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The Electric Power System (EPS) and attitude control system (ACS) are the essential components of any satellite. EPS and ACS
eﬃciency and compactness are substantial for the proper operation and performance of the satellite’s entire mission life. So,
realizing the signiﬁcance of EPS and ACS subsystems for any satellite, they have been assimilated and developed in modular
forms focusing on eﬃciency and compactness. The EPS is comprised of three modules called the solar panel module (SPM),
power conditioning module (PCM), and power distribution module (PDM) while the ACS has an embedded magnetorquer coil.
For compactness and miniaturization purposes, the magnetorquer coil is embedded inside the SPM. The components used are
commercial oﬀ-the-shelf (COTS) components emphasizing on their power eﬃciency, small dimensions, and weight. Latch-up
protection systems have been designed and analyzed for CMOS-based COTS components, in order to make them suitable for
space radioactive environment. The main design features are modularity, redundancy, power eﬃciency, and to avoid single
component failure. The modular development of the EPS and ACS helps to reuse them for future missions, and as a result, the
overall budget, development, and testing time and cost are reduced. A speciﬁc satellite mission can be achieved by reassembling
the required subsystems.

1. Introduction
Many universities around the world are working on various
projects of small satellites [1–6]. These satellites are classiﬁed
into various categories on the basis of their mass and dimensions, i.e., pico, nano, and micro. The main driving force
for the development of small satellites is their low budget
requirement, short development time, low mass and size,
new technology, and because they provide more costeﬀective and reliable access to space [7]. Small satellites are
designed for low earth orbit (LEO); therefore, launching cost
is also comparatively low. Small satellites can provide an ideal
testbed to innovative technologies (e.g., hardware and software) which can be further used in large and expensive space
missions. University satellite programs teach students the

whole lifecycle of a satellite on a real situation and develop
their capabilities in the space sector. Due to mentioned facts,
small satellites have been considered a vital technology by
many space mission experts.
The number of student-built small satellites is rapidly
growing, speciﬁcally in Europe and in North America. The
list of the number of universities working on satellite projects
is too long, and it is impossible to mention all of them here.
But some of the universities that are particularly moving
the small satellite industry forward and working on very nice
projects are mentioned here. From the United States of
America, the signiﬁcant contribution is from Cal Poly and
Stanford University, University of Michigan, University of
Texas, Air Force Academy, Massachusetts Institute of Technology, Colorado University Boulder, Santa Clara University,
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Figure 1: Block diagram of EPS subsystems.

Arizona State University, and many more [8, 9]. From
Europe, the contribution worth mentioning is from the
Swedish Institute of Space Physics, Aalborg University,
Technical University of Denmark, Norwegian University
of Technology and Science (NTNU), University of Wurzburg, Aachen University of Applied Sciences, Delft University of Technology, Swiss Federal Institute of Technology
(EPFL), Budapest University of Technology and Economics,
University of Montpellier II, Warsaw University of Technology, Sapienza University of Technology, University of Vigo,
Polytechnic University of Turin, Berlin Technical University,
the Space Research Centre of Polish Academy of Sciences,
and a lot of other institutions. In Asia, the main contributing
universities are from Japan, China, South Korea, Singapore,
and India [9].
Keeping in view the signiﬁcance of small satellites, the
Pakistan National Space and Upper Atmospheric Research
Corporation (SUPARCO) has framed the Pakistan National
Student Satellite (PNSS) program [10]. This program will
involve the local universities and industry in collaboration
with SUPARCO for the development and launching of small
satellites into space. In this program, PNSS-1 is the ﬁrst small
satellite that will be deployed into space. Universities are part
of the designing process of the satellite. The main aim of this
work is to design and analyze modular EPS and ACS for the
PNSS-1 satellite which has a size of 50 cm3 with 50 kg mass
and one-year service life [11].
The EPS is responsible for fulﬁlling the power needs of
the entire satellite. The paper proposes a novel approach
to design and elegantly interconnect the EPS subsystems
of a modular small satellite [12]. In the proposed modular
design technique, the EPS is divided into small modules
that are designed and developed independently and are
attached together to attain the intended results. The major
subsystems of the EPS are the solar panel subsystem, conversion of the solar panel power to the power distribution
bus (PDB) level subsystem, and conversion of the unregulated PDB voltage level into various low voltage levels
required for operation of the satellite subsystem components. The EPS also has a subsystem to store the excess
generated power into onboard batteries and extract power
from them during satellite night and solar eclipses. Diﬀerent housekeeping sensors are embedded in the EPS subsystems to monitor and ensure the proper operation of
the complete satellite. To perform all the abovementioned

