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Summary

With the rapidly advancing technology in the field of concentrator photovoltaics for terrestrial applica-
tions, the aerospace industry is eager to innovate and incorporate this idea. Concentrated solar light
offers a cheaper but more complex solution to extract more power without increasing the number of
solar cells. For extraterrestrial applications generally the photovoltaic elements account for nearly half
of the costs on solar array, this decreasing the number of solar cells significantly contributes to lowering
the cost of electric power in space.

The solar array studied in this thesis provides a technologically innovative solution to reduce the cost of
electrical energy for LEO satellites, in particular, to suit, for instance, the OneWeb satellite constellation
mission at 1200 km altitude. Apart from being a structurally challenging design, another very important
consideration is thermal feasibility. Concentrated solar light introduces hot spots of high temperatures,
and heat dissipation at those locations is crucial. Hence, this thesis focuses on investigating the thermal
performance of ConCur baseline design in orbit using thermal software ESATAN, and optimizing the
design according to the thermal requirements, as well as performing electrical power calculations.

To broaden the knowledge regarding concentrator photovoltaics on Earth and in outer space, a literature
study was first performed and the main findings are summarized in this document. Also, heat transfer
in space is briefly explained as part of the methodology for modelling the solar panel in ESATAN,
including a step-by-step guide. After modelling the panel it was put into the Low Earth Orbit simulated
by ESATAN which provide outputs on temperature and absorbed flux results. The panel was optimized
and it was found that the maximum cell temperature reaches +122°C when nonoperational, and +70°C
when producing electrical energy. These and more results were post-processed and summarized and
relevant conclusions were drawn. Knowing the panel temperature in orbit and slightly altering its
dimensions, the amount of electrical power produced was calculated to match the required 300 .
Also a schematic of the hardware was made and the most probably cell layout designed. In addition,
this report includes a brief cost estimation and comparison to the conventional solar panel of the
same dimensions and that is capable of producing the same amount of power. It was estimated that
the ConCur solar panel would cost 65-70% less than the conventional solar panel. Finally, relevant
recommendations are listed for further increasing the technology readiness level (TRL) of the concept.
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Introduction

This document is the final version of the MSc Thesis report as an obligatory part of MSc Sustainable
Energy Technology track, PYMD department, faculty of EEMCS at the TU Delft. The purpose of this
report is to demonstrate the research problem/goal, methodology, results, relevant conclusions and
recommendations for future work.

The topic of this project is proposed and commissioned by the company Airbus Defence and Space
situated in Leiden, Netherlands. It involves research and development of the novel concentrator solar
array which is currently patented by Mr. Henk Cruijssen at Airbus [1]. The assignment is to develop
thermal and electrical designs of panel substrate and concentrator reflectors for ConCur
solar array wing over a period of ~9 months full-time work, amounting to 45 ECTS according to the
requirements at the TU Delft.

This chapter further briefly (1) summarizes the research topic (providing the research objective and
research questions), (2) explains the general working principles of the solar cells (the photovoltaic
effect), (3) introduces the concept of concentrating solar energy, (4) describes the patent analyzed in
this thesis and (5) briefly summarizes the methodology followed in this research.

1.1. Research Topic

Any spacecraft uses the power derived from some particular power source depending on it's mission.
For Earth-orbiting (LEO or GEO) or other near-Sun space missions the spacecraft is usually equipped
with a pair of decently sized solar arrays to use the energy of the Sun by converting it into usable elec-
tricity for that particular mission’s purpose. For deep space operations such an option is redundant,
since the solar intensity is too low to get meaningful amount of power from the Sun, hence, in that
case usually RTGs (Radioisotope Thermoelectric Generators) are used. Since in this thesis the thermal
and electrical designs of the concentrator solar array for Earth-orbiting communications satellite are
being developed, the RTG’s are not discussed any further.

It is common to use Gallium Arsenide based solar cells for power production in extraterrestrial mis-
sions. They have a higher efficiency and lower degradation rate than silicon-based solar cells. The
driving force for innovation in the field of solar energy for space applications is, in this case, reducing
the cost of power. Typically nearly half of the solar array cost is attributed to the cost of photovoltaic
elements (solar cells) see Fig. 1.1 [2]. One way to minimize the amount of solar cells used without
cutting on the amount of electrical power is by light concentration technique. That way not only the
energy vyield per price reduces (because of using less cells), but also the energy yield per kg (smaller
solar array), which is very beneficial especially for space applications, since each kg sent to space costs
around 20 000 euros.
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Figure 1.1: The typical solar array cost breakdown [3].
1.1.1. Research Objective

The main goal of this project is to assess thermally and make necessary changes to the concentrator
solar array, as well as demonstrate electrical performance of the solar cells at the achieved worst case
extreme and operating temperature limits.

1.1.2. Research Questions
The research questions that are studied in this document were drawn based on the requirements set
by Airbus upon proposing the thesis subject (see App. A):

1.

2.

What are the thermal operating conditions in orbit?

Can a concentrator solar panel withstand the thermal loads during its operation in orbit for the
specified lifetime of 5 years?

. Can a concentrator solar panel of 1.11 x 1.224 m dimensions produce 300 W power in the

specified orbit at an altitude of 1200 km?

Can a concentrator solar panel be cheaper than a planar solar array of the same size, in terms of
Euros/W? What is the approximate cost and savings?

1.2. Photovoltaic Effect

In photovoltaics the performance of the solar cell is largely determined by measuring its current -
voltage relationship, so-called I-V curve. Fig. 1.2 shows the most important parameters that can be
read/calculated from the I-V curve; those are:

Open circuit voltage V, . - the voltage across the solar cell at zero net-current through the device;
maximum voltage available from a solar cell,

Short circuit current I - the amount of charge through the solar cell when the voltage across
the solar cell is zero; maximum current from a solar cell,

Maximum power point MPP - the point at which the amount of power produced is maximum; the
voltage and current at that point are V;,pp and I,pp; the operating point of the solar cell,

Fill factor FF - the ratio of the maximum power to the product of I, and V,., determines the
maximum power from the solar cell; graphically it is a measure of “squareness” of the I-V curve,

Efficiency - the ratio between the output power to the input power.
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Figure 1.2: The typical I-V curve of a solar cell [4].

