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ABSTRACT

This paper presents the development of algorithsieguMATLAB® codeso
predict the in-orbit satellite power profile. Sditd power requirement is a crucial
parameter for its in-orbit operation. In this casejs best to identify the power
profile which indicates the amount of power genedabver a time frame of an
orbit. However, the determination of the satellipwer profile requires
substantial amount of efforts to compute and thitargely due to the complex
numerical treatments. Orbital parameters are deeneedffect the determination
of the satellite power profile. Therefore, a congoyirogram has been written to
solve all the governing equations leading to thieliite power profile prediction
for an orbit and eventually for a year. The poweofpe validation was done
analytically using the governing equations befdre profile is generated through
the computer codes. This work contributes greatlyards the small satellite
(<100 kg) power sizing effort and eliminates thescheof a costly commercial
power sizing software.

Keywords: Orbit, power profile, small satellite design.

1.0 INTRODUCTION

Satellites are spacecraft that receive signals sevd them back to Earth.
Satellite’s can be seen operating for global tefeoonication industry which
provides communication coverage on Earth [1].

To enable various missions, Low Earth Orbit (LE@&etlites are required to
fulfill their requirements on power consumptiondiestain their life in space. As
typical ones use photovoltaic cells to generatarspbwer, the presence of Sun
phase is important. Apart from the issue of hauimg Sun to generate power, a
greater concern shall also be placed on its eclijpgation, when generation of
solar power is impossible.
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Hence, the position of a satellite in an orbit alies its power profile. In any
time within its life, a solar powered satellite nfajl into either the Sun or eclipse
region [2]. Satellites position and their oriermatiin space are well represented
using position vectors. A vector is representedfdrm of a matrix. Spatial
computations using rotation vectors and matricesvige information regarding
orientation of solar panels towards the Sun [3]e Bhientation deduced as Sun
angleStherefore dictates the instantaneous incident p&vewer an orbit period
[4].

Corrections are imposed to the valBeaccordingly whenever the normal
vector of solar panel surface faces against théghtir{3 > 9¢°). Also, the power
profile is not without some reduction due to ingffincies. The efficiencies for
various types of solar panels were evaluated acgptd materials and are given
in several references [5, 6, 7, 8].

Power profile analysis may be difficult when itnstders large duration of
orbits or even orbits for a year. Hence, this papé#rexplain the development of
a computer program which performs those analy@ed his should overcome the
mathematical complexity and save considerable work& and effort.

20 MATHEMATICAL MODELSAND ALGORITHMS

This section describes various mathematical modal$ formulas, which are
implemented in the power prediction algorithms. Tiheroduction of rotation
vectors, matrices and governing equations intoalgerithms is shown towards
the end of this section.

2.1 Governing Equations
A list of governing equations is given as follows:

2
i. Satellite angular velocitygu = (%) 1)
S
ii. Satellite orbit period;T, = 2—” (2)
a)S

iii. Earth’s angular change about the Sun per

orbit;; ¢ = 2/7[_-::—‘;] (3)

iv. Satellite’s angular change per minutg,,, = ZH(TLJ 4)

(o]

v. Sun anglecosf ,, = Np * S, )

at,m
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L.m a dot product of i-th and m-th elements of vectépswith
Sas respectively. The indeixis an integer which ranges from 1
to p. Sranges from zero to/2.

vi. Instantaneous incident poweP, =77, Ape S« cosf3 (6)
w,T,
vii. Eclipse entry timeTe oy = Tepea —STE (7
w.T

viii. Eclipse exit timeTe o = Tepeac * STE (8)
2.2 Rotation Vectors
A list of rotation vectors is given as follows:

-sinT,
i. Rotation vector of Earth about the Sua; =| —cosT, 9)
0

T,, the n-th element of an array of Earth’s rotatidmout the Sun
and ranges between zero tof2r every steps op.

coJ ,
ii. Rotation vector of satellite about the EartB;, =| sinU (10)
0

Un, the m-th element of an array of satellite’s riotatabout the
Earth, ranges from zero tat2or every steps 0fsa

iii. First rotation about Z axis;

