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Abstract

Solar plane for long endurance is required a
restriction of power for flight and high lift force.
In this paper, the design method considered
about the influence with temperature is explained,
and the candidate specification of flyable solar
plane for multiple days is introduced.

1 Introduction

The solar plane is under development in order to
become commonplace for the purposes, which
are platform for radio communication,
observation in the nature disaster, flight in
atmosphere of Mars and so on for example,
because of its long endurance.

In this study, at the first step, we created
the prototype solar plane “Sun Falconl”
controlled by radio control which the goal of the
design was set to the day flight with auto pilot as
shown in Fig.1l. Moreover, we are going to
develop the solar UAV “SunFalcon2”, which can
fly for multiple days under a condition of climate
in Saudi Arabia, based on an improved
conceptual design procedure.

A serious power balance between supply
and consumption is required for multiple-days
flight. Moreover, since the weight of the battery
which has the capacity to keep flying for night
becomes heavy, high lift force is almost required
under a minimum power wherever possible. On

Fig.1 Test flight of Day-flight Solar Plane
“SunFalcon1”

the other hand, because of being influenced with
the temperature, efficiency of solar cell, which
varies during a flight in a day, should be
estimated in an accurate way. And so, an
environment model about temperature and
estimation of critical power for multiple-days
flight are mentioned as below. And the
specification of flyable solar plane for long
endurance is led by using a conceptual design
procedure considered about these issues.

2 Environment Model

2.1 Climate of Jeddah

The daily global horizontal radiation of Jeddah
changes throughout the year as a bar chart shown
in Fig.2[Y, Maximum and minimum radiations
are 7,451[Wh/m? day] at June and 4,150[Wh/m?
day] at December, respectively. The minimum
radiation should be used to find whether solar
plane can fly all days in the year or not. However,
average radiation value, 6,002[Wh/m? day], was
chosen as the daily global horizontal radiation
Radg,, because the minimum value is not
enough to fly for multiple days.

Moreover, the distributions of month-by-
month highest and lowest temperature are shown
by a lines in Fig.2. The highest temperatures of
each distribution are 39.4[degrees C] and
27.6[degrees C]. Since the efficiency of solar cell
falls down with a rise of temperature, these
values are used as highest and lowest temperature
inaday, Try and Ty, to set a worse condition for
temperature change.
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Fig.2 Temperature and Global Horizontal
Radiation of Jeddah

2.2 Temperature Model

2.2.1 The temperature on ground

Since efficiency of solar cell is influenced with
its temperature, varying efficiency can be
obtained by trigonometric function with arbitrary
highest and lowest temperature.

Try+Tr, [ Trn—TrL 1 Hry — 24
+ COS\7=R, 0 2 T

(0<6<6p)

Try+T Try—T 1 H
Tgouna(6) = THZ T THZ TLCOS{R—b(G—l—TZL)n}

(1

(67, <0 <6rp)

Try+Tr  Try—Tr 1 Hry
Tyouna(0) = 5 + 5 cos {2 e (9 ﬁ) n}

Ory <6 <2m)

The curve of temperature which changes in a day
is approximately obtained as shown in Fig.3 by
using Hp, =300.7[K] at 6 am. and
Try=312.5[K] at 2 p.m. in this example.
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Fig.3 Temperature on Ground in a Day by the
Model
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2.2.2 The temperature, pressure and density in
the midair
Temperature, pressure and density at arbitrary
altitude can be determined by

Tmidair = ground T AT * h (2)

g
T ZATR
Pmidair = Pground ( mldalT/Tground) (3)

g
T (==
Prmidair = Pgmund( mldalr/Tgmund> (4)

where AT is the lapse rate of atmospheric
temperature, -0.00649[K], and h represents
altitude.

3 Model of Solar Plane

3.1 Efficiency Model of Solar Module

The general efficiency of the monocrystalline
silicon solar cell at 300[K] is estimated as 20%
by taking consideration the state that the dust like
sand over the surface of solar module blocks the
shine of the sun.

3.1.1 Dependence on the environment
temperature

Actual efficiency of solar module is influenced
with atmospheric temperature and radiation

heat. The atmospheric temperature can be
estimated by temperature on the ground and
altitude of plane.

Actual efficiency of solar module pso1m
can be represented by an efficiency of solar
module at 300[K]. u,, and lapse rate of solar
cell for the temperature of cell p,,¢e @S

Usotm = Um + UmHUrate (Tground + AT - h) (5)
By considering that Ty,.pynq and h are the
function of time @ in nature,

Usotm(8) = tm + Umbrate [Tground ) )
+ AT{h;o,, + dR(0)}]

3.1.2 The model of power supplied by solar
module

When the change of power supplied by solar
module in a day is replaced with the
trigonometric function approximately as shown
in Fig.4, maximum power can be obtained from
above mentioned daily global horizontal
radiation by similarity rule of area.
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An area density of maximum power
which solar module can receive p,,q, Can be
obtained as
Radg,n
2x12)" (7)
where Rad,,, is area density of daily global
horizontal radiation as shown in Fig.4.

pmax -

3.2 Estimation of Desired Power for Flight
3.2.1 Characteristics of main wing

Since an airfoil of the plane for long duration
needs high lift-drag ratio, wing section of glider
is agreeable. Then SD7037 airfoil® was the
chosen as templaOte of wing section because of
high lift-drag force and stability of performance
for lift and drag. To use for conceptual design
calculation, approximation formula of €, for two
dimensional wing is obtained as linear function,

(a —ayp) (
=5962——— 8),
Cde(H) 5.962 180 T

where zero-lift attack angle ¢, = —3[degrees].