Solar cells being capable of generating electrical energy due to the photovoltaic effect can be regarded
as the generation of a voltage difference at the junction of two different materials in response to visible
or other radiation [5]. This effect can be summarized in three steps:

1. Absorption of light (and subsequent generation of charge carriers),
2. Separation of charge carriers,
3. Collection of the charge carriers at the electrodes.

When designing solar cell interconnections it is important to take into account the shading effects
that will most likely cause current mismatching. Since all cells connected in series experience the same
current, what happens when a single cell is shaded, is that it affects the total voltage of the string.
This is why it is important to have by-pass diodes across the cells or strings to ensure that in shading
situation the total current flow by-passes the affected string and goes through the by-pass diode which
conducts current. In the normal situation the cells are forward biased and the by-pass diodes - reserve
biased (in an open circuit), but when shading occurs the shaded cell can go into reverse bias allowing
the by-pass diode to change its bias and take charge of the current across the cell or shaded string
of cells. The by-pass diodes can be either integrated within the solar cell itself as in Fig. 1.4, or put
across multiple cells as in Fig. 1.3. The same analogy can be made to cells in parallel experiencing
current drop due to some cells in the circuit being shaded. The blocking diodes are used to prevent
the total current drop, as in Fig. 1.5.

Bypass diode from shaded
string is forward biased and

Bypass diode from shaded conducts current

string is forward biased and
conducts current

+H.6V-

i

0.5V+ 0.5+ 0.5v+
05V+ 0.5V+ 0.5V+ Shaded cell
Shaded cell

Figure 1.3: The by-pass diode across four solar cells for Figure 1.4: The by-pass diode across each of the solar cells for
preventing current mismatch during shading [6]. preventing current mismatch during shading [6].
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Figure 1.5: The blocking diodes across the solar modules for preventing voltage drop due to shading [6].

1.3. Concentrated Photovoltaics (CPV)

By shining the light onto a solar cell it produces certain amount of electrical charges which gener-
ate electricity. Intuitively it can be deduced that by shining more light onto a cell more power will
be produced. Since 2010 the technology of concentrating solar light has advanced very rapidly and
many projects have been commissioned all over the world [7]. The two basic ways of concentrating
incoming light onto a solar cell is through reflection of refraction principles. The first principle requires
mirror-like concentrators that are positioned and shaped in such a way that the incoming light bouncing
off their surface hits the solar cell. The second principle is less common but, as turns out, more reli-
able [8]: using stretched lens array (Fresnel lens) shaped such that the incoming light passing through
the lens is focused onto the solar cell. Both concepts will be discussed in more detail in the next chapter.

Utilizing the light concentration concept can be very beneficial. One of the benefits is that to gen-
erate the same amount of power as the planar array, the concentrator array will require less solar cells
- if a planar array produces X amount of power using Y amount of solar cells, the concentrator solar
array is capable of producing the same amount of power using Y/CR amount of solar cells, depending
on the concentration ratio (CR)*. Having to manufacture, integrate and maintain less solar cells ulti-
mately saves cost.

*Concentration ratio is the geometric ratio between the area of the aperture and the area of the
receiver (solar cell), hence:

CR = M (1.1)

ASolarCell

1.4. ConCur Patent

ConCur solar array has been publicized under the Solar Panel with Flexible Optical Elements
patent application by Ir. H. Cruijssen [9], see App. G. The invention uses the advantage of having a
higher energy output per unit area of solar cells as compared to the conventional solar array because of
the virtue of light concentration. It is desirable to be able to produce the required amount of electrical
power with as little cells as possible, while still complying with various geometrical and mechanical
requirements for the stowed and deployed array configurations. The purpose of this concept is to
decrease the amount of solar cells needed and, consequently, lower the array cost. Figures 1.6 to 1.11
depict the main aspects for familiarizing with the ConCur concept.
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Figure 1.7: Schematic of the layout of the reflective

Figure 1.6: An image of a S/C with ConCur solar arrays [3]. elements and attached solar cells at their rear side [9].

Figure 1.8: A side view of the panel: visual representation of Figure 1.9: Panel in stowed configuration (being released
reflecting the incoming light toward a common focal point from the hold-down mechanism and the protective foil rolled
located behind the solar cell [9]. up in the middle) [9].

Satellite —_— 7
Support beam | !

Concentrators

i ‘;" t "\_; ml %/ /(/'//\\

Deployed Stowing (force applied)

Figure 1.10: Concentrators in stowed configuration [3]. Figure 1.11: Schematic principle of light concentration [3].

1.4.1. Satellite Mission
It has been decided by Airbus to attempt designing the ConCur solar array for LEO telecommunication

satellites, such as OneWeb or Iridium. The orbit altitude, therefore, is chosen based on the similar type
of missions while keeping in mind that in the future the altitude may change if necessary for better

solar array performance or due to other reasons (e.g. space environmental reasons).
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Iridium Satellite Constellation

Iridium satellite constellation is a currently existing (in service) set of 66 active satellites (plus 6 spares)
orbiting the Earth at 780 km altitude providing global mobile communications [10]. Initially the plan
was to operate 77 satellites, which is where the name of the constellation comes from (element iridium
has an atomic number of 77). The 66 satellites orbit in 6 different orbital planes (11 satellites per
plane) spaced 30 degrees apart, and are enough to cover the whole of Earth at every instant in time.
The satellites are manufactured by the company Motorola in the USA [10]. The required power on
each satellite is produced by the two deployable solar panels and batteries.

OneWeb Satellite Constellation

OneWeb satellite constellation is a planned mission concept involving 648 satellites orbiting the Earth in
18 circular polar orbit planes at an altitude of 1200 km for providing global internet broadband service.
The aim is to make the constellation operational by year 2020. The constellation is proposed by the
company WorldVu Satellites Ltd and it chose the manufacturers to be Airbus. The artist’s interpretation
of how the OneWeb satellites would look can be seen in Fig. 1.12 [11].

Figure 1.12: OneWeb satellite solar array position with respect to the antenna [11].