tasks, the whole EPS is subdivided into three modules
called the solar panel module (SPM), power conditioning
module (PCM), and power distribution module (PDM).
This modular design approach is not only cost eﬀective
because the design, development, and testing costs are
shared among these modules but also time saving because
of the parallel development approach rather than the classical serial one [13–16]. In addition, the modular design
extensively results in overall cost reduction because the cost
is shared among many modules that can be used several
times in other missions.
Each module oﬀers standardized power and data interfaces. A block diagram of the EPS subsystems is depicted
in Figure 1.
The SPM is responsible for the power generation of
PNSS-1. Four solar panels are attached on the outside
periphery of the satellite accountable for power generation.
One solar panel generates suﬃcient power to meet the power
needs of the complete satellite. The SPM output power is not
constant and has variable voltage and current levels depending on solar power density and environment factors. The
power conditioning module (PCM) converts this unstable
SPM output voltage to a stable PDB voltage level. The PCM
operates the solar panels at its maximum power point
(MPP) to harvest maximum power. For this purpose, the
PCM has four Maximum Power Point Tracking- (MPPT-)
based converters. Each converter is connected to four solar
panels on the input side and regulates the battery charge
and discharge on the MPPT scheme on the output side.
The functional requirements of the PCM are to generate
the PDB for the spacecraft at 28 V ± 6 V from raw power
available from four body-mounted solar panels. The input
voltage of the PCM may vary from 40 V to 80 V. The PCM
is connected with the satellite onboard computer (OBC)
through redundant CAN buses. It has an interface with all
of the power sources (i.e., solar panels and battery) and outputs the PDB to the power distribution module (PDM). The
PDM converts the PDB voltage level into lower speciﬁc voltage levels and distributes them to loads as per their requirements [17]. The PDM also has the EMI ﬁltration as well as
diﬀerent protections on each distribution line in order to
limit the electromagnetic noise on the main bus and prevent
fault propagation. The ON/OFF switching of all switchable
loads is also implemented inside the PDM. These switches
are controllable through telecommands. The complete design
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of the speciﬁc module is discussed in the respective section of
this paper, in detail.
The ACS of the PNSS-1 is responsible for attitude control
as is obvious from its name. The ACS is responsible for
orienting the satellite solar panels for harvesting maximum
solar power and the satellite antenna toward ground station
antennas. For the attitude control of small satellites, three
types of systems are normally used, i.e., permanent magnet,
reaction wheel, and magnetic rods. All the three systems have
their pros and cons. For example, the permanent magnet is
inexpensive, but its weight and pointing accuracy makes it
incompatible with small satellites. Reaction wheels and magnetic rods are more precise, but their high price, greater
weight, and large size are unacceptable for small satellites.
In this paper, an innovative concept of an embedded magnetorquer coil is presented for the attitude control of small satellites. The magnetorquer coil comprises four subcoils
embedded inside the four internal layers of an eight-layer
PCB of the SPM module. This innovative design not only
reduces cost and size of the magnetorquer unit but also
results in an almost weightless system.
The paper is organized according to the following
sequence. Section 1 provides the EPS introduction and Section 2 describes the design and analysis of the SPM subsystem. Section 3 discusses the design description of PCM
subsystems according to general constraints and explains in
detail the design and simulations of a wide range input
MPPT-based buck converter. Section 4 describes the design
details of the PDM, while the last, Section 5, discusses the
results and conclusions.

