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I. Introduction

S OLAR-POWERED aircrafts (SAs) maintain flight by trans-

forming solar irradiance into energy using solar cells. As a

consequence of their excellent duration, SAs are suitable for some

long-endurance daytime and nighttime missions [1–5], such as those

that involve target tracking, area surveillance, and communications

relay. Before designing flight trajectories or energy management

strategies for suchmissions, the endurance performance of SAshould

first be considered to guarantee that sufficient energywill be available

to complete the necessary maneuvers in the mission area.

However, to the best of our knowledge, relatively little specialized

research has been conducted on the SA endurance evaluation index

and corresponding methodology; instead, most studies have focused

on SA energy modeling [6–10], trajectory optimization [6,7,9–11],

and energy management strategies [1,8,11,12] or the traditional

electric aircraft (EA) endurance evaluation [13–16]. For the EA

endurance evaluation, it is relatively easy to estimate the maximum

endurance time or range of EA, because the capacity of an airborne

battery is relatively certain and nearly unaffected by the geographical

location. Therefore, the flight time or range is generally selected as

the evaluation index. Unlike EAs, the SA endurance performance is

not only related to the battery capacity but also depends on the

incident solar irradiance, which is closely related to the current

geographical location of the SA [17]. Accordingly, when SAs

execute cross-regional flight missions (i.e., when there are obvious
changes in the longitude and latitude during flight), the energy
production status will vary with the location, making it difficult
to resolve the maximum endurance time. Therefore, traditional
endurance evaluation methods for EAs are not suitable for SAs. For
the SA endurance, recent studies have explored the energy balance
problem in steady-state cruise [18–21]. Unfortunately, neither a
unified standard for the evaluation index nor an explicit quantifiable
evaluation method has been proposed.
In addition, the external environment can vary greatly during

cross-regional flight due to the large time span and spatial extent.
According to the thermal equilibrium principle for solar photovoltaic
modules, the solar cell photoelectric efficiency can be influenced by
external environmental factors (e.g., the temperature and air density)
[22]. Therefore, the variable efficiency can also influence the
endurance performance. However, most previous studies that conduct
the SA energy modeling restrict SA flights to a small-scale region
[6–12] in which the location parameters (i.e., the longitude, latitude,
and even flight altitude [6,9,10]) and the corresponding solar
irradiation parameters can be regarded as constants, thereby neglecting
the influences of the external environment on theSAenergyproduction,
for example, the variable photoelectric efficiency.
Based on the above analysis, proposed solutions for SA

endurance evaluation problems should meet the following
requirements:
1) The designed evaluation index should be capable of visually

reflecting the endurance performance when SAs execute cross-
regional flight missions. In addition, the calculation method should
be relatively straightforward and simple.
2) The evaluationmethod should be able to reflect the influences of

changes in the geographical location and environmental factors on
the SA endurance performance during cross-regional flight missions.
Based on these requirements, inspired by map-based research

methods in geography (e.g., precipitation and air temperature
distributionmaps) [23–25], a visualizationmethodology called the SA
endurance map is proposed for the first time in this Note to intuitively
evaluate the SA endurance performance in the mission area. The
main contributions are as follows. First, considering the influences of
external environmental factors, the variable solar cell efficiency is
introduced to satisfy the requirements of the SA endurance evaluation.
Then, according to thevariable efficiency, the 24-hour flight net energy
is resolved and employed as the endurance evaluation index rather than
the endurance timeor range.On this basis, to reflect the influence of the
large spatial extent in the cross-regional flight mission on the net
energy distribution, the net energy distribution is expressed in the form
of a map, that is, the proposed SA endurance map. Finally, typical
relevant applications of the SA endurance map are further expanded
and discussed.

