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ABSTRACT
The Autonomous Assembly of a Reconfigurable Space Telescope (AAReST) mission (2011 - current) seeks to demonstrate the technologies and techniques required to enable the autonomous
assembly and reconfiguration of an in-orbit spacecraft. The vehicle design consists of three subassemblies, a CoreSat and two MirrorSats; this project will deal only with the MirrorSat sub-assembly.
This report presents details of work carried out to develop a reliable and testable power model of
the MirrorSat’s electronic circuits; a battery model has been developed and a load network designed
to account for varying power demands from the spacecraft’s subsystems. The requirements of a
grounding strategy are discussed and a grounding scheme to mitigate the severity of some possible
faults was developed together with a detailed description of its implementation.
Finally, case studies of various in-orbit operations are presented, focussed primarily on assessing
the demands placed on the MirrorSat battery. The culmination of these case studies is a simulated
manoeuvre designed to exhaust the battery. Three different battery configurations are subjected to
this test with a clear advantage shown by the variant connecting the cells in a 2-series, 2-parallel
arrangement.
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1 INTRODUCTION
Small spacecraft are frequently limited in terms of available power, because the mass required by
batteries can be quite high in total mass and percentage terms, and the ability to recharge these batteries is limited by solar panel efficiency and total surface area. In general, where resources are
limited it is regarded as good practice to develop a budget in order to properly allocate and consume
these resources. The power budget of a small spacecraft forms an essential part of the concept of
operations as it defines the availability of systems through the orbital period.
The purpose of this report is to describe the steps taken to determine and define the power budget
available to the MirrorSat assembly of the AAReST project. This will involve building a power supply model and power consumption network, as well as defining a grounding scheme.

1.1

Background and Context

As discussed in their paper on reconfigurable space telescopes [1], Underwood, Pellegrino et al
observed that the James Webb Space Telescope (JWST) is currently the largest feasible space-based
telescope in development as launcher diameters limit the width of each load. Since future telescopes
are likely to require aperture diameters greater than 20m, launcher limitations mean that achieving
orbit with space vehicles of these sizes is extremely problematic. A key enabler to overcoming these
problems will be the development of in-orbit, autonomous, self-assembling modular spacecraft; this
concept was proposed in the STRaND-2 project [2] following the rendezvous attempt detailed in the
SNAP-1 report [3].
The Autonomous Assembly of a Reconfigurable Space Telescope (AAReST) mission (2011 - current) proposes to demonstrate key aspects of autonomous assembly and reconfiguration of an in-orbit
spacecraft. The vehicle design consists of three subassemblies, a Coresat and two MirrorSats. The
basic concept of operations is to launch the spacecraft as a joined assembly, then detach the MirrorSats from the CoreSat and have them re-attach in a different configuration. Control of the motion of
the MirrorSats will be primarily through electro-magnetic interaction with the Earth’s magnetic field
[4] , with a secondary thrust mechanism comprised of a butane heater, nozzle, plenum chamber and
pressurised storage tank. The AAReST MirrorSat subsystems and layout is shown in Figure 1.
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Figure 1 - AAReS T MirrorS at layout reproduced from [5]

The docking manoeuvre will be carried out using electromagnets controlled with pulse-width
modulation (PWM), with ADCS provided by a dedicated QB50 module and docking directional control handed off to a Raspberry Pi Compute module. Docking sensors comprise of the passive optical
sensors from a SoftKinetic Light Detection and Ranging (LIDAR) module. The manoeuvre is expected to be power-intensive and computationally complex, however each MirrorSat is extremely
limited in power. The power draw from the battery needs to be thoroughly explored in various scenarios to determine the maximum duty cycle allowable to the electromagnetic docking system as
well as battery behaviour as systems are loaded to and disconnected from the I2C data bus. In addition, whilst docked, the MirrorSats will obscure portions of the CoreSat’s solar arrays. In order to
mitigate the impact on the CoreSat battery charging profile, suitable circuitry must be employed to
allow charge generated by the MirrorSats to be shared with the CoreSat.
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1.2

Scope and Objectives

The project scope encompasses defining the power draw on the battery during docking manoeuvres, modelling the power requirements during loading/unloading of spacecraft systems to and from
the bus, determining the grounding scheme for power, data and RF systems together with pin-out
assignments, and incorporating a safety mechanism to prevent discharge damage caused by differential charging whilst the modules are separated.
The specific objectives were to:
• Develop a power system model to understand the battery behaviour through all orbit conditions.
• Develop a system model to determine the power budget available across the orbit envelope.
• Design a grounding scheme to define requirements for databus, power and RF systems.
• Determine the effects of high frequency switching in the Attitude Determination and Control System (ADCS) on the power model.
• Design and incorporate a safety mechanism to allow power sharing between CoreSat and
MirrorSat, whilst preventing damage to electronic systems caused by differential charging.
• Produce a Final Report.

1.3

Achievements
• Identified and assessed a suitable modelling environment in which to develop the power
and charging behaviours.
• Developed a battery model that is adaptable to a variety of battery cell configurations and
capacities.
• Developed and integrated a solar charging network that can be adapted to different solar
array configurations and orbit profiles.
• Designed a power dissipation system with dynamic load configurations attached to the battery, 12 VDC, 5 VDC and 3.3 VDC power bus, together with a method of generating load
switching data with a resolution of one second.
• Determined a suitable grounding scheme to minimise EMI, EMC and ESD risks to the
AAReST mission, implemented through closely defined PC104 connections.
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1.4

Overview of Dissertation

This report contains details of the work carried out to meet the listed objectives, a review of literature supporting the concepts to be discussed, and the background and rationale for the overall
project.
Section Two will encompass the literature review and background of the project, tying it to the
background and challenges that the project aims to solve.
Section Three presents the grounding requirements for the AAReST MirrorSat mission, proposing
a grounding scheme developed to mitigate against electromagnetic interference, electromagnetic
compatibility and basic power line faults. The space environment that the satellite is envisioned to
be operating in is also explored, with expected impacts on spacecraft operations, and how the risks
to the mission may be reduced.
Section Four will contain the second technical chapter; this will present the power supply modelling concept, and describe the processes followed to select and develop a battery model. The battery
model characteristics are analysed and compared to high resolution manufacturer’s data; the process
of tuning the model to reflect the behaviour displayed in this data is described. This chapter also
presents the design and implementation of a simulation network to represent solar radiation recharging the battery whilst in orbit.
The final technical chapter at Section Five will explore and construct a power consumption network that can simulate the power demands of the satellite. This will be followed by case studies
examining the battery behaviour under varying loading conditions developed to emulate in-orbit operations. The section concludes with recommendations for the configuration of the spacecraft’s
battery pack and EPS.
Section Six presents the report’s conclusion with recommendations for future work.
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2 BACKGROUND THEORY AND LITERATURE REVIEW
2.1

Battery modelling

The storage and use of electrical energy is increasingly relevant in the current technological world.
Electricity is governed by two well-known equations:
V = IR

(1)

P = IV

(2)

These two equations establish the relationships between voltage (V), current (I), resistance (R)
and power (P). The apparent simplicity of these equations belies the underlying complexity of the
relationships: assuming a constant voltage, a rise in resistance will result in a fall in current; a fall in
current will be accompanied by a fall in power. In order to maintain the power level, the current
should rise proportionately with resistance; for this to happen, the voltage must increase.
This approximation only holds true where the voltage can be maintained at a constant value; this
is rarely the case in real world applications and fluctuations in voltage levels, with subsequent impacts on current and power, are expected and designed for. Nevertheless, the intimate relationships
between these four parameters are critical in power applications, and particularly so in equipment
that relies on batteries as the source of voltage and current.
Electrical power sources in spacecraft, particularly small satellites, tend to be comprised of banks
of batteries coupled to a charging source such as a photovoltaic solar array [6 p.153] and are necessarily regarded as finite resources [6 p.153]. To determine how the power source will behave whilst
in orbit, a battery model will be used to explore the behaviour of voltage and current during operations [7]. Understanding this behaviour assists in developing a budget for power demands [7 p.2] that
provides an indication of what actions should be disallowed during the orbit to maintain the battery
in a useful state.
Battery modelling is a complex process and several papers have been written describing methods
used to achieve robust representations of the battery discharge process [8], [9], [10] and [11]. In their
paper, Jongerden and Haverkort describe a wide variety of options for the battery modelling task,
identifying three main approaches that will be described below [12].
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2.1.1

Electro-chemical

Electro-chemical models describe battery behaviour by defining the chemical characteristics of
each battery cell [13], these models tend to be highly accurate and indeed the Dualfoil program is
widely used to determine the accuracy of simpler battery models [12 p.4]. Ramadesigan et al [14]
give a highly detailed explanation of the development and application of electrochemical model but
as Jongerden and Haverkort observe, these models are both complex and difficult to configure [12
p.4]. This is due to the number and nature of the variables involved; values such as anode and cathode
material, electrode thickness and porosity, particle radii etc [12 p.4]. These models therefore, tend to
be used by design engineers seeking to maximise one or more macroscopic characteristics by manipulating microscopic values [15 p.504], this allows high degree of accuracy to be obtained [13
p.447].

2.1.2

Mathematical

Mathematical models of battery behaviour are more abstract than either the electrochemical or
electrical equivalent, and describe battery properties using minimal equations. For instance,
Peukert’s Law [16] predicts battery runtime as a function of current and capacity, both of which can
be acquired from experimental data. Peukert’s Law describes only a general battery lifetime as it
does not account for non-linear effects such as the recovery effect where a battery will regain some
lost charge during periods where it is not under load [12 p.7].
Alternatively, diffusion models such as the Rakhmatov and Vrudhula analytical model [17] rely
on describing the diffusion process within a battery’s active material. This description is a series of
differential equation relating to electrode surface area, Faraday’s constant and the number of electrons involved in the electrochemical reaction [17 p.489].
Manwell and McGowan developed the Kinetic Battery Model (KiBaM) [18]. This model is reasonably intuitive and uses the concept of two wells of stored charge to simulate the battery. The
charge wells are named as the bound-charge and available-charge; electrons are supplied directly to
the load from the available-charge while the bound-charge supplies electrons to the available-charge
well. The rate of electron flow between the two wells is dictated by the difference in height of the
two wells and by a parameter representing the conductance, taken to be the rate constant of a chemical reaction that makes charge available [18 p.399]. The KiBaM model was originally developed to
simulate lead-acid batteries and does not reflect the more complex behaviour of Lithium-Ion batteries.
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Finally, stochastic models such as those proposed by Chiaserrini and Rao [19] seek to describe
the behaviour of battery cells by stochastic means, specifically in [19 p.637] the discharge and recovery are treated as Bernoulli processes with each having a probability of occurring within a discrete
time period. Further to this, Rao et el proposed an extension to the mathematical models previously
described [12 p.10] by applying the Markov stochastic technique to the KiBaM model previously
described. The result is mathematically complex.
Although these mathematical models can predict runtime or efficiency, they lack the ability to
accurately express the current or voltage behaviour of a battery, particularly in a dynamic environment [15 p.505].