2. Solar Panel Module
Selecting the correct power ratings for the SPM is the most
important aspect of the photovoltaic (PV) system design for
a microsatellite. The inappropriate string size will result in
many problems. Choosing a small string size will result in
small eﬃciency. Selecting a large string size will damage the
converter and the associated equipment [18]. Solar cells can
be connected in any fashion, i.e., series or parallel. Series connections increase the voltage with the current kept constant
while parallel connections increase the current of the string
with the voltage remaining constant. Calculating the string
size, the relationship between ambient temperature and
string voltage must be taken into consideration. Ambient
temperature has adverse eﬀect on PV array voltage output.
Low temperatures result in increases to output voltage while
high temperatures decrease string voltage. Proper and accurate power analysis is essential to compute the power ratings
for eﬃcient SPM design [19].
Triple-junction GaAs solar cells are selected for the
solar panel design of PNSS-1. The single cell has a maximum power point voltage (V mp ) of 2396 mV and short circuit current density (J SC ) of 17.67 mA/cm2 which gives
0.42 A current. According to the PNSS-1 solar panel design
requirement, a single solar panel should generate at least
50 W with maximum output voltage of 80 V and minimum
voltage should not be less than 40 V under normal sunlight
conditions at sun incidence angle of 5°. It means that multiple

3
Table 1: GaAs triple-junction solar cell characteristics.
Type
Cell dimension
Short circuit current density J sc,mA/cm2

GalnP2 /GaAs/Ge
39.8 mm × 60.4 mm
17.67

Open circuit voltage V oc,mV

2700

Maximum power point current density
J mp,mA/cm2

17.13

Maximum power point voltage vmp,mV

2396

Fill factor (FF)
Eﬃciency (η)
Change in open circuit voltage per degree
change in temperature ΔV oc /ΔT

0.86
30%

Change in maximum power point voltage per
degree change in temperature ΔV mp /ΔT

−5.589 mV/°C
−5.964 mV/°C

string arrays will be used for the solar panel design. The eﬃciency of the solar cell array is always less than the sum of
individual cells because of the manufacturing issues and
environmental factors, collectively called as the degradation
factor [20]. For the solar panel design calculations, it is essential to take into account the degradation factor. The data of
the required triple-junction GaAs solar cell for this design
is given in Table 1.
For calculation of the minimum voltage limit of a single
solar cell, the maximum temperature limit is applied, because
as the temperature increases above the standard test conditions (STC), i.e., 25°C, the voltage reduces per degree rise in
temperature. Let us assume that the maximum temperature
is 85°C. Diﬀerence between maximum temperature and
STC is 60°C which will reduce the single cell minimum voltage to V min = 2 396 + 60 × −5 94 × 10−3 = 2 038 V where
−5.94 × 10−3 is the change in open circuit voltage per degree
change in temperature ΔV oc /ΔT as given in Table 1. After
applying the degradation factor of 0.85, the resultant minimum voltage for the single cell becomes 1.732 V.
For upper voltage limit calculation, minimum operating temperature is considered. Let us assume that the minimum temperature is −45°C. Diﬀerence between minimum
temperature and STC is −70°C which will increase the single
cell maximum voltage to V max = 2 396 + −70 × −5 589 ×
10−3 = 3 09 V where −5.589 × 10−3 is the change in MPP
voltage per degree change in temperature ΔV mp /ΔT as
given in Table 1. After applying the degradation factor of
0.85, the resultant maximum voltage becomes 2.63 V.
From the degradation analysis given above, we can ﬁnd
the minimum and maximum number of cells required to
achieve the upper and lower voltage limits. The maximum
number of the solar cell limit is found by dividing the
upper voltage limit with the single cell maximum voltage,
i.e., 80 V/2 63 V = 31, while the minimum number of the
required cell limit is found by dividing the lower voltage limit
with the single cell minimum voltage, i.e., 40 V/1 73 V = 23.
After applying the degradation factor, the single cell output current is 0.36 A.

4
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Figure 2: (a) PCM block diagram and (b) PCB dimensions.