II. Methodology

The method used to draw the SA endurance map is summarized
as follows. First, a solar irradiance model is established according
to all of the sampling site data from the American Society
ofHeating, Refrigerating andAir-ConditioningEngineers (ASHRAE)
Clear SkyModel [26,27] in themission area. Second, thevariable solar
cell photoelectric efficiency at each sampling site is introduced
according to the environmental factors at each site. Third, 24-hour SA
energy harvesting and consumption models are established according
to the abovementioned variable efficiency and solar irradiance model.
Finally, Kriging interpolation for the 24-hour net energy value at each
sampling site is conducted to construct the net energy distributionmap,
that is, the proposed SA endurance map.
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Considering practical engineering applications, the aircraft

performance should be evaluated under a relatively ideal

environment and flight state, which is the consensus for most

studies on endurance evaluation [13–16,18–21]. Therefore, the

following assumptions should be maintained before constructing

the endurance map:
Assumption 1: The wind speed is assumed to be much lower than

the SA flight speed. Thus, the influence of thewind on the SA energy

production and consumption can be neglected.
Assumption 2: For the endurance evaluation, the SA is assumed to

be flying in steady-state cruise mode (i.e., at constant altitude and

speed). Furthermore, the additional energy consumption, except for

that during steady-state cruise, is neglected.

A. Solar Irradiance Received by SA

The ASHRAE Clear Sky Model, which is widely applied in

solar engineering because of its low computational complexity

and high accuracy, is introduced for the solar irradiance modeling

as follows:

8>>>><
>>>>:

PSA � Pb � Pd � Pr

Pb � Ib sin αe

Pd � Id

Pr � 0

(1)

where PSA is the solar irradiance received on the wing surface of SA;

Pb,Pd, andPr are thebeam, diffuse, andground reflection components

inPSA, respectively;αe is the solar elevation angle; and Ib and Id are the
beam and diffuse irradiances incident on the Earth horizontal surface,

respectively, whose values depend on the corresponding optical depths

τb and τd as follows:

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

Ib � I exp�−τbmb
r �

Id � I exp�−τdmd
r �

I � I0

�
1� 0.034 cos

2πnday
365.25

�

b � 1.219–0.043τb − 0.151τd − 0.204τbτd

d � 0.202� 0.852τb − 0.007d − 0.357τbτd

mr �
1

sin αe

(2)

where I is the solar irradiance perpendicular to the horizontal plane
in the exoatmosphere; I0 � 1367 W∕m2 is the solar constant; nday
is the number of solar days starting from January 1; b and d are the

beam and diffuse air mass exponents, respectively; andmr is the air

mass ratio.
The optical depths τb and τd are obtained according to

years of engineering practice and tabulated by the ASHRAE

Handbook [26]. Different sampling sites in the ASHRAE Clear

Sky Model have different pairs of τb and τd. In the same site,

the pair of τb and τd in each month are different from those in

other months.

B. Modified SA Energy Production Model

When sunlight shines on solar cells located on thewings of SA, the

solar cells produce an electric power, Pin:

Pin � ηsolSPSA (3)

where ηsol is the solar cell efficiency and S is the area of

the wing.
In previous investigations involving the SA energy production

modeling, ηsol is mostly regarded as a constant. However, ηsol can be

greatly influenced by the operating temperature of the photovoltaic

module; therefore, it is calculated by the following modified

expression [28]:

ηsol � �1� �Tsol − 25�αη�ηSTCsol (4)

where ηSTCsol is the nominal solar energy conversion efficiency under

standard testing conditions (air mass: AM 1.5; photovoltaic module

temperature: 25°C; and solar irradiance: 1000 W∕m2); αη is the

temperature correction factor; and Tsol is the current photovoltaic

module temperature, which can be analyzed according to the principle

of thermal equilibrium, the SA configuration, the airspeed, and the

flight altitude as described below.
The solar radiation energy absorbed by a photovoltaic module

can be converted into three components: the electrical energy,

the energy corresponding to thermal radiation, and the energy

corresponding to heat convection. When the photovoltaic

module is in a steady-working state, the principle of thermal

equilibrium of the photovoltaic module can be expressed as

follows [22]:

αsolPSA � ηsolPSA � εsolσ�T4
sol − T4

sky� � Cthe�Tsol − Tatm� (5)

where αsol is the absorption rate of the photovoltaic module; εsol
is the thermal radiation emissivity of the photovoltaic module; s
the Stefan–Boltzmann constant; Tsky is the effective sky

temperature; Tatm is the atmospheric environment temperature at

the current flight altitude; and Cthe is the convective heat transfer

coefficient.
Remark 1: To guarantee the reliability of the photovoltaic

module, the internal heat generation of the related circuit is well

controlled in the design process. Thus, the internal heat generation

of the photovoltaic module can be ignored in Eq. (5). The

photovoltaic modules on the wings are rigidly connected to the

bottom both through internal supports and through connections at

the edges. Because these connections have relatively small cross-

sectional areas, the heat transfer through them can also be

neglected in Eq. (5) [29].
The value of Tsky in Eq. (5) is calculated as follows [30]:

Tsky � 0.0552T1.5
atm (6)

Considering the elevation of the site, Tatm is calculated according

to the following empirical formula:

Tatm �

8>><
>>:
Tma − 0.0065�z − zlocal�; z ≤ 11000 m

Tma − 71.5� 0.0065zlocal; 11000 m < z ≤ 20000 m

Tma − 71.5� 0.0065zlocal � 0.001�z − 20000�; 20000 m < z ≤ 30000 m

(7)
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where z is the flight altitude; zlocal is the elevation of the site; and Tma

is the measured air temperature on the ground.
The value of Cthe in Eq. (5) is calculated as follows [30]:

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

Cthe �
λairNu

c

Nu �
�
0.664Re0.5Pr1∕3 Re ≤ 5 × 105

�0.037Re0.8 − 871�Pr1∕3 Re > 5 × 105

Re � ρVc

μair

Pr � cpμair
λair

μair �
�

Tsky

288.15

�
1.5

288.15�110.4
Tsky�110.4

μ0

(8)

where λair is the air heat conductivity coefficient; c is the wing chord;
Nu is the Nusselt number; Re is the Reynolds number; V is the

airspeed; ρ is the air density,whose calculationmethod is provided by

the International Standard Atmosphere (ISA, ISO 2533: 1975); Pr is
the Prandtl number; cp � 1.003 × 103 J∕�kg ⋅ K� is the specific heat
at constant pressure; μair is the air viscosity coefficient; and μ0 is the
dry air viscosity coefficient at 288.15 K tabulated by the ISA.
Combining Eqs. (4) and (6–8) with the known solar cell

parameters, αsol, αη, εsol, and ηSTCsol , Eq. (5) can become a quartic

equation with a single unknown variable, Tsol, which can be resolved

by numerical algorithms. Then, the resolved Tsol can be substituted

into Eq. (4), and the obtained ηsol can be used in Eq. (3). According to
Eqs. (4–8), solar cell efficiencies at different flight altitudes and air

temperatures can be obtained, as shown in Figs. 1 and 2, respectively.

The corresponding solar cell and SA configuration parameters are

shown in Table 1.
In Fig. 1, when the SA is located in the troposphere, the solar cell

efficiency increases with the increasing flight altitude. In contrast,

when the SA is located in the stratosphere, the solar cell efficiency

decreases with the increasing flight altitude. At different flight

altitudes, the efficiency can change by asmuch as 20–30%,which has

a significant impact on the energy production. In Fig. 2, the efficiency

strictly decreases with the increasing air temperature, and the

maximum change in the efficiency can exceed 10%. In summary, for

the SA endurance evaluation problem in the cross-regional flight

mission, the influences of the external environment on the solar cell

efficiency cannot be ignored.
The produced energy is expressed as follows:

Ein �
Z

tf

t0

Pin dt (9)

C. SA Energy Consumption Model

Assuming a quasi-static equilibrium flight, the energy

consumption power Pout is calculated as follows:

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

Pout �
TV

ηpropηmotηctrl
T � D

D � 1

2
ρV2SCD

CD � CD0 �
C2
L

επRa

CL � 2 mg

ρV2S

(10)

where ηprop, ηmot, and ηctrl are the efficiencies of the propeller, motor,

and actuator, respectively; T is the thrust; D is the drag; CD is the

coefficient of drag; CD0 is the parasitic drag coefficient; CL is the

coefficient of lift; ε is the Oswald efficiency factor; andRa is the ratio

of the wing.
The consumed energy is as follows:

Eout �
Z

tf

t0

Pout dt (11)
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Fig. 1 Solar cell efficiencies at different altitudes.
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Fig. 2 Solar cell efficiencies at different air temperatures.

Table 1 Solar cell and SA
configuration parameters

Parameter Value

αsol 0.92
εsol 0.85
αη −0.38%
ηSTCsol 0.19

S, m2 20.25
c, m 0.9
m, kg 37
Ra 25
ε 0.992
ηprop 0.85
ηmot 0.85
ηctrl 0.95
CD0 0.005
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D. SA Endurance Map

The SA endurance map for a future flight mission can be obtained

through the following steps.
Step 1: Parameter initialization. The mission area, date, flight

altitude, cruising speed, and solar cell andSAconfiguration parameters

are first determined. Then, according to [26], all of the site information

throughout the mission area, including the site locations, related

sunrise/sunset times, and irradiance parameters (τb and τd), is obtained.
Finally, the 24-hour temperature condition at each site after the start of

the mission date is obtained through the meteorological forecasting.
Step 2: Available net energy calculation. First, the solar cell

efficiency at each site is obtained using Eqs. (3–7) according to the

flight altitude and the related atmospheric parameters (e.g., the air

density, the thermodynamic coefficients, and thepredicted temperature

for each hour obtained from themeteorological forecasting). Then, the

24-hour produced energy at each siteE24h
in is calculated using Eqs. (1),

(2), and (8) according to the related solar cell efficiency, sunrise/sunset

times, and irradiance parameters. The 24-hour consumed energy at

each siteE24h
out is calculated usingEqs. (9) and (10). Finally, the 24-hour

available net energy at each siteE24h
net as the endurance evaluation index

is determined byE24h
net � E24h

in − E24h
out . The net energy directly reflects

the integrated effect of the energy production and consumption. The
more net energy the SA has, the better its endurance performance
and its ability to execute complex maneuvers. Moreover, SAs can
theoretically maintain nonstop flight only when the value of the
24-hour net energy is greater than zero.
Remark 2: E24h

net , which is the theoretical maximum value of the
energy available within a 24-hour period, contains not only the
electrical energy stored in batteries but also the mechanical energy,
including the gravitational potential energy and the kinetic energy.
The battery parameters (e.g., the capacity and the energy density)
can limit only the total amount of electrical energy that an SA can
acquire. When the batteries in an SA are fully charged, the SA
can either gradually climb to a higher altitude using advanced
energy management strategies to transform the produced solar
energy, which is calculated using Eqs. (3) and (9) and cannot
be stored in batteries, into gravitational potential energy for
storage or increase the motor speed to store the corresponding
kinetic energy [1,7,8,11,12]. In this way, the total stored energy
(i.e., the net energy) does not change. Therefore, the battery
parameters do not need to be considered in the proposed
endurance index.
Step 3: Net energy data interpolation. An interpolation operation

for the net energy E24h
net at each site is conducted to obtain the SA

endurance map. In this Note, Kriging interpolation, which is widely
used in the fields of geography and topography, is selected because of
its excellent precision for nonuniform sampling points [23].
Step 4: The endurance map is updated (return to step 1) with an

increase in time.