Electrical Equivalent

2.1.3

Electrical circuits designed to simulate the charging and discharging characteristics of modern
batteries are probably the most attractive to electrical engineers as they use familiar components such
as resistors, capacitors and voltage-sources to build up a circuit network. Hagemen probably developed the first electrical-circuit models using the PSpice simulation software [13 p.447]. Since this
first implementation, more electrical-equivalent circuits have been developed, many of which fall
into one of the three categories below:
• Thevinin-based
• Runtime-based
• Impedance-based
Thevinin’s Theorem states that any linear circuit may be represented by a single DC voltage
source, resistance source and load. This theorem has been used to develop equivalent circuits [15].
As with the KiBaM model though, the non-linearity of modern Li-Ion batteries exposes the limitations of this approach resulting in the previously simple networks having to acquire more complex
circuitry to properly reflect open-circuit voltage, State of Charge (SoC) and their dependence on load
current.
Hageman’s proposed PSpice model [20] is a run-time based model; by using a complex circuit
network and a series of look-up tables defining SoC, battery capacity (plus other parameters) it defined the effective voltage over a time period given a load current. The major disadvantage of a
runtime model is that it does not allow for varying load currents and cannot accurately predict runtime
or voltage response under these conditions [15 p.505].
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Impedance based models such as those proposed by Buller et al [21] use electrochemical impedance spectroscopy to record impedance data under AC input conditions. This allows the development
of an impedance model in a frequency domain the response curve of which can then be simulated by
an equivalent network impedance network of resistors, inductors and capacitors. The process of fitting the network to the curve is complex, and the resultant model cannot predict DC response or
battery runtime [15 p.505].

2.2

Grounding Theory

Joffe highlights that ‘Grounding theory is not intuitive’ [22 p.1], however it is essential that
grounding theory is accounted for in this study. One of the reasons that grounding theory can be said
to be non-intuitive is the fact that it applies across such a large range of activity; electronic circuit
designers require grounds for circuits that operate with single-figure voltages, milliamps and a range
of frequencies from DC to megahertz. On the other hand, installation designers deal with currents
that are orders of magnitude higher and voltages to match, but generally associated with far lower
frequencies. A single ground solution does not fit all these scenarios and this is largely due to the
changing behaviour of conductors as the frequencies they carry increase [22 p.4].
Whilst all electrical circuits require a ground to operate, a proper grounding strategy and architecture is essential to ensure those circuits operate correctly. A properly implemented strategy will
result in the minimisation of electromagnetic interference (EMI) and undesirable interaction between
circuits, components and subsystems [23 p.1].
Finally, the grounding scheme must take into account the Earth’s magnetic field. The reason for
this may not be immediately obvious; the spacecraft will travel through the space environment and
by implication, the magnetic lines of flux generated by the Earth’s internal magnetic field. The motion of a current-carrying conductor through these lines of flux will apply a small amount of torque
to the spacecraft [24]; this torque will cause the spacecraft to spin, potentially to angular rates beyond
those that an onboard stabilisation system would be able to counteract. Even if this extreme scenario
is avoided, the induced motion would represent an additional load on the stabilisation system that
may well lead to unpredicted power consumption. There are methods to avoid this; as [25 p.27]
discusses, minimising the magnetic moment by design such that current-carrying conductors do not
form large area loops will assist in keeping the resulting torque at acceptable levels. This principle is
followed for the Cartosat-1 spacecraft [26].
It is therefore apparent that grounding schemes must meet a wide range of requirements, and that
a poorly designed grounding scheme may have more far-reaching consequences than initial estimates
-9-
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envisage. In [27], several cases of electromagnetic interference are detailed, including a failed experiment on STS-60 where inductive coupling between an unshielded sensor cable and the power bus
of the spacecraft prevented deployment of the experiment satellite.
In general terms, grounding schemes may be regarded as falling into three basic categories; single-point grounding, multi-point grounding, and a combination of the two [28 p.541]. Garrett and
Whiteley [29 p.38] state that data signal and power grounds should receive particular attention; as
discussed previously, data signals will fall into the realms of high-frequency AC behaviour. This can
result in much higher impedances in their intended ground path, and should a lower impedance path
be present it will form the return loop [22]. Power grounds, depending on their distance from the
common reference point, may present an artificially high DC level to nearby connections due to
voltage drop across the length of the return wire.
The NASA Handbook on grounding architecture [23] advocates a multiple-point ground with
isolation between sub-systems, this allows each sub-system to share a common DC ground potential
and minimises DC current loops. This assessment is echoed by Fortescue et al [28 p.544] and was
utilised on the Sentinel-1 satellite [30 p.25].
Finally, of particular interest to the AAReST mission is the Space Station Grounding Requirements [31 p.3-4], which state that prior to any other electrical connections, structures between
vehicles not permanently attached to the space station should be grounded first. This can be taken as
a recommendation that, during the docking manoeuvres, a ground connection should be established
between the spacecraft prior to any other electrical connection.

2.3

Space Environment

The space environment is complex and highly variable; the Sun emits a wide range of solar radiation from the relatively benign solar wind made up of particles streaming away from the sun at a
leisurely 300-400 km/s, to relativistic solar energetic particles travelling at high percentages of the
speed of light. As well as this, there are ionised particles from coronal mass ejections and highly
energetic electromagnetic radiation in the X-ray and Gamma ray frequencies. All these types of solar
radiation interact with the Earth’s magnetic field to make the environment in which satellites orbit a
challenging and hazardous one. The Low Earth Orbit (LEO) in which AAReST will operate is no
exception to this.
Satellites have long been susceptible to failures caused by their environment. In 1995 NASA produced a report detailing some of the higher profile failures such as Anik E-1 and E-2 [32]. However,
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as Galvan et al observe [33 p.29] there exists no single database that details anomalous events on
satellites, or their likely causes. The closest approximation appears to be the database of the insurance
company Atrium and this is not available outside of the company itself [33 p. 32]. Because of this
lack of oversight, the mitigation of in-orbit charging effects must be informed by both assessment of
the environment, and guidance made available by established space agencies such as NASA and
ESA.
Turning first to the environment assessment, Mikaelian provides a comprehensive overview of
the space environment in terms of the sources of internal and surface charging [34 pp.6 -16] and
particularly highlights the hazards of high latitude and polar orbits [34 p.15]. This is of relevance to
the AAReST mission as the expected launch vehicle (PSLV) is capable of inserting into polar orbit.
Given that AAReST is unlikely to have the option of selecting its orbital inclination, it is highly
advisable to plan for the worst-case scenario of the spacecraft being exposed to the mix of LEO and
geosynchronous earth orbit (GEO) that comprises the high inclination orbits. This is supported by
the conclusions of Gussenhoven et al [35] and is recognised in the help pages for the ESA’s Space
Environment Information System (SPENVIS) tool [36].
In 2005 Eriksson and Wahlund published findings on the levels of charging of the Freya spacecraft [37]. Freya was launched in 1992 into an elliptic orbit with a perigee of 590 km and a nominal
inclination of 63°, but occasionally achieved inclinations of up 77° due to the geomagnetic and geographic pole offset [37 p.2]. Eriksson and Wahlund used the findings of Gussenhoven et al [35] to
compare charging events and frequencies, concluding that moderate charging events are not uncommon despite the previously predominant view that the LEO environment was less challenging than
higher altitudes. These findings were further supported by Anderson whose analysis of the charging
events experienced by the Defence Meteorological Satellite Program (DMSP) constellation shows a
marked difference in the number of events occurring in Northern and Southern hemispheres, with
nearly three times as many in the latter [38 p.7]. This asymmetry is attributed to a greater offset
between the magnetic pole and the Earth’s rotation axis [39 p.1].
Further to the asymmetry between hemispheres, Minow and Parker also show that similar spacecraft separated by mere minutes can encounter different environments that result in significantly
different charging potentials. Indeed, in the case of DMSP F16 and F17 this difference was in excess
of -200V [39 p.4]. Moreover, the same study shows that charging events in the auroral zone can have
durations lasting minutes, contrary to the indications of [40 p.2990].
Charging characteristics also exhibit a strong dependence upon the solar cycle, in [40] Froonnickx
and Sojka examine data drawn from the DMSP constellation over the period of four years. This
discussion concludes that there is a strong correlation between solar cycle and spacecraft charging;
- 11 -
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the most striking visualisation of this is [40 p. 2993 fig 9], which clearly demonstrates the suppressing
effect of increasing solar activity on the volume and severity of charging incidents.
These factors have particular significance for the AAReST mission; the solar cycle is assessed to
be entering a period of minimal activity [41] and the AAReST mission is expected to launch in 2018,
thus the incidence of spacecraft charging can be expected to be high. AAReST’s third and fourth
mission phases call for deployment and reacquisition of each MirrorSat; should these manoeuvres be
timed to occur during periods when the spacecraft is transiting the auroral zone, particularly the
austral auroral zone, there is potential for significant differential charge to build up on each spacecraft.
The major space agencies therefore publish design and operation guidance to mitigate these potential problems. In 1993 NASA published the technical memorandum ‘Interactions between
Spacecraft and Their Environments’ [42], this was followed in 2003 by updated design guidelines
[43] and supplemented by further guidelines for LEO spacecraft [44]. These publications caution
against treating Polar Earth Orbits (PEO) as similar to LEO, [44 p.2], makes the observation that
radiation protection may be of greater concern than exterior spacecraft charging. In [45 p.8] Herr and
McCollum suggest that development of a proper Spacecraft Charging Effects Protection Plan is advisable; steps in producing this include definition of the natural space plasma environment, a
spacecraft charging analysis, and design guidelines to limit the likelihood of arc-discharge through
surface charging or internal charging. These steps require the application of computer modelling [45
p.8], however the NASA Charging Analyzer Program for Low-Earth Orbit (NASCAP/LEO) and Potentials of Large Spacecraft in Auroral Zones (POLAR) software are unavailable outside of the US.
ESA provide equivalent software tools; the Space Environment Information Service (SPENVIS) and
the Spacecraft Plasma Interaction System (SPIS).

2.4

Summary

The topics of battery charging, grounding and spacecraft charging may appear at first to be dissimilar and separate; as shown in the previous sections, this is not the case. The batteries of the
AAReST mission will be charged by solar panels, these solar panels and other surfaces of the spacecraft will be subject to interaction with the space environment and will likely experience charging
events. The grounding scheme of the spacecraft is vital; it will have to not only define the current
return paths for power, data signals and electronic circuits, it will also have to provide mitigatio n
against the hazards presented by differential charging across both the MirrorSat and CoreSat elements of the spacecraft as well as the internal and deep-dielectric charging possible in the auroral
zones. The orbit inclination for AAReST is, at present, unknown. This means that the worst-case
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scenario of a near-polar orbit that takes a tangential path through the austral auroral oval must be
considered. On review of the project objectives, it was determined that a SPIS/SPENVIS analysis of
AAReST in these regions fell outside the scope of the project and so was deferred to a later date. The
following tasks will be addressed in this report:
•

The grounding scheme will be defined so as to minimise the risk of EMI and EMC adversely affecting the AAReST mission.

•

The grounding scheme will be implemented through assignment of the PC104 connections to specific subsystems and signals.

•

Further protection by identifying areas of high risk in the orbit so as to proscribe
manoeuvring events within these areas.

