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Abstract

In this paper, a high efficiency satellite electrical power supply system is proposed. The increased efficiency of the power
supply system allows for downscaling of the solar array and battery weight, which are among the most important satellite design
considerations. The satellite power supply system comprises two units, namely a generation unit and a storage unit. To increase
the efficiency of the solar array, a maximum power point tracker (MPPT) is used in the power generation unit. In order to
improve the MPPT performance, a novel algorithm is proposed on the basis of the hill climbing method. This method can track
the main peak of the array power curve in satellites with long duration missions under unpredicted circumstances such as a part
of the array being damaged or the presence of a shadow. A lithium-ion battery is utilized in the storage unit. An algorithm for
calculating the optimal rate of battery charging is proposed where the battery is charged with the maximum possible efficiency
considering the situation of the satellite. The proposed system is designed and manufactured. In addition, it is compared to the
conventional power supply systems in similar satellites. Results show a 12% increase in the overall efficiency of the power

supply system when compared to the conventional method.
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I. INTRODUCTION

Since the beginning of the Space Age up until the present
time, the majority of satellites have been utilizing solar cells
and batteries to generate and store the required power.
Batteries are basically heavy devices and solar panels occupy
a vast area. Satellite designers should always aim for a
tradeoff between the weight and volume of the electrical
power supply (EPS) system and the operational requirements
of the other subsystems and cargo. If a designer can make use
of lighter batteries and smaller arrays by increasing the EPS
efficiency, it becomes possible to enhance the operational
quality and quantity of the load. To increase the efficiency of
the electrical power generation unit, the maximum generable
power in the solar array should be absorbed. To increase the
efficiency of the energy storage system, the battery charge
efficiency and charging route efficiency should be increased.

There exists a unique point in the voltage-power curve of
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the solar array called the maximum power point (MPP). If the
operating point of the solar array is adjusted according to the
MPP, the maximum power will be absorbed [1], [2]. In space
missions, different factors affect the electrical characteristics
of the array that lead to a MPP shift and consequently reduce
the efficiency of the solar array. The factors affecting the
shape of the electrical characteristic curve of an array are as
follow:

A. Environmental conditions

As radiation increases, the short circuit current of the solar
cell increases and an increased temperature reduces the open
circuit voltage of the solar cell. These two phenomena cause
MPP movement [3]. Fig. 1 shows the effect of radiation and
temperature change on the voltage-power curve and the
location of the MPP.

B. Shadow

If a part of an array is shadowed by the antenna or other
satellite equipment, the voltage-power curve of the array will
vary significantly and there will be as many peaks in the
curve as the number of radiations [4].

C. Damage
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Fig. 1. MPP voltage variations in terms of (a) radiation and (b)

temperature.

When the satellite experiences a high-energy flow of
electrons, a huge potential difference is developed between
the surfaces of the solar array and the satellite body. This
results in an electrostatic discharge, which can damage a
number of solar cells [5]. Like the previous case of shadows,
there will be several peaks in the array power curve.

D. Weariness

The solar cells electrical characteristics deteriorate
throughout the satellite mission as a result of collisions with
space radiations. This causes a MPP shift [6].

In order for the operating point of a solar array to be at the
MPP, a maximum power point tracker (MPPT) is employed.
Various MPPT algorithms have been developed so far.
However, the look-up table [7], curve adaptation [8],
open-circuit voltage [9], and open-circuit current [10]
methods have a low precision and they exhibit a huge error in
the long run because they cannot determine the exact location
of the MPP, and they work according to the array
characteristic at the beginning of the mission. Today, search
methods are utilized to determine the precise location of the
MPP in different conditions. In the forced oscillation method
[11], the MPP location is determined by comparing power
and voltage waveforms. This method involves a highly
complicated circuit that is inappropriate for space
applications. The perturb and observe algorithm is proposed
in [12] where the voltage corresponding to the maximum
power is sought. The incremental conductance algorithm is
proposed in [13]. This method works on the basis of the

principle that IP—V=;”ﬂ in the MPP. The hill climbing

Vpy Vpy
algorithm was proposed in [14]. In this method, the duty
cycle of the power converter can change one unit in any stage

and the power is absorbed from the array compared to the
previous stage. If power increases, the duty cycle changes to
the previous direction and if power decreases, the duty cycle
changes to the opposite direction. The most common MPPT
method in space applications is the hill climbing method
owing to its high precision, simple structure, direct
investigation of power, high reliability, and independence
from sensors such as radiation and temperature sensors [15,
16]. However, this method has three major defects:

1) Tracking local peaks of the solar array
voltage-power curve

2)  Oscillations around the MPP

3) Low speed

To overcome the disadvantages of the hill climbing method,
[17] proposes a variable step-size hill climbing. In this
method the response time and oscillations around the MPP
are improved. However, the first problem has not been
eliminated yet. If a shadow falls across or damage occurs to
the solar array, which results in several local peaks, the
variable step-size hill climbing tracks the nearest peak to the
operating point. Therefore, if a local peak is located near the
operating point, this method tracks the local peak.

In this paper, a new MPPT algorithm based on the hill
climbing method is proposed in which the defects of the
previous methods are corrected. In the proposed method, the
power is initially measured in different areas of the
voltage-power curve of the array. The area with highest
power is selected as the main peak range. Afterward, the
method moves toward the MPP using the hill climbing
method. Once the MPP is reached, the points nearby are
investigated and the operating point is lain precisely on the
MPP so that the power loss due to oscillations near the MPP
are prevented. The proposed method enjoys a higher speed,
precision, and efficiency when compared to the previous
methods. In addition, when there are several peaks in the
voltage-power curve of the array, it can track the main peak
of the array characteristic curve.

The efficiency of the energy storage unit substantially
affects the determination of the battery capacity and size as
well as the solar array size. The higher the efficiency of the
storage system, the lower the need for energy generation.
Consequently, the solar array dimensions decrease. The
efficiency of the storage unit depends on the charger
efficiency and the battery efficiency. Numerous methods
have been proposed for increasing the efficiency of the
storage unit. A battery charger with a high efficiency in
which a ZVS converter is used for reducing switching loss is
presented in [18]. A battery charger with a boost ZVT
converter is put forward in [19]. A ZCS converter is adopted
in [20] in order to reduce switching loss. These methods
merely increase the charger efficiency and do not affect the
battery efficiency. A very influential parameter in charging
efficiency is the battery-charging rate. The results of the
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experiments carried out in this study demonstrate that
adjusting the battery-charging rate can increase battery
efficiency. On this basis, an algorithm is presented that can
increase charging efficiency to the maximum possible value
by selecting the optimal charging rate. The proposed
algorithm can increase the battery charging efficiency rate up
to 99%.

A satellite EPS is proposed that can absorb the maximum
power from an array and deliver it to consumer loads with the
highest efficiency possible. The proposed algorithm can pass
by local peaks in different conditions, placing the operating
point of the solar array precisely on the MPP. Moreover, the
charger switching loss is brought to a minimum value using a
soft switching technique and the efficiency of the charging is
increased by selecting the optimal charging rate. Finally, the
proposed design is manufactured. Furthermore, using
practical experiments, the superiority of the proposed method
over the conventional method in satellites is verified under
different conditions of a space mission.

II. THE PROPOSED EPS

The satellite EPS topology is of the PPT type with an
unadjusted voltage. The overall plan of the system is
illustrated in Fig. 2. This system comprises two parts:

- Power generation unit
- Power storage unit

A buck DC-DC converter is used in the power generation
unit for adjusting the operating point of the solar array.
MPPT measures the voltage and current of the array and
adjusts the duty cycle of the PWM signal applied to the
converter in a way that, if required, the maximum possible
power can be absorbed from the array. In the power storage
unit, when the generated power exceeds the consumption
demand, the battery is charged by the charger. On the other
hand, when consumed power exceeds the maximum array
power or when there is an eclipse, the battery is connected to
the main bus, via the discharge diode, and supplies the
required power.