1 0 0
A, =| 0 cos(Q) sin(Q) (11)
0 -sin(Q) cos(Q)

1 0 0
iv. Second rotation about X axi&;, =| 0 cos{,) sin(,)

(12)
0 -sing,) cos{,)
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1 0 0
v. Third rotation about X axis® =| 0 cos{) sin() (13)
0 -sin() cosf)
vi. Rotation of the Sun about the satellite in S&ne;
-sing,,, cosd,, O
(14)

Saim = 0 0 -1|-S

cosb, sing,, O

s,m

Sarm the m-th element &, array.SCOframe axes are defined
as follows:

a. X-axis points along flight direction

b. Y-axis is normal to flight direction

c. Z-axis points towards center of the Earth (nadir)

2.3 Algorithms

The GUI allows four main options to commence satellite poprefile analyses.

Those options are to compute the satellite solavepayeneration; present the

power profile per orbit, and per year; as welllaspower requirement per year.
Upon activation of theCOMPUTE pushbutton, the program will perform

the following procedures in steps:

Step 1: The program calls for Algorithm 1 (see Fggul) and display the
information in MATLAB® Workspace.

Step 2: The program calls for Algorithm 2 (see Fégu2) and display the
information in MATLAB® Workspace.

Step 3: The program calls for Algorithm 3 (see Fégu3) and display the
information in MATLAB® Workspace.

Step 4: The program imposes Earth’s rotation atie&tSun for 10° to 360° with

increment of 10°. For each increment, the followétegps are then followed:

i. The Sun Phase is set from 1 to its maximum coubta{oed from
Algorithm 3) with steps of 100 unit.

ii. For each step, the program calls for Algorithm de($igure. 4) and
then Algorithm 5 (see Figure. 5). Information freine both algorithms
is displayed in MATLAB® Workspace.

Step 5: The program calls for Algorithm 6 and digplthe information in
MATLAB® Workspace.

Step 6: The program saves all information in MATL®BNorkspace into. MAT
file.

Upon activation of thePOWER PROFILE PER YEAPRushbutton, the
program will perform the following procedures iess:

Step 1: The program attempts to load previous métion.
Step 2: i. Ifinformation is not available, thesiror warning is displayed.
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i. Else, the program producessa face plot for the power profile per
year. The figure is defined with the following partians:
a. X-axis labeled “Duration of Orbit [min]”
b. Y-axis labeled “Rotation about the Sun [°]”
c. Z-axis labeled “Power [W]”
d. Title labeled “Generated Solar Power for a Year

Upon activation of theeOWER REQUIREMENT PER YEARSshbutton,
the program will perform the following proceduressieps:

Step 1: Program will attempt to load previous infation.
Step 2: i. If information is not available, thesrror warning is displayed.
ii. Else, the program will produceliae plot for minimum power
requirement per year.
iii. The figure is defined with the following particusar
a. X-axis labeled “Rotation about the Sun [°]”
b. Y-axis labeled “Power [W]"
c. Title labeled “Power Requirement for a Year”

Upon activation of thdeOWER PROFILE PER ORBIpushbutton, the
program will perform the following procedures:

Step 1: Program will attempt to load previous infation.
Step 2: i. If information is not available, thesrror warning is displayed.
ii. Else, the program will request user for positiontloé Earth
rotation about the Sun. Then it will producéiree plot for the
power profile per orbit. The figure will be defined with the
following particulars:
a. X-axis labeled “Duration of Orbit [min]”
b. Y-axis labeled “Power [W]"
c. Title labeled “Satellite Power Profile Per @tbi

All the algorithms for the in-orbit satellite powgrofile generation program
are shown in Figures 1 to 6.

h = str2double(inputdlg(‘Orbit altitude’, ‘Input’)) — unit [km]
in = str2double(inputdlg(‘Orbit inclination’, ‘Inpuf) — unit [°]

nev = Str2double(inputdig(‘PV efficiency’, ‘Input’))

nt = str2double(inputdlg(‘Temperature effect’, ‘Input
Naesigr= Str2double(inputdig(‘Design & Assembly’, ‘Inpu}’)
ns = str2double(inputdlg(‘Shadowing factor’, ‘Inpyt’)

Call Alaorithm 7

7y =My * s * 117 * Nesign — total solar panel efficiencies

Figure 1 : Algorithm 1 requests user for informatregarding the satellite’s orbit
parameters as well as additional data.
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R; = R: +(hx1000 — radius of orbit
Equation (1) — satellite angular velocity
Equation (2) — satellite’s orbit period

Figure 2: Algorithm 2 computes orbit period of geellite.