According to the design requirements, the average output
power from the solar panel should not be less than 50 W.
The power analysis shows that minimum required power
is 40 W and maximum required power is 60 W. Single cell
average output power is 0.78 W. The solar panel has dimensions of 470 mm × 450 mm, and single cell dimensions are
39.8 mm × 60.4 mm. It means that a maximum of 87 solar
cells can be accommodated on the solar panel. Excluding
the area required for the sun sensor, temperature sensor,
and bypass diodes, the total number of cells that can be
accommodated on the solar panel is 64. These cells are
divided into two strings; each has 32 solar cells connected
in series. The average voltage of the single cell is 2.18 V and
maximum numbers of solar cells are 32 which result in average output voltage and current of 69 V and 0.72A, respectively. The resultant output power after applying all the
degradation factors is 50 W. A bypass diode is connected in
parallel to each solar cell which ensures proper operation of
the single cell if one of them is damaged. A protection diode
is added at the end of each string of 32 solar cells to protect it
from reverse current ﬂow.
For the SPM to operate within its temperature limits, a
glass-protected NTC (negative temperature coeﬃcient)
thermistor is mounted onto the solar panel for protection
against transient voltage spikes. Output voltage of the sensor
is linearly proportional to temperature. Its resistance range
varies between 2.2 k and 100 k, which is highly accurate with
1% of tolerance.

3. Power Conditioning Module (PCM)
The PCM is responsible for converting solar panels’ unstable
voltage (40 V~80 V) into a stable voltage level delivered to the
PDB (28 ± 6 V). It is also responsible for voltage regulation,

battery charging, and health monitoring of diﬀerent PCM
subsystems. A MPPT-based buck converter is designed and
simulated to operate the solar panel at its MPP. To achieve
maximum power point, the MPPT buck converter can be
designed using diﬀerent MPPT algorithms. Most common
algorithms for recognition of MPP are the constant voltage
method [21], short-current pulse method [22], open voltage
method [23], perturb and observe method [24], and incremental conductance method [25]. These seven MPPT algorithms are examined and evaluated on the basis of
eﬃciency [26]. The perturb and observe method shows the
best result and better eﬃciency as compared to others [27,
28]; therefore, this algorithm is chosen for the PCM MPPT
design. Batteries are charged and discharged from the PDB
through a battery charging system. The PCM controller is
used to perform the power management and control operations of the entire unit. It communicates with the OBC of
the satellite using redundant CAN buses. PCM casing dimensions and input/output power/signal have standardized connectors which result in a fully modular system that can be
attached and detached as a separate unit to the rest of the satellite subsystems. Figure 2(a) shows the conceptual-level
block diagram of the PCM subsystem while Figure 2(b)
shows the PCB dimensions of the PCM. Casing dimensions
of the PCM are shown in Figure 3.
3.1. PCM Design Description. The PCM consists of four modular and redundant MPPT units and CAN controller. Each
MPPT unit has a local microcontroller (MSP430) to which
diﬀerent subsystems like MPPT switching converter, current,
voltage, and temperature sensors are connected. These controllers are CMOS-based COTS components which are
prone to radiation. In order to protect them from radiation
damage, a latch-up protection system is designed for the
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PCM unit. The four MPPT controllers (MSP430) and CAN
controller (PIC24HJ256GP10) are communicating with each
other through SPI protocol while the CAN microcontroller is
communicating with the OBC of the satellite through an
embedded CAN transceiver system having redundant CAN
buses. A schematic of the PCM is shown in Figure 4.
In the PCM design, the perturb and observe algorithm is
opted to continuously locate the maximum power point and
extract maximum power from the solar panels connected
with it. The P&O algorithm works by continuously calculating the power (current and voltage) from PV arrays and comparing it with preceding calculated power values. If there is a
diﬀerence and the power calculated from the current cycle is
greater than the previous cycle, the controller moves the

MPP in that direction by increasing the duty cycle; otherwise,
if the power levels are same, it is the maximum power point
[27]. Current, voltage, and temperature sensors ensure
proper voltage, current, and temperature limits of the solar
panel output and on the PDB level. One set of voltage and
current sensors is connected at the output of the solar panel
(input of the buck converter) in all four redundant MPPT
units, and a second set of current and voltage sensors is connected at the output of the buck converter. A bidirectional
current sensor is employed at the input of batteries to monitor the battery charging and discharging currents. Latch-up
protection and watchdog timer blocks protect the MPPT
local controller of each unit from single-event latch-ups. A
single MPPT buck converter unit is shown in Figure 5.

