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1. Introduction 
 

1.1 ExoMars 2016 Overview 
 
1.1.1 ExoMars Program Vision 
 
The purpose of the ExoMars program is to help answer one of the outstanding scientific 
questions in this day and age: whether or not life has ever existed on Mars. The program consists 
of two missions, the first of which (ExoMars 2016) is the focus of this design review. Overall, 
the program hopes to search for signs that life has existed on Mars and to investigate the Martian 
environment for biosignatures of life. 
 
The 2016 mission consisted of the Trace Gas Orbiter (TGO), and the Schiaparelli Entry, 
Descent, and Landing Demonstrator Module. The purpose of the TGO is to investigation the 
atmosphere of Mars for trace gases of biological significance, such as methane, and to identify 
the sources of these trace gases. The Schiaparelli EDM’s main purpose was to perform a 
controlled landing of a payload on the surface of Mars, in preparation for the next installment of 
the ExoMars program in 2020. 

 
Figure 1.1.1:  This illustration shows the overview of the 2016 ExoMars spacecraft.[2] 

 
Aboard the TGO are several scientific instruments. The Nadir and Occultation for Mars 
Discovery (NOMAD) is a highly-sensitive spectrometer used to investigate atmospheric 
composition. The Atmospheric Chemistry Suite (ACS) is a Fourier infrared spectrometer, 
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functioning as an atmospheric chemical analyzer. Together, NOMAD and ACS provide a 
spectral view of the atmospheric processes on Mars. The Color and Stereo Surface Imaging 
System (CaSSIS) is a high-resolution camera for characterizing the elevations of the Martian 
surface, in addition to acting as a tool for choosing future landing sites. The Fine-Resolution 
Epithermal Neutron Detector (FREND) is a neutron detector that also functions as a dosimeter, a 
device that measures the radiation dose at the TGO’s orbit. The Schiaparelli also carried 
scientific payload, called the Dust Characterization, Risk Assessment, and Environment 
Analyzer on the Martian Surface package (DREAMS) [16].  
 

 
Figure 1.1.2: This illustration shows how the TGO is able to detect trace gases [5]. 

 

1.1.2 Timeline of Events 
 
The TGO and Schiaparelli EDM were launched in a composite configuration on March 14th, 
2016. Later that year on October 16th, the two separated and the TGO performed a Mars 
avoidance manoeuvre on the following day. On October 19th, the TGO was inserted into orbit 
around Mars. The Schiaparelli EDM crashed on the surface of Mars on the same day, preventing 
its planned science operations. Since then, the TGO has had several science opportunities and 
changed its orbit several times before settling into its current 400 km circular orbit. The TGO’s 
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science operations lasted from March 2018 to December 2019, and since then it has acted as a 
data relay for NASA landers on Mars in March 2018 and is planned to act as a data relay for the 
future ExoMars mission in 2021. The end of the TGO mission is planned for December 2022. 
 
1.1.3 Spacecraft and Launch Vehicle Specifications 
 
The TGO and Schiaparelli EDM were launched from Baikonur Cosmodrome in Kazakhstan on a 
Proton-M/Briz-M launch vehicle. The launch mass was 4332 kg, with 113.8 kg being science 
payload mass and 577 kg being the Schiaparelli. Propulsion onboard the TGO is bipropellant 
with 424 N main engine for Mars orbit insertion and major maneuvers. The TGO is 3.2 m x 2 m 
x 2 m, with its solar wings spanning 17.5 meters tip-to-tip providing about 2000 watts of power. 
The Schiaparelli EDM was 2.4 meters in diameter and 1.8 meters in height [20]. 
 

1.2 ExoMars 2016 Mission Stakeholders and Requirements 
 
The two stakeholders of the ExoMars program are the European Space Agency (ESA) and the 
Russian Federal Space Agency (Roscosmos). The customers are European Union, Russia, as 
well as the scientific community and humanity at large. The requirements have two parts. The 
scientific requirements are to target the questions of past and present life on Mars, investigating 
the presence of water and the geochemical environment as well as atmospheric trace gases and 
their sources. The technological requirement is the safe landing of a payload on Mars. There are 
various benefits brought by the mission. To ESA, this mission specifically benefits the Aurora 
Exploration Program, which aims to explore Solar System Objects that have a high potential for 
the emergence of life. To Roscosmos, the mission benefits the Russian Academy of Sciences’ 
Russian Federal Space Program. [17] 
 

1.3 Mission Objectives 
 
1.3.1 Trace Gas Orbiter 
 
The TGO has several mission objectives. It is primarily observing the atmosphere of Mars for 
trace gases of biological significance, such as methane, and their sources. It will also act as a data 
relay for the future ExoMars rover mission. This meets the broader objective of searching for 
potential biosignatures of life on Mars that existed in the past. Additionally, the TGO has 
scientific payload onboard that will allow it to characterize the water and geochemical 
environment as a function of depth. 
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1.3.2 Schiaparelli EDM 
 
The Schiaparelli EDM’s primary mission objective was to land a payload successfully on the 
surface of Mars (entry, descent, and landing). This was partially to demonstrate the European 
Space Agency’s capabilities for future missions to Mars. Additionally, the EDM had limited 
scientific instruments onboard to study the surface of Mars. 
 

 
Figure 1.3.1: This illustration shows the landing sequence of the Schiaparelli lander. [3] 

 

1.4 Concept of Operations 
 
1.4.1 Space Segment  
 
After launch, the TGO and EDM enter the commissioning and cruise phase, with nearly 500 
million kilometers left to travel to get to Mars. The journey starts with early operations, which is 
injection into escape trajectory. Following is the interplanetary cruise, composed by the first, 
second, and third trajectory correction manoeuvres (TCMs) and deep space manoeuver (DSM). 
Then it comes to the Mars approach, composed by EDM pre-separation checkout, fourth and 
fifth trajectory correction manoeuvres (TCMs), and TGO-EDM separation. About 12 hours after 
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Schiaparelli separates, TGO conducts an ‘orbit raising manoeuvre’ to raise its trajectory to 
several hundred kilometres above the planet. Three days after separation, TGO and Schiaparelli 
each undergoes different phases. Continuing on its post-separation ballistic orbit, Schiaparelli is 
at an altitude of 122.5 km and a speed of about 21000 km/h. Aerodynamic heat-shield protects 
Schiaparelli from the severe heat flux and decelerates. At an altitude of about 11 km, the 12 
meter diameter parachute is deployed. Schiaparelli releases front heat-shield at an altitude of 
about 7 km and turns on Doppler radar altimeter. Rear heat-shield and parachute are jettisoned 
1.3 km above the surface. Propulsion system activates and slows it from 270 km/h to 7 km/h. At 
that height, the thrusters are switched off and Schiaparelli free-falls to the ground. Schiaparelli 
targets a landing site on the plain known as Meridiani Planum. After touchdown, the EDM is set 
to initiate the surface payload, the DREAMS (Dust Characterisation, Risk Assessment, and 
Environment Analyser on the Martian Surface) package. The DREAMS measures the wind 
speed and direction (MetWind), humidity (DREAMS-H), pressure (DREAMS-P), atmospheric 
temperature close to the surface (MarsTem), the transparency of the atmosphere (Solar 
Irradiance Sensor, SIS), and atmospheric electrification (Atmospheric Radiation and Electricity 
Sensor MicroARES). EDM finishes its mission in 8 Mars day. On the same day of 
entry-descend-land, TGO carries out two critical activities. First, it uses its radio system to 
record signals from Schiaparelli during descent. This information is stored onboard and is later 
transmitted to Earth. Second, it conducts a critical engine burn using 424 N main engine for the 
Mars Orbit Insertion (MOI) manoeuvre. It slows TGO by 1550 m/s, which is sufficient to be 
captured into an initial Mars orbit. Initial orbit is a highly elliptical orbit that takes four martian 
days to complete one revolution. The distance from the planet’s surface varies from about 300 
km to 96000 km. Aerobraking manoeuvres between January 2017 and November 2017 bring the 
orbiter into a circular orbit at 400 km above the martian surface. Science operations begin in 
December 2017. The Orbiter performs detailed, remote observations of the Martian atmosphere, 
searching for evidence of gases of possible biological importance, such as methane and its 
degradation products. The instruments onboard the Orbiter carry out a variety of measurements 
to investigate the location and nature of sources that produce these gases. The scientific mission 
is expected to run for five years. The Trace Gas Orbiter is also used to relay data for the 2020 
rover mission of the ExoMars programme and until the end of 2022. 
 
1.4.2 Ground Segment  
 
After launch, contacts between mission controllers and ExoMars/TGO are maintained by the 
Italian space agency’s 2 meter dish antenna at Malindi, Kenya, and by ESA’s 15 meter stations at 
Maspalomas, Spain, and Kourou, French Guiana. Primary communication services for ExoMars 
are provided by ESA’s tracking station network, Estrack, a global system of ground stations 
providing links between satellites in orbit and mission control at ESOC, Darmstadt, Germany. 
The core Estrack network comprises nine stations in seven countries. As the spacecraft goes into 

9 



deep space to Mars, tracking and telecommanding duties are handed over to ESA’s ‘Big Iron’ – 
the 35 meter diameter deep space tracking stations at Malargüe, Argentina, and New Norcia, 
Australia. These two stations can provide 24 hr/day communication coverage, so long as the 
spacecraft is visible from the southern hemisphere [18]. 
 

