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Featured Application: It is helpful to accurately model any photovoltaic device regardless of
whether a single solar cell, module (solar panel), or array of PV modules can be applied if the
overall shape (including envelopes) is nonplanar, such as vehicle-integrated photovoltaics (VIPVs),
agriphotovoltaics, building-integrated photovoltaics (BIPVs), aircraft PVs, and wavy PV arrays
installed on wavy land (mountains, gorges, etc.).

Abstract: Most equations and models for photovoltaics are based on the assumption that photo-
voltaic (PV) devices are flat. Therefore, the actual performance of nonplanar PV devices should be
investigated and developed. In this study, two algorithms were developed and defined using vector
computations to describe a curved surface based on differential geometry and the interaction with
non-uniform solar irradiance (i.e., non-uniform shading distribution in the sky). To validate the
computational model, the power output from a commercial curved solar panel for the Toyota Prius
40 series was monitored at four orientation angles and in various climates. Then, these were compared
with the calculation results obtained using the developed algorithm. The conventional calculation
used for flat PV devices showed an overestimated performance due to ignorance of inherent errors
due to curved surfaces. However, the new algorithms matched the measured trends, particularly
on clear-sky days. The validated computation method for curved PV devices is advantageous for
vehicle-integrated photovoltaic devices and PVs including building-integrated photovoltaics (BIPVs),
drones, and agriphotovoltaics.

Keywords: VIPV; curved PV; differential geometry; testing; solar simulator

1. Introduction

The world is heading toward a lifestyle and industrial operational mode that rely
on 100% renewable energy. After a long deliberation, we have concluded that 100% re-
newable energy is achievable [1-4]. One of the significant obstacles was identified in the
transportation sector. Historically, most transportation fuels have been fossil fuels, and
internal combustion engines (ICEs) have been used. However, advanced modeling and
alternative mobility technologies have made a 100% renewable energy scenario for the
transportation sector potentially viable [5,6]. Photovoltaic (PV) energy is the leading pri-
mary energy source [7]. PV charging stations were the first application considered and
the one that prevailed worldwide in providing power from PVs to automobiles [8-13].
Vehicle-integrated photovoltaics (VIPVs) and car-roof PVs have been used by engineers
to provide realistic and convenient modes of feeding renewable energy to automobiles.
Many studies have discussed the feasibility of PV-fed transportation and revealed its
potential [14-28]. The limitations of the car body’s geometrical area and the energy require-
ments have induced solar cell researchers to develop more innovative solar cells [29,30].
Specifically, various generations of solar cells were considered for application to vehicles.
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Due to the amount of energy yield of vehicles with a limited installation area, the power
conversion efficiency of PV devices is crucial, and Yamaguchi discussed the possibilities
and future development [31].

A VIPV is a rather sophisticated PV panel installed on the body or roof of a car. Several
technological challenges should be addressed [14]. A few of these issues are related to the
structural constraints of automobiles and require new design considerations. Many new
developments have been made, such as lightweight, robust, flexible, and curved surfaces
for both car bodies and VIPVs [32-56]. Recently, Toyota Motors developed a lightweight
plastic-covered VIPV with sufficient strength as the exterior of a car [57].

In addition to these mechanical issues, the VIPV should enclose the curved surface of
the car body. In general, PV panels are flat and not designed to enclose curved surfaces.
Therefore, covering curved surfaces causes problems such as mechanical stress and mis-
matching losses [58-60]. Several innovative PVs suitable for enclosing curved surfaces
have been developed recently [61,62]. VIPVs were evaluated recently, including the curved
surface and impact from temperature [63,64]. In addition, our group proposed correcting
the curved surface effect using a unique curve correction factor [65-67]. The shape of the
curved surface varies significantly according to the automobile product line. This impacts
the power generation performance and durability [68]. For a general discussion on VIPVs, it
is necessary to understand the various curve shapes and general rules that affect the optical,
thermal, and mechanical properties of PV panels based on global and local differences.
Quantitatively comprehending the quantity and type of curved surface an actual auto-
mobile body has would help in developing versatile VIPV technology and measurement
protocols [69]. It would also be effective for quantifying the advantages of VIPVs, such as
the stability of the energy source for various VIPVs with various curved surface shapes
during actual driving and the decrease in the frequency of charge replenishment [70,71].

PV technologies rely on the assumption that all solar panels have flat surfaces. Many
PV-related equations are implicitly based on this assumption. The curved PVs necessary for
VIPVs override this assumption. We need to identify a new technology. Our approach uses
a vector-based computation of curved PV modules from a flat PV framework. Furthermore,
it is effective in helping us to understand the general behavior of PV devices resulting from
the curved surface of vehicle bodies by evaluating modeling algorithms. It is necessary to
examine measurement protocols that are not biased against the diversity of curved surfaces,
apply various curved surface models to evaluate the measurement method, and perform
numerical experiments for verification. The geometric condition of the curved surfaces
should express the optical properties of the PV module and the mismatching loss [72-78].

The curved surface of PVs is also related to mechanical and geometrical issues (increas-
ing and optimizing the packing density) [14,62,69,71,79-93]. The curved surface, generally
a 3D curved surface (undevelopable), commonly seen in vehicle bodies cannot be covered
by a flat plane. Namely, it cannot be covered by the flexible types of photovoltaic devices
without generating wrinkles. Typically, it is covered only in the relatively flat zone of the
vehicle bodies, leading to a reduced coverage of the curved surface and thus reducing the
amount of power. The typical coverage ratio of a photovoltaic device in the entire roof area
of a vehicle is 70%. Such a low coverage ratio is as significant as the power conversion
efficiency. These factors need to be solved as a mechanical constraint optimization problem,
which this study did not investigate.