•

The battery model will be further developed to properly simulate the behaviour of the
GomSpace 18650 cells, as well as charge and discharge cycles in orbit.

•

The battery model will be connected, through a suitable interface, to a power dissipative
network capable of simulating dynamic loads.

•

Case studies will be produced to show the battery behaviour under load and to provide
evidence to support battery configuration recommendations.
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3 GROUNDING SCHEME
3.1

Principles

AAReST is peculiar amongst demonstration missions as it possesses some equipments that share
characteristics which could come into conflict; for example, while it has an Attitude Determination
and Control System (ADCS) fitted with magnetorque coils, it also has a docking system based on
four electromagnets. This means that in addition to the interaction of the magnetorquers with the
Earth’s magnetic field, there may also be interaction from the docking system; electromagnetic fields
generated by the docking system could induce current in conducting materials, causing potential
voltage differences across the spacecraft. In addition to the ADCS CubeComputer, AAReST will also
utilise a dual Raspberry Pi system to control the payload, this implies that high frequency signals
will be generated outside of the ADCS, raising the possibility of electromagnetic interference (EMI)
appearing on the ADCS signal or power lines. The scientific payload sits outside of the main spacecraft bus, bolted to the superstructure and is electrically connected through only four wires. These
systems could easily succumb to either EMI or electromagnetic compatibility (EMC). A robust
grounding scheme will help to protect against EMC at least.
The purpose of a grounding scheme is twofold; first, it provides defined return paths for power
and signal voltages, second, it provides a means of mitigating the incidence of EMI and minimising
EMC issues between systems. The risk of damage from Electro-Static Discharge (ESD) is also present; this is generally caused by differential charging across the spacecraft structure, or charging of
dielectric materials by high energy particles [46]. ESD can be harmful in a number of ways; the
discharge of energy can cause physical damage to delicate components, but can also generate EMI
as discussed in [47] and [48]. By ensuring that spacecraft structures are connected together, the
grounding scheme will protect against differential charging as the spacecraft’s supporting structure
will all be at the same electrical potential. The difference between EMI, EMC and ESD is illustrated
in Figure 2. Hazards presented by spacecraft charging are further explored in the next section.
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Figure 2 - EMC, EMI and ES D. Adapted from [49]

3.2

Spacecraft Charging - Principles of protection

Spacecraft structures can charge in two different ways; through surface charging or through deep
dielectric charging. Surface charging may be across the entirety of the spacecraft structure (absolute
charging) or across different parts that are electrically isolated from each other resulting in differing
potentials being reached (differential charging). Dielectric charging occurs inside the spacecraft and
is due to the deposition of electric charge in dielectric materials by higher energy (>100keV) electrons that are able to penetrate the spacecraft’s external structure. Dielectric charging can be
particularly hazardous to spacecraft as potentials may be reached that can result in electrostatic discharge (ESD) occurring within the spacecraft.
Protection from surface charging is achieved through appropriate material coating and is outside
the scope of this project. Dielectric charging may be mitigated by ensuring that any dielectric materials used are dissipative or leaky, this will help to minimise the risk of dielectric charge reaching the
levels at which ESD may occur.
Figure 3 illustrates the prevalence of Electrical Power Systems (EPS) failures in CubeSat missions; combined with the Unknown category they account for the majority of mission failure factors.
EMC, EMI and ESD effects are likely to be included in the Unknown category, clearly demonstrating
that serious consideration should be afforded to them.
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Figure 3 - S ubsystem contributions to CubeS at failure after ejection (incl. DOA), 30 days and 90 days . Reproduced from [50]

EMC and EMI are not generally considered an issue for most cubesats [51], however AAReST
occupies a unique position in the range of cubesat missions due to its aim of completely separating
and re-attaching two parts of the spacecraft. This raises the possibility that the CoreSat and MirrorSat
components of the spacecraft could reach different ground potentials during the reconfiguration manoeuvre. This presents a hazard to operation of the spacecraft as the potential difference between the
two ground planes of the manoeuvring craft must be dissipated safely on completion of the docking
manoeuvre.

3.3

Development of prohibited manoeuvre zones

The range of hazards faced by spacecraft varies depending on the orbit altitude and inclination.
In geosynchronous orbits, satellites are exposed to high levels of ionising radiation and high levels
of surface charging; in low earth orbits they are more likely to suffer Single Event Effects (SEE) with
surface charging only reaching hazardous levels at high latitudes where auroral effects may be encountered. The hazard to AAReST exists primarily in the separation and rendezvous manoeuvres, it
is here that the potential for high differential charging occurs, and also here that SEE would have the
most detrimental effect; a latch condition or system reset caused by an SEE could very conceivably
result in loss of a MirrorSat. While the grounding scheme and careful choice of materials and coatings
will assist in mitigating hazardous levels of charge accumulating on the spacecraft components, the
risk to the entire mission can be reduced further by careful consideration of the environmental conditions encountered through the orbit.
Figure 4 shows the occurrence of SEE in the UoSAT-2 on-board computer over a period of 1364
days. It can be seen that there is a heavy concentration of events over the South Atlantic Anomaly
(SAA), as well as the polar regions.
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Figure 4 - Geographical distribution of S EE affecting UOS AT-2 OBC. Reproduced from [52]

AAReST is expected to launch on a Polar Satellite Launch Vehicle (PSLV) operated by the Indian
Space Research Organisation (ISRO). The range of orbital inclination insertions available to the vehicle is high, and includes angles that pass through the auroral ovals. In addition, almost any low
Earth orbit will pass over the (SAA). These three regions, the Northern and Southern Auroral zones,
and the SAA, represent the portions of the orbit at which AAReST will be most at risk from high
levels of charging and system interrupts caused by SEE. Prohibiting separation manoeuvres in these
areas would effectively reduce the risk to MirrorSat’s subsystems.

3.4

Chosen Scheme

The aim of the grounding scheme selected for the AAReST mission is to ensure that the possibility
of ground loops is eliminated; to achieve this each module must be provided with a single path back
to the spacecraft’s ground point. This will also prevent currents from flowing through the spacecraft
structure.
As discussed in section 2.2, the choice of grounding schemes is between single-point, multiplepoint or a hybrid of both. Given the small size of the AAReST spacecraft, the main disadvantage of
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a single-point ground scheme detailed in [28 p.539] may be disregarded as the ground leads will not
add a significant amount of mass. For this reason, as well as minimising EMC from electromagnet
operations, the single-point ground scheme was chosen as the best option for the AAReST CoreSat
and MirrorSat spacecraft. This choice of grounding scheme for the AAReST mission is also congruent with the recommendations by Whittlesey and Garrett [23].
For the purposes of the grounding scheme, modules will be defined in two ways:
•

Connected directly to the power supply.

•

Connected to the power supply but using a DC-DC converter to regulate a specified voltage.

Where the module is connected directly to the power supply, the module ground should be connected to the EPS star ground point.
Where the module requires a specified voltage not supplied by the EPS, the ground points of the
DC-DC converter should be connected to the module’s ground return which should be connected to
the EPS star ground point. These connections are demonstrated in Figure 5.

Figure 5 - Grounding for modules using direct or indirect power supplies

Figure 5 represents a concept known as hard-grounding [23 p.14]; this may be unacceptable to
the AAReST mission as a single unfused fault on a power line could cause loss of the mission. This
risk could be mitigated by isolating the EPS from the chassis with a moderate resistance; placing a 2
kΩ resistor between the EPS and ground would limit fault currents arising from V-Bat faults to 3.7
mA and power loss of 27 mW, a 3.3 VDC fault would lead to currents of 1.65 mA and power loss in
the region of 5 mW.
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3.5

Implementation

Figure 6 shows the PC104 backplane connector assignments detailed for the AAReST modules;
the grounding scheme selected in this section has been implemented by defining ground return and
power connections for each subsystem. These connections have been defined in pairs so that each
subsystem’s power and ground are adjacent to each other in the backplane. This has the effect of
minimising the magnetic loop area caused by current-carrying conductors. The ground returns, along
with the power lines, are routed through the power switch board thereby providing the ability to
completely isolate a subsystem from the rest of the satellite. This offers a robust recovery option as
any malfunctioning component can be isolated entirely from the electrical system. Routing all ground
return lines through the power switch board also ensures that the chosen scheme of single-point
ground is followed.
Most connections within the MirrorSat will therefore be made via the PC104 backplane, the exception to this is the integration of the science payload into the spacecraft bus. The science payload
requires four connections into the PC104; power, ground, UART + and UART-. These connections
will be via two twisted-pair cables, the power and ground will be connected via one twisted pair
thereby ensuring that any magnetic loop is minimised; the remaining UART+ and UART- will be
connected via the second twisted pair, this will assist in cancelling out cross-talk between two digital
lines with high switching speeds.
Where digital signals are carried by the PC104 backplane, the high and low lines are located
adjacent to each other and where possible these pairs have been physically separated from other
digital lines to reduce the potential for EMI as recommended in [51 p.776].
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Figure 6 – PC104 connector assignments detailed to implement the grounding scheme
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3.6

Summary

This chapter has discussed the hazards posed to the AAReST mission by in-orbit surface and deep
dielectric charging, electromagnetic interference, and electromagnetic compatibility. Use of an appropriate grounding strategy to protect against these hazards has been discussed, and a grounding
scheme has been proposed. Implementation of a grounding scheme has been detailed with the following aims:
•

Minimising EMC by ensuring that all subsystems’ ground connections share a single
common point at the EPS.

•

Minimising EMI by using twisted pair cabling for wired connections outside of the
PC104 backplane, and by physical separation of digital lines within the PC104 backplane.

•

Mitigating against ESD by specifying that dielectric materials should be able to dissipate static charge to the structure.
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4 BATTERY MODEL
4.1

Defining target parameters

The AAReST mission will use two GomSpace NanoPower Lithium Ion 18650 cells to provide a
battery voltage of 6 V – 8.4 V [5]. This cell’s charge and discharge characteristics are the parameters
that the AAReST battery model will seek to match.
The GomSpace Nanopower datasheet was obtained and initial values for the model were identified. The cells are rated to 2.6 Ah, further parameters drawn from the datasheet are listed in Table 1:
Table 1 - GomS pace specifications for the NanoPower 18650 cell

Parameter

Condition

Min

Typ

Max

Unit

3.0

3.7

4.2

V

- Charge current

1000

2500

mA

- Discharge current

1000

3750

mA

- Voltage

- Charge temperature

-5

45

°C

- Discharge temperature

-20

60

°C

-20

20

°C

70

mΩ

- Storage temperature

80% recovery after 1 year

- Internal impedance
- Cycle life (20% capac-

DOD: 100%, Temp 25degC

ity loss)

Charge/discharge: 1C/1C

350

cycles

It was considered vital that the characteristics of the battery model should closely match those of
the real-world battery data. To this end email contact was made with the battery manufacturer,
GomSpace, who kindly provided an Excel spreadsheet containing over 3500 rows of data detailing
the voltage, current and SoC characteristics over a charge and discharge cycle. This data was separated into two worksheets, one for the charge data and the other for the discharge data. Each datasheet
was then imported to MatLab and the characteristic values plotted against time; the SoC, voltage,
and current for the charge and discharge cycles are shown in Figure 7 and Figure 8 respectively.
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Figure 7 – Plotted value of GomS pace Charge Data

Figure 8 – Plotted value of GomS pace Discharge Data

4.2

Initial Simulink build – with component calculations

As discussed in the literature review, batteries can be modelled in a variety of ways; mathematically, electrochemically and by development of electrical-equivalent circuits. Electrochemical
models can characterise the fundamental physical operation of a battery regarding power generation
but are complex and time-consuming to develop. Mathematical models are capable of describing the
runtime and charging behaviour of a battery, though they fail to provide meaningful information on
current and voltage [15 p.1]. As the subject of interest is the behaviour of the battery in terms of
discharge time and load current, the mathematical and electrochemical models were dismissed in
favour of the electrical-equivalent model.
Having selected the electrical-equivalent model as the best option for use in the project, the next
- 23 -

Philip Allen, MSc dissertation
selection to make was the type of electrical-equivalent circuit to develop. Referring again to RincónMora and Chen’s paper [15], and taking into account [53] and [21], the decision was taken to investigate the model proposed by Rincón-Mora and Chen. This model is reproduced in Figure 9.