1.5 Subsystems 
 
1.5.1 Trace Gas Orbiter 
 
Figure 5 shows a flowchart of the Trace Gas Orbiter subsystems. It consists of four main parts: 
the propulsion system, avionics system, power system, and the scientific payloads. The 
propulsion system uses a 424 N Bi-propellant main engine to keep the TGO in Mars’ orbit. The 
TGO is a 3-axis controlled design with a hydrazine and oxidizer propulsion system, this includes 
a 400N engine and twenty 10 N ACS thrusters. The TGO also possesses 20 N-m-s reactions 
wheels for more precise attitude.[19] 
The avionics system consists of a high-gain antenna and 3 low-gain antennas for communication 
with Earth and uses Electra UHF band transceivers to communicate with Schiaparelli, EDM. To 
study the atmosphere of Mars, TGO uses four different types of scientific instruments: NOMAD, 
FREND, ACS, and CaSSIS. NOMAD and ACS are spectrometers that investigate the Martian 
atmosphere for trace gases. CaSSIS is a high-resolution camera for obtaining elevation models of 
Mars, and will later inform the decision on where to land for the future ExoMars missions. 
FREND is a neutron detector designed to detect hydrogen as deep as 1 meter into the Martian 
surface. As for the power system, TGO uses two solar wings and two Lithium-ion batteries to 
generate and store energy.  
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Figure 1.5.1: Subsystems breakdown of the Trace Gas Orbiter (TGO).  

 

1.5.2 Schiaparelli EDM 
 
Schiaparelli lander has six subsystems which are shown in Figure 6 below. The subsystems 
consist of the external structure, thermal protection systems, avionics systems, power systems, 
landing systems, and scientific payloads. The EDM external structure skin is made from an 
aluminum with carbon fiber reinforced polymer; while, its thermal protection systems consist of 
two heat shields that is coated with ablative materials. As for the avionics systems, it contains 
UHF systems to communicate with TGO, and for the guidance, navigation and control, it has a 
radar doppler, multiple sun sensors, an inertial measurement unit, and a descent camera. For the 
landing systems, it uses a mortar deployed parachute, a crushable landing structure, and 
propulsion system with three clusters of three hydrazine pulse engines. To study the surface of 
Mars, EDM has a main scientific component, DREAMS, which consists of six different 
instruments: MetWind measures the wind speed and direction, MicroARES measures 
Atmospheric charging by providing the first measurements of electric fields on the surface of 
Mars, DREAMS-P use measures pressure, DREAMS-H sense the humidity, MarsTem measure 
atmospheric temperature close to the surface, and SIS measures the transparency of the 
atmosphere. These instruments were designed to collect meteorological data after landing and 
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make measurements of atmospheric static electricity. Both subsystems breakdown for TGO and 
EDM were gathered from reference [20].   
 

 

 
Figure 1.5.2: Subsystems breakdown of the Schiaparelli -Entry, Descent, and Landing Demonstrator Module 

(EDM).  
 

2. Background 
 
Addressing the goal, if life ever existed on Mars, the European Space Agency (ESA) and 
Roscosmos established the Exomars programme to analyze the Martian environment and pave 
the way for a future sample return mission of Exomars in 2020. Despite previous programmes 
from NASA and ESA having sent missions to Mars, no agency has determined the existence of 
life on the red planet. The Exomars programme contained two missions: the Trace Gas Orbiter 
(TGO) and the Entry, Descent and landing demonstrator Module. The mission requirements of 
the TGO and the EDM resemble previous programmes sent to Mars that studied and analyzed 
the Martian environment, such as the 2003 Mars Express and the Beagle 2 Lander; however, one 
distinguishing aspect of the Exomars programme was to establish the groundwork for the third 
part of the Exomars mission: landing the Rosalind Franklin Rover in 2020 which will have a drill 
capable of penetrating the Martian surface by 2 meters equipped [21].  
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2.1 Similar Spacecraft 
 
2.1.1 Trace Gas Orbiter 
 
Many satellites were already in orbit around Mars before the Trace Gas Orbiter arrived. 2001 
Mars Odyssey was a satellite launched in 2001, similar in purpose to the TGO. It was developed 
by NASA to investigate the potential presence of water ice, radiation, and geology. Similar to the 
TGO’s function for the 2020 ExoMars mission, Odyssey currently acts as a communications 
relay for several other spacecraft. The European Space Agency’s Mars Express also performed 
functions to characterize the Martian surface and atmosphere. 
 
2.1.2 Schiaparelli EDM 
 
In 2003, ESA led a program consisting of two parts, the Mars Express orbiter and the Beagle 2 
lander similar to the Exomars program. Mars Express was responsible for global resolution 
photogeology with 10 meter resolution (with select areas of higher resolution of 2 meters per 
pixel), global atmospheric circulation characterisation, high-resolution mapping of the 
atmospheric compositions, and subsurface structure characterisation at kilometer scale down to 
the permafrost. The Beagle 2 would have been responsible for surface geochemistry and 
exobiology analysis, but ESA lost contact with Beagle 2 during the expected time of landing, and 
it was later discovered that two of its four solar panels did not deploy. However, the emphasis of 
the Schiaparelli lander was different than that of the Beagle: it was focusing more on the 
successful entry, descent, and landing of the spacecraft rather than astrobiology, which was the 
focus of the Beagle 2. Another similar spacecraft was the Phoenix lander, designed to investigate 
the habitability of the surrounding area and the historical presence of water. As with the Beagle 
2, the Schiaparelli’s focus was different than that of the Phoenix lander [5].  
 

2.2 ExoMars 2016 Innovations 
 
The following objective of characterizing Mars and its environment still remains; however, with 
increasing missions over time, the distinctions of programmes like the Mars Express and 
Exomars will be that of improving the carried scientific payloads specs and advancing the 
potential types of analysis of Mars. The TGO retains more advanced payloads building upon the 
Mars Express mission requirements, such as the TGO is able to detect water ice deposits below 
the Martian surface, and the TGO is also capable of defining the ratio of gases within the Martian 
atmosphere. The most important aspect of the Exomars program is to prepare for the rover 
expected to launch in 2020, which if capable of fulfilling its requirements, it will be the first 
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rover to analyze the Martian surface underground soil deposit. The TGO’s instruments were also 
able to detect trace gases at a sensitivities of parts-per-billion (ppb). 
The main difference between the Schiaparelli lander and other Martian landers of the past is that 
the Schiaparelli was focusing on simply executing a successful entry, descent, and landing 
sequence. The European Space Agency was hoping to prove their capabilities of achieving a 
successful soft landing in preparation for future iterations of the ExoMars program, which 
involves landing a rover on the surface of the planet. Though the Schiaparelli lander did indeed 
have some scientific instruments, it was unique simply in the sense that it’s main focus was to 
land successfully on the surface of the planet. However, one other unique feature of its scientific 
payload was the ability to measure the atmospheric electricity on Mars, which would have been a 
first for any Mars spacecraft. 
 

3. Modifications to Design 
 

3.1 Functional Hierarchy Diagram, Analysis/Modification 
Requirements 

 
Figure 3.1.1: Functional Hierarchy diagram for EDM.  

 
The subsystems being modified are primarily the power systems as well as the GNC subsystem. 
However, our analyses only covered the power systems requirements because the software fix 
for the issues in the GNC does not warrant any analysis; rather, it would be taken care of with 
some minor changes to the code. We deemed it was important to cover this because of that fact 
that the Schiaparelli EDM crashed, and this report would be incomplete without addressing it, 
however minor it is. 
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The requirements for the modification to the power systems are, on the whole, concerning the 
mission life of the lander. It was originally designed to only survive a few days on the surface of 
the planet due to it having no way of recharging its batteries. We modified the lifetime 
requirement of the lander to make it last an entire Martian year rather than just a few sols; thus, 
the new requirement for this modified subsystem is that the mission life of the lander be 
equivalent to a Martian year.  
 
The requirements chosen for the analysis are more specific, but are designed to meet the ultimate 
goal of extending the mission life. The power analysis aims to meet a certain power margin in 
order to ensure that the batteries can be recharged regularly and the electronics onboard can 
continue to function. For the first minor analysis regarding the solar array design, it aims to 
select a design that best meets these power requirements while also satisfying limitations due to 
mass and volume, as well as considering vibratory loads present at launch and on the surface of 
Mars. Lastly, the second minor analysis which is concerning the influence of adding the solar 
array on the lander and TGO/EDM configuration, it aims to meet various requirements for mass 
and volume as well in addition to stability considerations. A certain maximum volume and mass 
percentage increase is specified which is not to be exceeded, as well as maximum longitudinal 
variations. 
 

3.2 Rationale for Chosen Requirements, Potential Benefits 
and Downsides 
 
The requirement of extending the mission life has the benefit of allowing more scientific 
observations to be made, something that is invaluable in its contributions to the ongoing 
investigation of the Martian environment in preparation for future missions to Mars. In other 
words, allowing for the lander to operate for a Martian year rather than a few days simply has 
added benefit of more time for collecting data which could be immensely helpful for the 
scientific community and humanity at large. 
 
The downsides of this new requirement are that obviously, adding an entire new subsystem 
requirement may impact other subsystems significantly, requiring changes throughout the entire 
lander itself. Additionally, cost may become a major issue, as adding a system like a deployable 
solar array is no easy feat, requiring extensive testing to ensure that it will function as intended. 
 
Though the software sanity check implementation will not be included in any analysis, as 
mentioned before we found it vital to address it regardless. Implementing a software sanity check 
that monitors the communication between the Inertial Measurement Unit (IMU) and the Radar 
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Doppler Altimeter (RDA) is the requirement for this modification. The Sanity Check will focus 
on the attitude, altitude’s magnitude and change over time, and the vertical acceleration 
(comparing with the Martian gravity). The Sanity Check will remain on standby in parallel 
(thereby not overcomplicating the system), analyzing the receiving data, for if the readings of the 
IMU or the RDA become unreliable. Exomars’ main flaw resided in the communication of the 
received information, and the internal systems inability to respond to the inaccurate readings; 
however, despite the inertial measurement requiring a higher saturation limit, modeling the exact 
effects of the IMU reading when entering the Martian atmosphere and deploying the parachute is 
not feasible nor does the Avionics Test Bench simulator stimulate the IMU navigation function. 
 