A. Power Generation Unit

The proposed MPPT algorithm is depicted in Fig. 3, where
D is the duty cycle of the power converter, Ppy, is the array

power, Vpy is the array voltage, and I, is the array current.

This algorithm consists of five sections as described below.
Section 1- Finding the Main Peak

As noted earlier, in the hill climbing method and in the
other search-based methods, if there are several peaks in the
curve, local peaks may be tracked. This remarkably decreases
the generation unit efficiency. Since system access is
impossible in space systems and the characteristic of a solar
array vary during the mission, it is impossible to predict the
location of the main peak and it may be placed anywhere in
the array characteristic curve. As a result, it is recommended

DC-DC T |
”’ Charger *

Fig. 2. Satellite EPS schematic.

that the array voltage-power curve be divided into several
parts and that the power be measured in each part to identify
the main peak location. Thus, searching for the MPP may
start from the part with the highest power. In the proposed
algorithm, it is assumed at first that D=1. Therefore, the array
voltage is at its minimum value. At this stage, the array
voltage and current are measured and the power is calculated.
Then, D is subtracted as much as o at each stage. It is
investigated at each stage whether the absorbed power is the
maximum. If the power exceeds that in the previous regions,
the duty cycle and power of that region are saved. Having
examined all of the regions, the proposed algorithm sets the
duty cycle to be equal to that of the region with the highest
power. In this manner, the control system passes by local
peaks and searches for the MPP in the vicinity of the main
peak. The value of a should be smaller than 1/number of
modules, because in the worst situation, the number of local
peaks is equal to number of modules.
Section 2- Investigating Abrupt Changes in Power

Generally, if the array characteristic curve undergoes a
substantial change, the maximum output power changes and
the MPP point moves. For instance, when a system is
absorbing the maximum power and one of the solar panels is
suddenly shadowed, the maximum power decreases and the
new maximum power point moves far from the operating
point. Altogether, these two events considerably decrease the
output power at the moment of the change in the array
characteristic. As a matter of fact, when there is a shadow or
damage, the output power changes. If the power change is
smaller than ppy (t)/number of modules, main peak will stay
in its present region. On the other hand, if the power change
is bigger than ppy (t)/number of modules, main peak will
move to another region. Hence, the proposed algorithm
checks whether the power change is larger than (8 X ppy (t))
or not. B is obtained via the following formula:

B = 1/ number of modules )

In the proposed algorithm, it is considered that if the power
change is bigger than (8 X ppy(t)), the regions of Section 1
are examined again. Therefore, the maximum possible power
from the array will always be absorbed. In this method, the
control system works without using temperature or radiation
sensors. In addition, it can identify changes in the array
characteristic curve merely by assessing the output power
value of the array.
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Fig. 3. Proposed MPPT algorithm.

Section 3- Stopping Switching in Case of a Decreased
Consumption Load

During the day, when the solar array is tasked with
supplying the consumed power, sometimes the consumed
power is less than the maximum array power. In this case,
there is no longer a need for absorbing the maximum power.
Rather, the power should be absorbed from the array in
accordance with the consumed power. In this case, the array
operating point in the voltage power curve is to the right of
the MPP, and its location merely depends on the consumed
power, and changing the duty cycle does not affect this
location. This feature is utilized in the proposed algorithm in
this manner so that if the duty cycle changes at any stage and
the array voltage remains constant, the system realizes that
the consumed power is below the array maximum power and
sets the duty cycle equal to 1 (D=1). Thus, there would be no

switching in the power switch and the array would be directly
connected to the load. This method eliminates switching loss
and increases the efficiency of the converter at times of low
consumption.
Section 4- Eliminating Oscillation

One of the defects of the search-based MPPT methods is
oscillations around the MPP that reduces efficiency at the
steady state of the system. By studying the behavior of the
hill climbing algorithm and the results of experiments
revealed that as the operating point reaches the MPP, one of
the two cases shown in Fig. 4 occurs. In the normal case, the
operating point starts to oscillate at three points as shown in
case (a). Case (b) may occur due to two reasons: either the
MPP is located between those two points or the measurement
unit is unable to identify the absorbed power difference. The
algorithm compares the recorded duty cycles of case (a) and
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case (b) to find out which one has occurred.