1.4.2. Solar Array Specifications
The main ConCur solar array structural components of the wing are:

e Support panel - the main support structure on which the concentrators will be mounted. Its
back side acts as a heat sink collecting (some of) the waste heat from the front side concentrators
and solar cells, and emitting it towards the deep space. The support panel is connected to the
satellite by the support beam. The panel material is CFRP and its dimensions can be found in
Table 1.1.

e Concentrators - parabolically shaped low thickness structure with highly reflective surface coat-
ing for a focused light reflection onto the solar cell. To ensure that most of the light gets reflected
and reaches the cell the geometrical design of the concentrator needs to have a certain shape.
The concentrator material is CFRP and its thickness is 0.24 mm.

e Solar cells - used to convert the light induced photons into charge carriers, and to generate
electrical power for utilization for the satellite’s mission. The ones used for this solar array design
are triple junction GaAs solar cells from Azur Space. The amount of cells is listed in Table 1.1 and
other details can be found in App. B.

¢ Protection foil - to be wrapped over the stowed concentrators for protection during the launch.
Upon solar array deployment the protection foil will roll up and uncover the concentrators, and
(without affecting concentrator performance) will remain attached to the support panel.
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¢ Support beam (deployment yoke in Fig. 1.13) - hollow structure used to connect the solar panel
to the satellite’s main body. When the satellite enters the desired orbit the hollow support beam
deploys the array away from the satellite’s main body. During the operation of the solar array
the support beam acts as the shield and protects the wiring harness which is placed along the
beam on the side facing the deep space (or inside the beam). These wires connect the power
conditioning unit (PCU) to the solar cells.

" Satellite
L

Hold down / release
mechanism

- Deployment yoke

_~ Solar concentrators

_~ Panel structure

Figure 1.13: Solar concentrator array system overview (deployed configuration) [12].

Table 1.1: Concur solar array wing design parameters from the Feasibility study [13].

Parameter
Substrate panel length
Substrate panel width

Design Feature
1200 (1224) mm
1000 (1110) mm

Substrate panel thickness 1.5 mm
Solar cell length 80 mm
Solar cell width 15 mm
Amount of solar cells 180 (168)
Concentrator thickness 0.24 mm

Concentrator number of plies of CFRP | 5 (with M55]) or

2 (with T300)

Concentrator width 90.47 mm
Concentrator height 45.74 mm
Space between concentrators 75 mm

Amount of concentrators per panel 14

Concentrator mass (single) 0.043 kg
Concentrator parabola coefficient 0.00559
Concentrator arc length 138.48 mm
Geometric concentration ratio (GCR) 5.0

Table 1.2: Concur solar array wing performance parameters from the Feasibility study [13] and [14].

Parameter Design Feature
Total required voltage output per wing 50v
Energy output per wing (required) 300 w
Energy output per solar cell ~1.55w

Mass of one wing (estimated)

6 kg
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1.5. Methodology

The following list of actions summarizes the methodology of the entire project. As in any research
study, several calculations/tasks were dependent on some other, hence the tasks were executed in a
specific order. Fig. 1.14 depicts the order of the main milestones in this thesis.

1.

10.

11.

Performing the Literature Study:

¢ Familiarizing with the work done on ConCur solar panel (feasibility study, structural and
vibrations testing of the panel components),

¢ Looking into the largest CPV projects for terrestrial applications,
¢ Researching the CPV application in space (Boeing spacecraft),
¢ Studying the patents of very similar concepts (Ted Stern’s patents),

¢ Studying the environmental impact on the panel and separate materials in orbit (concentrator
reflective coating material),

¢ Calculating the amount of trapped high energy particles in the solar cells at the end of the
satellite’s lifetime,

e etc.

Narrowing down literature study to top 10 requirements,

. Learning to use ESATAN (see the Midterm Report [15]):

¢ Learning basic software working principles,

¢ Learning the way conduction and radiation is represented and understood by ESATAN soft-
ware,

¢ Creating benchmarks: different geometries w/ and w/o boundary conditions,
¢ Executing the benchmarks at specific thermal conditions.

Preliminary electrical design:

e Assuming max. and min. solar cell temperatures,
¢ Calculating the amount of solar cells needed to reach 50 V and 6 A (300 W in total).

. Modelling the concentrator panel in ESATAN:

¢ By separately modelling parts of the panel and then combining them together in one assem-
bly,

e Verifying the model by means of comparing some of the results to another software, and to
the calculations done manually,

e Executing the most extreme thermal case.

Improving the panel design to improve the heat transport by means of varying panel materials

and adding thermal doublers and vertical radiator to the design,

Executing all thermal cases in ESATAN,

Updating electrical design with the actual thermal data,

Creating schematic drawings of the electrical panel design,

Estimating panel’s total cost,

Drawing conclusions and recommendations.
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Figure 1.14: The design flow chart of this thesis.






Literature Study

Prior to diving into the development of thermal and electrical designs of the solar panel, the literature
survey was conducted and reported in [2]. This chapter summarizes the main findings. It first briefly
introduces the concept and application of solar concentrators in Section 2.1 which is followed by a
summary of heat transfer processes in Section 2.2. It then describes environmental challenges to be
faced in space environment in Section 2.3. The top 10 requirements derived based on the Literature
Study are listed in Section 2.4. Lastly, Section 2.5 describes the material selection for separate parts
of the array.

2.1. Solar Concentrators

2.1.1. Terrestrial Solar Concentrators

This section introduces a couple of the largest terrestrial power plants that incorporate the technology
of concentrating the solar light. The challenges and problems that were faced by these power plants
may indicate significant pitfalls that might be useful to evaluate for the space mission.

Carrisa Plains Power Plant

The Carrisa Plains solar power plant by ARCO company was the world’s first ever large-scale photo-
voltaic power plant located in Carrisa Plains, California, US. It was built in 1983 for commercial power
production and originally was rated at 5.2 MW at its peak. However due to technological reasons it
began to show steady degradation in electrical performance since 1986, the capacity factor (ratio of the
actual power output over a period of time, to the potential output) was decreasing. Fig. 2.1 shows the
Carrisa power plant with concentrator mirrors. This power plant made use of the reflection principle
concentrating solar power using mirrors.

Figure 2.1: The world’s first ever large-scale photovoltaic power plant in Carrisa Plains, California [16].

