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Featured Application

This framework was applied to the operational planning and real-time energy management
of High-Altitude Platform Stations (HAPSs). It enabled the precise prediction of power
generation for curved photovoltaic modules under dynamic attitude changes, thereby
preventing energy depletion and airframe loss during critical flight phases.

Abstract

In the long-duration stratospheric operation of High-Altitude Platform Stations (HAPSs),
strict management of the limited solar energy balance is a decisive factor determining
mission success. However, existing planar approximation models ignore self-shading and
incidence angle losses associated with curved surfaces. In this study, we propose a novel
framework that catalogs the airframe geometry as a 4-tensor, achieving both physical rigor
and computational speed. This method is a thousand times faster than ray tracing methods,
and successfully reproduces the minute output fluctuations observed in actual flight data.
Notably, in the winter solstice analysis, when the energy balance is most severe, the planar
model overestimates power generation by approximately 25% during level flight and
by approximately 12% even during turning maneuvers. Quantifying this discrepancy in
environments with minimal energy margins is essential for mitigating the risk of airframe
loss and formulating feasible operational plans.

Keywords: High-Altitude Platform Station (HAPS); stratospheric platform; photovoltaic
power generation; curved photovoltaic modules; energy management; flight dynamics;
aeroelasticity; 4-tensor method; solar irradiance simulation

1. Introduction
High-Altitude Platform Stations (HAPSs) are unmanned aircraft systems that operate

in the stratosphere at approximately 20 km. They provide communication and obser-
vation services for periods ranging from months to years [1]. Combining low-latency,
high-resolution communication and observation capabilities—thanks to their proximity to
the ground—with the flexible operability of aircraft, HAPSs are gaining global attention.
They are considered critical infrastructure for bridging the digital divide through next-
generation Non-Terrestrial Networks (NTNs) [2,3], enabling emergency communications
during disasters [4], and facilitating wide-area Earth observation [5].
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However, their power source must rely solely on photovoltaic (PV) power generation
and batteries. Although the stratosphere receives more solar irradiance than the ground,
air density is exceptionally low. This requires substantial propulsion power to maintain
lift [6–9]. The energy balance is especially challenging during the winter solstice and at high-
latitude regions. Therefore, maximizing power generation within a limited wing surface
area and strictly managing the energy balance are essential for mission success [10,11].
Accurate prediction of power generation during flight is indispensable for the design and
operational planning of HAPS [12].

Conventional analysis methods used for ground-based PV systems cannot adequately
address the challenges in predicting HAPS power generation. First, the main wings
of HAPSs have a saddle-shaped, curved geometry optimized for aerodynamic perfor-
mance [13]. Since each cell on the wing has a different normal vector, incidence angle char-
acteristics become highly complex. Second, the lightweight airframe undergoes continuous
attitude changes caused by meteorological disturbances and turning maneuvers [14,15].

The most significant barrier in prior research has been the trade-off between physical
rigor and computational cost [16]. Conventional scalar calculation models approximate
the airframe as a flat plate. These models are computationally efficient but fail to capture
geometric nonlinearities, such as self-shading and incidence-angle losses, that are specific to
curved surfaces. This often leads to a dangerous overestimation of power generation [17,18].
When vector operations, like ray tracing [19], are used to accurately reproduce these
phenomena, millions of calculations are required per time step. This substantially increases
computational cost.

For example, the high-precision analysis of a single day of flight simulation could take
weeks. This makes it virtually impossible to perform year-long analyses or multivariate
optimization. These issues also affect testing and cell design details [20,21].

To address these challenges, we propose a new computational framework that balances
speed and geometric accuracy [22]. This method integrates a stratospheric environmental
model with differential geometry-based curved PV analysis. It is extended to account for
dynamic three-dimensional attitude changes and flexible wing deformation specific to
HAPSs. At its core, the method implements an algorithm that pre-catalogs the complex
geometric relationship between the airframe shape and the solar position as a 4-tensor.
During simulation, this allows for simple tensor referencing and interpolation, greatly
reducing computational effort, achieving a speedup of thousands of times compared to
traditional ray-tracing methods.

Another key advantage is the ability to capture rapid output fluctuations, or spikes,
caused by minute changes in attitude. These were previously averaged out due to high
computational costs. This high-fidelity approach enables the detection and quantification
of energy losses during attitude maneuvers, such as turns, which planar approximation
models often overlook.

The organization of this paper is as follows. Section 2 details the stratospheric radiation
environment model and the mathematical formulation of the 4-tensor method. Section 3
validates the model using real flight data, demonstrating its ability to accurately reproduce
spike-like power fluctuations caused by small attitude changes. We also quantify the risk
of energy overestimation by conventional flat-plate models during HAPS turning and
level flight, illustrating the impact on operations. Section 4 discusses the versatility of this
method, applicable not only to fixed-wing aircraft but also to all stratospheric platforms,
including airships. Section 5 presents the conclusions.
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2. Materials and Methods
In this study, we constructed a computational framework to predict the energy balance

of Stratospheric Platforms (HAPSs) with high precision and speed. The model integrates
the stratospheric environment model developed by the authors in a previous study [23]
with the differential geometric analysis method for curved PV proposed by Araki et al. [22].
It further extends this approach to accommodate the dynamic three-dimensional attitude
changes specific to fixed-wing unmanned aircraft. This chapter details the impact of
aircraft attitude on HAPS operations, the stratospheric-specific solar irradiance calculation
model, and the high-speed power generation calculation algorithm. The algorithm uses a
curved-surface representation and 4 tensors, and it constitutes the core of this research.

2.1. Impact of Aircraft Attitude on HAPS Operation

The primary objective of the simulator constructed in this study is to reproduce, in
detail, not only the aircraft’s position information (latitude, longitude, and altitude), but also
the dynamic behavior whereby the aircraft’s attitude during flight affects power generation.
HTA-type HAPSs, which have low wing loading, are susceptible to disturbances caused by
weather conditions and flight controls. Their attitude constantly fluctuates during actual
operation [24]. In particular, for aircraft with solar arrays curved along the airfoil, the
impact of these attitude changes is significant [25,26]. Unlike planar surfaces, each cell on
a curved surface has a distinct normal vector. Therefore, even a slight tilt of the aircraft
causes a significant change in the distribution of solar incidence angles across cells. This
implies a nonlinear impact on power generation efficiency, such as a rapid decrease in
incident light intensity at specific locations or the occurrence of shadows [25,26].

2.2. Solar Irradiance Calculation

HAPSs must supply all necessary power solely through photovoltaic generation dur-
ing long-term continuous flight. For this reason, quantitative and highly accurate prediction
of solar irradiance and power generation plays a decisive role in optimizing HAPS system
design and operational planning. The stratosphere, at an altitude of approximately 20 km,
has radiation characteristics that differ significantly from the terrestrial environment. Be-
cause the effects of atmospheric absorption and scattering are minimal, the solar spectrum
is close to the extraterrestrial solar irradiance (AM0) rather than the terrestrial standard
AM1.5G [27]. Additionally, because clouds and the ground surface extend below the
aircraft, the reflected component (albedo) from these sources, together with direct solar ra-
diation from above, makes a non-negligible contribution to power generation. This section
describes the mathematical model for calculating the incident energy on each cell, based on
the aircraft’s position and attitude, accounting for the stratospheric radiation environment.

