
(

cos(ψ)sin(θ)√
(cos(ψ)sin(θ))2+(cos(φ)sin(ψ)sin(θ)−sin(φ)cos(θ))2

)
(14)

However, the result for α is an unsigned angle that does not necessarily show the
correct orientation, abiding by the convention shown in Figure 4. In order to obtain
more information on the sign of α, the angle between the projection v̂ and the vector
→
y = (0 1 0) is calculated using Equation (15). If this angle, σ, is between 0 and 90,
then α will be negative; otherwise, it will be positive. Finally, the orientation of the raft as
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inputted by the user is added and the result is the true azimuth of the solar panel after a
particular movement.

σ = arcos
(

cos(φ)sin(ψ)sin(θ)−sin(φ)cos(θ)√
(cos(ψ)sin(θ))2+(cos(φ)sin(ψ)sin(θ)−sin(φ)cos(θ))2

)
(15)
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Figure 4. Convention for azimuth angles.

The calculations above give the tilt and azimuth of the solar panel after a roll move-
ment. To obtain the tilt and azimuth after a yaw or a pitch movement, it is necessary to
replace the matrix D in Equation (9) with other matrices. Matrix F in Equation (16) must
be used for yaw movements, where τ is the angular amplitude. Likewise, matrix G in
Equation (17) must be used for pitch movements, where n is the angular amplitude.

F =

cos(τ) −sin(τ) 0
sin(τ) cos(τ) 0

0 0 1

 (16)

G =

 cos(n) 0 sin(n)
0 1 0

−sin(n) 0 cos(n)

 (17)

2.3. Calculation of Irradiance on Tracking Surface

When calculating the irradiance on a tracking surface, the anisotropic model—specifically,
the Perez model—is used [18,19], which is similar to that described by Bugeja et al. [13].
A dual-axis tracker adjusts both the tilt and azimuth of the solar panel in order to ensure
its surface is always perpendicular to the Sun throughout the day [20]. This implies that
the tilt angle of the solar panel is always equal to the solar zenith angle, while the azimuth
of the solar panel is always equal to the solar azimuth. A vertical single-axis solar tracker
(VSAT) has a fixed tilt set during the installations, while its azimuth changes during the
day and is equal to the solar azimuth. The incidence angle is determined by subtracting the
surface’s fixed tilt from the solar zenith angle.

A horizontal N–S single-axis tracker (HSAT) tracks the Sun from east to west on a
horizontal axis. This implies that the tilt constantly changes during the day, while the
orientation is either towards the east or west. The solar panel’s tilt angle is a function of the
solar azimuth angle γS and the solar altitude αS given by Equation (18). The solar incident
angle on the tilted surface, θi, is determined using Equation (19) [20].

βn = tan−1
∣∣∣∣ sin γS
tan αS

∣∣∣∣ (18)
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cos θi = cos δ×
√[

(sin ω)2 + (cos∅cos ω + tan δsin∅)2
]

(19)

3. Results and Discussion

A parametric analysis was performed for all three different types of tracking systems
and for each month of the year. A day was chosen for each month and weather data for
that day were used in order to obtain the results. Clear days were chosen with the fewest
clouds possible close to the 21st of each month in order to include equinoxes and solstices.
Equation (20) was inputted for all three movements and a period of 6 s was chosen. The
results obtained are shown in Table 1.

f (t) = 20cos(2π f t) (20)

Table 1. Parametric analysis of insolation deviation of offshore tracking systems from land.

Insolation Deviation of Offshore Tracking Systems from Land—Horizontal Single-Axis Tracking

Month Effect of Pitch Effect of Roll Effect of Yaw

January −0.93% −2.31% −1.33%
February −0.96% −2.00% −1.06%

March −0.98% −2.16% −1.14%
April −1.06% −2.06% −0.96%
May −1.15% −2.35% −1.20%
June −1.11% −2.31% −1.13%
July −1.18% −2.38% −1.14%

August −1.10% −2.33% −1.18%
September −1.00% −2.28% −1.24%

October −0.94% −2.20% −1.21%
November −0.98% −2.28% −1.31%
December −0.88% −2.21% −1.34%

Insolation deviation of Offshore Tracking Systems from Land—Vertical Single-Axis Tracking Tilt = 30◦

Month Effect of Pitch Effect of Roll Effect of Yaw

January −2.07% −1.41% −1.47%
February −1.71% −1.55% −1.07%

March −1.66% −1.83% −1.04%
April −1.53% −1.95% −0.82%
May −1.53% −2.31% −0.95%
June −1.48% −2.28% −0.89%
July −1.54% −2.30% −0.92%

August −1.58% −2.16% −0.99%
September −1.70% −1.93% −1.12%

October −1.83% −1.60% −1.22%
November −2.09% −1.43% −1.46%
December −2.15% −1.30% −1.55%