The implementation of the sanity check is pivotal to the success of the EDM, thus it remains 
crucial for the GNC software to be modified. However, due to the non-feasibility of producing a 
quantitative analysis for the response and reaction between the IMU and the RDA in the Martian 
environment due to the unpredictable combination of the Martian atmosphere’s low pressure, 
supersonic orbit, and the expected turbulence when the EDM deploys its parachute [22].  
 
Therefore, a deployable solar array is proposed for the Exomars Schiaparelli lander to extend the 
mission life from 7-8 Sols to 1 Martian year 
 

3.3 Modified Subsystem Requirements 
 

● The power system shall implement a solar array system which meets the power 
requirements of the lander with a 25% power margin taken into consideration. 

● The selected solar array design shall have natural frequencies in the 5 to 7 hertz range, for 
the first five modes. 

● The mass and volume increase as a result of the implemented solar array design shall not 
exceed 10%. 

● For stability, longitudinal variation shall not exceed 12.5° [23]. 
 

4. Analyses 
 

4.1 Major Analysis: Power 
 
4.1.1 Goals of Analysis 
 
One of the main analysis in adding a new electric power source in any space system is to 
determine the required parameters of the Electrical Power System (EPS). The goals of this 
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analysis are to size the EPS to meet the demands of the new mission life for the EDM. For this 
case, the main objective is to determine the size of the solar array to meet the power production 
at the end-of-life (EOL). Most important factors that will influence the size of the solar array are 
the demands for average power consumption, peak power consumption, mission life, and the 
degradation of the solar cells over time [8]. In addition to the power source, an energy storage 
system must be implemented to accounts for the varying power generation that may be a result of 
the Martian atmosphere, weather, and general environment. Next, the power regulation and 
control systems play an important part of the EPS, due to the fact that many of electrical 
instruments that are onboard the EDM require a voltage at various level than the provided 
voltage source [8]. Lastly, adding a new power source has an effect of adding additional heat to 
the system; thus, an analysis of the dissipated heat due to the new power source and energy 
storage system will be investigated to ensure that all other electronics’ thermal requirements are 
met.  
 
There are five sections of this analysis: power generation and sources, power energy storage, 
power regulation and control, power regulators, and power distribution and heat dissipation. The 
analysis will start with determining the solar array size for the power generation. Next will 
determine the power energy storage capacity, and then, will determine the optimum power 
regulation and control system as well as implementing the regulator. Lastly, the analysis of heat 
dissipation will be investigated. 
 
4.1.2 Assumptions, Principles, and Methods 
 
4.1.2.1 Power Generation and Sources  
 
In determining the solar array size for the extended mission life, the initial step is to determine 
the required solar array power output. This is the amount of power that the solar array must be 
able to generate to meet the power consumption of the EDM during day cycles. 25 percent power 
margin was take into account during the calculation of the required solar array power output. The 
25 percent power margin was chosen to allow for a conservative design and to meet the standard 
fitting factor for spacecraft. The power requirement power consumption for day and night cycles 
was assumed to be 77 Watts. This value was obtained from a simulated discharge profile for the 
EDM (see Appendix A), which was conducted by the ESA [9]. After determining the required 
solar array power output, the next step is to estimate the power produced by the solar cell. For a 
satellite orbiting Earth the estimated power output is simply a multiplication of the solar cell 
efficiency and the solar constant. However, since Schiaparelli is on the surface of Mars, there are 
other factors that will determine how much available solar energy or solar irradiance is present at 
the surface. The factors that will be considered are the distance between Mars and the sun, the 
opacity on Martian surface, which is affected by the seasons on Mars, and the scattering of light 
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due to the atmosphere, which will be accounted with the diffuse irradiance. This analysis will 
simulate an entire Martian year to find the maximum available solar irradiance at the surface, 
which will then be used in the calculation of the power production at beginning-of-life (BOL). In 
calculating the power production at BOL, the worst case scenario will be used, which is a factor 
of the sun incidence angle. After calculating the power production at BOL, the lifetime 
degradation of the solar cell must be investigated to estimate the power production at EOL. The 
main factors that will determine the lifetime degradation is the degradation due to radiation and 
the degradation due to dust accumulation over time. A value of 0.028 % degradation per sol was 
used for the dust accumulation, this value was obtained from a paper done by NASA [7] . 
Finally, after with the estimated lifetime degradation of the solar cell, the power production at 
EOL can be calculated and then the area of the solar array.  
 
4.1.2.2 Power Energy Storage 
 
To size the power energy storage for the EDM, a trade study was conducted comparing different 
battery types. This study took a look multiple specifications of Nickel-Cadmium, 
Nickel-Hydrogen, and Lithium-Ion battery, mainly at energy density, energy efficiency, and the 
depth-of-discharge. After selecting the battery type, the capacity was calculated by taking into 
account for the power required at night cycles, depth-of-discharge, and the number of batteries 
that will be used.  
 
4.1.2.3 Power Regulation and Control 
 
To prevent the battery from overcharging and producing undesired heating, a system which 
regulates the power that is coming from the solar array must be implemented. To determine 
which power regulation and control system was best, a trade study was conducted between the 
peak-power tracker (PPT) and a direct-energy-transfer (DET) systems. The difference between 
the two systems is that a DET system transfer the power from the array directly to the power bus 
of EPS. To do this, the power bus and the solar array must function with the same voltage. This 
puts a disadvantage on the DET system, where the solar array cannot operate at its peak power 
generation unless the battery is fully charged. Whereas, in a PPT system, the solar array and the 
power bus can operate at different voltages [8]. However, the disadvantages of a PPT system are 
that it weighs more, costs more, and overall more complex than DET [8].  
 
4.1.2.4 Power Regulators  
 
After determining the power regulation and control system, the next thing is to implement the 
regulator. Again, a trade study was conducted between linear regulators and switch-mode 
regulators. A linear regulator regulates the specific power load by simply bleeding off excess 
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energy, which produces heat. Whereas, a switch-mode regulator uses variety of multiple 
electronic components such as semiconductors, transformer, inductors, etc. to conserve energy.  
 
4.1.2.5 Power Distribution and Heat Dissipation  
 
Supplying the EDM bus with power inadvertently creates joule heating and this power dissipates 
as heat. This analysis on power dissipated from heat will follow the relationship of joule heating. 

P = i2 * R     (1) 
After determining the power dissipated from heat, the consecutive step in the heat analysis would 
be to calculate the increase in temperature of the electronics. The wires powering these system 
are 12 gage copper wires, that have a wire particular wire resistance. When the wire resistance 
(w) and the maximum allowable resistance are determined, the length of the wire and then the 
mass of the wire will be determined.  

mwire = R/ w * rhowire     (2) 
Copper possesses a specific heat (c); the temperature increase and its relationship with specific 
heat, wire mass, power and time can be expressed as: 

T = P * t /(mwire* c)      (3) 
Finally, the actual power from the EPS the total battery capacitance (C) at the EDM’s disposal is 
the power produced by all the batteries accounting for the dissipated power, then comparing this 
power with the power required by the EDM’s systems to check for sufficient power (particularly 
at night because power is only being used, not stored).  
 
4.1.3 Math, Models, and Code 
 
4.1.3.1 Power Generation and Sources  
 
All the calculation was done in MATLAB, see Appendix B. The eqn. 4 was used to calculate the 
required solar array power output. Where is the required power consumption during a nightP e  
cycle, is the required power consumption during a day cycle, is the night time duration,P d T e  

is the day time duration, is the efficiency of the paths from the solar arrays through theT d Xe  
batteries to the loads, and is the efficiency path directly from the arrays to the loads [8].Xd  
 

)/TP sa = ( Xe

P Te e + Xd

P Td d
d  

 
(4) 

 
Equation 5 represent the solar irradiance in Mars orbit. Where is the solar constant,  is theS r  
distance between Mars and the sun, e is the eccentricity of Mars, and is the areocentricLs  
longitude [9].  
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 Gob = S
r2 (1 − e )2 2

[1+e cos(L  − 248 )]s
o 2

 
(5) 

Equation 6 represent the solar irradiance at Mars surface. Where z is the sun incidence angle, the 
function is a flux function of the sun incidence angle and the optical depth  [9].(z, τ )  f  ,τ   

 cos z Gh = Gob *  0.9
f (z, τ )  (6) 

The power production at BOL was calculated using eqn. 7. Where is the power output fromP o  
the solar array, which is the product of the solar irradiance at Mars surface and the solar array 
efficiency. represent the inherent degradation of the solar cell, and is referred as cosineId osθ  c  
loss, where is the sun incidence angle [8].θ   

 I  cosθ  P BOL = P o d  (7) 

Equation 8 is the lifetime degradation of the solar cell, where D is the degradation percentage 
and L is the duration is year [8]. 

1 )  Ld = ( − D L  (8) 

Finally the power production at EOL can be calculated using eqn. 9 and the solar array size using 
eqn. 10 [8]. 

L  P EOL = P BOL d  (9) 

 

Asa = P sa
P EOL

 (10) 

 
4.1.3.2 Power Energy Storage 
 
Equation 11 was used in the calculation of the battery capacity. Where DOD represent 
depth-of-discharge, N represent the number of batteries, and n is the battery efficiency [8].  
 