If case (a) or (b) takes place, the control system selects
point number 2 as the MPP point and generates the
corresponding duty cycle, and L changes to one. Therefore,
the control system keeps the array operating point on the
MPP unless the array MPP moves. In this case, whenever the
array characteristic curve changes, the MPP point moves,
which causes a change in the absorbed power. Hence, the
absorbed power is always examined. When the power
absorbed from the array makes the slightest change, L
changes to zero. As a result, the new MPP location will be
sought by running the hill climbing algorithm.

Section 5- Hill Climbing

The hill climbing method is used in this section to search
for the MPP, where the range of the MPP is sought by
investigating power variations and the duty cycle. AD is the
value of change in the duty cycle in each stage.

B. Power Storage Unit

A lithium-ion battery was adopted for storing energy. This
battery is charged using the constant-current constant-voltage
charging method. Batteries generally have limitations in the
charging rate considering their characteristics and production
method. Batteries are typically charged with the maximum
possible current that does not damage the battery. However,
charging efficiency is low in this case because it considerably
depends on the charging rate. The reason behind this is the
internal resistance of the battery. Thus, the charging rate
cannot ecasily be considered as a constant value. Fig. 5
demonstrates practical experimental results of battery
charging efficiency at different charging rates. The results
indicate that the lower the charging rate, the higher the

0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
C-Rate

Fig. 5. Battery efficiency in terms of charging rate.
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Fig. 6. Battery charger proposed algorithm.

charging efficiency, and that it may be increased up to 99%
with a 0.1C rate. The more the charging rate increases, the
greater the loss in the internal resistance of the battery. This
occurs at almost at the same rate. As a result, charging should
be performed using the least possible current rate.

The proposed algorithm of the storage unit is shown in Fig.
6, where Vgys is the satellite main supply bus voltage,
Vgarr and Ig,pr are the measured voltage and current of the
battery, respectively, V., 1s the battery maximum voltage,
Ty is the time remaining until an eclipse, C is the battery
capacity in ampere-hours, D is the duty cycle of the charger
converter, and Vipgrge and Igpgrge are charger voltage and
current, respectively. In the proposed algorithm, it is initially
investigated whether the EPS can supply energy to the
charger. Charging begins when battery voltage is lower than
the maximum level and the bus voltage exceeds the battery
voltage. It has been demonstrated in [6] that the time
remaining to an eclipse (Ty) can be calculated by the
following equations:

3
P =1.658669 x 107 x (637.14 + H)2 2)

0s(3) = 5 ®
o2}

Ty = PGgy) o

Ty=P—T;—T %)

Where P is the orbit period in minutes, H is the altitude
of the satellite in kilometers, & is the rotation angel, p is



The Design and Construction of ... 671

+ Vgs -
v
* il
(11
[ 1]
Bus C;

Fig. 7. Charger circuit.

the angular radius of the earth, B¢ is the angle of the sun
above the orbit plane, Ty is the duration of the eclipse, and
T is the time of the satellite which is reset at the beginning of
the day.

To increase battery efficiency, the minimum charging rate

is calculated in the constant-current mode using Eq. (6).

DOD
C—rate = s—mmm— 6
TN g;lm)XO.S ( )

Since 20% of the charging duration is performed in the
constant-voltage mode, the Ty value is multiplied by 0.8. At
first, the battery is charged using the optimal charging rate in
the constant-current mode. When battery voltage reaches its
maximum value, charging by the use of the constant-voltage
mode begins. At this stage, the voltage of the battery
terminals is set on V,,,,. When the charging current reaches
5% of the nominal value, the charging process stops. This
algorithm reduces the losses in the battery. Therefore, the
heat of the battery will be decreased during the charge, which
increases the lifetime of battery. Additionally, since the
battery is charged by the minimum charging rate, the lifetime
of the electrical components will be increased.

