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Abstract Modelling and simulation are important tools
in research and satellite design. To enhance the relia-
bility of the satellite, a power subsystem simulator has
been furnished within the MATLAB/SIMULINK en-
vironment as a useful tool. Statistical process control
(SPC) is used to perform post-simulation analysis to
detect faults in the system which is discussed briefly.
This paper presents an architectural template for a sim-
ple power subsystem of small satellite missions. The
simulator has a modular structure with mathematical
models of system components like batteries, solar ar-
rays, and the power control unit (PCU). This simula-
tion helps with preliminary sizing and the verification
of rating co-ordination of selected electrical components
in an unregulated bus voltage scenario. Battery thermal
analysis is not considered. The solar arrays. batteries
and PCU are modelled using square waves, a voltage-
capacity lookup table and repeating sequences respec-
tively. The design is adapted to simulate the power sub-
system of ManitobaSat, a student satellite built as part
of the Canadian CubeSat project. Batteries and solar
cells are well sized to supply the necessary power during
daylight and eclipse period using lookup tables, relays
and conditional switches. Outputs from this model will
be used by the SPC module to detect out of control
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conditions as the simulation will describe the baseline
or ‘normal’ behaviour.
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1 Introduction

During the past few years, the number of CubeSats
launched has been at an all time high. Assembling real
satellite prototypes for validation and testing can be
extremely expensive and laborious. With advances in
modelling, simulation, computation and engineering for
research and development purposes, it is now possible
to reduce cost and time in satellite design. The need for
easier and cheaper testing and verification of design re-
quirements have led to the widespread use of simulators
in the aerospace industry. That being said, simulators
are yet to be used extensively for small satellites[1].
Specifically, a power subsystem simulator for a small
satellite can be used to assess system operations, be-
haviour of the power source and subsystems, and anal-

yse the power consumption and generation cycles through-

out the mission. A dynamic simulation helps validate
our static power analysis and establish whether the
choice and sizing of electrical components meets the
requirements. They work as ready to use software tools
in cases where verification of operation of control algo-
rithms and strategies isn’t possible[2].

A simple and acceurate power subsystem simulator
is developed in Matlab/Simulink for ManitobaSat-1, a
student-built CubeSat mission that is part of the Cana-
dian CubeSat project sponsored by the Canadian Space
Agency. Traditional languages like C and FORTRAN
typically result in large code making it difficult to mod-
ify and understand. Unlike them, the modular approach
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with block diagrams facilitates easier handling and flex-
ibility on Matlab/Simulink. The design makes it easy
to make modifications as needed. As such, this simula-
tor can be applied to any satellite by simply adapting
mission parameters in cach of the blocks.

This simulator also has a warning system that helps
develop and test the spacecraft overall is discussed briefly.
Identifying faults and anomalies in this power subsys-
tem as quickly as possible is paramount to a mission’s
success. This is done with a SPC interface which raises
alarms and warnings to perform health monitoring of
the satellite’s power subsystem. It is used to estimate
the control limits and trigger warnings when close to

failure or when the system isn’t functioning as expected|3].

SPC is executed in real-time to identify anomalies in
the system that might otherwise not be detected by
operators before they lead to catastrophic failures.

1.1 Literature review

There have been a few simulators for a CubeSat’s elec-
trical power subsystem in the past. Many of these so-
phisticated models employ nodal analyses where the cir-
cuit is analysed in a complex network using the nodes
as inter-connective reference points. Voltage and cur-
rent values at each node are calculated and the entire
cirenit is solved using simulatenous equations [4]. Mel-
one [5] developed an electrical power subsystem simula-
tor for preliminary design and test of the TINYSCOPE
nanosatellite, a three-axis stabilized. low earth orbit-
ing, electro-optical imager. It had high power require-
ments which posed challenges in terms of power collec-
tion, energy storage and power management and distri-
bution. This was overcome with an analytical-numeric
approach. Bauer [4] describes a method to perform an
electrical analysis and a transient thermal analysis of a
satellite electric power subsystem. The program he de-
veloped runs the power subsystem through one or more
complete orbits and plots curves to investigate voltages,
currents and temperature changes. But, this program
doesn’t consider load variation for various subsystems
during the mission. Kim et al. [6] performed statisti-
cal analysis of the satellite electrical power subsystem’s
on-orbit failures and anomalies with a focus on compar-
ison between LEO and GEO satellites. Partial failures
are classified into different classes depending on their
severity. Non-parametric estimation is used to study
the failure and degradation behaviour[6].