6
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3.2. Latch-Up Protection System. MPPT local controller units
of PCM are CMOS-based COTS devices which are sensitive
to radiation [29]. A latch is a momentary eﬀect in which
the device gets short circuited and high current ﬂows through
the device from the power supply to ground which damages
the device. The latch-up problem can be solved by using
bipolar devices, which are immune to latch-up because they
require an extremely high energy to trigger this event. But
the microcontrollers are CMOS-based and require latch-up
protection circuits. To avoid this condition, the microcontroller supply should be disconnected on a temporary basis.
A latch-up protection circuit was designed and simulated to
cut oﬀ the microcontroller supply during latch-up to protect
the device from damage. The simulations of the latch-up
protection circuit designed for the PCM are shown in
Figure 6, where V1 is the microcontroller supply voltage connected with the microcontroller VCC pin, through MOSFET
M2 and M1 switching. V3 is the voltage coming from the
microcontroller pin. In normal operation condition, C1 is
charged through R4 from the supply V2 and MOSFET M1
is ON, which further keeps M2 ON, and the voltage supply V1 = 5 V is connected with the microcontroller VCC
pin. Figure 6(b) shows the waveforms of the latch-up protection circuit of Figure 6(a). The waveform V (R3:2) shows
the microcontroller supply voltage, V (M1:g) represents the

voltage across the C1 capacitor, and V (C1:1) indicates the
microcontroller pin voltage. In waveforms, the normal operation state is shown from time 0 to 4 ms and 8 ms to 12 ms.
During latch-up, the microcontroller pin, which is represented in the simulation circuit by V3, will be grounded
and capacitor C1 will discharge. As a result of the C1 discharge, M1 and M2 will switch oﬀ and supply to the microcontroller VCC pin will cut oﬀ. The oﬀ state is shown in
the simulation waveform from time 4 ms to 8 ms and 12 ms
to 16 ms. The oﬀ state time duration is decided by the RC
time constant of C1 and R4 components of the simulation
circuit. At the moment, we have chosen it to be 4 ms as seen
from the simulation waveform of Figure 6(b). The implemented latch-up protection circuit is shown in Figure 5.
3.3. Data Interface. The PCM has a dual redundant CAN
interface with OBC for all telemetries and all of its telecommands using DB9 connectors. It provides suﬃcient telemetries (on CAN interface) in order to monitor the health of
its own along with the health of all solar panels and battery.
Telemetries of the PCM include the following at minimum:
(1) Primary bus voltage
(2) Primary bus current
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(3) Battery charge and discharge current
(4) Battery temperature
(5) Output current of each solar panel
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−

(6) Voltage of each solar panel

VCC
5

3.4. Power Interface. PCM receives 2 : 1 redundant input
power lines separately from four independent solar panels
through the DB9 connector and provides 2 : 1 redundant output lines for battery charging as well as to PDM at bus voltage
level using DB9 connectors. A gap of at least one unused pin
is kept between positive power lines and their returns in all
power interface connectors (for both input and output). To
ensure modularity, all output connectors are female type
and input connectors are male type.
3.5. Simulations of MPPT Buck Converter. The output range
of the solar panel is 40 V~80 V as mentioned earlier. To cover
this wide range input voltage to a stable output voltage, an
MPPT buck converter is designed with wide range input.
First, design considerations are made to select the appropriate values of ﬁlter components, i.e., inductor, capacitor, and
resistor for an eﬃcient and robust MPPT buck converter.
The values selected according to the design consideration
are assigned to all devices shown in Figure 7. The standard
equations (1) and (2) are used for inductor (L) and capacitor
(C) value selection [30], respectively.

C=

1−D
8L × ΔV o /V o × f 2

1N5819

1𝜇

Vcc

TG
U1

Tinp

The PCM collects analog temperature telemetries from
each solar panel and battery, and it provides these telemetries (along with all other telemetries) to the OBC on the
CAN interface.

Vs − Vo × D
,
ΔI L × f

C1

Boost

(7) Temperature of each solar panel
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−
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Figure 7: Simulation schematic of MPPT buck converter.