The power plant routinely produced less than 3 MW as of year 1990. As the performance began to
deteriorate, a certain browning of the modules was noticed. Detailed examination showed that it was
EVA (ethylene vinyl acetate) encapsulant browning between the front cover glass and the center por-
tion of the cell [17]. The evidence suggests that outgassing or ingassing eliminates browning of the

11



12 2. Literature Study

EVA. The recovery procedure (involves dropping an unframed module on its corner such that the front
cover glass shatters but is held in place by EVA and rear tedlar cover) allows gas to escape (or perhaps
to enter) and, therefore, slows or eliminates the browning [17].

PVUSA Array

Contrary to Carrisa Plains, this power plant made use of the refractive technology concentrating solar
power using stretched lens. PVUSA (photovoltaics for utility scale applications) was a national coop-
erative research and development project dedicated to acquiring information through installation and
field testing of PV technologies. It was constructed in 1986 and is still in operation in 2017 generating
650 kW which annually amounts to 1300 MW h supplying electricity to 108 homes. According to M.
O'Neil the line-focus Fresnel lens array at the U.S. Department of Energy sponsored PVUSA test site in
California outperformed all of the other photovoltaic technologies in an independent, side-by-side field
test throughout the whole decade of the 1990’s [8].

2.1.2. Concentrators in Space

In particular, two types of concentrator concepts were analyzed: Stretched Lens Array used by Deep
Space I mission and CellSaver concept used by Proba 2, Boeing 702 and other missions. Both concepts
are compared and the main advantages and disadvantages are summarized.

SLA Concept - Deep Space 1

The Stretched Lens Array concept involves thin, flexible stretched lens made from space qualified sili-
con polymer material. The lens is able to concentrate the incoming light with the concentration ratio of
8.5 Suns, thereby reducing the amount of solar cells required to reach a specific amount of electrical
power as compared to an ordinary honeycomb solar panel. This concept results in 85% savings in cell
area and cost compared to the planar multi-junction array, the SLA costs 50% less than planar wing
of equal power. It also has a major weight advantage over a conventional panel design due to low
combined weight of the lens, radiator and narrow PV cell weighing approximately half as much per m?
as a one-sun solar cell assembly by itself.

The spacecraft designed by NASA and launched in 1998, Deep Space 1 (DS1) demonstrated the newest
technologies and tested advanced instruments while chasing the asteroid and a comet. It was oper-
ational for ~ 3 years and delivered much scientific data throughout it's mission. This mission proved
that the concentrator solar array can operate long term in deep space without significant degradation
despite [18]:

¢ having abundant contamination sources in the form of organic adhesives and binders, including
silicone,

n

¢ having UV impingement on contaminated surfaces (outer lens surface) to enable “photo-sticking
and cause darkening of the deposited contaminants,

e having direct line of sight from contamination sources to the Fresnel lenses.

Significant contamination darkening of the lenses was not occurring, most likely due to the following
two reasons [18]:

1. Contamination sources had relatively low temperature (75°C),

2. The DS1 solar panels and lens frames were baked out (vacuum bake-out test) at high temperature
prior to lens installation to minimize out-gassing in space.
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Figure 2.2: Stretched lens array with four lenses and receivers [8].

CellSaver Concept

As opposed to the SLA concept where the light transmitted through a stretched lens, the CellSaver
concept utilizes the effect of reflecting the light. The concept was developed for the sake of minimizing
the cost of the spacecraft multi-junction solar cell arrays by substituting nearly half of the number of
solar cells by cheap reflectors. The CellSaver concept can be seen in Fig. 2.3. The reflectors are typically
constructed from a single piece of thin high-strength titanium foil and coated high reflectance coating
- vapour deposited silver with a protective transparent dielectric overcoat (glassy ceramic material).
The ceramic material protects the silver coating from naturally occurring atomic oxygen and xenon ion
erosion, the latter being caused by spacecraft ion propulsion systems. Titanium foil can be easily bent
and folded to very tight radiuses without yielding, which is important in stowed configuration. Also,
it is extremely stable under exposure to Space radiation and thermal cycling, which is significant for
in-orbit operation. It is a light-weight material and, therefore, by saving mass it directly saves the cost
[18].

Figure 2.3: CellSaver solar concentrator panels [18].

¢ Boeing 702 missions instead of distributed CellSaver reflectors used large edge reflectors, see
Fig. 2.4. As a result six Boeing 702 concentrator solar arrays suffered from gaseous emission
contamination [18]. The problem was that the solar panel with large edge reflectors was sub-
jected to very high temperatures (> 120°C in GEO) compared to CellSaver reflectors (80°C). This
resulted in significantly high discharge of the panel and a large variety of gaseous contaminants.
The high temperature contaminants (being able to drive off contaminants with larger molecules
and higher activation energies) have been identified as the primary cause of the in-orbit dramatic
power reduction [18] of Boeing 702 missions. Regarding the contamination, it is also important
to note that Boeing has not officially stated whether their solar panels had been subjected to a
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vacuum bake-out test prior to launch. It would be significant and as mentioned in [18] that such
a test would undoubtedly minimize the outgassing in Space and contamination degradation [18].

BSS 702 Satellite

Figure 2.4: Panel edge reflectors used on the Boeing 702 [18].

e The CellSaver type concentrator solar array (see Fig. 2.5) was part of the scientific payload
on-board of Proba 2 spacecraft. Experimental solar panel was sent to space in order to study
the temperature effect, ageing effects due to radiation and concentrated solar flux [19]. Proba
2 was a micro satellite of ~ 300 kg designed for technological purposes to be operational for
2 years in sun-synchronous LEO at 700 km altitude. The two main objectives of the mission
were (1) to perform in-flight demonstration of new space technologies and (2) to support a set
of scientific instruments [20]. It is recognized that contamination and ageing effects as well as
thermal aspects are of major significance, but there has not been done much in-orbit testing to
realistically assure full qualification of the concentrator solar array concepts.

Figure 2.5: Titanium reflectors with central solar cell string [20].