 (P  T /(DOD)Nn)  C =  e e  
(11) 
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4.1.3.3 Power Regulation and Control 
 
Figure 4.1.1 show a few examples of the power regulation and control systems for PPT and DET 
systems. The left examples are the PPT system and the right examples are the DET system.  

 
Figure 4.1.1: Examples of power regulation and control systems [8]. 

 
4.1.3.5 Power Distribution and Heat Dissipation  
 
Below are the parameters for the heat dissipation, as shown in Table 1, calculated with equation 
1. 
 
Table 1. Circuit parameters and calculated power 

 ipeak (Current) Rint (Resistance) P (Power) 

Parameters of Heat 
Dissipation 

2.5 A 0.276 Ω 1.725 W 
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Below are the properties of 12 gage copper wire, and the resultant mass of the wire, and the 
temperature increase using equations 2 and 3. 

 w (Wire Resistance) rho wire (wire density) c (Specific Heat) 

Properties of 12 Gage 
Copper Wire 

0.001588 [Ω/ft] 0.0489 [lb/ft] 0.385 [J*K/g] 

 
mwire = R/ w * rho wire = (0.276 Ω)/(0.001588 [Ω/ft])*(0.0489 [lb/ft]) 

Mwire = 3855.54 [g] 
 

T = P * t /(mwire* c) = (1.725 W)*(3600s)/[(3855.54 g)*(0.385 J*K/g)] 
T = 4.184 [K] 

 
 
4.1.4 Results 
 
The following graph shows the required solar array power output. It was simulated using the 
areocentric longitude for the entire Martian year. The result of the maximum required solarLs  
array power output is 281.1 . This value will be use in the calculation for the solar arrayW ][  
size.  

 
Figure 4.1.2: The required solar power output for a Martian year.  

 
Figure 4.1.3. is a plot of the solar irradiance at Mars orbit. From this graph, the maximum and 
the minimum solar irradiance at orbit was taken to calculate the solar irradiance at surface.  
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Figure 4.1.3: The solar irradiance in Mars orbit for a Martian year.  

Figure 4.1.4. is a plot of the solar irradiance at the surface of Mars. This plot was generated for a 
single day. There are two curves in the plot. The top curve, in blue, was generated using the 
maximum solar irradiance at orbit; whereas, the bottom curve, in orange, was generated using 
the minimum solar irradiance at orbit. The graph shows a result of 583.5  for theW /m ][ 2  
maximum solar irradiance at surface. This value was used to calculate the solar power output, 

.P o   

 
Figure 4.1.4: The solar irradiance in Mars orbit for a single day, (sunrise to sunset). 

The following table shows the results for power generation and sources analysis. Three different 
type of solar cells were investigated. From the results, a triple junction solar cell had the least 
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solar array area of 2.709 which means less mass; therefore, this type of solar cell wasm ][ 2  
selected for the design.  
 
Table 2. Results from the power generation and sources analysis for Silicon, Gallium Arsenide, 

and triple junction solar cells.  

Cell Type: Si GaAs ZTJ Units 

 P sa  281.1 281.1 281.1 W ]  [  

 P o  86.4 107.9 175.0 ][ W
m2  

 P BOL  63.4 79.2 128.4 ][ W
m2  

 P EOL  47.7 61.0 103.7 ][ W
m2  

 Asa  5.888 4.609 2.709 m ]  [ 2  

 r  0.968 0.856 0.656 m]  [  

 
 
Table 3 is the conducted trade study between three different types of battery. Li-ion was selected 
for having higher energy density, and efficiency compared to Nickel-Cadmium and 
Nickel-Hydrogen. In addition, having a higher energy density will result in less weight when 
sizing the battery.  
 

Table 3. Trade Study between different types of battery [8]. 

Battery Type: Ni-Cd Ni-H2 Li-Ion 

Energy Density (W-hr/kg) 30 60 125 

Energy Efficiency (%) 72 70 98 

Temperature Range (oC) 0 to 40 -20 to 30 10 to 25 

Self Discharge (% per day) 1 10 0.3 
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Table 4 shows the results of the battery capacity calculations. The battery capacity need to meet 
the EDM power load in the absence of the sun is 2569.319 [W-hr] or 74.47 [A-hr]. Replacing the 
original primary battery with the new secondary battery, there is an increase in mass of 3.44 [kg].  
 

Table 4. Results for the required battery capacity.  

Battery Type: Li-Ion 

Total Battery Capacity [W-hr] 2569.319 

Battery Capacity [A-hr]  74.47 

Increased in Weight [kg] 3.44 

Increased in Weight [lbs] 7.59 

 
 

For the power regulation and control analysis, a DET system was chosen over PPT because of 
less weight, less complexity, and less cost. As for the regulator type, the switch-mode regulators 
were selected compared to the linear regulators for having more efficiency, which means less 
voltage drop across the path from the battery to the instruments. In addition, switch-mode 
regulators dissipate less heat than the linear regulators. From the heat dissipation calculations, an 
increase of 4.18 oC have very little effect on the ESP of the EDM. In conclusion, the estimated 
solar array size of 2.709 [ ] and the battery capacity of 74.47  seems to be reasonable,m2 A hr]  [  
when compared to other landers. The estimated size of the array is smaller than other landers, 
this may due to the difference in the required power consumption. The main weakness of the 
power analysis is that in calculating the solar irradiance at the surface, it was taking the average 
throughout the Martian year. It was not calculated for each individual day and thus cannot 
account for events such as global and local dust storms.  
 
Now that the total battery capacitance has been determined as 2569.319 [W* h] and the heat 
dissipation as 1.725 [W* h], the actual power at the EDM’s disposal is the difference of the 
battery capacitance minus the power dissipation. An important quantity to compare the actual 
battery capacitance is the total power consumption the EDM consumes in a night (77 [W*h] * 
12.3 [h] ) = 947.1 [W* h]. Thus, because the actual battery capacitance exceeds the power 
required to withstand a night cycle, the solar panel array model suggest it is feasible in the 
respect of power output and self-sufficient power. 
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4.1.5 Discussion of Importance of Results 
 
The importance of the results suggest that we can move forward in the process of adding the 
solar array, which can provide the required power to extend the life of the EDM for a Martian 
year. In addition, having the estimated array size, allow for further analysis such as the mass 
calculation and the design of the solar array.  
 

4.2 Minor Analysis I: Deployable Array Design 
 
4.2.1 Goals of Analysis 
 
This analysis aims to ensure that the best possible solar array design is selected to suit the 
requirements of the ExoMars Schiaparelli Lander. These requirements are set by the conditions 
of launch from Earth, as well as the entry, descent, and landing involving the scientific 
operations once on the surface of Mars. Currently in spacecraft design, there are four main types 
of solar array technologies in use, and many factors need to be taken into consideration to meet 
the requirements (discussed further in the report) [14]. Additionally, this analysis will examine 
the structural properties of the chosen array type to avoid resonance vibrations during launch, 
entering the Martian atmosphere, or applied wind loads in order to avoid fracture; the effects of 
thermal cycling will also be briefly discussed. 
 
4.2.2 Assumptions, Principles, and Methods 
 
A trade study must be done to select the best possible array design concept. The first step is to 
identify the goals and objectives of the array and the desired characteristics. The goals, as 
mentioned above, are to firstly ensure that the best design concept is chosen to meet the mission 
requirements of the Schiaparelli and to also determine the modal shapes and natural frequencies 
of the chosen array. This leads us to the topic of the desired characteristics: a solar array design 
that has a very low mass, can be stowed into a significantly smaller volume than its deployed 
volume. This would ensure that the array does not increase the size of the lander such that the 
heat shield, launch vehicle/fairing cannot accommodate it. The array must also be able to handle 
vibrations, such as those at launch and those encountered on the surface of Mars due to winds 
and other environmental conditions. Lastly, the array should be able to provide sufficient power 
to all the systems onboard so that the lander can carry out its scientific operations without issue. 
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There are four main types of array technologies currently in use in the realm of spacecraft 
design: body-mounted, deployable rigid, flexible fold-out, and flexible roll-out [14].  All of these 
arrays would be able to produce the necessary power for the lander, and all of them are able to 
accomodate triple junction cells which is required for the best efficiency of the array. However, 
not all of them are suitable for implementation. Body-mounted arrays, as the name suggests, 
must be mounted on the body of the lander. There are two issues with this: firstly, there is not 
enough area on the lander available for installing panels directly onto it, and secondly, directly 
installing solar arrays onto the body may cause issues with excess heat. Thus, a solar array that is 
deployed away from the body of the lander is desirable for both of these reasons. 
Deployable rigid arrays are slightly more viable than the body-mounted array type as they can be 
stowed during the travel phase and then deployed away from the body of the Schiaparelli after 
landing. However, rigid arrays tend to be very heavy and take up a lot of volume since their 
deployed volume is equivalent to the stowed volume. Comparing the specific power of 
deployable rigid arrays to flexible fold-out and roll-out arrays hints that the best type of design 
will be one that can not only be deployed, but can also significantly reduce the volume it takes 
up when stowed.  
 
Between these two types of arrays, we can see that the TRL of the fold-out arrays is higher. This 
makes sense, considering that this array type has seen a lot of successful missions not just in 
orbit but also on the surface of Mars. An example of this array type is the Ultraflex Solar Array 
utilized on the Mars Phoenix Lander and Mars Insight. [12] [13]. 
 

Array Type Weight/Mass 
(based on 

specific power) 

TRL Stowage and 
Deployment 
Capability 

Smaller stowage 
volume? 

Body-mounted Low 9 No → heat 
issues 

N/A 

Deployable rigid High 9 Yes No 

Flexible fold-out Low 9 Yes Yes 

Flexible roll-out Low 7 Yes Yes 

 
 
Basing our decision off these factors, we can see that the flexible fold-out array type seems to 
best meet the requirements for the Schiaparelli. Thus, for our analyses, we will be using a 
flexible fold-out array: specifically, the Ultraflex model in a custom size for our craft. 