2.2.1. Calculation of Solar Position

The primary factor determining the incident energy on the solar array is the geometric
position of the sun relative to the aircraft. Because HAPS operates over a wide area for an
extended period, it is essential to accurately specify the solar position on a given date, time,
and location. Astronomical algorithms are used to calculate the solar position. First, based
on the day number from 1 January, the orbital angle Γ (rad) indicating the position on the
Earth’s revolution orbit is defined by the following equation:

Γ =
2·π
365

∗ Day number (1)

From an astronomical point of view, 365 days in Equation (1) is 365 days, 5 h, and
49 min. However, changing Equation (1) in this way will interfere with the consistency
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of the calendar (for example, the starting point of 2026 will be 11:48 instead of 0:00), and
not only will there be discrepancies with the date and time displayed in the actual logging
data, but it may also cause serious errors in flight management, such as the south–central
time being midnight. In this paper, rather than focusing on the rigor of Earth’s orbital
cycle, we considered the benefits of operational management, such as integration with
flight simulators, and systematized a year into 365 days. Since the deviation of the solar
position coordinates associated with this approximation is small, it has little impact on the
calculation results. In addition, this approximation requires correcting the calendar method
for leap years. The algorithm we developed ensures consistency in our calculations by
treating 29 February in leap years as 28 February.

Considering the Earth’s elliptical orbit and the axial tilt (approximately 23.44 degrees),
the solar declination δ and the equation of time θ are calculated using Spencer’s series
approximation. This accurately reproduces seasonal variation in solar altitude and the
deviation of solar noon [27].

δ = 0.006918 − 0.399912·cos(Γ) + 0.070257·sin(Γ)− 0.006758·cos(2·Γ)
+0.000907· sin(2·Γ)− 0.002697· cos(3·Γ) + 0.00148· sin(3·Γ)

(2)

θ = 0.000075 + 0.001868 · cos(Γ)− 0.032077 · sin(Γ)− 0.014615 · cos(2 · Γ)

−0.04089 · sin(2 · Γ)
(3)

Furthermore, the variation in extra-terrestrial solar irradiance due to the fluctuation in
the Earth-Sun distance is corrected using the following correction factor D [27]:

D = 1.00011 + 0.034221 · cos(Γ) + 0.00128 · sin(Γ) + 0.000719 · cos(2 · Γ)

+0.000077 · sin(2 · Γ)
(4)

Finally, the sine of the solar altitude angle sh is determined from the local latitude La,
declination δ, and hour angle ω [27].

sh = cos(La) · cos(ω) · cos(δ) + sin(La) · sin(δ) (5)

2.2.2. Altitude Correction of Stratospheric Environmental Parameter

The stratospheric environment (at an altitude of approximately 20 km) has physical
conditions that differ markedly from those at the ground. As shown in the authors’ previous
study [18] and the study by Song et al. [20], changes in atmospheric pressure, temperature,
and air density associated with altitude changes directly affect the calculation of Air Mass
(AM) and the conversion efficiency of solar cells; thus, ground models cannot be applied
by ignoring these factors. For altitude correction, the geopotential height was calculated.
Geopotential height (HGP) is referenced to Earth’s mean sea level. Here, Er0 is the Earth’s
radius and H is the HAPS altitude with the unit of km [28].

Note that some successive Equations use a vectorization operator. The arrow placed
above the formula corresponds to this. The vectorization operator affects all operators
in the expression. The vectorization operator performs iterative computations without
using range variables. That is, apply an operator or function to each element of a vector or
matrix. In other words, the multiplication operator of a vector variable means that it is not
an outer or inner product, but rather a multiplication for each corresponding element. In
other words, the array and scalar operations are performed by applying the scalar to each
element of the array. Because application of an operator or function is to each element of
a vector or matrix, array and scalar operations are performed by applying scalars to each
element of the array.
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Also note that we extended Bird’s ground-based solar model into the stratosphere,
making careful modifications as needed. We selected Bird’s model [29] for its transparency,
which is essential for scientifically validating any modifications or scope expansions. Al-
though newer models claim to correct errors in Bird’s model, their source code and equa-
tions have not been publicly disclosed in our research context, making their application
beyond surface or high-altitude ranges questionable. Many of these newer models are
based on Bird’s framework, indicating its fundamental soundness. Our focus remains on
scientific rigor and transparency. Equations (6)–(10) are used for extending Bird’s solar
model [29], denoted as Equation (6):

HGP = −−−−→
( Er0·H

Er0+H )
(6)

The temperature was corrected based on the ICAO standard atmosphere model, and
the temperature at stratospheric altitude is T = −56.5 ◦C [28]. Next, the atmospheric
pressure was corrected to the geopotential height. Atmospheric pressure (Patm) changes
with altitude, and the pressure correction at stratospheric altitudes (11–20 km) is expressed
as [29], denoted as Equation (7):

Patm = 22, 632.064 · exp(−0.1577 · (H − 11)) (7)

Relative density, ρr, was calculated using Boyle’s law from the above pressure and
temperature corrections [29] with the temperature unit of ◦C denoted as Equation (8):

ρr = −−−−−−−−→
(

0.0034837·Patm
(T+273.15)·1.204 )

(8)

The thickness of the atmospheric layer (tatm), which depends on relative density and
altitude, was calculated as follows [30] denoted as Equation (9):

tatm = −−−−−−→
H·(1+ 0.5·ρr

1−ρr )
(9)

At the relevant altitude, Air Mass (AM) was calculated considering altitude correction,
temperature correction, and atmospheric pressure correction [31], denoted as Equation (10):

AM = −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→√
(

Er0+GPHeight
yatm )

2
·sh2+ 2·Er0

yatm2 ·(yatm−GPHeight)−(
GPHeight

yatm )
2
+1− Er0+GPHeight

yatm ·sh

(10)

In Equation (10), the variable yatm that is used for the description of the atmospheric
description is an abbreviation of “atmospheric transmittance” calculated by Equation (10).
The variable sh is a vector as calculated in Equation (5).

2.2.3. Calculation of Stratospheric Solar Irradiance

The direct solar spectral irradiance Ibλ at wavelength λ is obtained by multiplying the
extra-terrestrial irradiance H0λ (AM0) by the transmittance of each attenuation factor. In
this study, we adopted Bird and Riordan’s Simple Spectral Model [29] and formulated it
as follows:

Ibλ = H0λ · D · τR(λ) · τa(λ) · τo(λ) · τg(λ) · τw(λ) (11)

Here, D is the Earth-Sun distance correction factor. Each transmittance is defined
as follows:
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• Rayleigh Scattering τR: Scattering by air molecules.