This article begins by describing a curved surface, aided by differential geometry.
Then, we expand it to the interaction with non-uniform solar irradiance that is observed
frequently in vehicles running in the valleys of buildings. For this purpose, we define a
four-tensor (nested matrix) to characterize the interaction. Reducing the complexity of
certain applications, such as PV devices on car roofs, is feasible. First, we do not need
to consider the 3D rotation of the coordinate system (pitch, roll, and yaw); we only need
to consider the vehicle’s orientation. Second, the curve shape is simple convex (single
peak), and we do not need to consider the hidden surface; thus, we only consider the inner
product of the normal vector of the surface element and the ray vector. Third, solar cells are
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connected in series (single string configuration). In such cases, the calculation steps are not
complex. Still, it is beyond arithmetic with trigonometric functions. The new algorithm for
curved PV devices was validated using a commercial VIPV panel. It effectively explains the
performance of PV modules in an outdoor environment with dramatic differences between
standard and flat PV devices.

The unusual behavior of curved PV devices in VIPV applications has been intensively
considered and analyzed. Therefore, the modeling, measurement, analysis, and discussions
of curved issues were focused on VIPVs in this study. However, they can also be applied
to curved PV devices such as building-integrated photovoltaics (BIPVs), aircraft PVs, and
even PV arrays installed on wavy land.

2. Methods
2.1. Impact of the Curved Surface

All the formulas and protocols for measuring the performance of PV modules are
based on the precondition that the PV modules are flat. For example, it is essential to
determine the output power and other fundamental electrical parameters such as the short-
circuit current (Isc), open-circuit voltage (Voc), and fill factor (FF). The aperture area of the
curved PV device differs from the surface of the module. The vehicle roof is curved three-
dimensionally. Its curvature can induce power loss through cosine and self-shading losses.
The orientation of the VIPV varies with time without any correlation with the orientation
of the sun. These factors have different effects on a curved shape. These interactions also
need to be considered.

The efficiency of curved modules is generally overestimated [68]. Solar simulators
frequently underestimate the input energy. The aperture area of a standard flat PV device
is equal to the active area of the module. However, this area is not on a curved surface
because the aperture area is defined as the window of the flat plane.

First, a curved PV module generally collects more light than an aperture window. As
the solar simulator illuminates a larger area than the PV module, a curved module receives
more unexpected light from the outer region to generate more unexpected power, because
the aperture area and the area of the active area of curved PV devices are different (the active
area is more substantial than the aperture area). However, they are the same for flat PV
devices. Placing an aperture mask on a curved PV module is a highly effective alternative.

The second reason is the aperture area. The area of the active zone of the curved PV
device is not clearly defined.

The third cause is the angular distribution difference between indoor and outdoor
VIPV operations. Depending on the points on the surface, curved PV devices induce larger
illumination losses at higher incident angles. Unlike flat PV modules, this approach cannot
be applied to improve the efficiency of indoor modules in outdoor operations. It is essential
to correct the curved shape.

Also, this study covered a surface containing a flat zone in the curved surface or an
entire flat plane. Based on differential geometry, the equations used in this study cover flat
planes, which is the particular case for the curved surface. Note that the input is the X, Y,
and Z coordinates, and we did not use equations that potentially lead to division by zero.

2.2. Impact of the Non-Uniform Solar Irradiance

Building-integrated photovoltaics (BIPVs) and vehicle-integrated photovoltaics (VIPVs)
receive solar irradiance through non-uniform shading objects. Standard scalar calculations
cannot accurately determine the solar irradiance of BIPV and VIPV systems. This study
proposes a matrix model using an aperture matrix to accurately calculate the horizontal
and vertical planes affected by non-uniform shading objects. Applying a local coordinate
system can extend this to the solar irradiance on a VIPV. Fish-eye videos were used to
measure the non-uniform solar irradiance of the vehicle’s surroundings. With the help
of image processing calculations, the shaded objects and sky were discriminated using
the binarizing algorithm [71]. The 3D model was validated by simultaneously measuring
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five orientations (roof and four sides: front, left, tail, and right) of solar irradiance on a car
body [71].

The shaded objects distributed around the VIPV are essential for performance. The
aperture matrix E was defined using a 2D histogram of the angular distribution of the
shaded objects. The matrix elements are real numbers ranging from zero to one (zero:
shaded; one: unshaded). Shading refers to the shading of a 2D bin in a hemispherical
sky. The (i, j) elements, E; ;, are the probabilities of the unshaded 2D bin of the elevation
angles [i°, (i + 1)°] (=0, 1, .... 89) and orientation angles [4/°, 4( + 1)°] (=0, 1, ..., 89)
(Scheme 1) [69-71]:

The bin of Elevation angles

Eoo Eon  Eogs Eoge 0° - I°
Eio Ei, Eigg Eigo 1" -2
E= : :
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The bin of Orientation angles

Scheme 1. Structure of the aperture matrix.

The solar irradiances from the direct and diffused components were calculated inde-
pendently using the aperture matrix, which weighs and discriminates between shading and
the contribution of diffuse sunlight from the sky. The measured solar irradiance matched
the calculated values regardless of the shading environment (open zone, residential zone,
and building zone), orientation of the solar panels, and position of the sun [71]. For energy
yield estimation, the matrix may be replaced with probability curves to estimate the energy
as the expected value of the power variations by probability [71].

2.3. Interaction between Curved Surfaces and Non-Uniform Solar Irradiance

A typical PV calculation assumes a uniform, hemispherical sky with no shadows.
However, a VIPV receives non-uniform and frequent shadows with partial and dynamic
shading. The classic and well-acknowledged solar calculation is arithmetic with trigono-
metric functions such as sine, cosine, and tangent. Classical calculations use absolute
ground coordinates. However, the new analysis uses a local coordinate system with 3D
rotation. The proposed approach uses vector computation.

Such computation requires a shading (aperture) matrix, instead of a shading ratio or
angle (scalar), a tensor form (4-tensor) for the angular response to the incident light instead
of the Lambertian curve, and differential geometry description using the vector expression
of a unit element, instead of cosine loss due to the angles of the PV panel (Table 1). The
coordinate system may also shift to a local coordinate system with 3D rotation rather than
absolute ground coordinates.