27 



Several assumptions will be made in order to simplify the analysis of the selected array design 
[10]: 

1. The structural analysis will be done in two forms: one for the deployed array and one for 
the stowed array; thus, simplifying the modeling of the array and analysis processes. 

2. The structural analysis of both the stowed and deployed arrays will consist solely of the 
spars and 20% void vectran substrate gores. These components make up the bulk of the 
array therefore it is reasonable to neglect the remainder components (see figure 4.2.1), 
such as the solar cells, end panels, and deployment mechanism. 

3. The deployed array with end panels in reality is the boundary condition; however, this 
can potentially be modeled as a tenth spar set as the fixed boundary condition for the 
modal analysis .This particular spar will be fixed along its length, allowing us to simulate 
the boundary conditions of the actual deployed and stowed array. [10] 

4. The spars will be modeled with 6061-T6 aluminum. Aluminum is a solid candidate for 
the solar array structure material because of its lightweightedness and ability to withstand 
significant temperature differences; this particular aluminum alloy possesses a high 
tensile strength and resistance to corrosion [15]. 

5. The 20% void vectran material is an anisotropic material; however, due to industry trade 
secrets and the specifics of this material, the complete mechanical properties are difficult 
to locate. Thus, an assumption made for vectran was that it acts as an isotropic material, 
but with a poisson’s ratio of v = 0.1 (typical for liquid crystal polymers). 
 

The  principles and methods that will be utilized in this analysis are as follows: the trade study 
(previously performed) to select the best design concept, CAD modeling of both the deployed 
and stowed array in Solidworks, FEA (modal analysis in Solidworks), and resonant and natural 
frequencies. 

 
Figure 4.2.1: The above model indicates the different components of the Ultraflex solar array. [10] 
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4.2.3 Math, Models, and Code 
 
The standard Ultraflex solar array design is in the shape of a decagon. To determine the 
dimensions of our custom Ultraflex array, the required solar array area was determined in the 
power analysis. Dividing this in half, we get the area of one array, since there will two total 
arrays -- one on either side of the Schiaparelli lander. Then, the calculations to determine the 
dimensions of the array can begin. The following equation relates the area of a decagon the 
length of one of its sides where A is the are and a is the length of one of ten sides of the decagon: 

           (12)aA = 2
5 2√5 + 2√5  

 
Figure 4.2.2: An illustration indicating the dimensions of an individual array. 

From the area equation, the side length a was found. This then allowed the use of trigonometry 
to determine the rest of the dimensions. As seen in figure 4.2.1, the decagon is split evenly into 
10 isosceles triangles, like the one in figure 4.2.2. Each triangle, or gore, folds down the center 
(at the centerline) when stowed. Between each gore, there is a supporting spar that holds up the 
structure. The length of the spar is the same as the equivalent sides of the isosceles triangle 
(labeled “Spar length” in figure 4.2.2).  
However, it must be noted that at the center of the array is the circular hub around which it 
rotates when deploying. This hub is labeled in figure 4.2.1, and modeled as a hole in the modal 
analysis. Thus, it is important to take this into account when solving for the lengths of the spar 
and centerline. To determine the right size of the hub, a ratio of the radius of the hub to the outer 
radius of the array itself was determined from [10]: 

     (13)rinner

router = 3.81 cm
101.6 cm  
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To determine these values for our array, we can rewrite router as r total － rinner since they are 
equivalent. Please note that the total radius rtotal refers to the length of the centerline, not the 
equivalent lengths on either side of (spar lengths). The above equation can now be written as: 

(14)    rinner

r −rtotal inner = 3.81
101.6  

The inner radius can then be isolated as follows: 

   (15)rinner = rtotal
(1+ )3.81

101.6  
Finally, subtracting the newly found rinner value from the known r total value gives the router value, 
which is the length of the centerline with the presence of the hub taken into account. Now, the 
actual value of the spar length can be calculated simply by subtracting from it the value of rinner. 
 
After calculating these values, the models were constructed in Solidworks. As discussed in the 
assumptions, the model was made of just the gores (vectran, 20% void) and spars (Al6601-T6 
aluminum). Thus, the assemblies for both the stowed and deployed array consisted of ten gores 
and ten spars. Below are the material properties used in the construction of the CAD model and 
modal analysis: 
 

Material E (Elastic 
Modulus) 

𝜈 (Poisson’s 
ratio) 

⍴ (density) 

Vectran (20% void) Pa.60005 × 1010  0.10 2712.6307 kg
m3  

Aluminum (6601-T6) Pa.82586 × 107  0.33 1120.0008 kg
m3  

 

 
Figure 4.2.3: Solidworks model of deployed array, perspective view (L) and top-down view (R). 
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For the modal analysis of the deployed array, the array was fixed at one of ten spars along its  
length to simulate the boundary conditions of the actual deployed array.  
 
 
 

 
Figure 4.2.4: Solidworks model of stowed array, perspective view (L) and detailed view (R). 

 
 
 
 
 

 
Figure 4.2.5: Solidworks finite element models, deployed (L) and stowed (R). 
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4.2.4 Results 
 
The required solar array area was determined in the power analysis and found to be 2.709 m2. 
Dividing this in half, we get 1.3545 m2 for the area of one array. From the area equation, the side 
length was found to be about a = 0.4196 m. All of the discussed results are tabulated below. Note 
that the spar length and centerline length are calculated with the hub (hole) taken into 
account. 
 

Dimension Value Notes 

Total Area 2.709 m2 Area of both arrays 

Area A 1.3545 m2 Area of one of two arrays 

Spar length 0.6547 m  

Centerline length 0.6214 m = router 

Side length a 0.4196 m  

rtotal 0.6457 m  

router 0.6214 m = centerline length 

rinner 0.02421 m  

 
The modal analysis was done with these dimensions applied to the Solidworks models for the 
deployed and stowed arrays.  
 

Results: Deployed Array 

Mode Number Rad/sec Hertz Seconds 

1 26.197 4.1694 0.23984 

2 29.48 4.6919 0.21314 

3 32.173 5.1205 0.1953 

4 35.456 5.643 0.17721 

5 40.508 6.4471 0.15511 

 
 

32 



 
Figure 4.2.5: Mode shapes of deployed array. L-R: Mode 1, 2, 3, 4, 5. 

 
Figure 4.2.7: Frequency vs. Mode No.Plot  for Deployed Array 
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Figure 4.2.7: Mode shapes of stowed array. L-R: Mode 1, 2, 3, 4, 5.  

 

Results: Stowed Array 

Mode Number Rad/sec Hertz Seconds 

1 57.973 9.2267 0.10838 

2 58.235 9.2683 0.10789 

3 58.521 9.3139 0.10737 

4 58.523 9.3143 0.10736 

5 58.528 9.3151 0.10735 

 
Results Discussion, Confidence, and Weaknesses 

The results for the deployed array modes were close to the expected values [10]. Thus, these 
results are promising: even though our modal analysis was considerably more simplified than 
that in the research paper, we achieved values fairly close to those in the paper. Though they are 
not entirely accurate due to the assumptions we made, they are estimates that hint that the 
Ultraflex array design is indeed a suitable design concept for the Schiaparelli lander, and that it 
would work well in its deployed state. 
 
The weaknesses are found mostly in the stowed array analysis, aside from the assumptions made 
for both the stowed and deployed array models. The stowed array model is even more simplified 
than that of the deployed array, and so the results we obtained in the modal analysis may be very 
far off from reality. Unfortunately, we were unable to obtain these frequencies for other size 
variants of the Ultraflex array in order to do a comparison and see if our values were within a 
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reasonable range. Thus, if more time were available for the modeling portion of this analysis, a 
more robust and detailed model of the stowed array would be created and analyzed for its 
frequencies. However, this is a very advanced analysis that was beyond the abilities of our team, 
and so we settled for the simplified model shown in the above figures. 

 

4.2.5 Discussion of Importance of Results 
 
These results are important because they indicated whether or not the Ultraflex array design 
would survive the vibratory conditions present at launch as well as those present in the Martian 
environment. The results that we obtained in our analysis are promising in the sense that, even 
though our array would be the smallest Ultraflex array ever created, it would work extremely 
well with the Schiaparelli lander. In other words, these results tell us that the Ultraflex array 
design does indeed have the ability to meet the mission requirements and goals of this analysis. 
 
 

4.3 Minor Analysis II: Influence of Adding 
Solar Array on Lander 
 
4.3.1 Goals of Analysis 
 
Adding solar arrays creates a system change; these two solar arrays have an influence on the 
spacecraft on every single phase from launching to orbitting to landing. The goal of the analysis 
is to determine whether adding solar arrays will cause potential system engineering failure. To 
evaluate the possibility of failure, this minor analysis assess from three perspectives: mass, 
volume, and stability.  
 

1. Considering mass change, there are both total mass increase and mass distribution 
change. Considering mass increase first. 
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Next, considering mass distribution change. Mass distribution change results in center of mass 
location change, which is a fundamental change to spacecraft attitude control. The new center of 
mass location needs to be determined.  
 
2. The second assessment is an issue of volume because adding solar arrays requires increasing 
the space required inside the launching vehicle payload area. So the validity of increasing the 
volume also needs to be determined.  
 