τR(λ) = exp

− AM

λ4
(

115.6406 − 1.335/λ2
)
 (12)

• Aerosol Scattering τa: Defined using Angstrom coefficients −βλ−α.

τa(λ) = exp
[
−βλ−α · AM

]
(13)

• Ozone Absorption τo: Depends on total ozone amount.
• Mixed Gas Absorption τg: Absorption by CO2 and O2.
• Water Vapor Absorption τw: While a major attenuation factor on the ground, the

stratosphere (altitude 20 km) is extremely dry. In this model, attenuation due to water
vapor is considered negligible, assuming τw(λ) ≈ 1.0.

Global horizontal irradiance is the sum of the direct component, the scattered
component (Rayleigh and Aerosol scattering), and the reflected component from the
ground surface.

• Scattered Irradiance Spectrum Idλ:

Idλ = Irλ(Rayleigh) + Iaλ(Aerosol ) (14)

Calculated based on the Bird model using forward scattering ratios [31].

• Ground Reflected Spectrum Igλ:

Since HAPS is located at high altitude, the influence of reflected light (albedo) from
the ground surface (or cloud tops) cannot be ignored. Assuming a ground albedo rg, the
reflected spectrum is obtained considering multiple reflections:

Igλ =
(Ibλsinh + Idλ) · rg(λ) · τ′atm

1 − rg(λ) · rsky
(15)

Here, rsky is the sky albedo, and τ′atm is the atmospheric transmittance for reflected
light. In this simulation, rg was dynamically changed depending on the presence of clouds
(e.g., 0.2 for clear sky, 0.8 for cloudy).

The final Global Horizontal Irradiance (GHI: IGHI) is calculated as the sum of the
direct component (DNI IDNI) and the scattered component SI: ISI . Here, the scattered
component (SI: ISI) includes the contribution from multiple reflections between the ground
surface and the atmosphere, in addition to the scattered light from the sky (Rayleigh and
aerosol). The trapezoidal rule was applied for the integration [32]. The integration range
varies by the numerical tables of wavelength λ.

IDNI =
∫

Ibλ dλ, (16)

ISI =
∫

Idλ + Igλ dλ (17)

The following equation obtains the final total irradiance:

IGHI =
∫
(Ibλsinh + Idλ) d (18)

While we acknowledge the availability of several newer, more advanced solar mod-
els, our decision not to use stems from concerns about transparency. We extended the

https://doi.org/10.3390/app16052183

https://doi.org/10.3390/app16052183


Appl. Sci. 2026, 16, 2183 7 of 24

ground-based solar model into the stratosphere, carefully expanding and modifying its
scope as necessary. Without full transparency, it becomes scientifically infeasible to validate
a model’s modifications or scope expansions. Although the new solar models claim to
rectify errors in the Bird model, the source code and equations underlying these corrections
have not been publicly disclosed within our research context. Consequently, we deemed
it unreasonable to extend their application beyond surface or high-altitude ranges. Fur-
thermore, many of these new models are derived from the Bird model [29], indicating that
its fundamental framework remains sound. Our approach prioritizes scientific rigor and
transparency to ensure the validity of our results.

2.3. Curved Surface Representation

The photovoltaic modules mounted on the upper surface of the HAPS wing are
arranged to conform to the curved shape, prioritizing aerodynamic performance (see
Figure 1) [33]. Due to this constraint, each solar cell on the module surface has a different
normal vector. The cosine loss caused by increased incidence angles and self-shading from
the airframe structure varies dynamically with position and time. Consequently, the solar
irradiance on the array surface is highly non-uniform [26]. This results in a significant
discrepancy between the global horizontal irradiance incident on the aircraft’s projected
area and the effective irradiance actually received by the PV system [34].

 
Figure 1. Wing of a HAPS shape [33].

Especially in stratospheric operations, aircraft altitude, solar position vector, and three-
axis flight attitude (roll, pitch, and yaw) interact. Calculations that account for self-shading
by airframe components such as main wings, tail wings, and fuselage are therefore required.
In this study, we use a curved-surface representation based on differential geometry, as
established in our previous report [22]. The core description of this method is as follows.

Generally, studies on vehicle-integrated PVs report that non-uniform radiation inten-
sity on curved PV modules causes current mismatch between cells, known as mismatch
loss [35]. Unlike terrestrial environments, where diffuse light predominates, the strato-
sphere receives direct solar radiation and has a high albedo. In this setting, the contrast
from self-shading on curved surfaces is exceptionally high, and the impact of mismatch
becomes more severe and complex. This mismatch loss is a critical factor in the energy
balance of HAPS operating with a limited light-receiving area.

The mathematical expression for the curved surface is defined by a nested matrix,
where each element is a vector of position in Cartesian coordinates. To numerically analyze
complex light-receiving behavior, this study defines the airframe surface as a mapping from
parameter space (uv-plane) to real space (X, Y, Z). The equation serves as a mathematical
model that converts grid point information on the u v-plane, held as a two-dimensional
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array, into a three-dimensional airframe shape. A schematic expression is illustrated in
Figure 2. The address of each element is shown in the uv-plane. To obtain optical properties,
such as cosine loss and self-shading loss, we compute the first derivative in each direction
as a function of (u, v), corresponding to the position of the element. The map file, which
allocates the positions of the solar cells on the wings, and differentiates the surface element
if it is a simple self-shading surface or not, maintains the same address in the uv-plane [36].

 
Figure 2. Parametric representation of the curved surface [36].

Analyzing this requires surface elements, normal vectors, and first derivatives with
respect to each parameter on each curved surface. To describe the complex wing geometry
in three-dimensional space, the parametric form representation shown in the following
equation is suitable [22].

S(u, v) =

x(u, v)
y(u, v)
z(u, v)

 (19)

In regions such as the leading edge and wingtips of HAPS, the curvature becomes
locally steep. As a result, there is a possibility that the change in normal vectors cannot be
sufficiently captured with an equally spaced grid. Therefore, this model uses a variable-
mesh structure. It arranges grid points non-uniformly on the uv-plane based on the physical
curvature distribution.

Geometric physical quantities, such as normal vectors and area elements, are calculated
at each grid point. These calculations use the central difference method with adjacent points
on the parameter space [22].

Su,i,j =

S0,i,j − S0,i+2,j

S1,i,j − S1,i+2,j

S2,i,j − S2,i+2,j

 (20)

Sv,i,j =

S0,i,j − S0,i,j+2

S1,i,j − S1,i,j+2

S2,i,j − S2,i,j+2

 (21)
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Here, the obtained Su,i,j and Sv,i,jj are 3 × 1 column vectors, stored as elements in a
matrix having rows and columns corresponding to the total number of grid points. These
represent the partial derivative vectors in the u direction and v direction in the parameter
space (uv-plane). Also, S indicates the specific coordinate values of the airframe surface
in XYZ space. That is, for the indices (row number j, column number i) corresponding
to each grid point on the uv-plane, the coordinate values of x, y, z are held as matrix
elements. The first, second, and third elements of each column vector correspond to the
x, y, z coordinates, respectively.