Reynolds number effect doesn’t be
considered for simplification because Ci
distribution of SD7037 airfoil is almost same in
high Reynolds number field.

Additionally, in this conceptual design
calculation, the monoplane equation®! was used
to obtain a lift coefficient of three dimensional
wing C,,, with different aspect ratio and taper
ratio.

Drag coefficient for main wing is
estimated by incorporating friction coefficient
and induced drag coefficient. Friction
coefficient in laminar and turbulent flow can be
represented as

E
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Fig.4 Trigonometric Distribution of Supplied
Power

1.328

Cflaminar - \/m ©9)
0.455

Cftubulance - W (10).

Total of friction coefficient is represented by

Cf = Cfturbulance
X¢rb

S ( f turbulance flaminar)
w

Where x,, is the transition point to turbulence
from laminar which is estimated by

3.0 x 10°
=~ . (12).

Re
And the induced drag coefficient Cp; of

three dimensional wing can be obtained by the
monoplane equation with difference of aspect
ratio and taper ratio. Drag coefficient of wet
area of whole plane can be expressed by

Cp = (2.6C¢ + Cp,)/(1—0.15) (13)
where 2.6 means the rate of wet area for wing
are, and 0.15 represents the rate of profile drag
and interference drag for total drag.

(11)

Xir

3.3 Required Power for Flight
The relation of forces which act on plane is

T = D + Wsina (14)
L = Wcosa (15).

Thrust is represented by lift and drag as
T = D + Ltana (16),

then, power for flight is obtained by
P=TV

= DV + LVtana 17).

— 1 3 1 3
= EPV CpSw +§’0V C.Sytana

VVW

Fig.5 Forces Acting for Airplane
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Fig.6 Required Energy for Night-time Flight

3.4 Critical Power for Multiple-day Flight
An energy that solar modules supplies is
expended as the one for flight. The energy for
night-time flight should be charged during day-
time flight, and paid by a surplus energy that
doesn’t be used in day-time flight.

In Fig.6, area S,;,, S; and S, show the
energy for night-time flight, the one of day-time
flight and the surplus energy of day-time,
respectively. And Psmax = HsoimMmpptPmax if
Usorm 1S CONStant.

The maximum power needed for flight
with constant velocity and altitude in a day has a
limitation which satisfies a restriction that

Seb = 52 (18).
By solving the relation
Oc1
2 - {pcritical - (_psmaxcose)} ae
2
+ Deritical™ (19)’

27T—9C1
= f (_psmax cosf — pcritical) do
0

cl

a critical power p.,itica; Can be obtained as

Pcriticat = Epsmax = 0.318psmax (20).

Therefore, under the condition of cruising flight

with keeping constant velocity, the solar plane

should fill a power condition
P/S,

<0.318 (21)
psmax

to fulfill the multiple-days flight at least. In this
conceptual design calculation, this limitation was
used for power restriction for flight, and ugoim 1S
treated as a function of time.

3.5 Minimum Battery Capacity

To estimate a minimum battery capacity, S,
need to be calculated for the power for flight P.
When periticars 0.1 and 6., are replaced to p, 6,
and 6,, respectively,

Seb
P/S P/S

= /091+ /C(Zn—ez)
pmax max

1
_L _.umppt.usolm(g)cose do (22)’
2

57T
- f: _.umppt.usolm(e)cosg do
WhereZSC is the area of solar cells. 6, and 6,
need to be led by solving the relation
b= _.umpptﬂsolm(e)cosg
preliminarily.
Then a minimum battery capacity can be
obtained as
bmin — @Sebsc (23).
If the energy always remains 20% of capacity,
a required battery capacity E}, is
E, =Ep,../08 (24).
3.6 Mass Prediction
Mass of battery M, ,, and solar module Mg,;,,
are obtained by
Mg = RmassBatEb (25)
Msoim = Rmass_golmSc (26),
Where Rpqs g, N0 Rynass g, are mass rate of
battery and solar modules as Table2.
Then total mass is predicted by
Mrotar = Mgt + Msoim + Maf

+Mpayload
where M, means mass of airframe and includes
motor, gear and so on.

To predict the mass of airframe, relation
formula which is supposed by Noth™ was used
in this program.