The LTspice simulation schematic of the buck converter
with its driver circuitry is shown in Figure 7. The four MPPT
buck converters are mounted on two PCBs, i.e., each PCB has
two buck converter units. In order to avoid synchronization
problem, 10 kHz frequency gap is kept between all four
converters. The designed frequency for the 1st MPPT converter unit is 180 kHz, while the 2nd, 3rd, and 4th converters
have 190 kHz, 200 kHz, and 210 kHz switching frequencies,
respectively. All the components are selected on the basis of
power loss analysis and small dimensions.
The two pulses V2 and V4 in Figure 7 represent the
PWM signals coming from the microcontroller to increase
or decrease the duty cycle according to the perturb and
observe algorithm. The converter is simulated for a wide
input voltage range, i.e., 80 V, 70 V, 61 V, 50 V, and 41 V,
and the respective output voltage is measured which is the
PDB voltage level (28 ± 6 V). The output current, input and
output powers, and resultant eﬃciency are measured for
the four designed buck converter units. The simulations of
the MPPT buck converter are given in Figures 8–17, and simulation results are summarized in Table 2.

International Journal of Aerospace Engineering
8

100
90
80
70
60
50
40
30
20
10
0

6
4
Current (A)

Voltage (V)

8

0

0.5

1

1.5

2

2.5

3

3.5

2
0
−2
−4
−6
−8

4

0

0.05

0.1

0.15

Time (ms)
Output from solar panel
Buck converter output

0.2 0.25 0.3
Time (ms)

0.35

0.4

0.45

0.5

Output current from buck converter
Buck converter switching current

Figure 8: Input and output voltage waveforms of the MPPT buck
converter for 80 V input.

Figure 11: Input and output current waveforms for 70 V input.
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Figure 12: Waveforms of input and output voltage for 61 V input.
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Simulation results shown in Table 2 clearly demonstrate
that the designed MPPT buck converter has a wide input
range and possesses high eﬃciency (95.30% to 96.75%).

4. Power Distribution Module (PDM)
PDM is the submodule of the Electric Power System (EPS),
responsible for the conversion of the PDB voltage level into
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Figure 13: Input and output current waveforms for 61 V input.

the lower voltage levels and for distributing it to loads. EMI
ﬁltration is done by the PDM. There are certain protection
systems installed on each distribution line. The main purpose
of these protection systems is to limit the electromagnetic
noise produced on the main bus and also to overcome the
fault propagation. Inside the PDM, there is implementation
of ON/OFF switching of all the switchable loads. With the
help of telecommands, these switches are controlled from
the OBC. To overcome failure and to improve the reliability,
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Figure 14: Input and output voltage waveforms for 50 V input.
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Figure 17: Input and output current waveforms for 41 V input.

voltage, and temperature limitations. The PDM controller
further communicates with the OBC of the microsatellite
through redundant CAN buses. The block diagram of the
PDM is shown in Figure 18, and the design schematic is
shown in Figure 19.
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Figure 15: Input and output current waveforms for 50 V input.

4.1. Power Regulators. The power regulators convert the PDB
voltage level to low voltage levels (i.e., 5 V and 12 V) used by
diﬀerent subsystem components. For this purpose, the PDM
unit requires two switching regulators. To meet the power
and redundancy requirement for 12 V regulated output, the
PDM has two redundant 12 V regulators with part number
MGDD-20-R-E. For 5 V, four regulators with part number
MGDB-35-H-C are connected in parallel to meet the power
and redundancy requirements.

60

Figure 16: Input and output voltage waveforms for 41 V input.

4.2. Power Interface. The PDM receives unregulated power
through the PDB from the PCM and regulates it according
to the requirement. For redundancy, the PDM receives 2 : 1
power lines from the PCM at 28 V ± 6 V. The PDM has a total
of 40 output lines of diﬀerent voltage and current levels.
Some of these lines are pair switchable and some are nonswitchable as shown in Table 3.
All output distribution lines of the PDM are protected
against short circuit current and transient voltage spikes. A
protection concept is implemented in the PDM to avoid
fault and failure propagation between the loads. All PDM
subsystems are connected and intercommunicate with the
PDM controller (PIC24HJ256GP10) for monitoring and
controlling purposes.

redundancy is provided at all levels. No single electrical component failure in the PDU disables or degrades its required
functions in a way that may lead to mission failure.
The power distribution unit receives primary power from
the PCM at bus voltage 28 V ± 6 V (unregulated) and generates regulated secondary voltage levels at 12 V and 5 V. Current, voltage, and temperature sensors are mounted in the
PDM unit to monitor and ensure proper operation of the
module. The function of these sensors is to check current,

4.3. Data Interface. The PDM has a dual redundant CAN
interface with the OBC for all telemetries and all of its telecommands. With the help of the CAN interface, the OBC
receives certain telemetries from the PDM in order to check
all the switchable distribution lines as well as to monitor
the health of the primary and secondary voltages. In order
to control the ON/OFF operation of switchable lines, the
PDM has the capability of receiving telecommands through
the CAN interface. Standard D-type connectors are used
for CAN buses.
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Table 2: Simulation results of MPPT buck converter designed for PCM.