To evaluate the total power generation efficiency of HAPSs, it is necessary to accurately
determine the effective surface area of the PV modules deployed on the airframe. This is
obtained by integrating minute planar elements (surface elements) over the entire curved
surface. The area of the surface element si,j and the local normal vector ni,j at that point are
calculated using the following Equations (22) and (23) [22].

si,j =
∣∣Su,i,j × Sv,i,j

∣∣ (22)

ni,j =
Su,i,j × Sv,i,j

si,j
(23)

Here, s and s denote matrices whose entries are the area and normal vector at
each point on the entire airframe surface. Since Su and Sv are vector quantities, the
operator × means the cross product (vector product). Here, Su and Sv are nested matrices
whose elements are vectors calculated using the central difference method for the sides
of the pixels in the u direction and u direction based on the 3D mesh of the airframe. The
vector obtained by the cross product of these is perpendicular to the tangent plane formed
by the original two vectors, and this defines the normal vector of the surface element.
Finally, the orientation at each point on the curved surface is defined by normalizing the
normal vector n to unit length.

In the calculation of cosine loss, the inner product of the normal vector of each surface
element and the incident ray vector is integrated using Equations (22) and (23). For general
aircraft shapes with no extreme concavities (i.e., complex multiple-surface regions with
multiple peaks), such as HAPS wing surfaces and fuselages, it is possible to determine
geometric self-shading from the sign of the normal vector and its inner product with the
ray vector. Surface elements where the result of the inner product becomes zero or less
are considered such that the component itself becomes a shadow, and the ray does not
reach it. Specifically, these geometric relationships are defined as logical values by the
following equations.

After the airframe shape and the normal vector of each surface element are defined,
it is necessary to compute the ray vector of each component and evaluate the incidence-
angle characteristics. In this model, many ray vectors in three-dimensional space are
generated based on the spherical coordinate system. These are converted into the x, y, and
z components of the orthogonal coordinate system for efficient vector operations, and then
processed according to Equation (24) [22].

nnk =

sinα · sinζ

cosα · sinζ

cosζ

 (24)

SCk
i,j = ni,j · nnk (25)

SSk
i,j =

(
ni,j · nnk > 0

)
(26)
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Here, nnk is a 3× 1 vector indicating the direction of the incident ray to the PV module,
having a zenith angle ζ and an azimuth angle α Based on the Monte Carlo ray-tracing
method, ζ is generated as a random number uniformly distributed in the range of 0◦ ∼ 90◦,
and α in the range of 0◦ ∼ 360◦ The index k identifies the random number set generated in
the simulation, and k = 1,000,000 rays are used to ensure sufficient statistical convergence
and reproducibility.

SC and SS are matrices storing the local cosine value and the logical value indicating
the presence of self-shading, respectively. A value of 1 (TRUE) is stored for points without
self-shading (lit points), and 0 (FALSE) for points in shadow.

2.4. 4-Tensor

The attitude of the HAPS is described by three Euler angles: roll (ϕ), pitch (θ), and yaw
(ψ). To transform the solar vector S_global, defined in the ground coordinate system (Global
Frame), into the vector S_local in the airframe fixed coordinate system (Body Frame), a
coordinate transformation matrix R is used. In this study, we adopted the standard ZYX
rotation order (Yaw to Pitch to Roll) used in aerodynamics. The coordinate transformation
matrix R is defined using the rotation matrices Rz, Ry, Rx around each axis as follows [31]:

R(ϕ, θ, ψ) =
(

Rz(ψ)Ry(θ)Rx(ϕ)
)T

= Rx(ϕ)
T Ry(θ)

T Rz(ψ)
T (27)

Rx(ϕ) =

1 0 0
0 cosϕ sinϕ

0 −sinϕ cosϕ

, Ry(θ) =

cosθ 0 −sinθ

0 1 0
sinθ 0 cosθ

,

Rz(ψ) =

 cosψ sinψ 0
−sinψ cosψ 0

0 0 1


(28)

Using this rotation matrix, the solar vector S_local(t) in the airframe coordinate system
at an arbitrary time t is calculated by the following equation [31]:

S_local(t) = R(ϕ(t), θ(t), ψ(t))·S_global(t) (29)

By calculating the dot product of this S_local and the normal vector ni,j of each
mesh on the airframe surface, the incidence angle and the reference index for the 4-tensor
are determined. This vector-operation-based approach allows for robust simulation of
360-degree attitude changes while avoiding gimbal lock.

Furthermore, to account for the aeroelastic deformation of high-aspect-ratio wings,
this model defines the local deformation angle (deflection) at a position u, v on the airframe
as ϕ(u, v, t). This is derived via spline interpolation of measurements from roll sensors
distributed along the wing span. The local solar vector Selastic considering this deformation,
is calculated by dynamically adding the deformation angle δϕ to the attitude angle ϕ(t) of
the entire airframe as follows:

Selastic(u, v, t) = R(ϕ(t) + δϕ(u, v, t), θ(t), ψ(t)) · Sglobal(t) (30)

When the main wing of a HAPS has a saddle-shaped curved surface or complex
multiple curvatures, the “Hidden Surface” problem arises in geometric calculations: the
solar vector “penetrates” the airframe structure and a hit is detected on the back surface,
which should be physically in shadow. To resolve this, we implemented the following
Interior Point Detection algorithm for each surface element (quadrilateral mesh). Let the
vertex position vectors of the surface element be P1, P2, P3, P4 (counter-clockwise), and let q
be the point on the ray vector or its extension to be tested. Also, let r be the unit normal
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vector of the surface element whether point q lies inside the surface element is determined
by computing the cross product of each edge vector with the vector from the vertex to
point q, and checking whether the result has the same direction (positive correlation) as the
normal vector. That is, if all four conditional expressions below are satisfied, the point is
determined to be an Interior Point [36]:

[(pi+1 − pi)× (q − pi)] · r > 0 (31)

Note that P5 = P1. This geometric determination enables the accurate identification of
the boundaries of dynamic shadows in complex airframe shapes. Also, note that Equation
(31) should be applied to every combination of the index i and the indices of a pair of surface
elements. For example, if the surface of HAPS or HAPS wings is covered by 1000 × 1000
elements, the total number of trials for Equation (31) will be 4 × (1000 × 1000)2 = 4 × 1012,
including the calculation of the inner product of three-dimensional vectors and the cross
product of vectors. At the same time, these vector operations on a large matrix require
significant computational time to search for elements within the matrix. Also, these cal-
culations should, in principle, be performed for each ray and each surface element, so
the total computation time will be huge. This study extends the concept of the 4-tensor
proposed in previous research [17] to accommodate dynamic three-axis attitude changes
and HAPS-specific flexible wing deformation. It implements it within a high-speed compu-
tational framework. This is to process a structure with four degrees of freedom, obtained
by combining two degrees of freedom for angular change with two for positional change,
without increasing computational load during execution.