3. The last evaluation is on stability. When ESA planned to launch in 2016, they were 
anticipating a global sand storm. Fortunately, the global sand storm did not occur in 2016 as 
expected, but rather in 2018. Still, considering the unpredictable atmospheric environment on 
Mars, an appropriate stability is needed in order to resist Mars wind influence and land safely. 
The goal for stability assessment is to determine EDM stability from wind tunnel test.  
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4.3.2 Assumptions, Principles, and Methods 
 

Mass:  
1. Assume the original ESA design has a fitting factor of 1.15, which is a common industry 

level in spacecraft. 
2. Assume the spar material used on the commercial product, in which the solar array power 

specific mass data is from, is Aluminum, the same material that is used on the other 
minor analysis for vibration analysis.  

3. Assume heat-shield is a cylinder shape  
4. Assume heat-shield is made of uniform material  
5. Assume neglection of the extra conducting wire mass 
6. Assume neglection of the extra screws mass 
7. Principle: Center of Mass Definition 
8. Method: Calculation 
9. Using the ideal delta velocity equation, neglecting losses due to drag and gravity. 

 
Increasing the mass of a structure influences the amount of propellant used for thrust because 
more impulse will be required in changing the velocity of a target element. The total mass of the 
TGO and the EDM is 4332 [kg], and the mass of the EDM with the heat shields deployed is 326 
[kg]; therefore, the additional mass of the solar panel array will be negligible compared with the 
original mass upon takeoff, but the additional propellant required for the EDM’s landing will be 
analyzed because the additional mass relative to solely the EDM may potentially require more 
propellant than initially predetermined. 
 
For analyzing the amount of propellant burned, the ideal change in velocity for a rocket equation 
and the impulse over the weight of propellant relationship will be used: 

ΔV = Veq * ln(mo/mf )     (16) 
Isp = Veq/go                       (17) 

Thus, combining the two equations produces: 
ΔV = Isp * go* ln(mo/mf )  (18a) 

And rearranging this equation to produce the mass of the final condition is 
mf = mo/ [e^ (ΔV/Isp /go)]     (18b) 

ESA has provided the mass of the initial stored propellant, and the mass of the EDM lander 
without heat shields; therefore, the mass at the final condition equals the mass of the initial 
condition minus the burnt propellant mass, and isolating this particular variable produces: 

mp = mo/ [1 - 1/e^ (ΔV/Isp /go)]     (19) 
Thus, predetermined conditions and parameters provided by the ESA will be used to analyze the 
increase from propellant usage for the EDM prior to the solar array addition relative to the EDM 
with the solar array mass added in order to determine if extra propellant would be required. 
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Volume: 
1. Assume each section of the solar array is a triangle. Each solar array has 10 sections, in 

triangle shape. The top of the triangle is not in perfect shaping, but is treated as a perfect 
triangle.  

2. Assume there is an appropriate place to install the solar array deployment motor when the 
solar array is arranged in a direction align with the side of the Mars atmosphere entry 
protection cover. 

3. Principle: N/A 
4. Method: Calculation  

 
Stability 

1. Assume solar arrays are placed in perfect symmetry.  
2. Assume Mars air composition is the same as Earth air composition. Because the purpose 

of the wind tunnel is to determine the movement tendency, not the exact movement, 
Earth air should be sufficient to use to model stability.  

3. Principle: Longitudinal Static Stability 
4. Method: Wind tunnel testing  

 
4.3.3 Math, Models, and Code 
 
Two different approaches were tried to determine the mass increase caused by adding two solar 
arrays. The first approach is to break the solar array into component by component. Determine 
the shape of each component and then calculate the volume of each component from sizing 
specifications. Density of each component is achieved by neglect the variations in density of 
same kind of material. In other words, if material A-1234 is used, the density of the material is 
assumed to be the density of A. The mass of each component is then known by using the fact that 
mass equals volume multiplied by density. The total mass of the solar array is the sum of the 
mass of each components. However, there is a great uncertainty. So the information online was 
searched and two commercially available UltraFlex solar array with detailed specifications were 
found. The first commercially available UltraFlex is manufactured by Northrop Grumman, 
named UltraFlex Solar Array Systems. According to the data from Northrop Grumman, the 
power specified mass is 150 W/kg at the beginning of life. The second commercially available 
UltraFlex solar array is manufactured by ABLE Engineering. According to the data from ABLE 
Engineering, for 27% TJ cells, the power specified mass is more than 150 W/kg at the beginning 
of life. Although the cells used here is 30% ZTJ cells, the value still gives a good estimate. As a 
result, the value used is 150 W/kg. However, considering uncertainty and common industry 
practice, a 1.15 fitting factor is given. 
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 Eq. 20  
The Desired Value given in the equation is the power specified mass used in the later analysis. 
From previous power analysis, the total power required is 282W.  

 Eq. 21 
The mass increase caused by two solar arrays along is 2.162kg. However, because of the solar 
arrays installation, the heat-shield has to be increased in size as well to accommodate the new 
EDM. To calculate the heat-shield mass increase, Northrop Grumman and ABLE Engineering’s 
data are again used. According to Northrop Grumman, the power specified volume of UltraFlex 
solar array is 40 kW/m^3. According to ABLE Engineering, the power specified volume of 
UltraFlex solar array is more than 40 kW/m^3. As a result, the value of 40 kW/m^3 is used. 

 Eq. 22 
Required Volume divided by two resulting in the volume value for one solar array 0.0035m^3. 
From previous power analysis, the area of one solar array is 1.35 m^2. When the solar array is 
folded, each of its 10 sections also folded, resulting in a 20 layers structure. The area of each of 
the 20 subsection is the area of the folded solar array.  

Eq.23(a)(b) 
 

The diameter of the heat-shield increases approximately 10cm. The detailed specification and 
layer by layer material compositions are unknown, and as mentioned previously in assumption, 
heat-shield is approximated into a cylinder. The diameter of the heat-shield is 2.4m. The mass of 
the heat-shield is 80kg. A 10cm increase on diameter results in a 0.55% increase on area. The 
mass increase of the heat-shield is then calculated using 0.55% multiplied by 80 kg equaling 0.4 
kg. To summarize what have been found so far:  
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Now the feasibility of the mass increase needs to be assessed. 

 
Mass increase is negligible to system.  
 
Mass Distribution Change:  
The solar arrays are arranged in symmetry, so the only issue is attitude control in space. Solar 
arrays are attached on EDM, which is attached on one end of TGO. After installation of solar 
arrays, together with a size increase of heat shell, the center of mass will move towards EDM. 
However, consider the fact that solar arrays take only 0.14% of total mass, detailed mass 
distribution information (ie. individual mass of every component) for both TGO & EDM is 
unavailable, and there is a fitting factor on original design, the mass distribution change for 
attitude control is negligible. 
 
The ESA has provided parameters and predetermined conditions for the descent of the EDM, as 
shown in Table [5], and these values will be inputted to equations thereby calculating the  
propellant burned. 
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Table 5. Parameters for Calculating Required Burnt Propellant 

Parameter Symbol Value 

Total Propellant Mass mpTot 46.2 [kg] 

EDM Mass (Dry) mEDM 280 [kg] 

Initial Condition Mass  mo 326.2 [kg] 

Specific Impulse Isp 212 - 220 [s] 

Martian Gravity go 3.711 [m/s2] 

Velocity After Shields Deploy Vo 250 - 270 [m/s] 

Velocity When Thrusters Shut off Vf 4 [m/s] 

 
 
Volume 
Launching vehicle’s payload stage is Breez-M. The solar arrays are placed in the direction align 
with the side of the heat cover. The length of the solar array (less than 0.7m) is less than the 
height of the EDM (1.8m). The increase in diameter is less than 10cm. Volume is not a constraint 
[23]. 
 
Stability 
Before Heat Shell Detachment: 
Two solar arrays are arranged in symmetry. Entry protection cover volume proportionally 
increase. As a result, center of mass does not change and aerodynamic center does not change. 
Stability indicator is the difference between center of mass location and aerodynamic center 
location. Stability does not change 
 
After Heat Shell Detachment: 
Because the shape of the EDM is highly irregular, any calculation attempt will only complicate 
the issue. Wind tunnel test is needed to determine new stability conditions. Exact composition of 
Mars atmosphere is still unclear, so wind tunnel test will only give an estimation. As wind may 
come from any direction, the wind tunnel test will model 10 directions, meaning 36 degree each. 
New stability conditions of each of the 10 situations will be evaluated to see whether the 
inclination angle between EDM and horizontal surface will exceed 12.5 degree [23]. 
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4.3.4 Results 
 

The results are presenting here again, shown above: 
As mentioned earlier in section 4.3.3, mass and volume changes are negligible due to small 
increase. Stability before heat-shield detachment does not change due to unchanged locations of 
center of mass and aerodynamic center. Stability after heat-shield detachment needs to be 
determined from wind tunnel test. The conclusion for the minor analysis is that adding solar 
arrays is feasible if wind tunnel test shows stability in all 10 directions. 
 
Table 6. Burnt propellant mass and ratio  

 mp mp/mpTot 

EDM initial mass without 
shield and added mass 

29.24 [kg] 63.3 % 

EDM initial mass without 
shield and added mass 

29.78 [kg] 64.5 % 

 
As shown in Table 6, as 6 [kg] of mass was added to the structure, the amount of propellant burnt off 
increased by 0.54 [kg]. 
 