Comparison

Table 2.1 compares the planar array to the CellSaver and SLA concepts.
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Table 2.1: Fundamental comparison of different high-efficiency space solar arrays [8].

high-radiation missions

Item Planar Ar- | 2X Mirror-Augmented Array | 8.5X SLA
ray
Cell savings: area, mass || 0% 50% 85%
and cost per watt
Space flight heritage and || Numerous Significant performance prob- | Extremely successful PASP+
experience successful lems on 6 Boeing 702 Comsats; | and SCARLET on DS1; geom-
programs geometry is conductive to out- | etry discourages photofixing
gassing/photofixing
Terrestrial experience for || Numerous Significant performance prob- | Several successful programs
similar technology successful lems for reflective systems (e.g. | (e.g. PVUSA arrays)
programs Carrisa Plains - mirrors reduced
power)
Optics - inherent shape er- || N/A Significant problem (efficiency | Negligible problem (200X ad-
ror problems and/or flux uniformity) vantage over mirrors)
Predictable, same, un- || Yes No - reflective optics are inher- | Yes - ENTECH's error-tolerant
changing photon flux on ently sensitive to shape errors | refractive optics [18]
each solar cell in each (e.g. Hubble telescope primary)
source circuit
Cell operating temperature || 50 - 60°C 120 - 130°C 75 -80°C
on GEO
Super-encapsulation of cells || Difficult and | Relatively difficult and heavy Simple and lightweight -
for high-voltage and/or || heavy Auburn micrometeoroid tests

with cells at 1,000 vV

Concur Concentrator Concept: Early US Patents

The same but slightly different variation of the same concept of a concentrator solar array as ConCur
has been previously researched and patented in 1993, and in 2005 for a deep-space mission. Table
2.2 provides an overview of the available data regarding used materials on the two patents found in

the literature.

Figure 2.6: A perspective of the solar concentrator cell array from the patent [21].

Figure 2.7: Deep Space concentrator element design from the patent [22].
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Table 2.2: Comparison of two solar concentrator designs proposed by T. Stern and others [21], [22].

Parameter| Lightweight solar concentrator cell ar- | A deep-space concentrator for inner
ray and outer solar system missions

Year 1994 2005

Figure Fig. 2.6 Fig. 2.7

Mirror Highly conductive composite material (for | A composite laminate it used - Graphite

material enhancing thermal conductivity). Prefer- | Fiber Reinforced Composite (GFRC). It has
ably a suitable advanced organic composite | reduced thermal conductivity at high and
which has the resin and reinforcing carbon | low temperatures, which allows thermal
element to provide optimum thermal stabil- | switching approach.
ity. To provide enhanced conductivity (for
performance as a radiator fin) the mirror
may be doped with high conductivity mate-
rial (e.g. silver powder).

Mirror Coated with highly reflective material (alu- | Unknown

front minum or silver). Coating should have opti-

surface mum resistance to UV radiation degradation.

Mirror Thermal emissive coating (for mirror thermal | Unknown

back control) to allow the mirror element to act as

surface a radiator fin for the string of solar cells.
The coating may use white paint with low
solar absorption to minimize absorbed ther-
mal load from solar and albedo sources.

Panel Highly conductive composite material. Porous graphite material.

material

Features | The whole structure is made up from one | Uses a modular off-axis reflective concen-

type of material and, therefore, does not
pose a problem of differential thermal ex-
pansion behavior of different elements.

trator design to achieve thermal control
under high flux environments by limiting
the total amount of energy to be man-
aged within the thermal mass (also keeping
the element small minimizes the conduction
path reducing the temperature differences
between solar cell and radiator surfaces. An
aperture plate in front of the solar cell al-
lows to reject off-axis and de-focused en-
ergy providing a means to limit the temper-
ature of the solar concentrator components.

2.2. Theory of Heat Transfer

Heat transfer in general can occur via three different processes: conduction, convection and radiation.
In space there is vacuum, so convection is non-existent.

e Conduction is heat transfer through a medium via collision of molecules involving a direct contact
between the heat source and heated object. It takes place generally in solids. With regard to the
ConCur concept conduction plays the following role. Having the front side of the substrate panel
being constantly oriented in the direction of the Sun, there will be heat transfer by conduction
trough the panel’s thickness towards the back side of the panel. Similarly, as the cells will be
heated up, there will be heat transfer by conduction along the concentrators towards the substrate
panel. The reflected light from the concentrator will not all reach the solar cell, but part of it will
be concentrated onto the backside of the concentrator, therefore detailed thermal and optical
analysis of the concentrator configuration is needed. Since that is the place where the solar cells
are connected it should be taken care of that the cell temperature remains below their operational
limit, and when too hot the heat must be directed towards the back side of the substrate and
dissipated effectively.




2.3. Environmental Factors 17

¢ Radiation is the main source of heat transfer from the environment to the satellite in space.
When considering radiation an important concept to understand is the definition of a black body:
black body radiation is an idealized radiation spectrum of a body that is at a uniform temperature.
It does not reflect any radiation, but emits at any temperature the maximum possible amount
for any wavelength, and absorbs the maximum possible incident radiation. Fig. 2.8 shows the
idealized black body spectrum and the radiation spectrum emitted by the Sun. The difference
between the two is negligible and thus the Sun is often approximated as a black body.

2.5 H H
UV : Visible : Infrared —»

1.5 1

5525 K Blackbody Spectrum

0.5

Spectral Irradiance (W/m2/nm)

D - T T T T T
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure 2.8: Black body radiation spectrum and the spectrum emitted by the Sun [23].

The way heat transfer is incorporated in ESATAN software is described further in the report (Chapter
4).

2.3. Environmental Factors

This section briefly summarizes various environmental factors that in space thermal environment will
most likely affect performance of the solar array in LEO at an altitude of 1200 km. Table 2.3 lists the
most important characteristics of each of the challenges to be taken into account when designing the
solar array.
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Table 2.3: Summary of environmental factors affecting overall performance of the solar array in orbit.
Env. factor | Explanation Effect on Solar Array Performance
Solar UV Ra- | Itis made up of particles with | May significantly affect performance of the solar ar-
diation wavelength of approximately | rays. With regard to the solar array systems the
10 to 400 nm (high energy, | radiation initiated chemical reaction can cause hard-
short wavelength). ening and weakening of polymers as well as destroy
electronics [24]. The positive effect is heating and
electrical power generation from solar energy using
solar cells.
Electrons High energy particles emitted | Degradation of the solar cells occurs as the re-

and Protons

by the Sun.

sult of introducing the non-radiative recombination
centers that result of displacements of atoms trig-
gered by their collisions with the energetic particles
in space. These recombination centers reduce the
minority carrier lifetime and, therefore, the amount
of charged carriers generated by photon absorption
[25]. This is why it is important to account for the
cell degradation when estimating the amount of gen-
erated power at EOL conditions (using SPENVIS soft-
ware).