Although advanced calculations and modeling can explain the unusual behavior of
VIPVs, the rating method is challenging to assess because of its transparency requirements.
That is, everyone can calculate and attain an equal value. An approximation with a
clear formulation is required for a simple arithmetic calculation. However, this was not
addressed in the present study.
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Table 1. Comparison of the differences between vehicle applications and typical PV devices.

Typical PV Devices Vehicle Applications

Shape of PV devices
(cells and modules)

Curved surface (undevelopable curved surface) based

Flat surface on differential geometry

Basic math

Arithmetic with trigonometric .
Vector computations

functions
. . . The inner product between the normal vector of the
Ray orientation Cosine
surface element and rays
Angular response Lambertian 4-tensor
Coordinate system Absolute ground coordinates Local coordinates with 3D rotation
Uniform hemisphere sky Non-uniform shading on hemisphere sky
Sky model . . . . .
(Shading ratio: scalar) (Shading matrix: matrix)
Partial and dynamic shading ! Time integration with weighting Statistical model on probabilities and expected values

Stress calculation!

Buckling by 3D bending owing to coverage of an
Bending load to a thin plate undevelopable curved surface
(differential geometry and continuum dynamics)

1 Not performed in this article.

Many vehicles have curved roofs, and typical VIPVs have curved surfaces. However,
curved PVs typically perform less efficiently than flat PVs because of two factors. First, the
aperture area of a curved surface is smaller than that of a flat surface. The input power to
the PV devices is the product of the aperture area and irradiance. Therefore, the smaller
the aperture of the curved PV devices, the less the input power that these devices receive.
Another factor is that the cosine loss of a curved surface varies at different points, thereby
generating a mismatch loss.

There are two degrees of freedom in the 3D space direction, and two indices can
describe the surface. The 2 x 2 combination generates a nested matrix or four-tensor, as
described by Equations (1) and (2) [71]:

[ Moo My, My, My, MonNN-1 ]
My M, M, e M e My NN—1
Mo M, M, M;, M NN-1
MM = 5 : : (1)
Mo M M My, o Mgnn—1
IMNN-10 MNN-11 MNN-12 MyNn-1; -+ MNN-1,NN-1d
mo,0 mo,1 mop,2 my,j mo,N-1
mi my 1 my2 T My Tt M N-1
™y my 1 my ) my, my N1
Mk,l = : : . T (2)
mip mi mip m;; T m;N-1
|MN-1,0 MN-11 MN-12 my—1,; --° MN-1N-1]

The four-tensor MM has a nested matrix element M. My | are matrices with m; ; scalar
elements. The matrix m is the 2D angular response of the surface elements positioned
at (k).

In general, the four-tensor has a substantial number of elements. If both matrix MM in
Equation (1) and M in Equation (2) are 100 x 100, the total number of elements would be
100* = 100,000,000. Therefore, it is ineffective to recalculate or regenerate the four-tensor
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each time the position of the sun or orientation of the vehicle varies. Alternatively, the four-
tensor is calculated immediately, and each deviation from the angles from the reference
four-tensor is calculated by 2D interpolation such as bicubic interpolation (2D spline
interpolation) (Figure 1). The movement of the sun and PV devices is considered as a
rotational transformation of the four-tensor.

Attitude includes:

Surface coordinates ‘ |Attitude ’ ‘ Position ‘ ‘ Date/time ‘ Pitch, roll, yaw angles

4-Tensor: (Surface) x (Angle)
Calculate normalized solar
radiation for each ray

l I

Rotational coordinate Sun position/ground
transformation (local coordinate)

The mismatching
calculationrequires

* segment information,

Interpolation - continuous
local function with two-
dimensional incident angle
characteristics, F'(¢,0), etc.

Optical behavior of including circuit topology.
surface elements

v

| Mismatching calculation }< >

H

Time-consuming
Needs cataloging

| DirectIightco;rectionmatrix DNI/SI:ading
| Diffused light correction matrix GHI/SVF |

Calculation times in the rest blocks - . - -
are seconds by high-speed PC. ‘ Reflected light correction matrix Reflected light

Figure 1. The algorithm flowchart for computing the power output of a curved PV module affected by
non-uniform solar irradiance and subjected to frequent movements in the local coordinate system [68].

2.4. Expression of Curved Surfaces of PVs

In a curved PV, the shade owing to self-shadowing and cosine loss differs depending
on the panel’s PV location. Therefore, each cell is not irradiated with uniform sunlight.
That is, the total amount of solar radiation and the amount of solar radiation absorbed
by the PV system do not match. Moreover, the degree of solar radiation varies in a
complex manner depending on the curved surface shape, orientation of the automobile,
sun, and distribution of the surrounding structures. Through this research, we formulated
a method for determining the distribution of cosine loss, self-shadow, direction vector of
face elements, and area of surface elements at each curved surface. We also developed a
method for determining the distribution of cosine loss, self-shadow, direction vector of
surface elements, and surface elements’ area at each curved surface. For example, if a 3D
measurement result exists for the shape of the car body roof, it is also feasible to calculate
the solar radiation distribution in each part.

The non-uniform distribution of solar radiation intensity on the curved surface induces
a mismatch loss in the module. This mismatch loss is a significant loss factor in VIPVs.
Symptomatic treatments such as mounting multiple MPPTs and developing string configu-
rations are known to cause mismatch losses. For a quantitative analysis of the mismatching
phenomena and design optimization, each solar cell that comprises the module should
determine the amount of incident light. Therefore, it is essential to calculate the short-circuit
current of each cell by dividing the area of sunlight irradiating the surface integral in each
cell region and calculating various quantities based on the curved surface geometry.

Each face surface element, normal vector, and first derivative in each direction are
required. The parametric format shown in Equation (3) is convenient:

S(u,0) = |y(w,0)|, 3)

The uv plane is a matrix in which grid-point position information is arranged. The
actual curved surface exists in the XYZ space, and Equation (3) represents the mapping



Appl. Sci. 2024, 14, 4855

7 of 24

from the uv plane to the XYZ space. It is an image of a square rubber film on a flat surface
that is stretched or twisted and placed in a 3D space.