High-frequency converters are used in satellites in order to
reduce the charger volume and weight and to reduce the
charger current oscillations. However, the more the switching
frequency increases, the more the converter switching loss
and electromagnetic noise increase. To solve this problem, a
ZVS converter is utilized as shown in Fig. 7, where the
capacitor C, and the inductor L, are used for bringing
about switching conditions at zero voltage.

III. EXPERIMENTAL STUDY

The manufactured EPS, together with the solar modules
and the battery are illustrated in Fig. 8. Table I shows the
system characteristics. The solar array consists of two solar
modules connected in series and a battery consisting of three
lithium-ion cells connected in series. The values of the MPPT
algorithm parameters are listed in Table II. In this section, the
proposed EPS is compared to the conventional EPS used in
satellites according to the scenario defined in Fig. 9 by means
of a practical experiment. The hill climbing method is used in
the conventional EPS to absorb the maximum power from the
solar array and a buck power converter via the
constant-current constant-voltage charging method where a

Fig. 8. Proposed EPS manufactured.

TABLEI
PRACTICAL SYSTEM CHARACTERISTICS
Item Value
Open circuit voltage of pv 372V
Short circuit current of pv 0.6 A
Maximum battery voltage 126V
Capacity of battery 2 Ah
TABLEII
PARAMETERS USED FOR MPPT ALGORITHM
parameter Value
AD 0.01
o 0.2
B 0.5
18
16 Load
—maximum
.E. : power of PV
o Case1l Case2 Case 3 Case 4
2 8
2
4

GIJ 10 20 30 40 50 60 70 80 90
time (s)

Fig. 9. Load power consumption curve and array maximum
power in the orbit of the satellite around the Earth.

1C charging rate charges the battery.

The scenario defined in Fig. 9 is adapted from a satellite at
an altitude of 500km from the Earth surface. During the
period of the experiment, the day lasts 70 minutes and the
eclipse lasts 25 minutes. Fig. 9 depicts the load power
consumption and the array maximum power at any moment.
Four cases occur for the EPS in this scenario.

Case 1: During the first 20 minutes of the day, the load
power consumption is 17 W and the satellite is positioned so
that one of the modules is shadowed by the satellite antenna.
The array voltage, current, and power curves in this position
and by changing the duty cycle from zero up to one are given
in Fig. 10(a). There are two peaks in the power curve. The
power of the main peak is 12.2 W and that of the local peak is
8.4 W. In Fig. 10(b-c), the performance of the proposed
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Fig. 10. Experiment results of Case 1. (a) Array power, current,
and voltage curves by changing the duty cycle from zero up to
one. (b) Hill climbing method. (c) Proposed method.

method can be observed in comparison with the hill climbing
method. Having examined the different regions of the power
curve, the proposed method selects a region that contains the
highest power. Then it reaches the MPP in five stages of
search. After two stages of oscillation, it places the operating
point on the main peak and absorbs 12.2 W of power from
the array. Meanwhile, in the hill climbing method, the local
peak is searched for and 8.3 W of power is absorbed from the
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Fig. 11. Experiment results in Case 2 (a) proposed method (b)
hill climbing method.

array owing to the oscillation around it. In this case, the
battery supplies the extra power consumption.

Case 2: The solar array is not shadowed between the 20™
and 25™ minutes and it has a peak with a power of 16.2 W.
The load power consumption during this time is 17 W. Fig.
11 shows the performance of the proposed method in
comparison with that of the hill climbing method. The
proposed method reaches the MPP 7 times faster. After two
stages of oscillation, it places the operating point on the exact
location of the MPP and absorbs 162 W of power.
Meanwhile, in the hill climbing method, the operating point
always oscillates around the MPP in the steady state and 16
W of power are absorbed. In this case, the extra power
consumption is supplied by the battery.