Table 2 Initial mission parameters

Mission area
Mainland China and its offshore

area, 396 sites [26]

Mission date January 1, 2018, or March 21, 2018
Mission flight altitude, km 10; 15; 20; 25
Mission flight speed, m∕s 30
Measured air temperature on
the ground, Tma

24-hour data comes from Meteorological
Data Center, China Meteorological

Administration (http://data.cma.cn/data/
online/t/1) to simulate the meteorological

forecasting results in step 1.
Simulation step size, min 1

Fig. 3 Endurance maps on January 1, 2018. a) Flight altitude: 10 km; b) flight altitude: 15 km; c) flight altitude: 20 km; and d) flight altitude: 25 km.
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III. Results and Discussion

For the simulation, the solar cell and SA configuration parameters

are specified as in Table 1, and the initial mission parameters are

specified as in Table 2. To examine and discuss the influences of the

season and flight altitude on the SA endurance performance, multiple

dates and flight altitudes are selected. The endurancemaps of the area

(longitude range: 100–122°E; latitude range: 23–41.4°N) which

belongs to the mission area specified in Table 2 at different flight

altitudes on January 1, 2018, and March 21, 2018, are shown in

Figs. 3 and 4, respectively.
Remark 3: The SA energy model and corresponding endurance

map are closely related to the SA configuration. Consequently,

different types of SA for the same mission may result in different

endurance maps.
Remark 4: The plotted endurance map can be flexibly selected as

the sub-area of the specified mission area.

According to the obtained endurance maps, the qualitative

evaluation can be made about whether the mission area is suitable for

SA long-endurance flights, and the related distribution rules can be

further analyzed. With an increase in the flight altitude, the drag and

its energy consumption decrease, while the solar cell efficiency and

related energy production remain relatively high. Hence, the net

energy first increases. When the flight altitude exceeds 20 km, the

solar cell efficiency continuously declines with the increasing

altitude. Hence, the net energy decreases later.
With regard to the net energy distribution characteristics, the net

energy distribution is largely in line with the trend that the net energy

increases with the decreasing latitude. Moreover, compared with the

corresponding legends of Figs. 3 and 4, the net energy level increases

over the area in the endurance map with an increase in the time. This

net energy distribution is in accordance with the solar radiation

characteristics of the Northern Hemisphere when the location at

which solar radiation is perpendicularly incident at the Earth surface

moves from the Southern Hemisphere (January 1) to the Equator

(March 21) [17,21].
In addition to the above qualitative analysis and evaluation, the

applications of the proposed endurance map can be extended to SA

flight mission planning. Two typical examples are shown below.

A. Application 1: Designing the Cross-Regional Horizontal
Flight Trajectory

An important application of cartography in the field of aviation is

the design of flight trajectories. For SAs, the energy index is crucial;

therefore, SAs should fly as far as possible along the area

characterized by the higher net energywithin the proposed endurance

map. For instance, suppose that an SA is flying in steady-state cruise

mode along one of two horizontal trajectories, whose lengths are

approximately equal, from point A to B, as shown in Fig. 5. It is

obvious that the area covered by trajectory 1 exhibits a greater net

energy. Therefore, using the endurance map, the energy-optimal

trajectory can be intuitively designed to guarantee a sufficient supply

of solar energy for an SA cross-regional flight mission.

B. Application 2: Designing the SA Energy Management Strategy
and Related 3D Flight Trajectory

To better use the available energy, SAs can adopt some energy

management strategies in the cross-regional flight. The most typical

strategy is to execute variable-altitude flight to store and release

gravitational potential energy at the appropriate time, which involves

the design of 3D flight trajectories [1,7,8,11,12]. In contrast to the

above-mentioned horizontal trajectory optimization, when designing

the SA energy management strategy and corresponding energy-

Fig. 4 Endurance maps on March 21, 2018. a) Flight altitude: 10 km; b) flight altitude: 15 km; c) flight altitude: 20 km; d) flight altitude: 25 km.
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optimal 3D trajectory, energy distributions are different at different
geographic locations, while even at the same location, net energy
conditions vary due to altitude. Therefore, during the 3D trajectory
design, both the horizontal geographic location and the flight altitude
must be simultaneously considered, resulting in a higher complexity.
Based on the concept andmethodology of the proposed endurance

map, the optimal energy distribution map for the 3D flight can be
further derived as follows. First, the energy-optimal flight altitude
distribution map should be plotted according to the following steps:
Step 1: For each sampling site, the net energy is obtained at

intervals of 100 m within the entire flight altitude range using the
ergodic calculation.
Step 2: The flight altitude with the maximum net energy is

obtained.
Step 3: Using Kriging interpolation, the energy-optimal flight

altitude distribution map is constructed.
The energy-optimal flight altitude distribution map on January 1,