The light-receiving characteristics on a curved wing correspond to two indices (extent
of parameter space) describing the surface. They are formulated as a 4-tensor MM having
a nested structure as shown in Equations (32) and (33) [22,36,37]. Since a 4-tensor is a
four-dimensional structure, and it is not suitable for graphical explanation in principle,
we believe the best explanation is made by the form of the nested matrix described in
Equation (32). Each element of each nested matrix in the 4-tensor described in Equation
(33) is a dimensionless real number with the range of 0 ≤ x ≤ 1, namely [0,1]. It is not a
simple cosine loss ratio; it also accounts for the hidden-surface loss ratio [37,38].

MM =



M0,0 . . . M0,l . . . M0,N−1
...

. . .
...

. . .
...

Mk,0 . . . Mk,l . . . Mk,N−1
...

. . .
...

. . .
...

MN−1,0 . . . MN−1,l . . . MN−1,N−1


(32)

Mk,l =



m0,0 . . . m0,j . . . m0,N−1
...

. . .
...

. . .
...

mi,0 . . . mi,j . . . mi,N−1
...

. . .
...

. . .
...

mN−1,0 . . . mN−1,j . . . mN−1,N−1


(33)

Here, Mk,l is a matrix storing the two-dimensional angular response of the surface
element at position (k, l), and mi,j is its scalar element. Generally, the number of elements in
a 4-dimensional tensor becomes enormous (e.g., if each matrix is 100× 100, the total number
of elements is 108). Therefore, it is highly inefficient to recalculate whenever the solar
position or airframe attitude changes. Thus, in this study, we adopted an algorithm that pre-
calculates (catalogs) a reference tensor. During simulation execution, the performance of
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each surface element is computed using a tensor reference, applying 3D rotation matrices for
pitch, roll, and yaw, and then integrated at the module level. Although the ray distribution
matrix for each surface element varies in a complex manner with position on the curved
surface, this cataloging method minimizes computational cost. For the actual angular
deviation, an immediate calculation method using two-dimensional spline interpolation,
such as Bicubic Interpolation, was adopted. The motion of the airframe and the sun can be
regarded as a rotational transformation of this 4-tensor, thereby achieving both physical
rigor and substantial computational speedup in dynamic power-generation simulations in
the stratosphere.

Using 4-tensors rather than repeating vector calculations each time appears to reduce
total computation time. Although the HAPS flight attitude is dynamic, it affects the ray
distributions on the aircraft body’s surface elements. This effect on the 4-tensor can be easily
reproduced by rotational coordinate conversion using Equations (28) and (29), without
repeating the time-consuming calculation or the accompanying search for matrix elements.

2.5. Power Generation Calculation

By integrating the 4-tensor derived in the previous sections with stratospheric meteo-
rological parameters, the total power generated by the HAPS is calculated. In this study,
a high-precision energy balance evaluation accounting for partial shading and tempera-
ture non-uniformity is achieved by integrating solar irradiance calculations for each mesh
and detailed power-generation characteristics for each solar cell. The power generation
P f P(k, t) at an arbitrary time step t and surface element k (mesh address jpv) is calculated
according to the following process.

First, the incident irradiance intensity I(k, t) at the panel element is calculated by the
geometric calculation using the 4-tensor. The base power generation Pbase corresponding to
the incident irradiance intensity is expressed by the following equation:

Pbase(k, t) = I(k, t) · Psrc

IAM
·Nsize(k) (34)

Here, Psrc represents the rated output of a standard single cell in the AM0 environment,
IAM represents the extra-terrestrial solar irradiance intensity (solar constant), and Nsize(k)
represents the total series-parallel number of cells included in the array.

Next, to correct for the fluctuation in conversion efficiency associated with the ex-
tremely low-temperature environment of the stratosphere and pressure changes, a temper-
ature correction factor Ftemp and a voltage correction factor Fvolt are introduced.

Temperature correction factor Ftemp:

Ftemp(k, t) = 1 − α ·
(

Tamb(t)− Tre f + ktherm · I(k, t)
I0

)
(35)

Here, α is the temperature coefficient, Tamb is the ambient temperature, Tre f is the ref-
erence temperature, I0 is the standard solar irradiance (non-zero positive value), and ktherm

is the thermal coefficient indicating the cell temperature rise according to the irradiance
intensity. These parameters were set based on the thermal characteristics of lightweight
photovoltaic modules suitable for stratospheric platforms.

Voltage correction factor Fvolt:

Fvolt(k, t) =
Vre f + Vth · ln

(
I(k,t)

I0

)
Vre f

(36)
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This equation simulates the logarithmic decrease in the open-circuit voltage (Voc)
under low illumination, based on a physical model (the one-diode model).

Here, Vre f is the open-circuit voltage at reference irradiance, and Vth is a physical
constant corresponding to the thermal voltage. This accurately reproduces the drop in
efficiency in low-light environments, where only stratospheric albedo is available.

Finally, the power generation P f P at surface element k is obtained by the following equation:

P f P(k, t) =

{
Pbase(k, t)·Ftemp(k, t)·Fvolt(k, t), (I(k, t) > 0

0, (I(k, t) ≤ 0
(37)

The total generated power Ptotal(t) of the entire airframe is obtained by summing this
over all panels Nmesh pieces) [19,32].

Ptotal(t) =
Nmesh

∑
k=1

P f P(k, t) (38)

This formulation enables extremely high-precision power generation prediction that
reflects the low-temperature, low-pressure environment characteristic of the stratosphere
and the dynamic solar-irradiance distribution associated with changes in airframe attitude.

3. Results
In this section, we evaluate the performance of the high-speed computational frame-

work based on the 4-tensor method developed in Section 2 and demonstrate its effectiveness.
First, we demonstrate the method’s suitability for long-term simulations by comparing
its computational speed with that of conventional methods. Next, we verify the model’s
physical validity and accuracy by comparing it with measurement data obtained during
stratospheric flight. Finally, using the established model, we analyze energy behavior
across a wide range of roll attitudes, from level flight to maximum bank. This reveals
the overestimation of energy inherent in conventional planar approximation models and
discusses potential energy risks overlooked in operational planning.

3.1. Computational Speed

In HAPS energy management, power generation prediction simulations have been
a bottleneck for formulating operational plans and optimizing airframe design. Figure 3
compares the computational cost of the 4-tensor method proposed in this study with
conventional Monte Carlo ray tracing. The comparison was performed under the same
computer environment. It assumes a one-month continuous HAPS flight and plots the
transition in computation time relative to the simulation duration on a logarithmic scale.

Looking at the results of the conventional method (red line), computation time in-
creases linearly with the simulation duration. However, the slope is extremely steep. In this
traditional approach, whenever the solar position or airframe attitude changes, millions of
ray tracing calculations on the airframe surface must be performed. Shadow intersections
are determined each time. As a result, approximately 19.2 days (about 460 h) of computa-
tion time are required to simulate just one day of flight. This means the real-time simulation
is about 20 times longer. Such costs make feedback for daily operational planning virtu-
ally impossible. They also hinder conducting numerous case studies, like Monte Carlo
simulations under varying weather conditions and flight routes.