Atomix Oxy- | The substance created dueto | It is responsible for metal corrosion in Space. The

gen photo-dissociation of molecu- | metal most affected by ATOX is silver resulting in
lar oxygen in the upper atmo- | linear degradation. Corrosion by atomic oxygen is
sphere induced by solar radi- | considered to be one of the most dangerous hazards
ation of wavelengths 2 <243 | to S/C structural elements in orbits with altitudes 200
nm. to 700 km [26].

Thermal Cy- | S/C will experience extreme | Leads to S/C experiencing very high thermal

cling temp. fluctuations when en- | stresses. The two most common defects induced by

tering and exiting the eclipse.
The combination of extreme
temperatures and the sudden
change between them pose
serious concerns to the abil-
ity of the solar array design
to sustain the thermal load.

thermal cycling are microcracking and delamination.

Contamination

Contamination sources are
usually outgassing products
of materials exposed to
vacuum conditions as well
as fragment products from
ATOX and/or solar UV radia-
tion interaction with the S/C
materials [27].

Solar arrays may be affected by the LEO environ-
ment interaction induced contamination. In [27] it
is recognized that the power system optical surfaces
are being endangered the most, such as the solar
cell cover glass and reflective solar concentrators.

Albedo Solar radiation reflected by | The S/Cis affected by albedo radiation due to the so-
the Earth. lar radiation reflected by Earth, reaching maximum
values at the poles and minimum for equatorial or-

bits.
Earth IR Ra- | Earth emits diffuse IR radi- | Poses a thread to S/C radiators in LEO, because
diation ation with intensity varying | those are emitting the energy at the same wave-

depending on the position in
orbit. It can amount to as
high as 20% higher orbiting
over the desert areas, while
being much smaller over the
oceans.

length as the Earth IR is hitting them. Thus the Earth
radiation can not be reflected away in that case.
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2.4. Top 10 Thermal and Electrical Design Requirements

As an essential part of the assignment the literature study lead to deriving top 10 requirements for the
ConCur wing that need to be satisfied for a successful mission operation.

10.

. The separate panel structure parts and the panel as a whole must sustain the thermal loads

without any significant permanent deformations throughout the lifetime of the satellite of ~ 5
years (including severe transient temperature variations throughout each orbit). This also
concerns the concentrators as their focal plane may change due to unwanted stresses through-
out satellite’s lifetime. The in orbit cell temperature shall not exceed 150° C in real life, thus should
not be higher than +120° C in the simulations taking into account the safety factor (qualification
and uncertainty margins, each of 15°C).

. The solar cells must deliver the required MPP voltage (50V ), MPP current (6 A) and overall

power (~300 W per panel) to the PCU at the specified elevated temperatures (including losses)
and EOL conditions (taking into account cell degradation).

. Selected materials must ensure effective heat transport away from the undesired hot spots

through conduction and radiation.

It must be kept in mind that the structures components should have similar expansion ratios
to avoid differential expansion and contraction due to extreme temperature gradients upon
entering and exiting the eclipse periods.

. The adhesive used for joining the structures must have high thermal conductivity and sufficient

glass transition temperature for good heat transport.

. The panel must be oriented with respect to the Sun such that the amount of incoming light is

enough for solar cells to produce the required voltage and current in illuminated state, taking into
account that the solar array will be able to rotate only around single axis (one DOF) and that the
offset angle for the SADM is 0.1°. The power output sensitivity to the misalignment around
both axis shall be investigated.

The thermal radiative challenges posed by the environmental aspects (albedo, planetary
radiation etc.) must be taken into account when estimating the radiation-caused damage to the
solar panel.

. The cabling material and the wiring of cells must be selected/done in such a way to ensure

required thermal protection and at the same time minimize losses. Also, the positioning of the
wiring harness shall be safe in stowed configuration. In addition the design should account for
redundancy.

. The solar panel must be able to sustain thermal loads in the stowed configuration during the

launch.

The overall design of an array should result in a minimum of 30-40% lower cost per watt
than the planar solar array, and the mass of one completely equipped panel shall not exceed
6kg.

2.5. Material Selection

The choice of materials for the different structural parts are briefly described in this section. Some
materials have been already pre-selected by the other graduates/intern students at Airbus based on
the structural analysis behavior of the panel and other areas.
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Figure 2.9: Concentrator solar cell concept of the Concur solar array [13].

e Supporting panel

The supporting panel (also called substrate panel) of the solar array can be seen in Fig. 2.9.
It accommodates the mirror concentrators and thermally plays a role in collecting heat from the
concentrators and dissipating it towards deep space. The panel itself will be made of CFRP and
the surface of its back side will be roughened for achieving higher emissivity value. The type of
CFRP is carbon fiber M55] carefully chosen by E. van den Abeele in his feasibility study [13].

¢ Concentrator

In the feasibility study made by E. van den Abeele [13] several trade-offs and finite element
(FEM) analyses have been performed to determine the optimum concentrator material and thick-
ness in order to sustain the pre-determined structural load cases. For that matter the optimum
material with various advantages, such as being lightweight and having good thermal conduc-
tivity, was concluded to be the carbon fiber M553, same as the supporting panel material. A
considerable advantage of choosing the concentrators and the panel being made of the same
material is to prevent differential expansion. Such material choice also agrees with Ted Stern’s
judgment in his patents on the same type of solar concentrator arrays. He specifies that the
parabolic concentrators should be preferably made from uncured advanced organic composite
with reinforcing carbon element to provide thermal stability at the anticipated service tempera-
ture [21]. As a possibility to enhance the thermal conductivity, high conductivity material particles
(e.g. silver) may be doped into the concentrator material [21].