The grid points do not need to be squares. It is necessary to make these non-uniform
and rectangular because the approximation would be higher if the grid points are set finer
in the region where the curve is steep. Therefore, as shown in Equation (3), it is necessary
to expand the mapping target in the z-direction profile and the x and y directions.

The derivative was calculated using numerical differentiation based on the central
difference, as shown in Equations (4) and (5):

[Soi,j — Soit2,]
Suij = |S1ij — Stisa, 4)
1S2ij — S22,

[S0i,j — Soij+2]
Svij = |S1ij— S1ij+2 ®)
[S2ij — S2ij+2]

The S;, and S, 3 x 1 vectors nest a matrix with rows and columns corresponding to
the number of lattice points as elements. These display the partial differentials in the u and
v directions in the parameter space (uv plane). In addition, S represents the curved surface
coordinates in the XYZ space. The values of x, y, and z in the subscripts (row number,
column number) i and j corresponding to the lattice points in the uv plane are stored as a
matrix. Itis a 3 x 1 vector element. That is, the first, second, and third lines (lines 0, 1, and
2, respectively) store the x, y, and z coordinates, respectively.

To calculate the VIPV efficiency, the surface area of the curved surface needs to be
calculated. This can be obtained by integrating the plane elements.

Equations (6) and (7) can be used to calculate the area of the surface element and
normal vector:

Si,j = ’Sui,j X Svi,j’ (6)
o Suij X Soij )
7 |Suij X Soi

where s and n are matrices with the face element area and normal vector, respectively.
Because S, and S, are vectors, the operator x representing the product indicates the
operation of the outer product.

When calculating the cosine loss, the inner product of the normal vector of each
surface element and the ray direction vector can be integrated using Equations (8)—(10):
the self-shadow can be determined by the signs of the normal vector and the ray’s inner
product unless it is an exceptional vehicle body with a valley, such as a double bubble or
saddle-curved body. A face element with an inner product of at most zero can be regarded
as not being hit by a light beam owing to its own shadow. Specifically, the following
formula can be converted into logical values:

sin(¢y)-sin(6)

nn; = |cos(¢y)-sin(6y) (8)
cos(6y)

SCi,]'k = ni,]'~nnk (9)

SSZ-,]-k = (nl-,]--nnk > 0) (10)

nny is a 3 x 1 vector of the ray’s direction to the PV with an incident angle 6 and
directional angle ¢¢. Uniformly distributed random numbers provide angles ranging from
0° to 90° for 0y and from 0° to 360° for ¢;. The index number k identifies each set of random
numbers ranging from 0 to 999,999. According to our experience, the total number of rays
required to be a repeatable result, 1,000,000, is frequently used for ray-tracing simulations.
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Our calculation follows this rule. SC and SS are vectors whose elements are matrices that
store the local cosines and logical values of the presence or absence of a self-shadow. Each
element becomes a self-shadowing distribution matrix corresponding to k sunlight ray
vectors. A point without self-shadowing stores one (TRUE) and a point with self-shadowing
stores zero (FALSE). The dot operator indicates the inner product of the vectors. Because
VIPVs are affected by the relative position of the sun and by light scattered and reflected
from the road surface, it is necessary to consider all these and perform weighted integration
according to the angular distribution of light rays. When identifying a long-term angular
distribution such as the annual power generation, the vehicle’s orientation can be regarded
as a random distribution that follows a uniform distribution uncorrelated with the sun’s
direction. Therefore, it is feasible to approximate using only the sun’s altitude. The number
of rows and columns of the normal vector of the plane element is less than that of the
original grid points because the central difference is used.

When performing ray tracing, it is necessary to program a detector model whose shape
matches that of the curved surface [94-96]. The light source model should be generated by
programming the angle distribution of solar radiation on the vehicle surface (shadow and
wall reflection by the structures around the street and reflected light from the road surface)
in different regions [97]. For example, when measuring a curved surface using a coordinate
measurement machine (CMM), interpolation techniques are required (typically using cubic
polynomials) [98-100].

2.5. Simplified Calculation for VIPVs or Other Loosely Curved PV Devices

A simplified flowchart of the computation for the PV module on a car roof is shown in
Figure 2. It can be used under the following conditions:

1. The attitude and position remain constant during the timeframe of the power mea-
surement.

2. The solar irradiance angular distribution remains constant during the power measure-
ment timeframe.

3. The surface is a simple concave shape (not saddle-shaped or with multiple peaks,

such as a twin bubble roof) [101,102].

All the solar cells are connected in series.

The nonlinear effects in the equivalent circuits in solar cells are negligible [103,104].

The spectrum mismatching loss is negligible [105-107].

The dynamic and partial shadings are negligible [108-110].

N oG

The stress calculation substantially impacts the mechanical robustness (cell crack) and
reliability (impact strength, vibration, and fatigue degradation) but does not significantly
impact the initial performance unless it is heavily deflected, leading to the cell cracking [14].

The impact of dynamic and partial shading varies dramatically depending on the
relative position of shading objects and the sun, as well as the vehicle’s orientation. Several
publications have quantitatively analyzed these impacts [108-110].

The percentile function (v,p) in Figure 2 returns a value below which p percent of the
data are recorded in v (vector). Iel in Figure 2 represents the vector data of the Isc of each
cell; Ield in Figure 2 corresponds to the Isc of each cell generated by direct solar irradiance;
and Iels represents that of diffused sunlight. The vector or matrix c is the inner product of
the normal vector of the cell and the ray vector (the directional vector of direct sunlight).
This is calculated using the areal integration of Equations (9) and (10) for the entire area of
each solar cell divided by the total area of the cell calculated by the sum or integration in
Equation (6).