S. no

Input voltage
(Vin)

Output voltage
(Vo)

Duty cycle
(D)

Input current
(Iin)

Output current
(Io)

Input power
(Pin)

Output power
(Po)

Eﬃciency
(η)

80 V
70 V
61 V
50V
41 V

27.33 V
27.36 V
27.45 V
27.45 V
27.39 V

0.35
0.40
0.46
0.56
0.68

0.981A
1.11A
1.28A
1.56A
1.89A

2.73A
2.73A
2.74A
2.74A
2.73A

78.28 W
77.50 W
77.87 W
77.79 W
77.28 W

74.61 W
74.69 W
75.21 W
75.21 W
74.77 W

95.30
96.37
96.58
96.68
96.75

1
2
3
4
5

90 mm
Ø3.8
DB9
connector
1

Ø3.8
DB9
connector
2

DB9
connector
3

DB9
connector
4

DB9
connector
5

DB9
connector
6

Output of
PCU (PDB-2)

Current
sensor

5V input
5V
load switch regulator
12V input
12V
load switch regulator
Latch-up
protection
Voltage
sensor

5V output
load switch
12V output
load switch
5V/12V
load switch

Satellite
subsystems

10.8
3.2
(0,0)

PCU controller,
latch-up
protection
and auxiliary
components

PDB-1 from PCU

PDB-2 fromPCU

1.6
6.4
6.6
9.0
9.15

3.2

PDU
controller

Components

CAN-2

1.6 mm

Layer-1
Layer-2
Layer-3
Layer-4

0.4 mm
CAN-1

Ø3.8

Ø3.8

8.3

Current
sensor

CAN/RS232
Connector-2

Output of
PCU (PDB-1)

Regulators,
load switches,
housekeeping
sensors
(current,
voltage &
temperature)

3.3V output
load switch

CAN/RS232
Connector-1

3.3V
3.3V input
load switch regulator

120 mm

PDB(28±6V)
load switch

Ground planes

(a)

(b)

Figure 18: (a) PDM block diagram and (b) PCB dimensions.

5. Attitude Control System (ACS)
Due to dimension and weight constraints of small satellites,
designers are focusing on the miniaturization of subsystems
such as power, attitude determination and control, telecommunication, and payload. In the PNSS-1 attitude control
subsystem design, the major aim was to achieve a system
with small dimensions and weight. The available options
for the attitude control were permanent magnets, reaction
wheels, and magnetic rods [31, 32]. Permanent magnets
are cheaper, simpler, and lightweight, but they have inadequate pointing accuracy. The other options were magnetic
rods and reaction wheels which have better pointing accuracy, but the problem is their price, weight, and size which
make them unsuitable for small satellites. To achieve the
goal of a miniaturized compatible system with PNSS-1, an
innovative concept of an embedded magnetorquer is introduced. The magnetorquer coil is copper traces embedded
inside the internal layers of the solar panel PCB. Solar panel
PCB is an eight-layer PCB with copper traces in ﬁve internal layers. These copper traces are just like the magnetorquer rod producing a magnetic ﬁeld when current ﬂows
through it.

5.1. PNSS-1 Embedded Magnetorquer Coil. The magnetorquer coil works on the motor action concept that when a current carrying the coil is placed in a magnetic ﬁeld, a torque is
exerted on the coil. The current-carrying coil generates a
magnetic moment which interacts with the already existing
magnetic ﬁeld and produces torque. According to Fleming’s
left-hand rule, the middle ﬁnger gives the direction of the
magnetic moment, the index ﬁnger shows the direction of
the existing magnetic ﬁeld, and the thumb indicates the
direction of exerted torque. Let us suppose the currentcarrying coil shown in Figure 20 with the magnetic moment
(D) generated is toward the page and is given by
D = N ⋅ S ⋅ I,

3

where N is the number of turns of the coil, S is the area of the
coil, and I is the current ﬂowing through the coil.
If the magnetic ﬁeld ( B ) direction is toward the right side
of the paper, then the torque generated is toward the bottom
of the paper and can be found by
τ = D × B = DB sin θ n ,

4
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Figure 19: Design schematic of PDM.
Table 3: Voltage distribution of switchable/nonswitchable lines.