Equation (3) — Earth’s angular change about the Sun per ogbit
The valuey is used to create an arithmetic sequence with ehesnF;:
Tnz(p:(P:ZTC _Tn=T11T21T3--'TmaX:¢12¢13¢"'ZT
Equation (9) — rotating vectors for the Earth about the Syn E
Figure 3: Algorithm 3 determines rotation of thetBabout the Sun.
I =-23.5° — inclination of the Earth about the ecliptic plane
Equation (4) — satellite’s angular change about the Earth penumé ggy

The valuepsy is used to create an arithmetic sequence with ehesn);

Um = @sat: Psat: 2n —Un=Ug, Uy Us ... Unar @sas 2¢saty 3¢sat--- g

about the Earth for each one minute.
Equation (10) — rotating vector for the satellite about the EaBh

The reference plane for all rotating vectors isrnsformed to ecliptic plane b
employing transformation matrices shown by Eqs) (4113).

S, =A*A°*A"B, — B, with reference to the ecliptic plane
S, =A°*A *A,*—-E, - E withreference to the ecliptic plane

Equation (14) —The rotating vector for the satellite about thenS,; in
the SCO fram

Each number in this sequence represents the sheatellite’s position as it rotate

<

Figure 4: Algorithm 4 determines rotation of then@ibout the satellite with
reference to ecliptic plane
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Equation (5) — Sun angle co8

Equation (6) — The instantaneous incident power for all pan€lalculated power
generated for all panel is then totaled up at aegivncidence.

Center of eclipse per orbit is determined from gsiior’ and ‘if’ condition. This is
done by determining the time whereby the dot proauan incidence is at maximur

centerof eclipse= max(E, * B,,)

2
. R
a="—sin? l—(—Ej — half angle eclipse plane
2 Rs

Total eclipse angle is twice the valueaof

Te = g(To) — eclipse time
T =T, — T — time in Sun phase

Egs. (7) and (8eclipse entry and exit times

The instantaneous incident power profile is set zero for an orbit

wheneverT, ... < centerof eclipse< T ;.

This algorithm registers P as the power generateer @an amount of Sun phase p
orbit and also the power requirement. The powelunegnent per orbit is obtaineq
by performing the following operation:

PwrRqd= sumof ene_'rrgyperorblt

(0]

Figure 5: Algorithm 5 analyses the satellite’'s powefile for each orbit.

Recall Algorithm 5  — the power generated over the amount of Sun pRase
allocated into the duration of Sun phase.

| (:,amountSunphasgdimensionlesh = I (;,T,

sun

[mini)

Eclipse phase is included into the duration of bhy extending the duration into
full orbit T, and zero the power generated P aftgp T

Figure 6: Algorithm 6 functions by computing povgeofile for a year.
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The algorithms shown in Figures 1 to 6 are operatestquence as shown in the
block diagrams in Figure 7.

START GUI PressCOMPUTE
pushbutto

v

[ Initiate Power Profile Analysis ]

|

Call algorithms for input parameters
Algorithm 1
: Prompt forh and
Algorithm 7 i, from user
+
4— —————
1
v I
Call algorithms, in the :
following sequence 1
Al ‘?h q2 1 Performfor
gorithm 1 loop function
) : to correctQ
Algorithm 3 L for
- 1 0<Q<360,
Algorithm 4 I with steps of
[
. 10°
Algorithm 5 !
1

Y

Execute algorithm
Algorithm ¢

'

[ MATLABWorkspace saved aglAT file ]
v

< RETURN TO GUI >

Figure 7 : Flow chart shows process path to comgeterated power by
pressingcOMPUTE pushbutton
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The flow chart in Figure 7 is a brief descriptioh adata flow and processes
undertaken by the program to determine the sa&tglbiver profile for an orbit and

a year. The display of the satellite power profikeachieved by processes shown
in Figure 8.