Insolation Deviation of Offshore Tracking Systems from Land —Dual-Axis Tracking

Month Effect of Pitch Effect of Roll Effect of Yaw

January −1.95% −1.08% −2.13%
February −1.53% −1.32% −1.60%

March −1.41% −1.75% −1.47%
April −1.30% −1.94% −1.10%
May −1.26% −2.28% −1.26%
June −1.23% −2.25% −1.18%
July −1.29% −2.30% −1.20%

August −1.31% −2.16% −1.32%
September −1.45% −1.83% −1.57%

October −1.65% −1.40% −1.79%
November −1.96% −1.05% −2.12%
December −2.05% −0.90% −2.23%

The first observation from the results in Table 1 is that an HSAT system with an
N–S horizontal axis and with the raft’s orientation facing south is more affected by roll
movements than pitch and yaw movements. This is because yaw movements only change
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the azimuth of the PV, while pitch movements slightly change both the azimuth and tilt.
In contrast, roll movements have a direct effect on the tilt of the PV, meaning that such
movements go against the HSAT algorithm, which is designed to capture the maximum
irradiance for such an installation. Therefore, OSIC software can inform a raft designer
that, if such a tracking system is going to be installed, care must be taken to limit response
movements to incoming waves in the roll direction. Figure 5 shows the hourly effects on
an HSAT caused by roll, pitch and yaw movements for the months of June and December.
Yaw movements have no effect on the HSAT system during the middle part of the day
since the algorithm sets the PV to a horizontal inclination during this time. In contrast,
pitch movements have a greater effect during this period since these movements result
in a considerable change in tilt. Figure 6 shows the hourly effects on a VSAT caused by
roll, pitch and yaw movements for the months of June and December. This figure clearly
shows that yaw movements in December have a greater negative effect on the insolation
than the same movements in June. This is because the irradiance on a tilted plane follows
a cosine function. Therefore, although the change in incidence angle is actually lower in
December than in June, the change in cos (θi) is actually higher. This figure also shows that
roll movements in mornings and evenings have a greater effect in summer than in winter.
This is because, during these times of the day, roll movements have a major effect on the tilt
of the solar panel. Since in summer the chosen tilt is close to the optimum, any deviation
always results in a lower irradiance incident on the solar panel.
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From the results in Table 1, it can be seen that yaw has a greater effect on dual-axis
trackers than the other tracking mechanisms. This is because this tracking algorithm always
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orients the PV into a quasi-optimal tilt and orientation. Therefore, any movement will
always result in a deviation from the optimum, which means a loss in the irradiance
incident on the PV. Moreover, as seen in Figure 7, yaw movements on a dual-axis tracker
have a higher negative impact in winter than other tracking systems, since tilts are higher
and, therefore, changes in the azimuth have a greater effect on the incident radiation.
Pitch movements in the mornings and evenings slightly alter the tilt and orientation and,
therefore, do not have the same effect magnitude as roll movements. Although the effect
of pitch movements increases in the middle of summer days since they start affecting the
tilt, roll movements still have a considerable negative effect since, at these times, they vary
both the tilt and orientation considerably. In contrast, at midday during winter, the panel
is oriented towards a low-elevation Sun, which means it is at a high tilt. Therefore, roll
movements are less important than pitch movements since the latter considerably affect
the tilt, while the former slightly varies both the tilt and orientation.
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A final parametric analysis was performed in order to observe the changes in the
effects of waves with varying amplitudes of oscillations for a day in June. These amplitudes
were varied between 0◦ and 50◦. The results for dual-axis trackers and HSATs are shown
in Figures 8 and 9, respectively. Furthermore, three fixed tilts were chosen for the VSAT
(namely, 5◦, 30◦ and 50◦) and the results are tabulated in Table 2. From these results, it
can be seen that the relationship between the percentage difference in irradiance and the
amplitude of oscillations is not linear for the chosen wave. Furthermore, roll effects are
more predominant in tracking systems compared to the non-tracking systems previously
published [13]. This is because, as previously discussed, roll movements in an HSAT
directly influence the tilt of the PV, while roll movements for other tracking systems
result in deviations in the tilt and orientation, both of which are quasi-optimised by the
tracking algorithm.

Table 2. Percentage irradiance difference for a moving and a fixed VSAT PV with different tilts and
amplitudes of oscillations for a day in June.

Wave Amplitude = 10◦

VSAT Tilt Effect of Pitch Effect of Roll Effect of Yaw

5◦ −0.31% −0.39% −0.05%
30◦ −0.37% −0.57% −0.22%
50◦ −0.30% −0.57% −0.33%

Wave Amplitude = 20◦

5◦ −1.49% −1.56% −0.19%
30◦ −1.48% −2.28% −0.89%
50◦ −1.18% −2.27% −1.31%
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Table 2. Cont.