In contrast, the 4-tensor method introduced in this study (blue line) demonstrates a
substantial performance improvement. In this method, complex geometric calculations
that depend on the airframe shape (e.g., self-shading and incidence-angle characteristics)
are cataloged in advance as a “4-tensor”. During simulation execution, calculations are
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reduced to simple matrix operations that reference values for airframe attitude and solar
position from this catalog and perform necessary interpolation. As a result, a one-day
calculation takes about 3.5 min, and even a one-month analysis can be completed in about
1.8 h. This is a speedup of thousands of times compared with the conventional method,
indicating that annual energy balance prediction throughout the HAPS operation cycle and
battery capacity optimization studies are now feasible within a practical timeframe.

Figure 3. Comparison of computation time between the conventional method (ray tracing) and the
proposed method (4-tensor).

3.2. Validation Using Flight Data

In this section, we first simulate the stratospheric solar radiation environment at a
specific location (Miyazaki) to confirm its basic characteristics. Subsequently, we verify the
model’s validity by comparing it with actual flight test data.

3.2.1. Solar Irradiance Simulation in a Stratospheric Environment

First, as a baseline for the operational environment assumed in this study, a solar
irradiance simulation was conducted for the summer solstice (June 21) over Miyazaki
Prefecture, Japan. Figure 4 shows the diurnal variation of the solar irradiance components
calculated. The solid line (black) in the graph represents Global Horizontal Irradiance
(GHI). The dashed line (red) represents Direct Normal Irradiance (DNI). The dotted line
(blue) represents Scattered Irradiance (SI).

A notable result is the behavior of DNI. In the terrestrial environment, solar intensity
decreases significantly in the morning and evening due to changes in air mass. However,
at stratospheric altitudes, where air density is only a few percent of that at ground level,
the attenuation effect is extremely limited. As a result, DNI maintains a high value of
approximately 1360 W/m2 consistently from immediately after sunrise to just before
sunset, exhibiting a “rectangular wave-like” profile.

On the other hand, SI, the scattered component, remains at an extremely low value
throughout the entire period. This confirms that the influence of scattering by atmospheric
molecules and aerosols is limited. This simulation result quantitatively demonstrates that
the stratosphere is a “direct-light dominant” environment. It implies that, although the
benefits of diffuse ground-level light are not expected, a highly intense energy source (DNI)
is available even at low solar altitudes in the morning and evening. Therefore, to effectively
utilize this unique “rectangular wave-like” energy, a geometric approach that accounts for
three-dimensional attitude control and airframe shape is indispensable. This is rather than
the conventional mindset premised on horizontal installation.
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Figure 4. Simulation results of solar irradiance components during the summer solstice in
the stratosphere.

3.2.2. Model Validation Using Actual Flight Data

We verified the physical validity and accuracy of the proposed model by comparing it
with actual flight test data obtained in stratospheric airspace. For the simulation, time-series
data on time, latitude, longitude, altitude, and the airframe’s three-axis attitude (roll, pitch,
yaw) from the actual flight recorder were used as inputs.

In this verification, we focused on the output of a specific solar panel. We compared
the measured and calculated values against the actual flight data. The target airframe in
this study uses flexible photovoltaic modules that conform to the wing’s curved shape.

As shown in Figure 5, the proposed model’s results (blue line) consistently reproduce
the minute fluctuations observed in the measured values (green area) with high precision.
The characteristic output behavior observed in this graph can be explained by the complex
interaction between stratospheric-specific environmental conditions and airframe dynamics,
as reported in the previous study [18].

The stratospheric environment has extremely few clouds and aerosols, making it
“direct-light dominant.” The mitigation effect of diffuse light observed on the ground does
not apply here. Therefore, photovoltaic modules mounted on a curved surface exhibit
a highly sensitive response to changes in airframe attitude. Particularly at low altitudes
immediately after sunrise or sunset, even a slight change in roll angle causes a nonlinear
change in the light distribution (shadow area) on the curved surface. This results in large
output fluctuations.

In addition to these geometric fluctuations, aerodynamic damping decreases at an
altitude of 20 km, where the atmosphere is thin. The airframe flies while experiencing
minute attitude fluctuations of about 1◦ to 2◦. The high-frequency spike-like fluctuations
seen in the measured values are not sensor noise. Instead, they are the physical result of
mechanical micro-vibrations being amplified under a sensitive light-receiving environment.
The fact that this model captures even these minute behaviors indicates that the proposed
method has high temporal resolution and physical fidelity.
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Figure 5. Validation of the proposed model using actual flight data. The blue solid line represents
the calculated power–output trend. The green painted region represents the measured power
output. Details of the flight history (Date, Place, PV configuration, etc.) are protected by the HAPS
manufacturer and flight operators.

3.3. Analysis of “Structural Overestimation” Due to Roll Attitude Variation

When HAPS performs station-keeping in the stratosphere, the airframe inevitably
adopts a roll angle (bank angle) to counteract wind direction or to carry out loiter maneu-
vers. During this turning operation, the solar panels on the main wing may turn away from
the sun or cast shadows due to their shape. This makes this phase critical for predicting the
energy balance.

In this section, a simulation was performed for the winter solstice (22 December) as a
representative winter scenario with low solar altitude. Specifically, a geometric arrangement
was assumed in which sunlight is incident from directly to the side of the airframe, with a
relative azimuth difference of 90 degrees. This condition was chosen because the difference
between the planar and curved models is most pronounced under these circumstances.

The geometric models used in this verification are defined below. The conventional
planar approximation model (Flat Model), used for comparison, is shown in Figure 6. The
curved-surface model (Curved Model) of the proposed method is illustrated in Figure 7. The
curved model in this study is constructed from airframe data for a practical HAPS assumed
to operate in the stratosphere [33]. We performed calculations using the same tensor
and matrix sizes and the same number of index-searching cycles, even for large matrices.
As discussed in Section 2.4, we believe the computation time is mainly due to the large
number of vector–product operations and the element searching algorithm in large matrices.
Keeping the matrices geometrically simple and of the same size allows us to clearly compare
and demonstrate the advantages of our developed computation framework.

Figure 6. Conventional flat plate approximation model used as a comparison baseline.
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Figure 7. Parametric curved surface model of the proposed method based on actual HAPS geometry [38].

By considering the large deflection caused by the flexible structure of the airframe,
as well as the camber inherent to the airfoil, the “saddle-shaped geometry”—defined
in the previous report—was faithfully reproduced as a parametric curved surface. This
approach allows for an accurate capture of the effects of “self-shading” and local incidence
angles. These effects vary intricately with surface position, whereas conventional planar
approximations ignore them.