To be able to focus as much light as possible onto the solar cell, the front part of the con-
centrators is required to have a very high reflectivity. Therefore, the carbon fiber material will
be coated with a layer of high-reflectivity material. Ted Stern in his patent [21] proposed to use
aluminum or silver. He mentions that apart from being highly reflective the coating also has
to have optimum resistance to UV radiation degradation. To get the feeling of how the panel
temperature distribution varies for different reflective coatings, multiple options were applied to
the model in ESATAN. The results are analyzed in Chapter 5.

¢ Adhesives
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The interfaces that require adhesive bonding are (1) the solar cell - concentrator interface, (2)
the panel - concentrator interface and (3) the coverglass - cell interface. In the first two cases the
adhesive should have high conductivity for effectively transferring the thermal load from (1)
the solar cell to the concentrator, and from (2) the concentrator to the panel, so that ultimately
the heat is rejected to the deep space by the rear side of the panel. Apart from conductivity, what
has to be kept in mind is the glass transition temperature of adhesive - that is the temperature
above which the polymer transitions from a hard, glassy material to a soft, rubbery form. Based
on the discussions with Ir. Remco v. d. Heijden (electrical engineer at Airbus) the solar cells
will be joined to the concentrator using adhesive RTV 691 (with layer thickness of ~ 100um). Its
glass transition temperature is very high (well above 160°C) and thus it is thermally suitable. It is
also highly conductive. To connect the concentrators to the substrate panel of the same material,
the same adhesive is used. For the third interface the adhesive DC93-500 is used (with 20um
layer thickness). It can sustain very high temperatures, see more specifications in Table F.1.






Electrical Design

The electrical design of the ConCur solar array is elaborated in detail in this chapter. First, Section 3.1
describes the materials and sizing of relevant electrical components of the design such as the solar
cells, diodes, busbars, interconnects, wires etc. Next, the theoretical effect of concentrating light on
the solar cell performance is explained in Section 3.2. The electrical power calculations for two typed
of orbits are presented in Section 3.3 including the description of the calculations of the cell efficiency
change as a function of temperature, as needed to account for in thermal modelling. Finally, Section
3.4 displays some technical drawings for illustration purposes.

3.1. Sizing of the Electrical Components

When establishing detailed electrical design the sizing, placement and choosing materials becomes
very important. In this section these parameters are shortly described.

3.1.1. Solar Cells

The type of the solar cells to be used for the concentrator solar array are high efficiency Azur Space
3G30C Triple Junction GaAs cells specifications of which can be found in App. A. This cell consists of
three layers each covering a part of spectrum illuminated by the Sun, see Fig. 3.1 and 3.2. These
three substrate layers are:

e GalnP (gallium - indium - phosphate) absorbing very high energy photons from 300 nm in UV
region up to 600 nm in the visible spectrum (short wavelength particles),

e GaAs (Gallium Arsenide) covering the wavelength range between 600 and 900 nm, and

e Ge (germanium) absorbing low energy particles in IR region above 900 nm till ~1600 nm.

The typical dimensions of such a cell are (approximately) 40 x 80 mm, however as concluded by E.
van den Abeele [13] in his Feasibility Study on ConCur the optimal size of solar cells (according to the
spacing between each two adjacent concentrators being 75 mm, and to maximize the utilization of the
reflected light by concentrators) was found to be 15 x 80 mm, rectangular shape. Cell specifications
in terms of design, mechanical and electrical data, acceptance values and temperature gradients can
be found in App. A. Tab. 3.1 summarizes additional solar cell parameters that are used in electrical
and thermal calculations.

23
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Figure 3.1: Wavelength coverage by a triple junction
InGaP/GaAs/Ge solar cell [13]. Figure 3.2: Azur Space TJ GaAs solar cell structure [28].

Table 3.1: Solar cell parameters.

Parameter Value Unit Remark

Cell dimensions 15x 80 mm

Total cell thickness 311 um Excl. coverglass, incl. adhesive
and kapton layers

Coverglass thickness 100 um

Avg. cell density 2924.38 | kg/m3 | Used in thermal design (includes

coverglass)

*Avg. out-of-plane conduction 1440 W /m2K | Czsc, calculated from the Excel
sheet provided by Airbus

*Avg. in-plane conduction 0.0085 W /K Cxysc4 Calculated from the Excel
sheet provided by Airbus

*(starred) Average thermal conductance was calculated as follows (with parameter values listed in Tab.
3.2):

o Qut-of-plane per unit area:

1 1
CzscalW/m?K] = ST = G T T s T ) (3.1)
k kglass = kadhl = kgermanium = kadh2 ' kkapton

e In-plane between the two nodes:

Cxysca[Wm/mK] = Z k-t=k- tgiass +k-toan tk- tgermanium+k “tadnz tk- tkapton (3.2)
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Table 3.2: Solar cell assembly specifications.

Parameter Symbol Value | Unit Remark
Conductivity kgiass 2.0 W /mK | Coverglass
Koan 0.146 | W/mK | DC93-500
kgermanium 58.58 W/mK
kath 0.4 W/mK RTV 691
kkapton 0.2 W/mK
Thickness tgiass 100 um Coverglass
kadhl 20 um DC93-500
k germanium 140 um
Kadna 100 um RTV 691
kkapton 51 um

3.1.2. Diodes
There are two types of protective diodes used in the electrical design of the solar array:

¢ By-pass diodes are integrated for each separate cell to ensure that in shading/misalignment/failure

situation the total current within the string of cells connected in series can by-pass the affected
cell. The reason for each cell to have its own by-pass diode as opposed to having a single diode
across each string is due to high risk of failure in orbit environment, high cell cost as well as the
fact that the chosen cell can only withstand maximum of 4V in reverse without failing (compared
to 20V for silicon solar cells). The by-pass diode is made of the same material as the cell, also
with a layer of coverglass (100 um) on top for protection. It is connected to the cell in parallel,
as opposed to the blocking diodes (connected in series). The size of a single by-pass diode is 1
x 7 mm and it is located underneath and between the two adjacent cells, as shown in Fig. 3.3.
As will be seen later in this chapter the number of cells per solar panel amounts to 168, hence
the number of by-pass diodes is also 168.

g0mm Lmm
I —‘7 BUSBAR

L1 L3
AWG26
r r
] 1 ] o
MOLYBDENUM INTERCONNECT

:
o0 ] C— “ conmcrp

15mm

SOLAR CELL

Figure 3.3: Image of the by-pass diode position with respect to the cells and the side view of the cell out-of-plane
interconnects.