Figure 9 - Rincón-Mora and Chen's proposed battery model [15]

There are a number of electrical circuit analysis programs available; three were short-listed as
viable options to develop the battery model: LTSpice, PSpice, and MatLab-Simulink. LTSpice is a
freely available circuit analysis program that enjoys regular updates and a large community of online
users. PSpice, on the other hand, is a commercially developed program with extensive libraries and
help files but has a pay-wall limit on the complexity of the circuit that may be built; it also has the
advantage of being recognised as an industry-standard. MatLab-Simulink is effectively a programming environment with a heavy emphasis on matrices and arrays, with Simulink as a graphical user
interface (GUI) that can be used to build electrical, fluidic, or mechanical systems. It is also free,
with add-on toolboxes that can be discounted for educational use. Further research determined that
published models exist for the Rincón-Mora model in both PSpice [46] and MatLab-Simulink formats [54]. Factors such as cost, software limitations, ease-of-use, and the existence of lithium-ion
models were collated into Table 2 with simple yes or no answers.
Table 2 – S election criteria for the circuit analysis programs

Free to use
Full Access
Maintained
User community
Intuitive
Existing models
Total

LTSpice
Y
Y
Y
Y
Y
N
5

PSpice
N
N
Y
N
N
Y
2

MatLab-Simulink
Y
Y
Y
Y
Y
Y
6

To select the most appropriate package, the positive answers were counted with the total indicating the package’s overall match with the project requirements. Limitations on circuit complexity as
well as the lack of intuitive interface counted against PSpice. The major difference between the two
remaining packages was the existence of a lithium-ion battery model in MatLab-Simulink [55]. This
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led to the selection of Matlab-Simulink as the analysis program of choice. Reviewing the paper by
Knauff et al [54] led to the adoption of their Simulink model, with minor modifications for the purposes of the project. The Knauff model is shown at Figure 10 where each chain represents a network
element of the Rincón-Mora model.

Figure 10 - Knauff-McLaughlin S imulink Battery Model [54]

Dr Knauff was kind enough to provide some insight into the model developed in [54] and advised
the following:
•

The Current-Current block calculates current flow through the batteries, for two batteries in
parallel, the Current-Current block would multiply the input current by half.

•

The Voltage-Voltage block is a lookup table which describes the open-circuit voltage
curve.
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Initial component values were derived using the equations from Rincón-Mora [15];
𝐶𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

= 3600. 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦. 𝑓1(𝑐𝑦𝑐𝑙𝑒𝑠). 𝑓2(𝑡𝑒𝑚𝑝)

(3)

𝑅 𝑠𝑒𝑟𝑖𝑒𝑠

= 0.1562𝑒 −24.37(𝑆𝑜𝐶) + 0.07446

(5)

𝑅 𝑇𝑆 (𝑆𝑜𝐶)

= 0.3208𝑒 −29.14(𝑆𝑜𝐶) + 0.04669

(6)

𝐶𝑇𝑆 (𝑆𝑜𝐶 )

= −752.9𝑒 −13.51( 𝑆𝑜𝐶) + 703.6

(7)

𝑅 𝑇𝐿 (𝑆𝑜𝐶)

= 6.603𝑒 −155.2(𝑆𝑜𝐶) + 0.04984

(8)

𝐶𝑇𝐿 (𝑆𝑜𝐶 )

= −6056𝑒 −27.12(𝑆𝑜𝐶) + 4475

(9)

For the value of Ccapacity the capacity of the battery in Ampere-Hours is multiplied by the number
of seconds in an hour. The functions f1(cycles) and f2(temp) were disregarded as they are dependent
on correction factors for the number of charge cycles and the ambient operating temperature. These
functions were set to one for the same reasons Rincón-Mora argue in their paper [15 p.507], i.e.
defining the functions accurately would require a lengthy and complex test process with many cycle
measurements across various temperatures.
When calculating the value of C_capacity for the GomSpace 18650 battery cell, it was decided
to apply a slightly lower figure for the Ampere-Hours than the 2.6 Ah quoted by the manufacturer.
This allowed the model to be developed in a conservative environment where a certain amount of
capacity had been lost through unquantified variables such as shelf storage life and the amount of
lapsed time between completion of satellite construction, delivery to the launch site and arrival in
orbit. The figure used was 2.5 Ah.
The remaining values are dependent upon the value of SoC; an array containing SoC was created
and the equations (5) to (9) were coded and plotted in Matlab using the code shown in Figure 11:

SoC=[0.0:0.01:1.0]';
R_series=0.1562*exp(-24.37*SoC) + 0.07446;
R_ts=0.3208*exp(-29.14*SoC) + 0.04669;
C_ts=-752.9*exp(-13.51*SoC) + 703.6;
R_tl=6.603*exp(-155.2*SoC) + 0.04984;
C_tl=-6056*exp(-27.12*SoC) + 4475;

Figure 11 - Matlab code to calculate the component values across
the full S oC range

Plotting the results of these equations against SoC generated the graphs shown in Figure 12.
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Figure 12 – Values of Rincón-Mora components plotted against S tate of Charge.

As can be seen by these graphs, the values of the model components R series , Rts , Cts , Rtl , and Ctl are
highly non-linear below SoC = 0.3, Knauff et al [54 p.6 ] showed similar results through experimental
measurements. This led them to apply an average value to their model components [54 p.7].
As the graphs in Figure 12 show, above SoC = 0.3 the calculated value of the components remains
constant; given that satellite batteries are not generally discharged to below SoC = 50% [28 p.346],
it was decided to place the AAReST battery model values in the linear region. Taking the median
value of each graph gives the results shown in Table 3:
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Table 3 – Values calculated for components of the
Rincón-Mora model

𝐶𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 9000
𝑅 𝑠𝑒𝑟𝑖𝑒𝑠 = 0.07446
𝑅 𝑇𝑆 = 0.04669
𝐶 𝑇𝑆 = 703.6
𝑅 𝑇𝐿 = 0.04984
𝐶 𝑇𝐿 = 4475
The model described by Knauff et al was replicated in Simulink with the values shown in Table
3 assigned to the appropriate constant blocks as shown in Figure 13.
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Figure 13 – The Knauff-McLaughlin model implemented in S imulink with appropriate component values.
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•

Detail A describes the capacity of the battery as the product of Ampere-Hours and seconds; this value is multiplied by the current feedback and a constant of -1. Integration of
this produces a negative slope that is representative of the SoC.

•

Detail B represents a chain of feedback calculations that describe the short transient
characteristic identified by Rincón-Mora in Figure 3(f) [15] resulting from the fast, initial voltage drop caused by a step load current event.

•

Detail C represents a similar chain of feedback calculations that describe the long transient characteristic [15 Figure 3(f)] of the battery discharging through the load.

4.3

Current Dividing Network subsystem description

Figure 14 – Detail of the Current Dividing Network S ubsystem

The Current subsystem is shown in Figure 14; following the advice of Dr Knauff, it consists of a
network designed to represent the current dividing between two or more batteries connected in parallel. To alter the value of the current, the integer in the constant box labelled “No of parallel battery
connections” should be changed to reflect the number of parallel connections in the satellite’s battery
pack. Adding parallel strings also changes the Ah rating of the battery pack, eg two 2.5 Ah batteries
connected in parallel have a total capacity of 5 Ah. The C_capacity block’s value should also be
amended to reflect the change on total capacity caused by the addition of a parallel string.
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4.4

SoC-Voltage calculation subsystem description including MatLab function

Figure 15 – Detail of the S oC-Voltage Calculation subsystem

The SoC Voltage Calculation subsystem is shown in Figure 15. Initially the intention was to emulate Dr Knauff’s team and use a look-up table populated with open circuit voltage values at various
levels of charge; this approach would have required some experimentation and involved some risk
of damage to the batteries due to over-discharge while obtaining the relevant data. This would be
detrimental to the mission as the batteries are expected to be used for the AAReST mission’s flight
model.
To avoid this risk, it was decided to make more extensive use of the manufacturer’s data. Further
email contact with GomSpace confirmed that their published charge and discharge curves were based
on a 0.2 Hz sample rate. With this information, the data could be re-plotted against time with each
time-step representing 5 seconds; this allowed the manufacturer’s data to be compared directly to
Simulink-generated plots. The SoC-Voltage subsystem was revised from a look-up table and now
uses a Matlab function and a constant block to calculate the magnitude of the voltage output based
on the State of Charge and the number of cells connected in series. The Matlab function is an implementation of Rincón-Mora’s equation for cell voltage:
𝑉𝑂𝐶 (𝑆𝑜𝐶) = −1.031𝑒 −35(𝑆𝑜𝐶) + 3.685 + 0.2156 (𝑆𝑜𝐶 ) − 0.1178 (𝑆𝑜𝐶 )2 + 0.3201 (𝑆𝑜𝐶 )3 (10)
This is effected by the code shown in Figure 16:

function y = fcn(u)
out=-1.031*exp(-35*u) + 3.685 + 0.2156*u - 0.1178*u^2 + 0.3201*u^3;
y = out;

Figure 16 - Calculation of open-circuit voltage as a function
of S oC
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By multiplying the output of the Matlab function by a constant it is possible to adjust the network’s output value to reflect the number of cells connected in series. This adaptation makes it
possible to adjust the model to simulate different battery voltages and configurations.

4.5

Comparison of GomSpace data and unmodified model output

To bring the model to parity with the GomSpace data, the discharge plots were compared. It will
be noticed that the GomSpace data indicates that the discharge was carried out under constant current
conditions. This implies that the load resistor value was varied throughout the discharge cycle to keep
the discharge current at a constant value. Initially, it was not possible to determine a method within
Simulink to achieve this, so the nominal value of 3.04 Ω was retained for the load resistor. This value
of load resistor allowed the Simulink model to discharge at a rate roughly equal to 1.3 A. The results
for this initial comparison of discharge voltage and discharge current are shown in Figure 17 and
Figure 18 respectively.