Though there have been simulators developed, none
of them have a reliability warning system which can de-
tect anomalies in the system. SPC hasn’t been used in
space system simulators yet. This is the first simulation

model that has an embedded real-time statistical pro-
cess component. This allows for early fault detection
and save expensive missions.

2 ManitobaSat-1 Power Subsystem

ManitobaSat-1 is a 3U CubeSat weighing approximately
3.8 kg with deployable solar panels. This satellite aims
to study space weathering effects on geological sam-
ples by exposing them to direct solar radiation [7]. The
satellite consists of an attitude control and determina-
tion system (ADCS), communication subsystem includ-
ing radio RX (uplink receiver) and radio TX (down-
link receiver), command and data handling subsystem
(C&DH), power subsystem and payload. The payload
camera takes images of the samples at regular intervals.
Solar energy generated by solar arrays is the only en-
ergy source for the satellite. For storage, Lithium Iron
Phosphate battery cells (LFP-18650HT) are connected
to the bus providing an unregulated voltage to all sub-
systems|8]. Concept of operations helps prepare a power
budget with power requirements of different subsys-
tems. A static power analysis provides two arrays, one
on the front and one on the back, of Spectrolab XTJ
Prime solar cells[9]. The front array has five strings of
three cells and the back array consists of two strings
with three cells each. Only the front array is sun-facing
during normal operations.

2.1 Static Power Analysis

The CubeSat has an estimated mission life of 2 vears
with peak power consumption of 12.65 W. The esti-
mated orbit average power (different from the peak
power) budget is given in Table 1. With static power
budgeting, it is found that the orbit average solar array
power generation is 9.50 W (see Table 2) and the orbit
average power consumption is 7 W. As the generation
is greater than the consumption, the solar array sizing
is suitable.

The worst-case power time line is formulated on the
basis of the power budget and concept of operations. It
is observed that the power consumption repeats itself
after every three orbits. Important factors influencing
the power consumption time line are:

a) The satellite remains in sun for a minimum of 61.15(%)
of the orbit time. This is obtained from Satellite Tool
Kit (STK) simulations. The worst case eclipse occurs
on 2nd Jan. No payload images are taken during eclipse
and most components function at minimum power to
reduce power consumption. Each orbit is 5560 seconds.
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Table 1 Power Budget

Component Orbit Avg. Power Consump. (Watts)
Thermal 1.125

C&DH 1.054

Radio RX 0.594

Radio TX 0.631

Power Control Unit  0.525

Payload Camera 0.014

Payload Controller 0.020

ADCS 3

Total 6.96

Table 2 Power Generation Calculations

Parameter Value  Unit

Maximum power per string 3.42 w
Worst-case pointing accuracy 24 deg
Total power from the main array 15.54 W
Orbit Avg. Power Generation 9.50 W

In three orbits or 16680 seconds, worst-case eclipse oc-
curs between 3400-5560 seconds, 8960-11120 seconds
and 14520-16680 seconds. Satellite Tool Kit (STK) is
used to obtain the eclipse times assuming 1SS orbit for
the satellite.

b) Payload images are taken once every two hours.

¢) Communication between the satellite and the Univer-
sity of Manitoba ground station takes place five times
per day on an average. Worst contact duration is 400
seconds. Only worst-case communication times are used
for simulation purposes.

The depth of discharge of the battery, battery ca-
pacity and power draw during eclipse are calculated.
The design is based on the concept of Direct Energy
Transfer (DET) systems which allows the bus valtage
to fluctuate with the state of charge of the battery
as the bus voltage is maintained equal to the voltage
across the battery [10]. DET systems have been success-
fully implemented for several University satellite mis-
sions [11]. In the DET solar array interface, the solar
arrays are directly connected to the battery and the
voltage through the battery and solar arrays is main-
tained at the same level [11]. A conceptual model of
ManitobaSat-1's power subsystem is given in Figure 2.

3 Simulation
3.1 Simulator Model Structure

The design process of developing the simulator largely
depends on parameters like pointing accuracy of the at-
titude control system, data acquisition cyecles, imaging
intervals, worst-case eclipse period and when it oceurs,

orbital time period and concept of operations. The sim-
ulator only considers the normal operations, that is, the
spacecraft is assumed to have completed the commis-
sioning process, the mission objectives are being ful-
filled and the payload is functioning as intended. From
the analysis, factors which influence the size of the bat-
tery like charging cycles, discharging cycles and depth
of the discharge will be determined. Since, the power
subsystem should be able to support worst-case and
peak power requirements at the worst-case eclipse, the
simulator uses peak power calculations with positive
margins.