Reference [23] reported that in a direct-light-dominant stratospheric environment, the
contrast between light and dark at the shadow boundary becomes pronounced. Power
output fluctuates sharply with minor changes in the airframe’s attitude. Conventional
flat-plate models and static analyses with coarse time resolution often average out and
overlook these subtle behaviors. However, the strong agreement between this calculation
result and observed physical phenomena confirms that the proposed method is highly
accurate. It can immediately reflect minute changes in the energy balance. In the analysis,
the roll angle was continuously varied from 0 degrees (level) to 90 degrees (vertical). The
power generation characteristics during this process were verified.

In our research, we did not compare or compete in accuracy with other published
research algorithms, including a ray tracing simulation. We believe that comparing several
algorithms without sufficient validation with actual flight data are essential. In this regard,
we do not believe we need to perform additional calculations beyond those used by existing
algorithms that have also been examined in the history of VIPV research.

Absolute dimensional information for the aircraft body, solar cell sizes, and wing
shape may be of interest to some readers. However, this information also constitutes non-
public data pertaining to the design and manufacturing of the HAPS aircraft and cannot be
disclosed. However, the calculations presented in this paper are performed using geometric
data converted from the XYZ coordinate system to the uv (parametric) space. Additionally,
solar radiation intensity and power generation are processed by area, establishing a propor-
tional relationship that eliminates the need for absolute dimensions for model verification.
Furthermore, the three-dimensional figures depicted are rendered without distorting the
relative positional relationships, thereby preserving geometric similarity.

3.4. Energy Overestimation by Planar Approximation

The graph in Figure 8 shows the transition in power generation efficiency as a function
of roll angle under the above conditions. The red line represents the flat model, and the
blue line represents the curved model. Overall, power generation increases with roll angle
in both models. Specifically, the flat model shows a peak at approximately 70◦, whereas
the curved model shows a peak at approximately 75◦. This difference in peak position
of about 5◦ is attributed not only to the simple module installation angle but also to the
continuous change in normal vectors along the curved surface. While the flat model has
a uniform light-receiving surface along the chord line, the curved model has a curved
surface. Therefore, even at an angle (75◦) past the peak of the flat model, the curved model
maintains a situation where a part of the curved surface directly faces the sun (peak). In
other words, this result suggests that the curved model accurately captured the “local
optimal light-receiving angle” which is averaged and overlooked by planar approximation,
and as a result, the peak position shifted to the higher angle side.
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(a) (b) 

Figure 8. (a) Comparison of power generation characteristics against roll attitude
variation; (b) Quantitative analysis of Energy Overestimation by the planar approximation model.

A quantitative comparison of the two models’ predicted values showed that the curved
model (blue line) consistently lies below the flat model (red line) across the entire region,
and the degree of overestimation varies significantly with the operating mode. The largest
difference was observed during level flight (roll angle 0◦), e normal cruising state.

Under this condition, although the incidence angle is shallow, the flat model calculates
that “the entire area of the wing receives light without being in shadow.” In contrast, in the
curved model, due to the wing’s camber (curvature) and the deflection of the saddle shape,
the opposite side of the sun is self-shaded over a wide area, creating a region where power
generation is physically impossible.

The analysis revealed a discrepancy between the “calculated light-receiving area” and
the “effective light-receiving area,” indicating that the flat model overestimates power
generation by approximately 25% relative to the actual state (curved model) during level
flight. Furthermore, this overestimation persists even when the bank angle is increased.
According to the analysis, within the normal range up to a roll angle of 20◦, which is
frequently used for 20◦ normal turning and course correction, an estimation error of more
than 12% still persists. This means that, in daily operations, the flat model continues to
account for more than 10% of “non-existent energy,” a fatal error in the long term.

Additionally, even at a roll angle of 70◦, where the bank angle is deepened toward the
sun and power generation is maximized, this overestimation is not fully resolved. Even in
this region where the incidence angle is optimized, an output decrease of about 3% still
remains due to the influence of “self-shading,” where the bulge of the wing itself shields the
rear cells and the incidence angle loss at the wing tips. At first glance, the difference appears
slight, but in the winter solstice operation in the stratosphere, where the energy balance is
close to the limit, a loss of a few percent can be decisive for nighttime survivability.

This study revealed that this “large discrepancy in level/normal range (10–25%)” and
“hidden loss at optimal attitude (3%)” by the flat model lead to fatal Energy Overestimation
in the operational planning of HAPSs. If an operational plan was based on a conventional
flat model, a double calculation error would occur: the accumulated value of base power
during the day would be largely insufficient, and, furthermore, the expected value would
not be reached even during the evening sun-chasing, the final spurt. This lack of predictive
accuracy directly leads to the failure to achieve a full battery charge for night flight and to
the loss of the airframe (Loss of Control) due to power depletion before dawn. Therefore, it
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is concluded that the introduction of this method, which accurately estimates losses arising
from wing thickness and curvature, is indispensable for ensuring a reliable operational
plan with a safety margin.

4. Discussion
In this section, based on the numerical simulations and comparison results with actual

flight data presented in Section 3, we discuss the validity of the proposed method. We also
examine the power generation characteristics in the stratospheric environment and explore
the engineering implications for practical operation.

4.1. Effectiveness of Introducing Curved Model in the Stratospheric Environment

In the analysis in Section 3.3, it became clear that the degree of overestimation by the
planar approximation model varies dynamically with the airframe’s roll angle, which is
the incidence angle with respect to the sun. The discrepancy is most pronounced during
normal-level flight, with roll angles between 0◦ and 30◦. During this state, the solar altitude
is low, and the incidence angle to the wing becomes extremely shallow. Although the
planar model calculates that the entire wing receives light even in this state, the actual
curved wing behaves differently. Light at a shallow angle is blocked by the bulge on
the near side, causing severe self-shading across a wide area. Furthermore, most of the
curved surface does not face the sunlight directly, and the effective light-receiving area
decreases significantly. This combination of increased self-shading and decreased light-
receiving efficiency results in a substantial prediction error of up to 25% compared to
the planar model. In contrast, when the airframe tilts significantly toward the sun to
achieve the optimal attitude —where power generation is maximized—at a roll angle of
approximately 75◦, this error decreases dramatically to approximately 3%. In this specific
angle, the majority of the curved wing (the peak part) faces the sun directly, in the normal
direction. Unlike in level flight, even a curved surface can receive direct solar radiation
when in this attitude. This minimizes the area that becomes self-shaded. As a result, the
deviation in predictions appears to have converged as the system approaches the state of
full surface light reception assumed by the planar model. The physical characteristic that
“the shallower the incidence angle, the larger the error” indicates a risk influenced not only
by airframe attitude but also by the time of day. During periods around sunrise and sunset,
when solar altitude is extremely low, self-shading effects are maximized, as they are during
level flight. This makes the overestimation by the planar model significant. In the daily
energy balance, the evening—when energy output is at its last spurt, and the morning
when charging begins—are critical phases. Accounting for “energy that does not actually
exist” in these time zones risks misleading decisions about transitioning to night flight.
From these observations, it is clear that the planar model fails to capture losses specific
to curved surfaces at shallow incidence angles during level or low-bank attitudes, and at
low altitudes during morning and evening. These conditions account for most operational
time. The concentration of prediction errors within these normal and important ranges
poses a serious risk for battery capacity planning. Therefore, correction using accurate
curved-surface calculations is indispensable.