Figure 17 – Comparison of GomS pace discharge voltage at constant current and model discharge voltage at
constant load.
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Figure 18 – Comparison of GomS pace discharge current at a constant rate and model discharge current at
constant load.

Further investigation into the extent of the Simulink library identified the current-limiting resistor
model. Substituting this in place of the fixed load resistor and setting the current limit at 1.3A allowed
the model to discharge at a constant current. This allowed the model to mimic much more closely
the manufacturer’s data and the result of this improvement is shown in Figure 19.

Figure 19 - Comparison of GomS pace data and model discharge voltage under constant current

One difference in particular should be acknowledged between the models and the chosen battery;
that of ampere-hours. The original Rincón-Mora paper was based on relatively early lithium-ion batteries (circa 2006) with a charge of 0.86 Ah[15]. The Simulink model developed by Knauff et al is
based on a 60 Ah battery designed to provide power to an underwater propulsion system[55]. The
GomSpace batteries chosen for the AAReST project lie between these two values at 2.6 Ah, with the
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model’s capacity downgraded to 2.5 Ah. This difference in charge capacity implies that parameters
within the model may need to be tuned to achieve parity with the GomSpace data.

4.6
4.6.1

Process of fitting to manufacturers data
Slope calculations

Figure 20 – Reproduction of Rincón-Mora figure 3(f) showing the steep, short transient response and the shallower, long transient response [15]

The process of tuning the model to the GomSpace data required defining areas of the curve that
equated to the long and short transient responses described by Rincón-Mora. Figure 20 is a reconstruction of the typical battery transient response illustrated by Rincón-Mora in [15 Figure 3(f)].

Figure 21 - GomS pace short and long transients

- 34 -

Philip Allen, MSc dissertation
Inspection of the discharge curve data provided by GomSpace identified two analogous regions,
Figure 21 illustrates this. To tune the model’s response to reflect that of the data, the slope was taken
to represent the time constant (𝜏) of the associated capacitor-resistor chain. The relationship between
𝜏 and the capacitor-resistor values is described by the following equation:
(11)

𝜏 = 𝐶𝑅
While the relationship between the slope of a curve and tau is shown by
𝜏=

4.6.2

(𝑡2 − 𝑡1 )
𝑙𝑛9

(12)

Obtaining values for R_ts and R_tl

Using the equations above, the time constants for the model’s discharge curve were calculated to
be:
Short transient = 𝜏𝑡𝑠 =

( 𝑡2−𝑡1)

Long transient = 𝜏𝑡𝑙 =

( 𝑡2−𝑡1)

𝑙𝑛9

𝑙𝑛9

=

=

( 90−10)
𝑙𝑛9

= 36.41

( 6045−670)
𝑙𝑛9

= 2446.268

Substituting the value for 𝜏 into the time constant (CR) equation and taking the capacitance value
to be those calculated in Table 3 meant that the resistance value could be treated as the single unknown:
𝜏𝑡𝑠 = 𝐶𝑡𝑠 𝑅𝑡𝑠
36.41 = 702.7668𝑅 𝑡𝑠
𝑅 𝑡𝑠 = (36.41)(702.7668) = 0.0518 𝛺
𝜏𝑡𝑙 = 𝐶𝑡𝑙 𝑅𝑡𝑙
2446.628 = 4475𝑅 𝑡𝑙
𝑅𝑡𝑙 = (2446.628)(4475) = 0.5467 𝛺
These component values were then fed back into the model thus obtaining the discharge curve
shown at Figure 22.

- 35 -

Philip Allen, MSc dissertation

Figure 22 – Voltage discharge curve at constant current for the adjusted model.

4.6.3

Modified Plots

It was clear from the results that further tuning of the model was required. To facilitate this, the
slope of the GomSpace long transient was measured:

𝑆𝑙𝑜𝑝𝑒 =

3154 − 3631
= −0.0954
6000 − 1000

By applying a further scaling factor of 0.25 to the long transient chain of the model, the discharge
curve slope was brought to a value of -0.094.
To address the high initial point of the short transient, a scaling factor of 0.2 was applied. This
decreased the initial voltage from roughly 6 V to 4.5 V.
The final tuning parameter to be applied was a universal scaling factor in the Y-axis. Comparing
the value of the GomSpace and model data at the halfway point (t) = 3355 showed a 312 mV discrepancy. Applying a correction of -0.312 to the sum of the capacity, short transient and long transient
chains removed this and brought the model’s discharge curve to that shown in Figure 23. The manufacturer’s discharge curve is also shown to illustrate the fidelity of the model.
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Figure 23 - Discharge Voltage of the tuned model compared to the GomS pace data

With this final correction, the model had now been tuned to reflect the manufacturer’s data. The
remaining sections of this chapter describe the addition of further networks to emulate the solar
charging capability of the MirrorSat and the damage suffered by the battery under high depth-ofdischarge conditions.

4.7

SoC Degradation subsystem description

Figure 24 - Detail of the S oC Degrade subsystem

The SoC (State of Charge) degradation subsystem shown in Figure 24 was included to allow the
model’s behaviour to include damage caused by the depth of discharge exceeding 80%, reflecting a
state of charge value of 20%. According to the battery datasheet released by GomSpace, repeatedly
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subjecting a battery to 100% depth-of-discharge will result in that battery having a remaining capacity of 80% after 350 charge-discharge cycles. This equates to approximately a 0.057% reduction in
capacity per cycle. Applying this reduction to the model’s SoC results in a loss of 0.057 for each time
the SoC value from the integrator block drops below 0.2.
This adjustment network had to be included in the battery model in such a manner that while the
C_capacity value remained unchanged, the value being passed to the SoC-Voltage subsystem would
include any damage caused by deep discharge. As can be seen from Figure 24 the network consists
of a saturation block, a conditional switch, a summing block and memory block, a fixed product
block and an attenuation block.
The integrator output represents the state of charge as a value between one and zero; as a result
of including the solar charge network it is possible for the integrator’s output to exceed one. Clearly
this is physically impossible as it would imply the battery holds a charge state greater than 100%, the
purpose of the saturation block is to ensure that the state of charge is not permitted to rise above unit
value.
The conditional switch forms the first part of the degradation network, should the output of the
saturation block fall below 0.8, representing 80% state of charge, the switch will pass a value of one
to the summing block. This is summed with the output of the memory block, resulting in an increment
to the output of the summing block and a subsequent increment to the memory block. In this way,
the network was designed to track and record instances of the battery being discharged past the 80%
depth-of-discharge threshold.
The summing block output is multiplied by the 0.057 constant to provide a percentage representation of state-of-charge lost to DoD damage. Applying this output to the final summing block adjusts
the output of the saturation block to reflect this loss of capacity.
The expectation was that the process of applying the degradation factor would be performed every
orbit; in practice, the simulation applies this factor for every cycle iteration. This results in the degradation factor rapidly saturating and driving the battery output to zero. Although not operating as
expected, the result does provide a hard indication that the battery has been stressed beyond the
mission’s acceptable limits. Because of this unambiguous behaviour when SoC is less than 20%, the
decision was made to retain the network.
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4.8
4.8.1

Charging subsystem description
Development

Incorporating a subsystem to simulate recharging the battery model by solar cell array presented
a fresh challenge. The question of inserting this network at the appropriate place in the battery model
quickly became key to solving the design problem.
Initial attempts focused on replacing the C_capacity block with a Matlab function block that
would output a value proportional to the input of a solar array whilst being capped at the original
charge capacity of 9000. Simulation results obtained during this development process were unsatisfactory and provided impetus to re-evaluate the incorporation of the solar charging network.
The data obtained from GomSpace included charging current information; this charging strategy
described applying constant current at the C/2 rate (where C=2.6 A). Given this strategy, an alternate
method of representing solar charging input was explored by adding an independent input to the
output of the PS-Simulink Convertor block that provided the feedback current to the battery model.
Initial results were promising and this course of action was pursued further, resulting in a workable
representation of solar charge input to the battery model.

4.8.2

Implementation of the Solar Charge network

Figure 25 - Detail of the Charge subsystem

It was determined that in order to properly describe the solar charging process, the subsystem
illustrated at Figure 25 would be implemented into the model. This subsystem consists of constants,
summing blocks and two conditional switches; one switch that determines the value of the current to
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be applied based on the value of the SoC input and another to determine whether or not the model
was in sunlight.
The conditional switch (Charge Current) has two inputs to pass based on whether SoC is greater
than or equal to 0.667 (representing the battery at 66.7% charge capacity); should this condition be
satisfied the level of current allowed to pass to the input of the second switch is determined by the
Matlab function “Charge Current above 66.7% SoC”. The function details are shown in Figure 26:

function y = fcn(u,x)
out = 1.3 - (0.354*u);
y = out;

Figure 26 - Calculation for charge current drop-off as S oC rises

This function ensures that the charge current available drops as SoC increases, as illustrated by
the GomSpace data in Figure 27. Should the SoC be below 66.7%, the flat charge current equivalent
to 1.3A is passed to the second conditional switch.

Figure 27 - GomS pace data showing the charge current magnitude across S oC

The second conditional switch (Eclipse = 0) is used to determine whether the satellite is in eclipse
or sunlight. In this context, eclipse is defined as a zero-value output from the square wave generator.
A control input greater than zero will result in the charge current being output from the solar charge
subsystem; a value of zero or less leaves the output of the solar charge subsystem at zero.
The orbital period square wave parameters were determined using the orbital mechanics equations
to determine the orbital period and also the eclipse period as a proportion of the orbital period.
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The AAReST mission orbit is expected to have an altitude of roughly 650 km [5], the orbital
period (T) for this altitude is given by:

𝑇2 =

4𝜋 2 3
. 𝑎 = 5855 𝑠𝑒𝑐𝑜𝑛𝑑𝑠
𝜇

(13)

At an altitude of 800 km and ignoring inclination and beta angle, the eclipse period is given by:
𝑅
2𝑠𝑖𝑛 −1 ( 𝑒 )
𝑟 . 𝑇 = 2119 𝑠𝑒𝑐𝑜𝑛𝑑𝑠
𝐸𝑐𝑙𝑖𝑝𝑠𝑒 =
360

(14)

Where Re=6371 km and r = 7021 km.
This equates to 36.2% of the orbit occurring in eclipse with the remaining 63.8% in sunlight.
These proportions were applied to the square wave generator to obtain a signal that would model
activation of the solar cell array. The properties of the generator are shown in Figure 28.