3.2 Matlab/Simulink Implementation

The simulator model structure is formulated and can
be seen in Figure 2.

Power Consumption Input The values for the power
consumption with corresponding orbit time for first three
orbits is fed as a repeating table for the entire simula-
tion time (Figure 3).

Battery Module From the conceptual model, it can be
seen that the integrator gives the capacity of the bat-
tery. The corresponding bus voltage is deduced from
it by using a Simulink lookup table which uses values
from the voltage vs capacity curve for the battery given
in its data sheet [8].

Solar Array Module The solar cell configuration is three
cells per string with five strings facing Sun. Using the
bus voltage, the solar array lookup table gives the so-
lar array current when no eclipse occurs. The Simulink
lookup table contains values from the V vs I curve for
the solar cells from their data sheet [9]. Again, linear in-
terpolation methods are applied to get the correspond-
ing solar array current. The voltage across the solar
arrays is equal to the bus voltage owing to DET.

Eclipse Flag With the solar array current, the condi-
tion of eclipse is introduced. A vector is created which
stores zero when an eclipse occurs and one during non-
eclipse period for corresponding orbit time for the first
three orbits. This is entered into a repeating table with
the solar array current. A switch is implemented to pass
the current when the flag value is one and zero current
when the flag is zero, that is, during eclipse time. It
is important to note that the power time line is syn-
chronized with the eclipse flag such that the worst-case
power consumption occurs right after the eclipse time.
The worst case pointing accuracy of the ADCS is +£24°
and its cosine is multiplied to the current to obtain the
actual solar array current.
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Battery Charging Condition The battery data sheet spec- S evses et S0
ifies a cut-off voltage of 3.54 V (each battery cell)[8]. For
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the 253P arrangement of the battery, the cut-off volt- m-'"m" PP R I P8 e
v s ; ,, o cams 1 ke
age is 7.08 V. When this voltage is reached, the battery
stops charging until the voltage again drops to a value ¢
Felipue perisd with
lesser than 7.08 V. i

Internal Resistance of the battery From the data sheet,

the average internal resistance of the battery is 20 mOhms

[8]. Hence, for a 283P configuration, the equivalent re-
sistance is approximately 13 mOhms.
We know,

(1)
where R is the internal resistance of the battery. This
equation is used to calculate the electromotive force
(EMF) [12]. EMF is the battery's internal driving force
used to provide energy to a load [13], but differs from
the bus voltage due to internal resistance of the battery.
The current going into the battery is considered positive
and current going out of the battery is negative.

VEJ’ECWC'HLOHUE Force = Vbus - Iﬁatfe'ryR

Initial conditions of the Integrator The initial condi-
tions for the battery are 4500 mAhr. This is chosen as
a reasonable initial SOC(97%) [8]. The saturation limits
are 4650 mAhr and 1450 mAhr as calculated from the
data sheet for the selected configuration. 1550 mAhr
is the upper limit of the capacity for the battery and
with a 283P coufiguration, it comes to 4650 mAhr. 1450
mAhr is the lower limit of the capacity [8].

The functional model of the simulator is given in
Figure 2. All calculations are done in SI units. The
power consumption time line and eclipse flag are rep-
resented in Figure 3. Since this is the worst-case power
gimulation, battery heaters are on all the time.

4 Results and Discussion

The results of the simulator are provided below.
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Fig. 4 Output battery voltage and solar array current wave-
forms for three orbits

The following trends can be observed from the re-
sults which help us check if the the simulator is func-
tioning appropriately:

a) It is observed from Figure 4 that the solar array
current isn’t completely constant throughout the sun-
facing time of an orbit. This can be explained by looking
at the corresponding changes in the battery voltage.
The current starts to decrease with an increase in the
voltage midway through an orbit. At the corresponding
times in Figure 4 and 5, it is clear that the solar array
current is least or 0 during eclipse as expected.
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Fig. 7 Battery voltage and current into the battery for three
orbits

b) In Figure 6, the initial state of charge of the
battery is about 97%. The battery is charged during
non-eclipse time to a 100% SOC and discharges during
eclipse leading to a lower SOC. This is understandable
as solar current is not available during eclipse.