4.2. Contribution to Computational Efficiency and Operation Optimization

One of the major contributions of this study is that, by implementing the 4-tensor
method, power generation calculations that strictly account for curved shapes were dra-
matically accelerated without compromising physical fidelity. Pilots and operators who
remotely control from the ground must predict the airframe’s energy balance in real time.
This prediction is necessary in response to rapidly changing weather conditions and sudden
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mission changes. With conventional methods, calculations could not keep up. As a result,
they relied on rules of thumb or simple estimations. However, using this method, it is
possible to simulate tens of thousands of flight patterns in real time on a high-performance
ground-based computer. This allows immediate derivation of the optimal attitude and
route to avoid self-shading. In other words, this study provides a powerful tool to evolve
HAPS operations. It shifts from static, prior-planning-based approaches to dynamic energy
management that can respond immediately to changing conditions.

4.3. Platform-Independent Versatility and Extension to LTA

The essential value of the 4-tensor method proposed in this study lies in its purely
geometric nature. It is independent of specific airframe shapes or flight dynamics models.
Many conventional simplified models are premised on the wing planform of fixed-wing
aircraft. This makes it difficult to adapt them to other HAPS platforms with significantly
different shapes [7,8,10]. However, because this method uses only the 3D mesh informa-
tion of the airframe surface and its normal vector distribution as input variables, power
generation can be calculated using the same algorithm regardless of the target. The target
could be a fixed-wing aircraft (Heavier-Than-Air: HTA), or an airship or balloon (Lighter-
Than-Air: LTA).

In other words, this method is not limited to a single airframe analysis tool. It can
serve as a standard framework for energy evaluation across the entire next-generation
Non-Terrestrial Network (NTN). In this network, a wide variety of forms—from HTA
to LTA—coexist. Although a demonstration targeting the HTA type was conducted
this time, this mathematical framework is applicable to the design optimization of all
stratospheric platforms.

4.4. Computational Scaling and Surface Modeling Considerations

Since the majority of computation time is allocated to large-scale matrix search op-
erations, it is reasonable to establish that the relationship between computational speed
and problem size follows a proportional law. In other words, the calculation time increases
linearly with the size of the matrix or tensor, while the trade-off between accuracy and
computational effort remains consistent with the mesh dimensions.

This algorithm uses a four-dimensional tensor to account for hidden-surface consider-
ations, addressing several prior limitations. Unlike earlier methods that relied solely on the
inner product between normal vectors and light-ray vectors—such as those used to model
convex surfaces—it can be applied to other exotic curved surfaces, such as saddle-shaped
wings, without neglecting the shadow effects of stabilizer wings and propellers. This
approach provides a more comprehensive solution.

The algorithm presumes that curved surfaces can be effectively represented through
surface models. While it is true that converting triangular mesh data obtained from hand-
held 3D scanners into such models may introduce geometric inaccuracies, this issue is part
of the broader scope of 3D geometric modeling. Nonetheless, it is crucial to acknowledge
this potential source of error when applying the method.

4.5. Environmental Variability and Its Impact on Tensor-Driven Power Output Calculations

The 4-tensor itself is a geometric quantity uniquely determined by the surface’s geo-
metric conditions, so it is not affected by albedo or atmospheric conditions. Therefore, it
is not necessary to recalculate when the Albedo or atmospheric conditions change. In the
actual calculation of solar radiation distribution, each element of the 4-tensor is multiplied
by the intensity of the rays, so the resulting intensity is strongly influenced by albedo and
atmospheric conditions.
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For the 4-tensor, the effects of wing flapping under high-altitude conditions and strong
stratospheric winds must be carefully considered. However, it is difficult and unrealistic to
accurately predict the coordinates of the wing surfaces associated with these deformations.
In fact, the effect is small compared to changes in the aircraft’s pitch, roll, and yaw angles.
In this calculation, local fluctuations in pitch, roll, and yaw angles were corrected using a
Bicubic Interpolation function for the measured flapping amount, so that these variations
could be captured as much as possible. The calculation time associated with this is much
shorter than the calculation time for tensor generation, so once cataloging tensors, fully
benefit from them.

It is assumed that the dynamic effect on the power generation output of albedo and
other plants will be affected by the rise and fall of the troposphere, especially in the
troposphere. Since the flight in this study was in sunny weather, the calculated values
were in good agreement with the flight data, as shown in Figure 4. However, in cloudy
weather, the power output of curved solar cells in HAPSs is strongly affected by cloud
reflection and ground surface reflections. Furthermore, in stratospheric flight, the error is
thought to increase in regions where the absolute value of the pitch angle is large, as it is
affected by reflected light from Earth’s surface (including cloud and sea surfaces). Also, in
the HAPS design with solar panels on the wings’ backsides, the total power from the PV
will be affected by albedo and other solar conditions.

5. Conclusions
In this study, to achieve persistent flight of HAPSs and avoid the risk of airframe

loss from excessive energy estimates using conventional planar approximation models,
we developed a high-speed power generation prediction framework. This framework
accurately reproduces output spikes associated with airframe attitude variations. The main
findings from the verification are described below.

First is the dramatic improvement in computational efficiency. We implemented a
method that predefines and represents complex vector operations in curved PV analysis as a
4-tensor. This significantly reduces the computational load compared to conventional meth-
ods such as ray tracing. As a result, long-term energy balance analysis, which traditionally
requires substantial time, could be conducted within a practical timeframe—approximately
1.8 h for a one-month operation simulation. This enables long-term energy management
throughout the operation cycle.

Second is the reproducibility of output fluctuations associated with airframe oscillation.
Compared with actual stratospheric flight data, the proposed model accurately captures the
steep, spike-like fluctuations in power generation caused by minute changes in airframe
attitude. This demonstrates that the model physically and accurately describes the changes
in incidence angle received by each cell on the curved surface. This is especially relevant in
the stratospheric environment, where direct solar radiation dominates.

Third, the analysis identified a risk of overestimating energy with the planar ap-
proximation model. The conventional planar model overestimates power generation by
approximately 25% during level flight. This discrepancy persists at about 12% even dur-
ing routine turns with a roll angle of 20◦ and is not fully resolved at the optimal angle.
Such overestimation is a significant risk factor. It is directly linked to battery-charging
failures during night flights and to the potential loss of the airframe—commonly referred
to as Loss of Control—due to power depletion before dawn. This model is an essential
tool for correcting structural prediction errors and establishing safe operational limits to
prevent crashes.

In conclusion, the method developed in this study achieves both accuracy and speed in
long-term energy prediction for HAPS operations. It is versatile across diverse stratospheric
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platforms, including fixed-wing aircraft and airships. This innovation is expected to serve
as a core technology for autonomous flight control and predictive maintenance, supporting
next-generation communication infrastructure.
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