Figure 28 - Properties for the orbital period generator
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4.8.3

Selection of solar cell model

Modelling of solar cell arrays for both terrestrial and space-based applications has received much
attention in recent years [56]. To increase the realism of the battery model it was decided to incorporate a verified solar cell model, rather than rely on the Charge Current function described previously.
Rezk and Hasaneen propose a triple-junction solar cell with a Maximum Power Point Tracker
(MPPT) that can be implemented in Simulink [57]; the network developed is complex, and whilst
including variables such as solar cell temperature, ambient temperature and the solar cell current’s
temperature coefficient, was assessed as too complex to straightforwardly integrate into the battery
model. Priety and Garg also present a Matlab simulation of a solar cell with MPPT [58]. This model
is simpler but difficulty was experienced in attempting to develop the simulation that they describe.
After deliberation and a review of the project timeline, it was decided to investigate the solar cell
model included with the Simscape Electronics package. This model proved efficient to incorporate
into the solar charge subsystem and by referring to the AAReST design review documentation [5],
the GomSpace solar array datasheet [59], and the Azurspace solar cell datasheet [60], sufficient detail
could be added to the model parameters to give a reasonable level of confidence in its fidelity. The
proposed solar cell array configuration for the AAReST MirrorSat consists of two GomSpace P110
connected in series on the -X and +X facets, with three GomSpace P110 arrays connected in series
on the -Y and +Y facets.
To simplify modelling the charging process it was decided that some basic assumptions would be
necessary:
1. The Mirrorsat would be subject to minimal tumbling, meaning that illumination of a
solar cell array would be at a constant level.
2. The solar cell array receiving full illumination would be on one of the Y-axis facets,
with the view factor assumed to be unity, ie the array’s surface would be perpendicular
to the incident solar radiation. This implies the panel would generate maximum power
in sunlight.
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Figure 29 - Detail of the S olar Charge subsystem

Figure 29 shows the extended solar charge subsystem, the constant box at the top left of the figure
has a value of 1361, this is based on the irradiance in orbit from the Sun at solar minimum [61]. The
solar cells are connected in parallel and the current generated is passed to the Matlab function used
to reduce it according to the SoC, and also to the conditional switch so that the full current is available
should the SoC fall below 66.67%. The Matlab function’s text was revised as shown in Figure 30:

function y = fcn(u,x)
out = x - (0.354*u);
y = out;

Figure 30 - Adaption of charge current calculation to use solar cell current

4.9

Summary
This chapter has presented the process followed to develop a high-fidelity simulation of a

GomSpace 18650 2.6Ah battery. Additionally, it has described the inclusion of a network to simulate
degenerative loss of capacity due to over-discharging, a method to simulate recharge of the battery
through solar cell arrays has also been developed and integrated into the model. The extended tuned
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model with SoC degradation and Solar Charge networks is shown at Figure 31.

Figure 31 – S imulink schematic of the tuned AAReS T Battery Model including the S olar Charge and SoC
degradation networks.
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To adapt the model to a different battery’s characteristics the following steps should be taken:
1. Calculate C_capacity using equation (3), where capacity is the cell rating in Ampere-hours
(Ah).
2. Identify the short and long transient responses, calculate τ for each and extrapolate the values for Rts and Rtl .
3. Compare the discharge curves for the model to those provided by the manufacturer, identify the slope for each and scale the long transient chain accordingly.
4. Compare the initial voltage of the model and manufacturer data, apply an appropriate scaling factor to the short transient chain.
5. Compare the voltage values of the model and the manufacturer data at the battery half-life
point, scale the model Y-axis to raise or lower the model’s discharge curve as appropriate.
6. When the model’s discharge curve is sufficiently close to the manufacturer’s data, the constant values in the Current and SoC-Voltage subsystems may be changed to reflect the
number of batteries in series and parallel configurations.
Note that adding parallel strings of cells will increase the capacity, and therefore require
C_capacity to be re-calculated.
7. Should solar charging be required, calculate the orbital period and eclipse period to obtain
the orbit generator waveform. Adjust the period to reflect the orbital period, and the pulse
width to the percentage of the orbit spent in sunlight.
8. Obtain the charge current value plotted against state of charge and adjust the Charge Current Matlab function as required. Ensure that the appropriate cut-off SoC value is used in
the conditional switch.
9. Add or remove solar cells as required to mirror the spacecraft’s true solar array configuration, bearing in mind that the model assumes full incidence of illumination.
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5 POWER CONSUMPTION MODEL AND CASE STUDIES
5.1

Battery Interface

The battery and charging network described in Chapter 4 were connected to a resistive load with
a fixed value of 3.04 Ω, to obtain the discharge voltage and current values shown in Figure 32. To
exploit the power supply model fully, it should be capable of supplying variable loads requiring differing voltage supplies and drawing variable current values. In this way, a more comprehensive
picture of the power consumption behaviour may be constructed.

Figure 32 - Tuned model discharge voltage and current through a fixed resistive load

To provide different voltage levels to the satellite’s systems, DC-DC convertors were connected
to the output of the power supply in place of the original load resistor. These would supply the load
model with 3.3V, 5V and 12V. The convertors were drawn from the same Simscape Electronics package as the solar cell models used in the solar charge subsystem, primarily for their simplicity of use.
Matlab documentation specified that either side of the DC-DC convertor must be connected to a
ground reference point and the decision was taken to use a common reference point for the load side
of the three DC-DC convertors. This approach was successful at first. With the load connected only
to the 3.3Vdc and 5Vdc convertors, the model would complete a full simulation run, producing current and voltage outputs for the supply, 3.3V and 5V networks. The 12Vdc load design was finalised
and integrated into the model with a 12V DC-DC convertor sharing the 3.3V and 5V ground reference
point. Following this, the model displayed a marked instability, rarely completing a full simulation
and generating software errors against previously stable subsystem loads.
Given the instability of the power consumption model it was decided to completely isolate the
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three power networks by using unique ground reference points for each DC-DC convertor on the
consumer side of the convertor. Thus a 3.3Vdc load would use a separate ground reference point to
a 5Vdc load. It was assessed that problems caused by extensions to the model would be easier to
trace using this approach; an additional benefit would be that the model would more closely replicate
the grounding strategy proposed for the AAReST mission. Figure 33 illustrates this design concept.

Figure 33 - Block Diagram showing use of unique ground references to separate DC networks

5.2
5.2.1

Subsystem Models
Design concept

Constructing a model of the Mirrorsat systems was key to providing the variable loads with which
to test the power supply system response.
The definition of a load depends on the modelling requirements; in [62 p.472] one load definition
proposed is that of a device, connected to a power system, that consumes power. The basic approaches for load modelling are described in [62 p.479] where one method is to directly measure the
voltage and frequency sensitivity of a load, and another to build a composite model through
knowledge of the load classes. These approaches are described from the point of view of supplying
power to varying loads through an industrial or commercial network, nevertheless they are useful
start points to consider the simpler problem of building a representative model for the MirrorSat.
Lindén and Segerqvist describe the differences between static and dynamic load models [63 pp.3-
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7] and the processes by which static and dynamic measurements may be made [63 p.19]. The measured quantites in these procedures are voltage and current; from these quantities the load power and
resistance may be calculated [64 p775].
The approaches described require both laboratory equipment and representative load devices that
can be tested. As with the question of testing the GomSpace batteries, the process would not be
without risk to the flight model hardware therefore practical measurements were eschewed in favour
of manufacturer datasheets and previous results from AAReST-based projects. This decision can be
justified with reference to [62 pp.446-448] in which three load types are listed; constant resistance,
constant current, and constant power. Of these types, constant power is the most appropriate to adopt
where the load’s actual characteristics are unknown; this is because it offers a means to amplify
voltage droop by raising the current as the terminal voltage falls.
The approach chosen to develop the MirrorSat loads was a combination of [64 p775] and [62
p448]. Using the AAReST design reviews and component datasheets as reference sources, each system was identified and modelled as a resistor representing a constant power load. Where possible
inductive loads were included to allow some approximation of transient behaviour [62 p.446].
It was decided that the simplest method to integrate these subsystems into the MirrorSat model
would be through a network of switches. The switches were to be controlled by a switching signal;
in this way subsystem loads could be added or removed from the total load on the power supply.

5.2.2

Power consumption calculation

The power requirements for various systems on the AAReST Mirrorsat were defined early in the
project’s life cycle during collaborative meetings within the Surrey Space Centre and during conference calls with Caltech.
Extensive use was also made of datasheets and product brochures to determine system behaviours
prior to commencing the modelling process. For example, the CubeWheel subsystem of the ADCS
draws a peak power of 720 mW at startup but only 269 mW once running.
If voltage and power are known, it is possible to calculate current and therefore load resistance,
using only P = IV and V = IR [64 p775]. This method was used to calculate the load resistance of
each Mirrorsat system. Table 4 shows the systems identified along with the power supply voltages
required and their associated power consumption, current draw and representative load resistance.
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Table 4 - Load modelling details for the MirrorS at subsystems
System

Sub-System

Voltage (V)

Pow er (W)

Current (A)

Resistive Load (Ω)

Docking

Top Left EMS

5

3.25

0.65

7.692307692

Top Right EMS

5

3.25

0.65

7.692307692

Top EMS Electronics

5

0.5

0.1

50

Lw r Left EMS

5

3.25

0.65

7.692307692

Lw r Right Ems

5

3.25

0.65

7.692307692

Lw r EMS Electronics

5

0.5

0.1

50

LIDAR

Lidar

5

2.5

0.5

10

OBC

Pow er Sw itchboard

5

0.5

0.1

50

Payload I/Face Computer

3.3

4.9995

1.515

2.178217822

Payload ISL

5

0.5

0.1

50

Thruster

Thruster Ctrl

5

0.5

0.1

50

Assembly

Thruster Heater

7.4

0.999

0.135

54.81481481

Thruster Px Transducer

12

0.1248

0.0104

1153.846154

Plenum Valve

12

0.99996

0.08333

144.0057602

Nozzle Valve

12

0.99996

0.08333

144.0057602

CubeComputer

3.3

0.200013

0.06061

54.44646098

CubeControl

3.3

0.249975

0.07575

43.56435644

CubeTorquer - X

3.3

0.363

0.11

30

CubeTorquer - Y

3.3

0.363

0.11

30

CubeCoil

3.3

0.134442

0.04074

81.00147275

CubeWheel - start up

7.4

0.72000002

0.097297

76.05555344

CubeWheel - mean

7.4

0.269064

0.03636

203.520352

CubeWheel Electronics

3.3

0.33

0.1

33

ADCS

5.2.3

Building a MirrorSat Subsystem

Using the principles discussed in the previous paragraphs along with the data drawn from Table
4 and other AAReST-based projects, each of the MirrorSat’s subsystems was constructed in Simulink. A description of the process undertaken to build up the thruster pack subsystem in Simulink is
provided below as a worked example.
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Figure 34 – Block schematic diagram of the thruster pack.