1
2
3
4
5
6
7
8
9
10
11

Voltage level

No. of power lines
and current rating

Switchable/
nonswitchable

28 V
28 V
12 V
12 V
12 V
12 V
5V
5V
5V
5V
5V

4 lines at 400 mA each
5 lines at 200 mA each
3 lines at 400 mA each
4 lines at 400 mA each
1 line at 100 mA each
1 line at 100 mA each
2 lines at 2000 mA each
8 lines at 800 mA each
6 lines at 800 mA each
1 line at 200 mA each
5 lines at 200 mA each

Switchable
Switchable
Nonswitchable
Switchable
Switchable
Nonswitchable
Switchable
Nonswitchable
Switchable
Nonswitchable
Switchable

where n is the direction of torque τ and θ is the angle
between D and B .
Earth is a big magnet, and in low earth orbit (LEO), from
400 km to 2000 km altitude, the earth magnetic ﬁeld varies
between 0.15 gauss and 0.45 gauss [33]. Four solar panel

B

I
D

→
𝜏 = maximum

S. no

I

Figure 20: Current-carrying coil in presence of magnetic ﬁeld.

modules with embedded magnetorquer coils are mounted
on the four external faces of the PNSS-1 satellite as shown
in Figure 21. When current ﬂows through the coils, a magnetic moment is generated which interacts with the earth
magnetic ﬁeld and a torque is exerted on the satellite to rotate
it in the desired direction.
The coils are embedded in the ﬁve internal layers of
the solar panel PCB, i.e., the 2nd, 3rd, 4th, 5th, and 6th
layers. These ﬁve coils are treated as individual coils and
attached through switches. By changing the arrangement
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Figure 21: Solar panel module (PNSS-1) cross-sectional view with embedded magnetorquer.
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Figure 22: Voltage versus current, magnetic moment, and power
dissipated for four-coil combination (series/parallel).

of these switches, the ﬁve coils can be attached/detached in
diﬀerent conﬁgurations such as a single coil, ﬁve in series,
and ﬁve coils in parallel. According to the satellite torque
requirements, the magnetorquer coil should be able to generate a speciﬁc magnetic ﬁeld. To generate the required magnetic moment of PNSS-1, the magnetorquer coil composed
of copper traces with 60 turns in each layer and a total of
300 turns is embedded in ﬁve internal layers. Each coil trace
has 1.8 mm width and 18 μm thickness. Space between two
adjacent traces is 0.2 mm.
Current, magnetic moment, and power dissipated are
plotted against voltage in Figure 22, for four coils connected
in series and parallel. At a particular voltage, one can observe
and compare all the other parameters.

6. Conclusion
The paper proposed a modular design for the EPS and ACS
of a microsatellite. The complete EPS is divided into three
submodules, i.e., the SPM, PCM, and PDM. Every module
has data and power interfaces which are standardized with

speciﬁc number of input/output lines that meet the power
and data requirement of microsatellite subsystems. COTS
components were used for the subsystem implementation.
The COTS components were selected on the basis of small
dimension, minimum weight, and low power consumption.
To avoid single component failure and increase the reliability, certain subsystems and components were made redundant in the design. To operate the solar panels at MPP and
extract maximum power from them, a wide range highly eﬃcient MPPT-based buck converter is designed and analyzed.
Each solar panel has a separate MPPT unit with a 10 kHz frequency gap to avoid synchronization between them. To protect the CMOS-based controllers from radiation, a latch-up
protection system is designed and simulated. Diﬀerent sensors such as current, temperature, and voltage are mounted
at diﬀerent locations on the respective modules to monitor
and ensure proper operation of these units. For miniaturization purposes, an embedded magnetorquer is designed for
the microsatellite which consumes reasonable power and
generates the required magnetic moment. In the end, an
EPS for the microsatellite is achieved which is fully modular,
compact, redundant, and power eﬃcient.
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