Case 3: The solar array is still not shadowed between the
25" and 70™ minutes and it has a peak with a power of 16.2
W. The load power consumption is 4 W. As a result, the
generation unit sets the duty cycle of the power converter
equal to 1 in order to avoid switching loss. The battery depth
of discharge is DOD=15%, and the time remaining to eclipse
is Ty = 45min. According to the obtained results, the
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Fig. 13. Comparison between the efficiency of the proposed
system and that of the conventional one.

proposed charger charges the battery with a rate of 0.25C and
an efficiency of 97%. Meanwhile, with the conventional
system, the battery is charged with a rate of 1C and an
efficiency of 91%. The gain-source voltage curve and the
drain-source voltage curve of the proposed charger power
switch are shown in Fig. 12. As can be seen, switching has
been performed at zero voltage at both the disconnection
moment and at the connection moment. The efficiency of this
charger was shown to be 98%, while the charger efficiency
without using the ZVS method is 96%.

Case 4: The satellite is in eclipse between the 70" and 95"
minutes. The battery from the discharge diode route supplies
the load power consumption. The discharge route efficiency
in both systems is 0.97%.

Throughout all of the experiment stages, the power of the
different parts of the proposed EPS and the conventional EPS
are measured and the efficiency of each part is calculated as
per the formulas expressed in Table III.
where nyppr is the MPPT unit efficiency, P, is the power
absorbed from the array, p,,,, is the solar array maximum
power, Npc_pc 18 the efficiency of the generation unit power
converter, P,,;_, is the output power of the generation unit
is the charger efficiency,

power converter, Ncharger

TABLE III
EFFICIENCY OF DIFFERENT PARTS OF THE SYSTEM

Conventional Proposed Efficiency Equation

P
68%-98%  100% ¢ %100 Vp—
pmax
Pour_
98% 98% 78 5100 Npc—pc
Pa
Py
96% 98% —OULZChATIET » 100 Neharger
pin—charger
w, -
91% 97% —OUEZDALETY % 100 Nbattery
Win—battery
P i
97% 97%  —CIRITIT 2 100 Ngishrarge
pin—discharger
w, _
83% 95% QUEPS %100 npps

Wout—EPS + Wloss

Din-charger 18 the charger input power, Poyt—charger 1S the
charger output power, Npqerery i the battery efficiency,
Win_pattery 1S the battery input energy, Wyyr—pattery 15 the
battery output energy, Ngiscnarge 15 the battery discharge
route efficiency, Pi,_gischarger 1S the discharge route input
power, Poyt_gischarger 18 the discharge route output power,
Ngps 18 the EPS total efficiency, wy,._gps is the EPS energy
output, and W, is the energy lost in the satellite EPS.

By tracking the main peak and eliminating oscillations, the
proposed method increased the MPPT efficiency by as much
as 32% in Case 1. In Case 2, the proposed method increased
the MPPT efficiency by as much as 2% by eliminating
oscillations. The charger efficiency increased 2% thanks to
employing the ZVS converter. By selecting the optimal
charging rate, the battery efficiency increased 6%. Altogether,
the proposed method has been able to increase the EPS total
efficiency by as much as 12%.

IV. CONCLUSION

A high-efficiency satellite EPS was designed and
manufactured. As a power supply for satellites, the proposed
system was compared to the conventional system through a
practical experimental implementation. The superiority of the
proposed system in terms of efficiency and performance
under different demonstrated with

scientific arguments and practical experiments. Given the

circumstances was

obtained results, the proposed power generation unit passes
by local peaks and places the solar array operating point
precisely on the main peak, preventing power oscillations.
The proposed algorithm sets the duty cycle equal to one at
times of low consumption, thereby averting switching loss.
This increases both the lifetime of the electronic parts and the
efficiency. By adopting the optimal charging rate selection
algorithm, the storage unit increases the battery-charging
efficiency to the maximum possible value. Furthermore, the
ZVS charger has increased the charging route efficiency by
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as much as 2% when compared to hard switching chargers.
Fig. 13 shows practical experiment results in the form of a
diagram. Altogether, by using the methods presented for the
generation and storage units has led to a 12% increase in the
satellite EPS efficiency according to the defined scenario.
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