Figure 34 shows a block schematic diagram of the thruster pack. This block schematic was used
to develop an understanding of the thruster pack operation; common elements identified were heaters
and nozzle valves. The plenum valve and pressure transducer were shown to be unique therefore
could be represented individually. The schematic also helped to show that the nozzle valves would
operate in isolation, with the plenum valve operating to recharge the plenum chamber between nozzle
valve operation. With this understanding, it was decided that the thruster pack model would be required to include all the heaters, but only one nozzle valve. This allowed the switching signal
generation to be greatly simplified as only two valve switching signals would need to be constructed;
one for the plenum valve, the other for the nozzle valve.
Resistance values were taken to be equal to those calculated in Table 4. Inductance values for the
Plenum and Nozzle valves were taken from manufacturer’s data. The heater coils for the thruster
pack are being constructed as part of another AAReST project using Nickel-Chromium wire with a
diameter of 0.08mm. The diameter of the coil was taken to be 4mm, equal to the diameter of the
nozzle sleeve detailed in the AAReST Design Document [5]. The length of the heater coil was taken
to be 8.93mm, equal to the length of the nozzle sleeve cut-out. At the time of writing the heater
configuration was unclear and the number of coil layers was undecided. In order to provide a reasonable approximation that could also be easily scaled to accommodate changes in the heater design, the
decision was made to model the heater as a single continuous wire wrap that encompassed the full
length of the nozzle sleeve cut-out.
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The inductance of a coil was calculated using the following equation:
𝐷
8𝐷
𝐿 ≈ 𝑁 2 𝜇0 𝜇𝑟 ( ) (ln ( ) − 2)
2
𝑑

(15)

Where: N = number of turns
µ0 = permeability of free space
µr = relative permeability of the coil’s core
D = diameter of the coil
D = diameter of the wire
The number of turns required to fill the nozzle cut-out is given by 𝑁 =
𝐿 ≈ 1112 (1.257𝑥10−6 )(1) (

8.93
0.08

= 111

4𝑥10−3
8(4𝑥10−3 )
) (ln (
) − 2) ≈ 123.6𝜇𝐻
2
0.08 𝑥 10 −3

Using the values calculated, the network shown in Figure 35 was constructed in Simulink.

Figure 35 - S imulink diagram of the Thruster pack load modelling network

Only one nozzle valve was modelled because the thruster pack operation mode will only fire one
nozzle at a time. Between each firing the plenum valve operates to replenish the plenum chamber
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pressure, this helps to keep the propulsive force generated by each firing roughly uniform. Each
heater is modelled individually as the heaters are expected to operate concurrently.
The Simulink schematics for the subsystems are shown in Appendix 1.

5.3
5.3.1

Simulation Process
Definition of orbital elements and basic assumptions

An orbit may be defined as either a six element vector [R x, Ry , Rz, Vx, Vy , Vz]T, or by the classical
elements; semi-major axis (a), eccentricity (e), inclination (i), argument of perigee (ω), right ascension of ascending node (RAAN or Ω), and true anomaly (υ) [65].
The classical elements were chosen to model the AAReST mission orbit profile. This meant that
some assumptions could be made regarding the elements’ values; the semi-major axis was set to
7171km with eccentricity equal to one therefore implying a circular orbit. Inclination was taken to
be between zero and ninety degrees with the RAAN at 180 degrees. Perturbations from the Earth
oblateness (J2), Moon and Sun gravitational influence, solar radiation pressure and atmospheric drag
were all been taken to be negligible as the time period for the orbit model was not expected to exceed
24 hours.

5.3.2

Generation of switching signals

The signals to activate subsystem switches were constructed through analysis of the MirrorSat’s
sequence of operations; prior to all other actions, the payload computer (RPi) and inter-satellite link
(ISL) would have to be active. A time period of 60 seconds was assessed to be sufficient to determine
whether these systems were operating correctly. After 60 seconds of error-free operation, the next
subsystem would be activated with another minute allowed for self-test and status reporting. Duty
cycles for subsystems such as the EMS actuators and the ADCS magnetorquers were estimated using
empirical data from previous projects and missions.

5.3.3

Modelling the orbit and manoeuvres

Creating an Excel spreadsheet with 1030 rows allowed a resolution of one second to be applied
to the switching signals over a period of about 17 minutes. A subsystem switch would be set closed
by a cell containing a one, and open by a cell containing a zero. The timeframe T = 238 to T = 249
was chosen to illustrate this as it contains examples of a number of subsystems being switched on.
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Table 5 shows this sequence of switching commands.
Table 5 - S ample set from Excel spreadsheet defining activation of MirrorS at subsystems
Time

RPi

(secs)

Compute

LIDAR

EMS

EMS Actua-

Cube Com-

Cube

Electronics

tors

puter

Control

X Torque

Y

Cube

Cube

Cube Wheel

Torque

Coil

Wheel

Control

+ ISL

Motor

238

1

1

1

0

1

1

0

0

0

0

0

239

1

1

1

0

1

1

0

0

0

0

1

240

1

1

1

0

1

1

0

0

0

0

1

241

1

1

1

1

1

1

1

0

0

1

1

242

1

1

1

1

1

1

1

1

0

1

1

243

1

1

1

1

1

1

0

1

1

1

1

244

1

1

1

1

1

1

0

0

1

1

1

245

1

1

1

1

1

1

0

0

0

1

1

246

1

1

1

1

1

1

1

0

0

1

1

247

1

1

1

1

1

1

1

1

0

1

1

248

1

1

1

1

1

1

0

1

1

1

1

249

1

1

1

1

1

1

0

0

1

1

1

From Table 5 it can be seen that the systems that are powered on at T = 238 seconds are the RPi
Compute and ISL, LIDAR, EMS Electronics, CubeComputer, and CubeControl. The EMS actuators
are activated at T=241, along with the Cube Wheel Motor. At around the same time, the X and Y
magnetorquers and Cube Coil commence a 40% duty cycle, staggered so as to spread power demand.
It will be noticed that the CubeWheelControl activates slightly before the Cube Wheel Motor; this
allows the model to simulate the extra power demand caused by the motor starting from rest.
Although the Excel spreadsheet allows switching of subsystem loads to be carried out to a precision of one second, a full simulation required those signals to take place in an appropriate section of
the orbit period. Taking T = 0 to be the instant that the MirrorSat emerges from the Earth’s shadow
and given that the full orbital period is 5855 seconds, T = 3737 represents the point at which the
MirrorSat re-enters eclipse. Time in eclipse was calculated to be 2119 seconds, with the signal file
from the Excel spreadsheet lasting a total of 1030 seconds. To create a switching signal that would
result in the chosen action taking place in the last part of the orbit, i.e. just prior to emerging from
eclipse, an array of 4825 zeroes would need to be appended to the Excel spreadsheet column.
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The easiest method to build the switching signal arrays was determined to be through Matlab and
the code sample in Figure 36 illustrates the procedure used to generate timing signals and save them
in a file format that was compatible with the Simulink software:

sunlight = zeros (1,4825)';
CubeCoil = cat(1,sunlight,CubeCoil);
CubeComputer = cat(1,sunlight,CubeComputer);
CubeControl = cat(1,sunlight,CubeControl);
CubeCoil = timeseries (CubeCoil);
CubeComputer = timeseries (CubeComputer);
CubeControl = timeseries (CubeControl);
save CubeCoil -v7.3 CubeCoil;
save CubeComputer -v7.3 CubeComputer;
save CubeControl -v7.3 CubeControl;

Figure 36 - Code sample showing the construction and generation process
for a switching signal

It should be noted that the arrays used to switch the subsystems should finish with zero. This will
ensure that the subsystem is deactivated for the remainder of the simulation run.

5.3.4
5.3.4.1

Concept of operations
Rendezvous with EMS

A flowchart for the concept of operations for rendezvous using the EMS actuators is shown in
Appendix 2. Table 6 shows the sequence of operations for the EMS actuator rendezvous manoeuvre.
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Table 6 - S equence of operations for rendezvous manoeuvre using EMS .
Label
T0

Time

Orbit

(Seconds)

Time

0

4825

Activity

Details

Pow er Sw itch Board configuration

All simulation sw itches set
open

T1

60

4885

RPi and ISL activate

T2

120

4945

LIDAR activate

T3

180

5005

EMS

electronics and

H-Bridge

driver

activate;

CubeComputer and CubeControl activate;
T4

240

5065

EMS actuators @ 100% duty

Segments detach and re-

Magnetorquers @ 40% duty

pel

CubeWheel @ 100% duty
T5

420

5245

EMS actuators @ 50% duty

T6

720

5545

EMS actuators @ 100% duty

T7

900

5725

EMS actuators @ 0% duty

EMS actuators hold at 0.5
metres
Segments return and attach

Magnetorquers @ 0% duty
CubeWheel @ 0% duty
T8

960

5785

EMS electronics and H-Bridge driver off; LIDAR off;
CubeComputer and CubeControl off

T9

1020

5845

RPi and ISL off

T10

1021

5846

Manoeuvre complete

All simulation sw itches set
open

Figure 37 shows that current and voltage outputs of the battery, as well as the current and voltage
output measured at each DC-DC converter. The plots show that the supply voltage may be expected
to fall to 7.4 Vdc during the manoeuvre. The 12 Vdc current and voltage are included for completeness although the thruster pack is not activated during the operation.
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Figure 37 – Current and Voltage plots for the EMS rendezvous manoeuvre
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5.3.4.2

Thruster recovery

The thruster recovery manoeuvre was envisioned to simulate the MirrorSat drifting out of the
effective range of the EMS actuators. In such a scenario, the only way to recover the MirrorSat would
be to use the thruster pack to manoeuvre the MirrorSat back to a position within the area of influence
of the EMS actuators so that the return and attach manoeuvres could be completed
Constructing the switching signals for a thruster recovery manoeuvre with EMS repel and attach
profiles involved amendment of the original Excel file to include activation of the Thruster Control
and Thruster Heater subsystems as well as activating the Plenum and Nozzle valves with a 50% duty
cycle. The thruster system was set to manoeuvre for sixty seconds, commencing at T = 720 and
ending the firing cycle at T=780. From this point, the thruster system would be deactivated and the
EMS actuators would complete the manoeuvre. Table 7 shows the timing detail for this manoeuvre.
Table 7 - S equence of operations for the thruster recovery manoeuvre
Label

Time

Orbit

Activity

Details
All simulation sw itches set open

(Seconds)

Time

T0

0

4825

Pow er Sw itch Board configuration

T1

60

4885

RPi and ISL activate

T2

120

4945

LIDAR activate

T3

180

5005

EMS electronics and H-Bridge driver activate;
CubeComputer and CubeControl activate;

T4

240

5065

EMS actuators @ 100% duty

Segments detach and repel

Magnetorquers @ 40% duty
CubeWheel @ 100% duty
T5

420

5245

EMS actuators @ 50% duty

T6

630

5455

Thruster control on

EMS actuators hold

Pressure Transducer on
T7

660

5485

Thruster heaters on

T8

720

5545

EMS actuators @ 100% duty

Thruster fire to return MirrorSat to

Plenum and Nozzle Valves @ 50%

EMS range
Segments return and attach

T9

780

5605

Plenum and Nozzle Valves @ 0%

T10

900

5725

EMS actuators @ 0% duty
Thruster control off
Thruster heaters off
Magnetorquers @ 0% duty
CubeWheel @ 0% duty

T11

960

5785

EMS electronics and H-Bridge driver off; LIDAR
off; CubeComputer and CubeControl off

T12

1020

5845

RPi and ISL off

T13

1021

5846

Manoeuvre complete

All simulation sw itches set open

Figure 38 shows the current and voltage outputs of the battery and DC-DC converters during the
thruster recovery manoeuvre.
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Figure 38 - Current and Voltage plots for the Thruster Recovery manoeuvre

From Figure 38 it can be seen that the activation of the +X, -X, +Y, and -Y heaters at T7 marks
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the peak load and results in the supply voltage dropping to a low of 7.34 Vdc marked by T10. Although this may not seem particularly low, by referring back to Figure 32 it can be seen that this
equates to an output of 3.67 Vdc per battery. This voltage level is achieved very close to the rapid
drop in Figure 32 that shows the battery completely exhausted. Thus, we can surmise that the thruster
recovery manoeuvre is likely to test the battery and power supply to its limits. An investigation was
carried out by altering the battery pack characteristics. The different configurations and the corresponding battery pack and individual cell voltage is shown at Table 8. Naming conventions followed
are the number of parallel strings, followed by the number of series cells.
Table 8 - Effect of different battery configurations on T10

Parallel strings

Cells in series

C_capacity

Battery voltage @ T10

Cell voltage @ T10

1p

2s

9000

7.34

3.67

2p

18000

7.42

3.71

3p

27000

7.43

3.715

4p

36000

7.44

3.72

9000

15.8

3.95

1p

4s

From Table 7 it is apparent that there are diminishing returns from adding parallel strings to the
battery configuration; the largest difference in cell voltage is seen in 2P-2S arrangement where the
final cell voltage is increased by 0.04 V compared to further increases of 0.005 V when the number
of parallel strings is increased to three and four. By contrast, adding two batteries to form a 1P-4S
arrangement improves the cell voltage at T10 to 3.95 V.