4 N

Press
( START GUI >-> POWER PROFILE PER ORBIT
or

POWER PROFILE PER YEAR
or
POWER REQUIREMENT PER YEAR

'

Attempt to load previous
information

y

Isthefile
available?

YES

v

* Plot Power Profile

TERMINATE
PROGRAM, WITH
ERROR WARNING

RETURN TO GUI Display
Power Profile

Figure 8 : Flow chart shows process pathdplaly either power profile
per orbit; power profile per year; or powequirement per year

To display the satellite power profile per-orbitetprogram shall prompt the
user for the Earth’s position about the Sun. Thditional process is embedded in
a block marked with an asterisk (*) in Figure 8.
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3.0 RESULTSAND DISCUSSION

This section presents and discusses the generatmtit satellite power profile
per orbit and per year. The following power prafilgere the outcome from using
different input parameters as indicated along withfigures. Note that the results
consider a cubic satellite body with solar panedrgements as shown in Figure 9.

Y $ X

+X i

Figure 9 : The arrows indicate each with 8.64 area and a solar panel
Efficiency factor of 0.15

The power profile validation was done analyticgfygure. 10 (a)) using the
all governing equations before the power profile generated through the

computer codes (Figure. 10 (b)). The peak powdroth cases is the same; thus,
the computer codes are validated.

Satellite Power Profile, Satellite Power Profile Per Orbit
Epoch mid-Spring 16

16
14
2 13 DN
w10 v %
g5 1,{ [ g 1
o ! 2
e f i i
4 t i
0 |

——
0 10 20 30 40 50 &0 70 80 90 10
a

W20 W 40 s el /0 8 @ 100
Duration of orbit [min]

(a) (b)

Duration of orbit, min

Figure 10: Satellite power profile per orbitret 500 km;i, = 23.5°

10
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3.1 Power ProfilePer Year

Figures 11 (a), (b), (c) and (d) are generatedh@sdsult from the using different
altitude and inclination parameters. Satellite powefile generation for a year
provides information on the amount of solar powenayated over the duration of
orbit in a year. The solar power generated is dfieahtin Watts whereas other
parameters such as the duration of orbit and stepsyear are given in minutes
and degrees angle, respectively.

Generated Solar Power for a Year Generated Solar Power for a Year
10 15+
8
% 6 g 10
[ o
34 3
8 £
2
- 0
0 e 40
=100 . — 150
// 2 \\/
Rotation about """ 4 Rotation about 50
the Sun [x10°] Duration of Orbit [min] the Sun [x10°] 0o Duration of Orbit [min]
() (b)
Generated Solar Power for a Year Generated Solar Power for a Year
10+ 10+
8~ 8
g 6~ g 6
] ]
§ 4. § 4
24 2
0 0
0 S 0 ‘
S | g 100 \\\ 100
20 80 20
Rotation about . — Rotation about \\\,\//%/(40 i
the Sun [x10°] 00 Duration of Orbit [min] the Sun [x10°] 00 Duration of Orbit [min]
(c) (d)

Figure 11 : 3D Satellite Power Profile Genemaganulated for a year at; (B
500 km with, = 53°; (b) h= 1, 000 km with, = 53°;
(c)h =500 km withi, = 23.8’; and (d)h = 500 km withi,, = 82.8’

3.2 Power Requirement Per Year
Having the 3D power profile per year, the poweruiegment for power sizing
works can be determined as shown in Figures. 1l§n)(c), and (d). Note that

the satellite power sizing is done by considerimg lowest value, as indicated by
the dashed lines.

11



Jurnal Mekanikal, June 2009

Power Requirement for a Year Power Requirement for a Year
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Rotation about the Sun [°] Rotation about the Sun [°]
a)h = 500 km withi,, = 53°; bh =1, 000 km with, = 53
Power Requirement for a Year Power Reqwrement fora Year
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Rotation about the Sun [°] Rotation about the Sun [°]
c)h =500 km withi, = 23.9 d) h =500 km withi, = 82.8

Figure 12: Satellite Power Profile Generation feorbit satellite simulated for
power requirement in a year.