¢) Looking at Figure 7, the current into the battery
is positive during sun-facing time and negative during
eclipse time.

d) Power consumption is highest when there is com-
munication and payload camera is on and lowest when
eclipse takes place without communication and with
attitude logging being off during eclipse. Worst-case
communication oceurs between 1- 400 seconds, 5560-

5960 seconds, 9000-9400 seconds and 11641-12041 sec-
onds. These have been obtained using Satellite Tool Kit
(STK). Between 9000-9400 seconds, eclipse and com-
munication take place simultaneously and between 5560-
5562 scconds, the payload camera takes an image and
communication takes place. These help analyse worst-
case power consumption scenarios.

e) The eclipse flag toggles between zero and one.
Zero denotes eclipse period and one denotes no eclipse.
The plot when compared with the power consumption
trend shows that eclipse causes a very minor decrease
in power consumption as attitude logging deesn’t take
place.

The state of charge drops during eclipse as men-
tioned earlier. We get the depth of discharge by divid-
ing the power draw in eclipse by the battery capacity
for the designed configuration. The battery capacity is
1728 Wmin [8]. The depth of discharge during eclipse
comes to 17.8% which is reasonable (see Figure 6). The
peak current going into the batterv is 0.9286 A. This is
lesser than the maximum charge current (3 A for 2S3P
configuration) specified for the battery in its datasheet
[8]. The results confirm that the selected battery sizing
is suitable. Together, the static and dynamic analyses
prove that the power subsystem design is suitable and
sufficient.

Upper Control Limit
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Time

Fig. 8 A Typical Control Chart|3]

5 Statistical Process Control Module

The power subsystem simulator is modified to intro-
duce different kinds of failures such as an increase in
the internal resistance of the battery, solar array string
failure and excessive power consumption. Also, mea-
surement noise is introduced into battery voltage and
current with a mean of 0 V and standard deviation of 50
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mV and a mean of 0 A and standard deviation of 20 mA
respectively. The results are processed using the SPC
module to perform post-simulation analysis. Though
SPC has been part of the space industry in the form
of manufacturing quality control, it has not been used
in satellite operations and maintenance. We hypothe-
size that SPC tools will be beneficial to this research
in many ways. It will enable monitoring a constella-
tion of satellites with ease. The process variables will
be analysed through automated control charts to de-
tect issues that require attention to monitor the power
subsystem’s health. Patterns, trends and out of con-
trol conditions will aid in continually verifying if the
“process” (i.e., the power subsystem’s operations) is in
equilibrium. It will act as a visualization tool reporting
on system’s performance. This also reduces dependence
on human resources. A detailed description of the SPC
module is beyond the scope of this paper. To demaon-
strate how this module enhances the reliability of the
satellite by detecting failures, excessive battery resis-
tance leading to battery degradation is considered. The
failure is introduced at a particular time in the system
and the SPC module should be able to detect it as soon
as possible before hindering the satellite functions.
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Fig. 9 Battery Voltage Control Chart

Process behaviour charts called control charts are
used to determine if a process is in equilibrium or in
statistical control[14]. A typical control chart as seen in
Figure 8 has a centre line, upper and lower control limit
lines|[3]. These are used along with SPC control rules to
detect anomalies.

The maximum resistance value for each battery cell
is 45 mOhms according to its data sheet [8]. With a
253P configuration, that gives an equivalent resistance
of 30 mOhms. An anomaly with a mean of 70 mOhms
is introduced in the simulation to test the SPC module.
The resistance increases gradually from normal to ab-
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Fig. 10 Battery Voltage (with anomaly) Control Chart

normally high values after half the simulation time. The
control chart for the battery voltage with and without
the resistance anomaly can be seen in Figures 9 and 10.

The large stars on each plot depict the points out-
side of the control limits indicating an anomaly in the
system. The abnormality in resistance was introduced
at half the time of the simulation period. As expected,
Figure 10 has a lot of beyond limit points right after
250 seconds indicating an abrupt change in the system
cautioning the ground station operator with a triggered
warning. It is important to note that the plot without
anomaly might have a few beyond limit points but that
doesn’t indicate any anomaly. Regular variation is com-
mon in a system leading to false alarms [3].

6 Conclusion

The power subsystem simulator deseribed in this pa-
per provides important parameters like output voltages,
state of charge of the battery and solar array current
and is realistic and easy to understand. It provides an
interface that can be applied to any satellite with triv-
ial edits. The results obtained show that the power con-
sumed by all subsystems is lesser than the power gener-
ated by solar arrays which substantiates confidence in
the design. The SPC module can be further developed
by introducing more failures and studying the behav-
ior of the system using the simulator. The presented
model can be applied with basic electrical knowledge
and its modular design allows to make modifications
effortlessly through future research.
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