Wave Amplitude = 10◦

VSAT Tilt Effect of Pitch Effect of Roll Effect of Yaw

Wave Amplitude = 30◦

5◦ −3.63% −3.49% −0.42%
30◦ −3.31% −5.06% −1.99%
50◦ −2.64% −5.07% −2.93%

Wave Amplitude = 40◦

5◦ −6.73% −5.99% −0.74%
30◦ −5.82% −8.78% −3.48%
50◦ −4.63% −8.88% −5.14%

Wave Amplitude = 50◦

5◦ −10.74% −8.92% −1.14%
30◦ −8.98% −13.28% −5.35%
50◦ −6.81% −12.07% −7.89%

Energies 2023, 16, x FOR PEER REVIEW 12 of 15 
 

 

shown in Figures 8 and 9, respectively. Furthermore, three fixed tilts were chosen for the 
VSAT (namely, 5°, 30° and 50°) and the results are tabulated in Table 2. From these re-
sults, it can be seen that the relationship between the percentage difference in irradiance 
and the amplitude of oscillations is not linear for the chosen wave. Furthermore, roll 
effects are more predominant in tracking systems compared to the non-tracking systems 
previously published [13]. This is because, as previously discussed, roll movements in an 
HSAT directly influence the tilt of the PV, while roll movements for other tracking sys-
tems result in deviations in the tilt and orientation, both of which are quasi-optimised by 
the tracking algorithm. 

 
Figure 8. Percentage irradiance difference for a moving and a fixed dual-axis tracking PV with 
different amplitudes of oscillations for a day in June. 

 
Figure 9. Percentage irradiance difference for a moving and a fixed HSAT PV with different am-
plitudes of oscillations for a day in June. 

Figure 8. Percentage irradiance difference for a moving and a fixed dual-axis tracking PV with
different amplitudes of oscillations for a day in June.

Energies 2023, 16, x FOR PEER REVIEW 12 of 15 
 

 

shown in Figures 8 and 9, respectively. Furthermore, three fixed tilts were chosen for the 
VSAT (namely, 5°, 30° and 50°) and the results are tabulated in Table 2. From these re-
sults, it can be seen that the relationship between the percentage difference in irradiance 
and the amplitude of oscillations is not linear for the chosen wave. Furthermore, roll 
effects are more predominant in tracking systems compared to the non-tracking systems 
previously published [13]. This is because, as previously discussed, roll movements in an 
HSAT directly influence the tilt of the PV, while roll movements for other tracking sys-
tems result in deviations in the tilt and orientation, both of which are quasi-optimised by 
the tracking algorithm. 

 
Figure 8. Percentage irradiance difference for a moving and a fixed dual-axis tracking PV with 
different amplitudes of oscillations for a day in June. 

 
Figure 9. Percentage irradiance difference for a moving and a fixed HSAT PV with different am-
plitudes of oscillations for a day in June. 
Figure 9. Percentage irradiance difference for a moving and a fixed HSAT PV with different ampli-
tudes of oscillations for a day in June.

4. Conclusions

This paper presented the optimisation of a simulation tool in order to include the effects
of wave response motion on offshore HSAT, VSAT and dual-axis tracking photovoltaic
systems. This new simulation tool was termed the Offshore Solar Irradiance Calculator
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(OSIC) and, at the time of writing, it is the only available tool that allows the user to
quantify the effect of waves on offshore photovoltaic installations. A parametric analysis
was performed using a characteristic wave equation and the effects of pitch, roll and yaw
movements were observed and presented. Roll movements resulted in the maximum
negative effects, with HSATs and VSATs demonstrating a maximum loss of −2.38%, while
the dual-axis tracker demonstrated a loss of −2.3%. Furthermore, a parametric analysis of
the effects of different wave-response amplitudes on the incident irradiance was presented.
The greatest effect was observed for a 50◦ amplitude wave response, with losses exceeding
−12%. Moreover, this research showed that, for the same wave type, the effect of a moving
raft varies for non-tracking and tracking installations. The limitation of this study was
that it assumed movement after the tracking algorithm successfully reached its objective.
In reality, it is hypothesised that there will be other challenges in implementing offshore
tracking since the tracking algorithm has to work in a constantly moving environment.
Furthermore, the effect of shading caused by the movement of the floating raft was not
quantified in this study. Moreover, the same characteristic wave response equation was
used for the one-year simulation in order to be able to compare the results. In reality,
the response amplitude varies during the year and, therefore, the effect on the incident
radiation also varies accordingly. Similarly, the same albedo was used for land and offshore
installations so as to isolate the effect caused by wave response motion. The difference in
albedo between installations has a further effect on the incident radiation.
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Nomenclature

Abbreviation Description
ψ Angle between the orientation of the PV and the orientation of the raft
θ Angle of rotation around the y-axis of the orthonormal reference frame of

the PV panel
φ Angle of rotation around the main orthonormal frame
βn New PV tilt angle following a wave response movement
σ PV azimuth following a wave response movement
x, τ, n Angular amplitudes of roll, yaw and pitch movements
θi Solar incident angle on tilted surface
δ Solar declination angle
ω Hour angle
γS Solar azimuth angle
αS Solar altitude
f Wave response frequency
t Time base
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