2018, is constructed as shown in Fig. 6, in which the energy-optimal
flight altitude is only for a single sampling site. However, the net
energy of a site at its optimal altitude may not exceed the net energies
of the other sites at their nonoptimal altitudes. Thus, on the basis of
the energy-optimal flight altitude distribution map, the differences in
the net energy among different sites must also be considered like
Application 1. In the process of plotting Fig. 6, the maximum net

energy value and the corresponding optimal flight altitude at each site

can be obtained, and then Kriging interpolation is used for the

maximumnet energy values to obtain the absolute optimal net energy

distribution map, as shown in Fig. 7. Based on Figs. 6 and 7, the SA

variable-altitude flight strategy can be designed as follows:
Step 1:According to the absolute optimal net energy distributionmap

shown in Fig. 7, the horizontal locations with the higher optimal net

energies are designed as the horizontal locations of planned waypoints.
Step 2: According to the planned horizontal locations, the related

flight altitudes based on Kriging interpolation are matched using the

energy-optimal flight altitude distribution map as shown in Fig. 6.
Step 3: Combined with the planned horizontal locations and the

matched altitudes, the 3D flight trajectory is obtained.
Suppose that the planned horizontal locations are marked as A, B,

C, D, and E in turns. The 3D flight trajectory in the optimal energy

distribution map is obtained as Fig. 8.

IV. Future Work

Future work will be focused on the following aspects:
1) Autonomous 3D trajectory optimization methods and energy

management strategies based on the endurancemap should be further
explored.

Fig. 6 Energy-optimal flight altitudedistributionmaponJanuary1, 2018.

Fig. 7 Absolute optimal net energy distributionmap on January 1, 2018.

Fig. 8 Schematic diagram for the design of the cross-regional 3D flight
trajectory. The corresponding optimal altitudes are marked in this figure.

Fig. 5 Schematic diagram for the design of the cross-regional horizontal
flight trajectory.
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2) The ASHRAE Clear Sky Model and other mainstream solar
irradiance models [31] are mostly based on the radiation data
observed at ground level. These data can be influenced by the
attenuation due to air humidity. When the air humidity is low, high-
altitude solar radiation estimates derived from ground observation
data are relatively precise. However, in the summer, the air humidity
over some parts of coastal regions and inland basins is relatively high,
resulting in a degree of errors within derived high-altitude solar
radiation estimates. Therefore, to further improve the precision of the
endurance map, future investigations should focus on the modeling
and real data accumulation of global high-altitude solar radiation,
which are relatively lacking in current studies on solar engineering.
3) In conditions permitting, the experiment validation should be

attempted in the future. For this purpose, the software implementation
for the endurance map, integrated with the functions of trajectory
optimization and energy management, is in development.

V. Conclusions

To address the SAendurance evaluation problem, the concept of an
endurance map is proposed for the first time. The 24-hour flight net
energy is designed as the evaluation index of the SA endurance
performance. Then, the ASHRAE Clear Sky Model is used for
energymodeling.Moreover, considering the influences of changes in
the geographical location and external environmental factors on the
SA endurance performance in the cross-regional flight mission,
a variable solar cell efficiency is introduced into the net energy
calculation. Finally, Kriging interpolation is used to construct the
endurance map, which can visually reflect the endurance performance.
The proposed SA endurance map can be used not only to qualitatively
evaluate the SA endurance in themission area but also to design the SA
cross-regional flight trajectory and energy management strategy.
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