In this situation, the time-saving advantage of computing using a four-tensor, similar
to the one in Figure 1, is not apparent. The detection of the hidden surface generally
observed in saddle-shaped aircraft wings and double-bubble roofs in superior aerody-
namic vehicles (which requires a considerable amount of computation) is not required.
Equations (9) and (10) are used to calculate the entire angular response without hidden
surfaces in any surface element. These are simple inner products of vectors, and their
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If the pitch
angle correction
is needed,

nonzero discrimination and computation time are moderate. Therefore, we can directly
apply Equations (9) and (10) without interpolating the four-tensor described in Figure 1.

3D coordinates Sun position
» Z Rotationand a pitch angle Z Rotation - Pointing vector
I I
Normal vectors of each cell — Inner product: ¢

l

| Isc of each cell: = Ig+ I
Isc per 1 kW/m?(Indoor test) ————* loq=Isc:DNI-c
los=Isc-Sl-(1+c)/2-SVF

l

Ipm per 1 kW/m?(Indoor test) i———  |pmc= percentile(l,, 1-lpm/Isc)

—> Calculated Pm

Vpm at 1 kW/m?(Indoor test) > T and GHI correction

Figure 2. The simplified algorithm flowchart for computing the power output of a curved PV
module [69].

Computing the power output from each cell by considering the angular response
is not necessary. Rather, a single solar cell with a specific percentile value of the order
of the cosine value to the ray vector of direct sunlight is used to determine the total
power output from the module. Unless the mismatch loss is large (which causes the
maximum power point peak to shift to another value and occurs frequently in the case of
partial or dynamic shading), the overall shape of the I-V curve does not vary dramatically.
Moreover, the solar cell that controls the position of the maximum power point remains
unaltered. This study did not solve differential or partial differential equations, numerically
or analytically, but relied on the calculation of geometries (differential geometry). Although
we frequently used tensor, matrix, and vector computations, we were not required to define
boundary conditions.

In certain cases, the indoor test is performed on the test bed in testing laboratories. It
has a different angle of placement relative to the ground on the actual car roof. In such
cases, the group of normal vectors of the surface element is transformed by coordinate
rotation by applying rotation matrices.

2.6. Curve-Shape Measurements and Indoor Tests

To identify the unusual behavior of the curved PV modules and validate the compu-
tational model, we conducted a series of measurements using a commercial curved PV
module and the solar roof of the Toyota Prius 40 series (Toyota, Japan).

Because the optical and performance characteristics of the curved module are sensitive
to angle errors and because we considered it essential to set the module at equal angles,
we prepared a module carrier (holding fixture). The module was set throughout the
manufacturing process, storage, and transportation (Figure 3). Curved PV devices should
be held on a stable contact plane to prevent deflection, gravity distortion, and stress from
the holders. The holding fixture did not shade the solar cells in the module.
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040 mm

Figure 3. Carrier for the curved PV module. It was designed to keep angles equal during the following

measurement steps: (1) coordinate measurements, (2) indoor performance tests, and (3) outdoor

performance tests.

The frame was attached externally to prevent deflection and deformation of the curved

PV devices and damage caused by dropping or handling. An example is shown in Figure 3.
The frame should satisfy the following conditions for holding curved PV modules:

The reference bottom surface (bracket or frame bottom surface) is flat across the bottom.
As a criterion for assessment, it should be placed on a surface plate that is larger than
the frame, and a force should be applied to at least three corners to ensure adequate
tightness. The permissible deflection is 10 mm using a 100 N load force.

The frame, bracket, and enveloping holder surfaces are outside the envelope surface
of the module outline.

At least three holders are provided to hold the modules.

The holder’s height is lower than that of the neighboring cells.

To prevent module deformation (twisting) during fastening, all the holders have an
angle-adjustment function to follow the variations in the curved surface shape (purple
plates on the four corners and a center point of a side in Figure 3).

The central tilt angle for the angle adjustment of the holder (Figure 3) is designed
based on the aspects of the module. Specifically, the module is placed on a horizontal
surface plate (there is no need to compensate for deflection owing to its weight). The
angle of inclination of the edge of the module at the point where it is fixed with a
holder is measured using a protractor or a small inclinometer. The center angle of the
holder (14° in Figure 3) is determined according to the estimated value.

To prevent the glass cover from cracking during fastening, the fastening part is sand-
wiched between 3 mm thick urethane plates. Furthermore, the fastening torque is
controlled (e.g., 2-M4 fastening torque of 1 Nm).

The surface viewed from the light-receiving surface is matte black in color. Any sur-
face treatment method such as black alumite treatment, black dyeing, black chromate
treatment, black nickel plating, or matte painting can be used. The surfaces concealed
behind the module are not black. Non-black surfaces such as screw heads and ma-
chined surfaces may remain if these are negligible in terms of the projected area of
the frame.
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The module is attached to a rail for convenience. For example, in a series of set
operations such as removing the upper holding portion of the holder, placing the
module, adjusting the position, and tightening the upper holding portion, the module
does not slip or need to be held temporarily.

Specifically, the frame is placed on the surface plate, the top is removed, a part of the
holder is pressed, the module is enabled to stand, and the distance from the plate
surface to the lower end of the module (mechanical contact plane) is set as an equal
distance. The module is fine-tuned by shifting it in the x and y directions. After
determining the position of the module, the angle-adjustment function of the holder is
used to adjust the angle such that the supporting surfaces of the holder and module
are approximately parallel. This is repeated two times to fix the module position and
holder angle. Subsequently, the upper pressed portion is tightened using a specified
tightening torque.

First, the coordinates of the curved surface are measured using the CMM (Figure 4).

The detailed procedure is as follows. This step is also essential for determining the offset
value in the indoor performance tests in the next step.

The framed module is placed on a CMM surface plate (attached to the frame to prevent
bending deformation).

To verify the reference plane of the surface plate, a stylus is dropped on the surface
plate near the four corners of the frame, and the height of the surface plate is measured
(at four points; the Z value). Two points where the height of the surface plate is at the
minimum and maximum are selected. The inclination of the line connecting the two
points from the XY plane of the CMM coordinate system is calculated. No problems
occur when the inclination is less than 0.1°.