Maf(Noth) = 0'44b3'1AR_0'25/g (28).
This relation was led statistically from manned
gliders and radio controlled plane.

27

4 Simulation method

Flow chart shown in Fig.7 was repeated for each
condition of aspect ratio, taper ratio, span, and
velocity. Most of calculation is algebraic formula

4
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except for determining of 6,, 6,, 6., and 6,,.
These values are determined by the iterative
calculation which is Newton-Raphson method.
Variables changes in this calculation as shown in
Tablel. And judgment whether the plane of each
case can fly or not was performed after all
condition was calculated. Table2 shows
efficiencies and mass rate. Value of Ry, 1S

based on a specification of lithium-ion battery.

5 Result

Fig.8 shows the distributions of power per unit
are for variable aspect ratio and velocity when
span b = 4 [m]. Critical power per unit area is
constant. It is clear that the cruising velocity
increases, the more required power almost
increases. Additionally, each curve are distorted
due to the difference of friction drag between
laminar and turbulent flow region, therefore,
there is a minimum value of power per unit area
at a specific aspect ratio on each velocity.

Tablel Changed of Calculation Condition

Range Step
Taper ratio| 0.6-1.0[-] |by 0.2 []
Aspect ratio 1-50 [] by 1 [-]
Span| 1-30[ml |by1[ml]
. 10 - 80 by
Velocity | 5 [km/h]
Table2 Fixed Efficiencies and Mass Rate
Efficiency of
Hprop propeller 0.8
Efficiency of
I’l'mOtOT motor y 0'85
Efficiency of
Uesc speed 0.9
controller
— Edfgf)lr;ncy of 0.96
Efficiency of
Um solar module 0.2
at 300K
R Solar module 1.3
masssolm ymagg ratio [kg/m?]
R Battery mass 0.005
masspat | patio [kg/(W+*hour)]

Reading parameters in
I

Solving the monoplane eq.

Determining ¢, and 6,

Time-developing
calculation for one day

Choosing C,, ., C

Dmax

and maximum P

Determining
minimum battery capacity

Same calculation as above section
0, andp
C

for determining 6 _,

critical

False

P<P
critical
L>=W

A 4

Flyable for
multiple-days

Not Flyable

Fig.7 Flow chart for arbitrary conditions (span,
aspect ratio, taper ratio and velocity)

Fig.9 shows the weight and minimum Lift
distribution with various aspect ratio when span
b=4[m] and M,r = 0.55Myrnocny - It is clear
that the more aspect ratio increases, the more
minimum lift and predicted weight decrease, and
the range that minimum lift is more than weight
IS narrow.

Fig.10 shows the region of flyable when
span b = 4[m] and My¢ = 0.55M¢(yoen). Blue
and orange region represents the filling the
flyable condition for power and Lift, respectively.

5
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Then, green region shows the region which both
condition is satisfied. The plane, which have the
specification in this region, can fly for multiple
days. The region which satisfies Lift > Weight
exist like a island because the more the velocity
increases, the more the battery weight increase
due to the increase of necessary capacity for a
flight during night.

The result mentioned above is one in all
136 results which based on other span length,
taper ratio or C;. Actually, number of a square
that is indicated by a velocity and aspect ratio,
colored by green, of flyable condition is 161 at
CL(ZD) =0.6, and 1,218 at CL(ZD) = 0.8 as
shown in Table 3. However, many results that
the weight of airframe is too light are included in
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Fig.10 Region of the Flyable Condition
for Multiple Days

these case. It is difficult to make the airframe
which have enough stiffness to sustain its
structure under those conditions. So, to find
whether the weight of airframe is enough or not,
Noth’s weight prediction formula is used as
Liftmin - (WBat + WSolm) = Maf(Noth) (29)
If this condition is filled, it is clear that the plane
have enough lift force to carry the weight of
airframe with the sufficient stiffness. The cases
which satisfied this result is nothing at C;,p) =
0.6, and just 84 cases at C;,,py = 0.8 as shown
in Table3.

Finally, the specifications of the 84 cases
are limited as shown in Table4.
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Table3 Number of Cases
for Flyable and Maufacturable

Cred Flyable Manufacturable
0.6 161 cases 0 cases
0.8 1,218 cases 84 cases

Table4 Specification of Flyable
and Manufacturable Plane

Span AR TR Velocity | Mass
[m] [-] [-] [km/h] [kgl
2 15-20 1.0 40 1.2
2 13-24 0.8 40 1.4-0.8
2 12-26 0.6 40 1.5-0.8
2 11-28 0.4 40 1.7-0.7
3 13-19 0.6 40 3.3-2.3
3 12-21 0.4 40 3.6-2.2
4 18 0.8 45 5.5
4 17-22 0.6 45 5.8-4.7
4 16-24 0.4 45 6.3-4.3
6 Conclusion

By using a conceptual design method which
included an influence of temperature and critical
power for cruising flight, the candidates of
specification of solar plane can be obtained.
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