5.4

Defining the battery failure point

To determine the failure point of the battery, a scenario was developed to demonstrate the battery’s
performance under a continuous load that would simulate end of mission de-orbit activities. The
switching signals for the subsystem loads were simplified to represent the following systems operating continuously for as long the battery could support them:
•

RPi and ISL

•

CubeComputer

•

CubeControl

•

X and Y magnetorquers

•

CubeCoil

•

CubeWheel
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•

Thruster Control

•

Pressure Tranducer

•

Plenum Valve

•

Nozzle Valve

•

-Z heater

All other systems were de-selected and the simulation timespan was set to 8000 seconds.
System activations commenced at t = 60 seconds. The resulting current and voltage outputs
are shown in Figure 39.

Figure 39 - Battery performance under Thruster de-orbit load in 1P-2S configuration

As can be seen, the battery capacity is exhausted at roughly t = 6900 seconds. It should be noted
that the first 3736 seconds of the manoeuvre occur in sunlight and the battery pack is therefore supported by the solar charge function of the model. Even so, eclipse is entered at t = 3737, with
corresponding drop in voltage and rise in current resulting from increased draw on the battery model.
The simulation exits eclipse at t = 5855 with the supply voltage at 6.83 Vdc; despite input from the
charging subsystem the voltage level is unsustainable and the simulation terminates at t = 6925.
To gain further insight into the impact of different battery pack configurations the two higher
performing battery configurations (2P-2S and 1P-4S) would be compared in the same scenario. The
simulation was run once more, this time with the battery in a 2P-2S configuration as detailed in Table
8. The results of the simulation are shown in Figure 40.
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Figure 40 - Battery performance under Thruster de-orbit load in 2P-2S configuration

From Figure 40 it is apparent that the battery pack in a 2P-2S configuration displays considerably
more longevity under identical loading; the failure voltage of 6.83 Vdc is reached after 27925 seconds, representing 4.76 orbits and supporting the de-orbit operation four times longer than the 1P-2S
configuration. To complete the comparison of performance for the two selected configurations, the
battery model was re-configured to 1P-4S and the simulation run again for 32000 seconds. Figure 41
shows the results of this simulation run.

Figure 41 - Battery performance under Thruster de-orbit load in 1P-4S configuration

As can be seen from Figure 41, the 1P-4S configuration has a higher supply voltage but reaches
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failure at t = 23167, much sooner than the 2P-2S variant. This clearly demonstrates that although the
1P-4S configuration displays increased longevity when compared to the 1P-2S results, it still offers
inferior performance to the 2P-2S configuration.
The discharge simulation shows that the AAReST MirrorSat would benefit greatly from increased
battery storage. This extra storage would add a total mass of 370 grams, an increase of 170 grams.
These values are drawn directly from GomSpace datasheets and are detailed in Table 9.
Table 9 – NanoPower EPS and Battery masses

Part

Mass (g)

NanoPower P31u. With 2600mAh batteries (2 off). High Stack Connector

200

NanoPower P31u. Without batteries. Low Stack Connector

100

NanoPower BP4. 2P-2S configuration.

270

Based on the findings of this chapter, it is recommended that the AAReST MirrorSat system’s
EPS should be amended to a NanoPower P31u without batteries and a BP4 battery pack in 2P-2S
configuration.

5.5

Summary

This chapter has presented a method to interface the battery model developed in Section 0 with a
power consumption network possessing varying voltage requirements. The interface has been
achieved by use of DC-DC converters with individual electrical ground references to enhance model
stability and fidelity. The thruster pack has been described in detail, presented as an example of load
analysis and modelling. The process of building switching signals to activate satellite subsystems at
specific points in the simulated orbit has been presented, along with code examples for the generation
of files suitable for use in a Simulink model. Several case studies have been illustrated; two of which
simulate different rendezvous manoeuvres that may be expected of the AAReST mission. It has been
demonstrated that while the original battery pack envisioned for the AAReST MirrorSat is able to
support these events, the margin of success is narrow. The final set of case studies present a simulated
de-orbit manoeuvre intended to identify the battery failure point. From these case studies, the recommendation has been made that the AAReST MirrorSat battery pack should be amended to a total
of four GomSpace NanoPower 18650 battery cells connected in a 2-series, 2-parallel configuration.
This amendment will add a total of 170 grams to the AAReST MirrorSat mass budget whilst extending the battery failure point by a factor of four. The full Simulink model’s schematic is shown at
Figure 42.
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Figure 42 - The AAReS T MirrorS at full network schematic
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6 CONCLUSION
This report has discussed the challenges faced by the AAReST mission in terms of power supply
limitations, in-orbit surface and deep dielectric charging, electromagnetic interference, and electromagnetic compatibility.
An appropriate grounding strategy to protect against orbit hazards has been discussed, and a
grounding scheme to meet the requirements of this strategy has been proposed. Implementation of a
grounding scheme has been detailed with the following aims:
•

Minimising EMC by ensuring that all subsystems’ ground connections share a single common point at the EPS.

•

Minimising EMI by using twisted pair cabling for wired connections outside of the PC104
backplane, and by physical separation of digital lines within the PC104 backplane.

•

Mitigating against ESD by specifying that dielectric materials should be able to dissipate
static charge to the structure.

Methods of simulating the battery discharge process has been researched and discussed. A suitable
simulation method using MatLab-Simulink software has been selected, together with a model network derived from previous work in the field. The process followed to develop a high-fidelity
simulation of a GomSpace 18650 2.6Ah battery has been described. Additionally, a network to simulate degenerative loss of capacity due to over-discharging, and a method to simulate recharge of the
battery through solar cell arrays has been developed and integrated into the battery model.
A method to interface the battery model with a power consumption network possessing varying
voltage requirements has been identified and developed. The interface has been achieved by use of
DC-DC converters with individual electrical ground references to enhance model stability and fidelity. The AAReST mission thruster pack has been described in detail, and presented as an example of
load analysis and modelling. The remaining subsystems of the AAReST MirrorSat have been modelled in a similar manner. These subsystems can be activated by use of Simulink switch blocks which
apply the power outputs of the battery model and associated DC-DC converters to a representative
load based on electrical resistance and inductance.
The process of building switching signals to activate satellite subsystems at specific points in the
simulated orbit has been presented, along with code examples for the generation of files suitable for
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use in a Simulink model. Several case studies have been illustrated and through these studies it has
been demonstrated that while the original battery pack envisioned for the AAReST MirrorSat is able
to support the AAReST mission profiles, the margin of success is narrow. The final set of case studies
have presented a simulated de-orbit manoeuvre intended to identify the battery failure point. From
these case studies, the recommendation has been made that the AAReST MirrorSat battery pack
should be amended to a total of four GomSpace NanoPower 18650 battery cells connected in a 2series, 2-parallel configuration. This amendment will add a total of 170 grams to the AAReST MirrorSat mass budget whilst extending the battery failure point by a factor of four.

Evaluation

6.1

All the objectives listed in section 1.2 have been met with the exception of the power sharing
safety mechanism. As the project progressed it became apparent that the outcome could potentially
offer much more capability than originally envisioned. Placing a higher priority on the battery and
load network models allowed me to develop a tool that will have more applications than just the
mission it was designed to support.
•

Develop a power system model to understand the battery behaviour through all orbit conditions. The Rincón-Mora model was employed through adaption of the KnauffMcLaughlin Simulink model. This was then tuned through various parameters to match
data provided by the battery cell manufacturer.

•

Develop a system model to determine the power budget available across the orbit envelope. Through application of IEEE Recommended Practice, the satellite’s subsystems were
modelled as resistive and inductive load networks that presented a constant power load that
could be engaged and disengaged from the power supply model through the use of
switches.

•

Design a grounding scheme to define requirements for databus, power and RF systems.
The grounding scheme was developed through reference to established practice and recommendations published by major space agencies and implemented through definition of the
PC104 backplane connections to be used in construction of the satellite.

•

Determine the effects of high frequency switching in the Attitude Determination and Control System (ADCS) on the power model. High frequency switching effects were modelled
through application of 1 Hz switching signals to the ADCS load network in the system
model.

I identified early in the project lifetime that there would be many avenues to explore and whilst
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some would no doubt be of limited value, it would be necessary to keep a record of questions, answers, and problems encountered. This log has proven to be invaluable to maintaining focus on the
project goals as well as providing extremely useful reference material during meetings with my supervisor and other members of the AAReST team.

6.2

Future Work

6.2.1

Verification of the Solar Cell model

The Solar Cell model described in this report is based on the beginning-of-life figures available
from AzurSpace and GomSpace; further investigation into the degradation of these cells would enable a more realistic simulation of end-of-life behaviour. A method of simulating the effect of tumbling
on the charging profile should also be explored. This would mean a better understanding of the resilience of the battery pack under non-ideal conditions.
6.2.2

Verification of the subsystem models

It would be advantageous to verify the subsystem models; this could be achieved by measuring
current draw whilst the subsystems are operated. Obtaining accurate and realistic current profiles
would allow the subsystem model to be refined further, achieving better power consumption accuracy. This would include amending the resistance and inductance values for the thruster pack’s
heaters.
6.2.3

Adaption of the full model to include CoreSat

It will be possible to extend and adapt the MirrorSat model to simulate the CoreSat, including the
scientific payload. Adding two MirrorSat models as described in this report, along with properly
sequenced switches and switching signals, will allow the entire satellite to be simulated through relevant manoeuvres and scenarios. This would provide a better understanding of the limitations of the
satellite configurations, especially where those configurations are expected to mask solar arrays.
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APPENDIX 1

Resistor and inductor network developed to model the ADCS load and behaviour.

Resistor and inductor network developed to simulate the payload switchboard, LIDAR, Raspberry
Pi payload computer, and inter-satellite link.
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Resistor and inductor network developed to model the electromagnetic docking system load.
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Resistance and inductor network developed to simulate the thruster pack load and behaviour.
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APPENDIX 2

Flowchart detailing system activation sequence for rendezvous manoeuvre using electromagnetic
docking system.
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