The X- and Y-axes are defined with the vertex closest to the mechanical origin of the
CMM as the origin within the envelope surface of the approximately rectangular area
covered by the cell (Figure 4 and the active zone defined in Figure 5). In addition, the
Z-axis in the vertical direction (upward) is considered, and the X-, Y-, and Z-axes are
left-handed.

The height is measured from the plate surface of the origin. Let this be dimension A.

Let N and M be the number of rows and columns, respectively, of cells in an approxi-
mately rectangular area. The (2N + 1) and (2M + 1) measurement points are divided
uniformly, including the edges of the rectangular region. All the 2N + 1) x (2M + 1)
Z coordinates are measured. The arithmetic mean is the B-dimension (Figure 6 and
O-©)-

The offset of the reference plane for the indoor test (the length indicating how close
the reference surface is to the light source from the bottom of the frame) is calculated
as (A + B).

Figure 4. Coordinate measurement of the curved PV modules with the carrier.
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Active area

o @ The center point of the corners of adjacent cells

@ The center point of the corners of adjacent cells

I @ The center point of the side of the cell

@ @ The corner of the active area rectangular

The center point of the corners of adjacent cells The center point of the side of the cell
Figure 6. Coordinate measurement of the curved PV modules.

The position of the reference plane for the indoor measurement is given by the center
of gravity of the active zone of the PV module parallel to the mechanical contact points of
the module (Figures 5 and 7), rather than by the mechanical contact points of the module
or the peak position of the module.

Figure 7. Indoor tests with the carrier.

The coordinate point of the average value of the X and Y coordinates in the cell
coordinate measurement by the CMM was set as the center point of the module on the
reference plane. The optical axis of the solar simulator was aligned accordingly.

The envelope surface of the approximately rectangular area covered by the cell should
not protrude from the uniformly illuminated area of the reference surface.

In the case of a module in which the cells are arranged at equal intervals, the center
point of the enveloping surface of the approximately rectangular area covered by the cells
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is regarded as the center point of the module. Even if it is not calculated from the CMM
measurement values, the optical axis of the solar simulator may be aligned with this.

That the envelope surface of the approximately rectangular area covered by the cell
should not protrude from the uniformly illuminated area of the reference surface.

This measurement is analogous to that of single-junction PV devices. For the solar
simulators, the only adjustment is that of the total irradiance intensity (considering the
associated variation in the spectral irradiance).

After the indoor test with the solar simulators, the actual output power was compared
using the monitored power output (Figure 8).

Figure 8. Outdoor tests with the carrier.

First, an outdoor testbed was set at a given orientation angle, and the reference plane
was adjusted horizontally. The carrier (holding fixture) was then placed on the reference
plane while maintaining angles equal to those in the coordinate measurement and indoor
performance test. The output power was monitored from sunrise to sunset while keeping
the module orientations constant by scanning the load resistance and generating I-V and
P-V curves. The output power was determined by identifying the peak in the P-V curve.

3. Results

This chapter discusses the unusual behavior of curved PV devices and explains it
using the calculation model discussed in the previous chapter and its validation. The
differences in indoor testing should be addressed by the differences discussed and described
in several publications [65,67-69,94,95]. However, they mainly discussed whether the
outdoor performance can be predicted using the indoor test results. After correcting for
solar irradiance and device temperature, the outdoor power output of the flat PV devices
was equal to the tested values. However, curved PV devices inherently differ.

3.1. General Behaviors of the Curved PV Devices

The outdoor monitoring of the commercial curved PV module (Figure 8) revealed a
distinct difference caused by climatic conditions (Figure 9).

Diffuse solar irradiance was dominant on rainy or cloudy days. Thus, the variation
among solar cells in the curved surface was marginal. Clear-sky days corresponded to
solar irradiance originating from direct sunlight. Hence, the variation in cosine loss was
considerable and caused a substantial mismatching loss.

The most distinct difference was observed in the fill factor (FF) behavior. The output
power is the product of the short-circuit current Isc, open-circuit voltage Voc, and fill factor
(FF): Pm =Isc x Voc x FF. In principle, the FF is almost constant in the range of Isc except
for the small Isc region. This is owing to a relatively higher recombination ratio than the
minority carrier injection. This was also observed in curved PV devices in cloudy and
rainy climates. However, this trend varied significantly on clear-sky days. The FF was
substantially reduced and decreased further at low Isc values, i.e., low height times. This,
in turn, caused a significant power loss (Figure 9). On rainy or cloudy days, most of the
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solar irradiance originated from diffuse sunlight. Thus, the variation among the solar cells
on the curved surface was marginal. Meanwhile, on clear-sky days, most solar irradiance
originated from direct sunlight. Thus, the variation in cosine loss was substantial and
resulted in a substantial mismatching loss. The FF loss in the low-Isc region on clear-sky
days was considerable. This substantially reduced the power output.

0.9 I Rainy or cloudy days
0.8

0.7 ewe s MG PET '_'._x/

,,,,,,

FF

0.6

0.5
0.4 ;e Clear-sky days

0.3

0.2
0 1 2 3 E 5 6

Isc (A)
Figure 9. The trend of FF under different climatic conditions.

The new computation approach powerfully explains the unusual behavior of the
curved PV devices on clear-sky days. However, the same algorithm can be applied to
rainy or cloudy days. In the next section of the experimental results, clear-sky and rainy or
cloudy days were compared to the calculated results.

3.2. Validation of the Algorithms

As shown in Figure 9, curved PV devices occasionally generate a significant power
loss owing to the inherent mismatch loss caused by the variations in the cosine loss from
direct sunlight. Unlike flat PV devices, the power output in an actual outdoor operation
inherently differs from the power output or efficiency values obtained from indoor testing
with temperature and irradiance corrections. The question was whether the geometrical
and circuit models could precisely estimate the difference in the vector computation model
in Figure 2.