4.3.5 Discussion 
 
For safety concerns and also industry common practice, a fitting factor of 1.15 was given at the 
very beginning calculation. As a result, everything was an overestimation, which further 
increases the feasibility. Also a comment on stability after heat-shield detachment, unlike aircraft 
stability, in which one has control derivatives as well as static and dynamic stability, EDM 
stability is purely experimental determined. Actual wind tunnel test is needed to give a 
conclusion on stability. The propulsion analysis concluded that the additional 6 [kg] of mass will 
require a relatively small increase in propellant use such that no additional propellant will be 
needed.  
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5. Test Plan to Check Analyses 
 
5.1 Power Test Plan 
 
5.1.1 Required data to Perform Analysis 
 

1. Electromagnetic Interference (EMI) and Electromagnetic Compatibility (EMC) 
a. EMI/EMC testing is needed to make sure that adding a power source does not 

interfere with any of the scientific instruments that are onboard the EDM.  
2. Thermal Cycling and Thermal Limits for the Battery 

a. Because Li-ion is very flammable, a thermal cycling test should be conducted to 
ensure that the battery does not impose a safety risk.  

3. High-/-Low-Voltage Limits 
a. The voltage limits of the solar array must be tested to ensure that it would not 

overcharge the battery and output more voltage than needed, which will cause 
excess heat. 

4. Performance 
a. The performance of the solar array must be tested to ensure that it will be able to 

provide the required power consumption of the EPS. 
 
5.1.2 Required Facilities, Sensors, and Measurements 
 

5. Electromagnetic Interference (EMI) and Electromagnetic Compatibility (EMC) 
a. Testing for EMI/EMC can be achieved at multiples facilities: One for National 

Testing Services (NTS) facilities, or Eurofins, a company that specializes in 
EMI/EMC testing.  

6. Thermal Cycling and Thermal Limits for the Battery 
a. Facility for testing the thermal cycling and thermal limits can be done at NASA’s 

Goddard Space Flight Center in Greenbelt, Maryland. Also can be done at ESA 
test centre (at one of its facilities).  

7. High-/-Low-Voltage Limits 
a. Testing for voltage limits can be done at one of the regional test centers from the 

Office of Energy Efficiency & Renewable Energy.  
8. Performance 

43 



a. Testing for the performance of the solar array can be done at one of the regional 
test centers from the Office of Energy Efficiency & Renewable Energy.  
 

5.1.3 Testing Shortcomings and Potential Impact of Mistakes/Oversight 
 

9. Electromagnetic Interference (EMI) and Electromagnetic Compatibility (EMC) 
a. Unless the entire EDM was present with the solar array in the testing center, it 

will be difficult testing individual sensors and the results may be inaccurate.  
10. Thermal Cycling and Thermal Limits for the Battery 

a. If the temperatures or temperature changes used in the testing were estimated to 
be less than the actual temperatures or temperature changes, it may present a 
safety risk.  

11. High-/-Low-Voltage Limits 
a. Having incorrect voltage limits may result in burnout for the onboard electronics.  

12. Performance 
a. It will be difficult to accurately measure the performance of the solar array since it 

is expected to perform on Mars. A mistake in this testing may result in a solar 
array that cannot meet the power requirement.  
 

5.1.4 Significance and Impact if Requirements Not Met 
 
If the requirements for EMI and EMC testing were not met, then it may not be possible to add a 
solar array to extend the life of the EDM. This will lead to a redesign in the power source. If the 
thermal cycling and thermal limits testing for the battery were not met, then the trade study on 
the type of battery cell will have to be revisited to select a different type. As for the voltage limits 
and the performance testing, if those requirements were not met, then the solar array must be 
resized. In addition, a more in depth analysis of the Martian atmosphere may be needed to 
accurately predict the solar irradiance at the surface.  
 

5.2 Solar Array Design Analysis Test Plan 
 
5.2.1 Required data to Check Analysis and Justification 
 
To determine whether or not the structure is inherently stiff (which is a desirable characteristic), 
the first mode frequencies and modal shapes will need to be determined. Natural frequencies, 
which can be measured in ambient air, can be obtained with an off-loader to account for the 
reduced gravity of Mars. [10] [11] 
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5.2.2 Required Facilities, Sensors, and Measurements 
 
NASA’s Johnson Space Center is home to several facilities that would suit the testing of the 
array very well. JSC houses several Vibration Laboratories, some of which accommodate 
fixed-base modal testing which is exactly what we need. Additionally, the Active Response 
Gravity Offload System (ARGOS) can be used to simulate the reduced gravity on Mars. Sensors 
that would aid in acquiring the desired data would just be accelerometers. These can be placed 
on various locations of the deployed array to record data which can then be used to determine the 
modal frequencies. [11] 
 
5.2.3 Testing Shortcomings and Potential Impact of Mistakes/Oversight 
 
Of course, it is impossible to test the array with all of the environmental factors and conditions 
present on Mars simultaneously without actually going there. So, these tests must be done in 
simulated conditions separately or grouped together whenever possible. Errors and/or oversight 
in this process could cause the array to fail prematurely, or it could even cause it to not work at 
all, ending the mission life before expected. Since a large part of the mission requirements for the 
Schiaparelli lander is to simply perform a successful landing on the surface of Mars, this would 
not be a complete failure, though it would waste the opportunity to perform scientific 
observations for a period of one Martian year. 
 
5.2.4 Significance and Impact if Requirements Not Met 
 
If testing shows that the requirements for the analysis are not met, then the trade study will have 
to be revisited. In other words, a different design concept will need to be selected, though this 
does not necessarily mean that a different array technology will need to be selected. The 
Ultraflex is one of various types of existing deployable fold-out arrays, and others could be 
investigated and ultimately picked to replace it if needed. This, of course, would not be ideal: it 
would lead to major project delays since the alternative design process may impact other 
subsystems considerably. 
 

5.3 Mass, Volume, and Stability Test Plan 
 
5.3.1 Required data to Perform Analysis 
 

1. Approximated Mars atmosphere compositions as a function of altitude at landing site.  
 

45 



5.3.2 Required Facilities, Sensors, and Measurements 
 

1. Measured mass of the solar arrays 
2. Measured volume of the solar arrays 
3. Testing facility for stability after heat-shield detachment: NASA Ames Research Center. 

It has the world largest wind tunnel that has the ability to accomodate a B737.  
4. Actual attitude changes under wind in wind tunnel testing. Drop a EDM model from top 

of a horizontal wind tunnel. Wind is in horizontal direction. Increase the wind velocity 
from 0 mile/h. Record the critical wind velocity when the inclination angle between 
EDM and surface exceeds 12.5 degree. 

 
5.3.3 Testing Shortcomings and Potential Impact of Mistakes/Oversight 
 

1. There are no testing shortcomings on measuring mass and volume of the solar arrays.  
2. The testing shortcoming of the wind tunnel test is that the Mars atmosphere can not be 

accurately modeled. The wind may come from several directions at the same time, 
creating a superposition effects. The real wind is probably not uniform, as provided in a 
wind tunnel.  

 
5.3.4 Significance and Impact if Requirements Not Met 
 

1. If the actual measured mass and volume are much higher, then a systemwide redesign is 
needed, including entire engine system and attitude control system. 

2. If the wind tunnel test shows that critical wind velocity is less than 60 mile/h, then a 
redesign of the EDM shape should also be considered. [24] 

 
 
 

6. Conclusion/Discussion 
 

6.1 Design Modifications Conclusion 
 
6.1.1 Technical Summary: New Lander Capabilities 
 
With the modification, the Schiaparelli EDM Lander is able to extend its mission life from just a 
few sols to an entire Martian year. 
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6.1.2 New Design: Strengths and Weaknesses 
 

● Strengths 
● The mission life was extended significantly, allowing more time and opportunities 

for the lander to carry out its scientific objectives, meaning that it could contribute 
to the exploration of Mars much more than if were limited to a few days instead 
of a Martian year. 

● Fitting factor 1.15 was given for the initial solar array mass calculation. Adding 
the solar array is feasible from a mass and volume perspective. 

● Weaknesses 
● The structural analysis was based on many simplifying assumptions which may 

mean the results are not entirely reflective of the true behavior of the array. 
● The detailed mass distribution is unknown and unattainable, so the mass 

distribution validity is based on estimations. 
● The solar array sizing is based on average solar irradiance throughout the year. 

 
6.1.3 Discussion of Viability of Modification 
 
After completing our one major and two minor analyses, we concluded that adding a solar array 
to the lander is indeed a viable modification. Power analysis shows that the solar arrays can 
provide enough support to the system power requirement. Theoretically the viability is high; 
however, additional testing is needed to verify. Deployable array review analysis shows no 
chanllegens. Theoretically the viability is high; however, additional real product testing is needed 
as verification. Mass volume and stability analysis shows no barrier of adding solar arrays to the 
system, except the stability after heat-shield detachment, whose results are needed from wind 
tunnel testing. Without considering stability after heat-shield detachment, the viability is high, 
but still, additional measurement testing is needed to verify viability.  
 

6.2 Remaining Questions and Resolving Them With More 
Time 
 

● Solar Array Design Analysis 
● Several questions remain regarding modal analysis. What assumptions are 

permissible when aiming to create a more accurate profile of the modes of a 
model? Could we achieve better and more accurate results using other FEA 
software, such as PATRAN or ANSYS? What type of connections should be used 
in the models when the goal is to perform modal analysis, and what would be the 
most accurate component to fix (as well as what parts of it)? How can we create a 
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more accurate model of the stowed array without making it unreasonably 
complicated? 

● More time would benefit us a lot in terms of the modal analysis. Creating CAD 
models and then performing these types of analyses can be extremely time 
consuming, and learning the software is no easy task. The research papers we 
considered used either PATRAN or ANSYS for their analyses, perhaps because 
they are more accurate or offer features that make them better options for FEA 
instead of Solidworks. Resolving these questions would entail learning these 
software to the point that we are comfortable in creating the models and meshes 
and then finally carrying out the modal analyses. 