3.3 Power Profile Per Orbit

After setting the power requirement, the satefhitaver profile for an orbit
can be viewed as well. Figures. 13 (a), (b), (aJ &) show the corresponding
power profile per orbit. Note that the satellitey@o requirement limit is indicated
by the dashed lines as shown in Figures 13 (a)(c¢p)and (d).

12
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Satellite Power Profile Per Orbit Satelite Power Profile Per Orbit
" Rotation " Ratation
14 1
12 ¢ 12 /1 .
g " |
g, Power reguirement . Power requirement
B B
4 4
2 2
DU WE 2‘U 3‘El AE EE E‘U 7‘U BE B‘U 160 UEI 2h 4‘EI EE B‘EI WEID WéD
Duration of orbit [rin] Duration of orbit [rmin]
a)h = 500 km withi, = 53° bh=1, 000 km with, = 53°
Satellite Power Profile Per Orbit Sateliite Power Profile Per Orbit
16
Rotation
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12
g 10 . i 1
o . 1
s F Pdwer requirément
= requirement
4
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Duration of orbit [min] Duration of orbit [min]
c)h = 500 km withi, = 23.5 )= 500 km withi, = 82.5°

Figure 13: 2D Satellite Power Profile Generationifeorbit satellite simulated
for per orbit.

3.4 Discussion

The numerical and simulation results obtained fthi® program are useful in the
mission analysis and the small satellite powerngiziBased on the orbit
inclination, altitude and solar panel sizes, thegoter program can generate the
in-orbit power profile and the mission power reguient.

By using this program, the time consuming analyticeethod can be
replaced by this numerical method for the solar groprofile generation. A user
friendly GUI program enables the input parameters such as daltitorbit
inclination and photovoltaic cell efficiencies fdne program. The developed
program is validated analytically using the powefites generated per-orbit.

13
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40 CONCLUSION

A computer code was developed using MATLAB®simulate the in-orbit small
satellite power profile. By defining the missionrameters such as the altitude,
orbit inclination and photovoltaic cell efficiensiethe program generates the in-
orbit solar power profiles. Initially, the in-orbgimulation for an orbit was
successfully implemented. The simulated result waligdated using the result
obtained analytically. Apparently, both results &efound to be similar.
Eventually, the generation of power profile for@bit was successfully extended
to simulate an in-orbit 3D satellite power profite& one complete year orbit. As a
conclusion, the developed program successfullyraites the in-orbit power
profiles as well as the power requirement for défe small satellites (< 100 kg).

NOMENCLATURES
Ap Photovoltaic cell surface areajm
B Satellite’s position vectors in orbit plane [m]
E Earth’s position vector centered at the Sun [m]
ESA European Space Agency
GUI Graphical User Interface
GUIDE Graphical User Interface Development Environment
h Altitude [m]
[ Earth inclination [deg]
in Satellite orbit inclination [deq]
@ Angular step change [rad]
LEO Low Earth Orbit
Np Normal vector of solar panel
P Power [W]
p Number of solar panel
Rs Radius of orbit from center of the Earth [m]
Re Radius of the Earth, by default is 6, 378.140 km
S Solar constant, by default is 1, 358 V¥/m
SCO Spacecraft Centered Orbit
S Satellite position vector (Earth centered) [m]
T Step change in time [1 min = 60 s]
Te Duration of eclipse [s]
To Orbit Period of a satellite about the Earth [s]
Teun Duration of Sun phase [s]
Ty Orbit Period of the Earth about the Sun, by defasit31,58
8,149.548 s
Ndesign Structural and design efficiency [%)]
Npv Photovoltaic cells efficiency [%)]
s Shading factor [%0]
nr Thermal efficiency [%)]
n, Solar panel efficiency [%0]
Q Right ascension of ascending node [deg]

14
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Angular velocity of satellite about Earth [rad/s]
Earth gravitational constant, is 3.986808" m’/s”

Half-angle of eclipse region [deqg]
Angle between the Sun vector and surface normabrédeq]
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