The vector computation model in Figure 2 was validated by outdoor monitoring of
the power output from sunrise to sunset under various climatic conditions and orientations
of the PV model (commercial VIPV product for the Toyota Prius 40 series). The results are
shown in Figure 10 (clear-sky days) and Figure 11 (cloudy days).

The purple lines in Figure 10 represent the conventional power calculations assuming
that the PV device is flat. These correct the module temperature and solar irradiance (global
horizontal irradiance, GHI). These were overestimated on clear-sky days owing to the
mismatching losses among the solar cells on the curved surface affected by the variations
in the cosine losses. However, the result of the vector computation using the algorithm in
Figure 2 matched the measured results (blue region) regardless of the orientation of the
PV module.

This trend varied on cloudy days, when diffuse sunlight was dominant. The difference
between the flat and curved models was insignificant, and both matched the measured
trend. The exception was that the level of solar irradiance was high with a certain portion of
direct sunlight (see the measurement on 15 March 2023 in Figure 11). In addition, the solar
irradiance (GHI and DNI measurements) was measured on the building roof approximately
300 m north of the tested PV module. Thus, the solar irradiance may not be equal to the
on-plane irradiance of the PV device (see morning and evening on 21 March 2023 and
17 March 2023 in Figure 11).
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Figure 10. Comparison of the outdoor power output determined using the indoor test result on
clear-sky days in four orientations of the module with (1) conventional power calculation assuming
the PV device is flat (purple line), (2) vector computation using the algorithm in Figure 2 considering
the curved surface (green line), and (3) measured outdoor power (blue region).
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Figure 11. Comparison of the outdoor power output using the indoor test result on cloudy days in
four orientations of the module with (1) conventional power calculation assuming the PV device
is flat (purple line), (2) vector computation using the algorithm in Figure 2 considering the curved
surface (green line), and (3) measured outdoor power (blue region).

4. Discussion

We presented two types of vector computation algorithms for curved PV devices
affected by non-uniform solar irradiance (Figures 1 and 2). Figure 1 shows a rigorous
model, and Figure 2 shows a simplified model that was applied to the following cases:

e  The attitude and position are unaltered during the timeframe of the power measure-
ment.

e  The solar irradiance angular distribution is unaltered during the power measurement
timeframe.

e  The surface is a simple concave shape (not saddle-shaped or with multiple peaks, such
as a twin bubble roof) [101,102].
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All the solar cells are connected in series.

The nonlinear effects in equivalent circuits in the solar cells are negligible [103,104].
The spectrum mismatching loss is negligible [105-107].

The dynamic and partial shadings are negligible [108-110].

With respect to its application to VIPVs, it can be used for solar panels on a car roof
(but not for advanced aero-designed roofs such as double bubbles). For solar panels on
the engine or side of the car, the rigorous algorithm shown in Figure 1 should be used. In
this study, the computational model was validated using the algorithm shown in Figure 2.
Therefore, the indoor measurements of curved VIPV products for car roofs can be used to
predict their outdoor performance.

Although this method was developed for the power estimation of curved PV devices,
it can also be used to estimate the energy yield because the annual energy yield correlates
with the energy yield’s actual value. To calculate the energy yield, the power of the
photovoltaic device is typically calculated every hour based on a solar database such as the
METPV series [111,112] considering the position of the sun relative to the device. Its power
value is then integrated, multiplied, and weighted by the timeframe (typically 1 h).

The models shown in Figures 1 and 2 can be used for other advanced integrations of
photovoltaic devices:

e  Wavy PV arrays that are installed in hilly areas where the performance ratio decreases
in winter owing to self-shading by the PV arrays and irregular skylines can use the
algorithm shown in Figure 1;

e  Aircraft including drones and high-altitude platform systems (HAPS) can use the
algorithm shown in Figure 1;

e  BIPVs with multiplexed wall shading and self-shading by irregular or nonplanar PV
arrays can use the algorithm shown in Figure 1;

In flexible and film-type PV devices enclosing non-planar structures (Figures 1 and 2);
In photosynthetic photon flux density (PPFD) distribution calculations for crops grown
below agriphotovoltaic systems.

This study, in particular, considered how PV devices behave and are affected by
the surface profile (inherent properties). However, the performance of PV devices is
affected by external factors like shading, including partial and dynamic shading. These
factors are not typically used to describe product performance but are referenced in the
energy yield discussion. Such evaluations were discussed in international standardization
activities [113,114]. These algorithms and the testing and validation procedures, including
safety issues with installing PV devices on the car body, are also discussed within the
framework of international standardization [113,114].

The story of international standardization activity started in July 2017 with a web
meeting of a group of researchers and testing engineers in PV industries to seek a solution
for the measurement errors and different behaviors of curved PV devices from flat ones. The
group gradually expanded, inviting experts from testing laboratories and engineers from
the automotive industry seeking applications for automobile PV devices. In April 2021,
it was upgraded to an official international project team (PT600) under the International
Electrotechnical Commission (IEC) umbrella.

Most formulas, equations, modeling, and measurement methods for photovoltaic
devices are based on the assumption that photovoltaic devices are flat, static (with no
movement), and illuminated by uniform sunlight. It is a reasonable assumption for typical
applications such as rooftop solar panels, but it cannot be applied to vehicle photovoltaic
devices. For example, one of the essential equations (Power output) = (Power conversion
efficiency) x (Area of the device) x (Solar irradiance) is not true for the car applications
in a physically and mathematically rigorous manner. Such deviation affects the testing
procedure. The deviation in PV device performance on vehicles is sometimes called
“unusual behaviors”. Accurate modeling needs to be developed to understand these
strange behaviors.
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On the contrary, such advanced modeling requires advanced math, so not everyone
can handle it, and often, it is not transparent when rating the product value. A simple
approximation method is needed for rating purposes. Therefore, our standardization
activity deals with three layers of testing and rating methodologies (Table 2). We need three
layers because reproducible tests can only be secured in testing laboratories. Still, outdoor
operation results are inherently different from test results (in principle, the test result is the
same as the outdoor operation in flat PV devices after temperature and spectrum correc-
tions). Note that most of the formula and testing methods are based on the assumption
that the PV device is flat. Still, we need practical and reproducible testing methods (that
are at least applicable by controlled testing laboratories, layer 1).