● Influence of adding solar array  
● Considering the solar array vibration during launching and landing, a safety 

distance is needed between the folded solar array and any other components of 
EDM to prevent collision. The exact safety distance needs to be determined with 
negotiation with heat-shield manufacturer, Airbus Space Defense, and Breeze-M 
manufacturer in Russia. The validity of the safety distance needs to be considered 
from mass perspective as well, since increasing the size of heat shield will once 
again increasing the total mass and changing the mass distribution 
 

6.3 Lessons Learned: How Analyses Can Be Improved 
 

● Solar Array Design Analysis 
● Modal analysis is a time-consuming process that requires careful attention and 

correct settings to obtain the best results. If we were to do our modal analysis 
again, we would take the time to create more accurate CAD models and then use 
either PATRAN or ANSYS for the analysis. There are seemingly an infinite 
number of combinations of settings available in these software and knowing 
which ones will provide the most accurate results is an art in itself. Our solar array 
design analysis (minor analysis 1) could greatly benefit and be improved from 
simply having more accurate finite element analysis methods. 

● Influence of adding solar array 
● When calculating the total mass of the solar array, approach one was to try to 

calculate the mass component by component using relations between volume and 
density. This is a basic engineering mindset. Sometimes people’s cognitive 
process automatically leads people to the most familiar ways of doing things. 
However, there is a great uncertainty using volume and density. Then other 
approaches were considered and further information was searched online. 
UltraFlex array in power per mass information was found and used for mass 
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calculation. The important lesson to improve analysis is that whenever doing an 
analysis, stop and think a second: is there a better way? The analysis may be more 
accurate by using other approaches.  
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8. Appendix A: Discharge Profile of the EDM 

 

Figure A1. Simulated Discharge Profile of the EDM.  

9. Appendix B: MATLAB Code 

function EAE198Power() 
clc; 
clear; 
close all; 

Constants 
format long; 
% ppeak = 11.69; 
ppeak = 77; 
powermargin = 0.25; 
xe = 0.60; 
xd = 0.80; 
solarCellEff = 0.185; % Triple Junctions GaAs 
solarconst = 1371; 
e = 0.093377; % Mars Eccentricity 
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phi = 0.2; %Landing Site 0.2N degree 
Id = 0.80; 
 
% Mars Seasonal Duration 
Ls0_90Spring = linspace(0,90, 199); 
Ls90_180Summer = linspace(90,180,183); 
Ls180_270Autumn = linspace(180,270,147); 
Ls270_360Winter = linspace(270,360,158); 
 
Ls = [Ls0_90Spring, Ls90_180Summer, Ls180_270Autumn, Ls270_360Winter]; 

Solar Cell Area Calculation 
% Solar Power Output Requirement 
Pe = PowerRequired(ppeak, powermargin); 
Pd = Pe; 
 
[PsaSeason, Temax] = SolarPowerOutput(Pe, Pd, phi, Ls, xe, xd); 
 
fg1 = figure('Name', 'Problem 1'); 
plot(Ls, PsaSeason); 
title('Solar Power Output Requirement'); 
xlabel('L_s'); 
ylabel('P_sa [Watt]'); 
 
% Mars Orbit Irradiance Calculations 
gob = OrbitBeamIrra(solarconst, Ls, e); 
[gobmax, indxmax] = max(gob); 
[gobmin, indxmin] = min(gob); 
 
Lsmax = Ls(indxmax); 
Lsmin = Ls(indxmin); 
 
fg2 = figure('Name', 'Problem 1'); 
plot(Ls, gob); 
title('Mars Orbit Solar Irradiance'); 
xlabel('L_s'); 
ylabel('Gob [Watt/m^2]'); 
 
 
% Mars Surface Irradiance Calculations 
flux = 0.732; % Table III, pg. 19 (Mars Solar Constant) 
[Tmax, ghmax] = HorizontalIrradiance(gobmax, Lsmax, phi, flux); 
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[Tmin, ghmin] = HorizontalIrradiance(gobmin, Lsmin, phi, flux); 
 
fg3 = figure('Name', 'Problem 1'); 
plot(Tmax, ghmax); 
hold on; 
plot(Tmin, ghmin); 
hold off; 
title('Mars Surface Solar Irradiance'); 
xlabel('Time [hours]'); 
ylabel('Gohb [Watt/m^2]'); 
ylim([0, 800]); 
xlim([6, 20]); 
 
% Solar Cell Power Output 
Poscmax = PowerOutput(solarCellEff, ghmax); 
Poscmin = PowerOutput(solarCellEff, ghmin); 
 
fprintf('PoMax : %d [Watt].\n',Poscmax); 
fprintf('PoMin : %d [Watt].\n',Poscmin); 
% disp(Poscmax); 
% disp(Poscmin); 
 
Pbol = PowerProdBOL(Poscmax, Id); 
 
fprintf('PBOL : %d [Watt/m^2].\n',Pbol); 
 
L = length(Ls)/365; 
D = 12.97/100; 
Ld = LifeDegradation(D, L); 
 
Peol = PowerProdEOL(Pbol, Ld); 
fprintf('PEOL : %d [Watt/m^2].\n',Peol); 
 
psa = max(PsaSeason); 
Asa = psa/Peol; 
fprintf('Psa : %d [Watt].\n',psa); 
fprintf('Asa : %d [m^2].\n',Asa); 
 
% disp(Asa); 
A = Asa/2; 
radius = (A/pi)^(1/2); 
% disp(radius); 
fprintf('Radius : %d [m].\n', radius); 
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%------------------------------------------------------------------------- 
% Battery Capacity Calculations 
 
DOD = 0.5; 
N = 24; 
n = 0.90; 
BusV = 34.5; 
 
[BattCrP, BattCrV] = BatteryCap(Pe, Temax, DOD, N, n, BusV); 
 
% disp(BattCrP); 
% disp(BattCrV); 
fprintf('Battery Capacity : %d [Watt-hr].\n', BattCrP); 
fprintf('Battery Capacity : %d [A-h].\n', BattCrV); 
 
BattWKG = BatteryWeight(BattCrP, 125); 
BattWKGorg = BatteryWeight(62*34.5, 125); 
 
% disp(BattWKG); 
% disp(BattWKGorg); 
fprintf('New Battery Weight : %d [kg].\n', BattWKG*24); 
fprintf('Original Battery Weight : %d [kg].\n', BattWKGorg); 
 
weightdiff = BattWKG*24 - BattWKGorg; 
 
deltaweight_lbs = weightdiff*2.20462; 
 
% disp(weightdiff); 
% disp(deltaweight_lbs); 
 
fprintf('Change in Battery Weight: %d [kg].\n', weightdiff); 
fprintf('Change in Battery Weight: %d [lbs].\n', deltaweight_lbs); 
% clc; 
% clear; 
% close all; 
 
PoMax : 1.079531e+02 [Watt]. 
PoMin : 7.442769e+01 [Watt]. 
end 

Battery Capacity Functions 
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function [CrP, CrV] = BatteryCap(Pe, Te, DOD, N, n, BusV) 
 
CrP = (Pe*Te)/(DOD*N*n); 
CrV = CrP/BusV; 
end 
 
function BattW = BatteryWeight(CrP, SpE) 
 
BattW = CrP/SpE; 
end 
Battery Capacity : 1.070549e+02 [Watt-hr]. 
Battery Capacity : 3.103042e+00 [A-h]. 
New Battery Weight : 2.055455e+01 [kg]. 
Original Battery Weight : 1.711200e+01 [kg]. 
Change in Battery Weight: 3.442549e+00 [kg]. 
Change in Battery Weight: 7.589512e+00 [lbs]. 

Solar Cell Area Functions 
function Preq = PowerRequired(Ppeak, PowerMargin) 
 
Preq = Ppeak*(1+PowerMargin); 
end 
 
function [Psa, Temax] = SolarPowerOutput(Pe, Pd, phi, Ls, Xe, Xd) 
 
delta = asind(sind(24.936).*sind(Ls)); 
Td = (2/15)*acosd(-tand(phi).*tand(delta)); 
Te = 24 - Td; 
Temax = max(Te); 
a = (Pe.*Te)/Xe; 
b = (Pd.*Td)/Xd; 
 
Psa = (a+b)./Td; 
end 
function Gob = OrbitBeamIrra(SolarConst, Ls, e) 
 
MarsSolConst = SolarConst/(1.5236915)^2; % beam irradiance is given by 
 % Earth's solar constant divided by distance from the Sun. 
Gob = MarsSolConst*((1+e*cosd(Ls - 248)).^2)/(1-e^2)^2; 
 
end 
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%------------------------------------------------------------------------- 
 
function [T, Gh] = HorizontalIrradiance(Gob, Ls, phi, flux) 
 
delta = asind(sind(24.936)*sind(Ls)); 
T = linspace(6,18,101); 
w = 15.*T - 180; 
cosz = sind(phi)*sind(delta) + cosd(phi).*cosd(w); 
Gobh = Gob.*cosz; 
Gh = Gobh*(flux/.9); 
end 
 
%------------------------------------------------------------------------- 
 
function Po = PowerOutput(SolcellEff, Gh) 
 
MaxGobh = max(Gh); 
Po = SolcellEff*MaxGobh; 
end 
function PBOL = PowerProdBOL(Po, Id) 
 
PBOL = Po*Id*cosd(23.5); 
end 
 
function Ld = LifeDegradation(D, L) 
 
Ld = (1-D)^L; 
end 
 
function PEOL = PowerProdEOL(PBOL, Ld) 
 
PEOL = PBOL*Ld; 
end 
PBOL : 7.919955e+01 [Watt/m^2]. 
PEOL : 6.097730e+01 [Watt/m^2]. 
Psa : 2.810610e+02 [Watt]. 
Asa : 4.609273e+00 [m^2]. 
Radius                  : 8.564979e-01 [m]. 
Published with MATLAB® R2018b 
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