Table 2. The standardization activity on which this study was based consists of three layers of
international activities.

Layer Category Goal
Layer 1 Product testing Reproducibility among testing laboratories
Layer 2 Operating modeling Accuracy (affected by shadows and curved surface)
Layer 3 Energy rating Transparency (everyone can perform calculations)

Unlike the flat PV devices (where the outdoor performance will be the same if sufficient
corrections like temperature are performed), the behavior of the outdoor operation of
curved PV modules is challenging to understand (most operation models are based on the
assumption that PV devices are flat). We need a detailed translation procedure for outdoor
operations to avoid misleading or unfair recognition. This is why we need layer 2.

A thorough and accurate calculation requires a tensor-matrix-vector computation,
which not everyone can perform. Moreover, VIPVs frequently work in shaded and partially
shaded environments. Therefore, we must provide an approximated but simple and
transparent calculation procedure for a fair rating of the VIPV and SEV values (possibly
related to carbon offset values). This is why we need layer 3.

The geometrical conditions and coordinate system (local coordinate system) can be
applied to building-integrated photovoltaics (BIPVs), aircraft PVs, and PV arrays installed
on wavy land. Except for reducing the requirements of the geometrical properties, the
models and equations and Scheme 1 in Sections 2.2-2.4 cover the entire situation. The
differences are summarized as follows.

BIPVs: The elevation angles are typically fixed to 90°, a particular case in the algorithm.
PV devices usually do not move, which is also a specific case in the algorithm. The shading
(aperture) matrix issue varies with the position of the PV arrays and can be covered by
allocating the different matrixes depending on the device’s height (typically).

Aircraft PVs: The surface model defined in Section 2.4 can be applied to the saddle-
curved surfaces that are typical in aircraft wings. As explained in Section 2.5, we also need
to consider the hidden surface.

PV arrays installed on wavy land: The envelope of the PV arrays is regarded as
the curved surface of the PV device, and the mismatching losses are considered to be
constrained by the conservation law of the carriers in a series circuit. The aperture matrix
can describe the shading effects of the sloped land [71].

This paper showed the validation result in vehicle applications using c-Si solar cells.
However, the model was also tested by HAPS (High Altitude Platform Station), namely
using drones. The PV devices made of GaAs and InGaP/GaAs/InGaAs triple junctions
were used to cover the saddle-shaped curved wings for flying in the stratosphere using
Figure 1, in namely different applications, curved shapes, solar cells, cell materials, and
solar environments [102].

We did not explicitly consider bifacial panels. However, considering the front and
back sides, this can be handled independently. In this case, if the front surface is convex,
the rear surface will be concave, meaning that at least one side needs to be considered as
the hidden surface.



Appl. Sci. 2024, 14, 4855

19 of 24

Typical curved PV devices are 1.5 m and have a larger radius of curvature that is
at least three orders larger than the thickness of the absorption layer (200 um to 20 nm)
and also have less than the typical deflection of the wafers that are not supported by a
substrate or have a superstrength structure caused by internal stress (natural deflection).
On the other hand, the tangent angle variation typically lies within more than ten orders of
magnitude, which certainly affects the optical performance of the absorbers.

In this regard, the microscopic physics of PV devices, including differences in the
materials, can be ignored or have substantially less impact than the differential geometry
impact, including optical and circuit impacts. It is not necessary to think that curving might
introduce a second wavelength photon that can be absorbed (for example, one-photon or
two-photon absorption).

5. Conclusions

Most equations and models of photovoltaics (PVs) are based on the assumption that
such devices are flat. The classical models based on flat PV devices do not consider the
possibility of the local variations of cosine losses in the active area of PV devices and the
mismatching losses in flat devices caused by this variation. Another misleading aspect
is that the aperture area may be the same as the active area of flat PV devices, but this
is not true for curved PV devices. The fundamental formula of PV devices, (Output)
= (Device Active Area) x (Irradiance) x (Power Conversion Efficiency), is suitable for
flat PV devices but incorrect for curved PV devices. Moreover, we do not have clear
definitions of the area of the curved PV devices, including whether the projected or total
active area should be used. This is an issue that the international web meeting groups,
consisting of experts and researchers from research institutes, testing laboratories, and the
PV and automotive industries, have discussed. The global meeting group was upgraded
to an official international project team (PT600) under the umbrella of the International
Electrotechnical Commission (IEC) in April 2021 and is continuing discussions for the goal
of fair and scientifically correct international standards in this field.

The actual performance of nonplanar PV devices should be investigated and devel-
oped. In this study, outdoor monitoring was developed, and algorithms were validated
based on vector computations. The measurement methods were also developed inde-
pendently of this study by an international collaboration with testing laboratories for
reproducible indoor test protocols. Note that reproducible tests were established for flat PV
devices. Still, developing reproducible testing methods, including the additional testing
equipment requirements, was challenging because most testing methods and instruments
were designed for flat PV devices and did not work with sufficient reproducibility for
curved PV devices.

In parallel with the above activities, we developed two models (Figures 1 and 2).
Both were based on differential geometry and were essentially the same. Still, the first
one is more general and can be applied to the 3D movement of PV devices, such as an
aircraft PV device (pitch, roll, and yaw rotations), but with more computation time. The
second one is quick but can be applied to simple string configurations (all in series). It
is limited to yaw movement and is suitable for vehicle applications. Also, note that the
unusual behavior of the curved PV devices was enhanced on clear-sky days when the
solar irradiance mainly consisted of direct and collimated sunlight, as anticipated. The
developed models help us to understand the dramatic differences in the behaviors on
clear-sky days from indoor-tested results.
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