Blocking diodes are connected to the cells in series at the end of each string to ensure that the
current flows in the desired direction. As calculated later in this chapter (preliminary calculations)
the required amount of strings per panel is six, therefore, there are six blocking diodes connected
in series to the positive side of each string at the rear of the panel, see Fig. 3.11.

3.1.3. Other Components
Interconnects and Contact Pads
The solar cells are interconnected with each other and connected to the by-pass diodes via molybdenum
interconnects as shown in Fig. 3.3. They are attached to the metal contact pad that is welded onto
the cell. The metal pads are 4 mm? each, and there are six pads per cell: 4 for interconnects to the
other cells and 2 for connecting to the diodes. This results in a significantly lower cell effective area
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which was taken into account when calculating the cell performance parameters (from 1200 mm? to
1176 mm?).

Busbars

Each string of cells in series and each side of the concentrator are bounded at their edges by the
busbars, where the electrical charge is concentrated to be further transported to the desired location
via two (to account for redundancy) AWG 20 wires. Busbar is 4 x 15 mm large and is made of Invar
(nickel iron alloy), see Fig. 3.3.

Wiring Harness

Electrically conducting wires are used for transporting the electric charges generated by the solar cells
to the power conditioning unit inside the satellite. There are two types of wires used: AWG 20 and
AWG 26, chosen based on the amount of current they need to carry. AWG 26 wires will be used to
interconnect the cells of two adjacent concentrators into one string. It was calculated that a single
string of cells would carry ~ 1 A current to the rear side of the panel, where the current of all strings
would add up (to ~ 6 A) and travel to the PCU through AWG 20 wire. The relevant properties of both
sizes of wires can be found in the following table:

Table 3.3: Electrical wire properties [29].

Property AWG 20 AWG 26
Number of cores 1 1
Voltage, maximum rating 600 Vs 600 Vs
Maximum current rating 75 A 254
Operating temp. range -200°C to +200°C | -200°C to +200°C
Diameter 1.58 mm 1.03 mm
Approximate length 2m 0.6m
Resistance 33.31 Q/km 133.9 Q/km
Current in the wire ~6 A ~1A

It should be noted that the above specified maximum current will increase the wire temperature by
~ 50°C in vacuum environment, therefore the wires are chosen such to account that the maximum
current rating is at least 20% higher than the maximum current a wire will be carrying. This satisfies
the de-rating safety requirement.

3.2. Effect of Concentration on the Solar Cell Performance

Concentrating the light onto the solar cell has various effects on its performance. Under higher illumina-
tion the cell produces a higher current, the process of which is discussed shortly in Sec. 3.2.1, but it also
introduces additional recombination centres which contributes to worsening of the cell performance,
which are discussed in Sec. 3.2.2.

3.2.1. Photocurrent and Fill Factor
The current produced by the solar cell scales linearly with the amount of sunlight received by the cell,
hence concentrating the light n times will result in n times the amount of current of a single sun, as in:

Jsen =1 Jsc (3.3)

More light concentration and hence higher current directly increase the power output. However, it also
contributes to the power loss due to series resistance according to:

Pross = I Rseries (34)

The increase in solar cell performance (as characerized by the fill factor) as a function of concentration
ratio can be seen in Fig. 3.4 [30]. As can be seen, the fill factor generally increases with growing
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concentration ratio. The tendency according to which the FF here increases (as a function of CR) is
used to estimate its increase in the situation that is investigated in this thesis. The FF versus CR curve
from the graph was reconstructed in MS Excel and by means of formatting a logarithmic trend-line with
displayed equation (see Eq.3.20) of the curvature (with CR as a variable and FF as an output), the fill
factor for the desired CR was obtained. The following equation will be used further in electrical power
calculations.

FFysuns = FFigyn + 0.3485 - InCR (3.5)

Modeled behaviour
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Figure 3.4: Fill factor versus concentration ratio for TJ GaAs solar cells (cell performance behavior tested for various spectral
mismatch scenarios [30].

3.2.2. Recombination Mechanisms
Recombination is a process opposite of generation of charge carriers; it is a process where carriers are
destroyed [5]. In particular recombination in the bulk is of three types:

Radiative Recombination

Radiative recombination predominantly occurs in direct bandgap materials (where an electron can
shift from the higher energy state (conduction band) to a lower energy state (valence band) without
a change in momentum). It is also referred to as band-to-band recombination. An electron recom-
bines with the hole in the valence band and releases a photon. Gallium Arsenide is a direct bandgap
semiconductor, as can be seen in Fig. 3.5.

Auger Recombination

Auger recombination also involves the electron recombination with the hole, but instead of releasing
a photon the energy is taken up by the third carrier (an electron in the conduction band). This
is an important recombination mechanism in indirect and doped semiconductors, or at high carrier
concentrations under concentrated sunlight.

Shockley-Read-Hall Recombination

Recombination occurring due to the defects in the lattice of the material is called Shockley-Read-
Hall recombination. It is a two-step process with (1) an electron (or hole) being trapped in the energy
state in the forbidden region introduced through (intentional or unintentional) defects in the crystal
lattice, and (2) a hole (or electron) moving up to the same energy level before the electron is thermally
re-emitted into the conduction band, then it recombines [31].
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Figure 3.5: Energy band structure of Si and GaAs [32].

Remarks

Out of the three above mentioned recombination mechanisms, the radiative recombination dominates
in the GaAs solar cells. Due to light concentration Auger recombination might affect cell performance
significantly, too.

3.3. Electrical Power Calculations

This section elaborates upon the electrical power calculations which are done taking into account the
panel thermal performance results (see Chap. 5), such as in-orbit temperatures. All constant parame-
ters (inputs and requirements) are listed in Table 3.4.

Electrical power calculations are done for two types of orbit:

e The eclipse-free orbit (90° right ascension) is analyzed, taking into account the temperature val-
ues obtained from the radiative Case 3D OPR: operational case with cells ON and under EOL
conditions (see Chapter 5). The panel temperature in this case is more or less constant through-
out the orbit (max. 67° and min. 62°C).

e The second orbit for electrical power calculations is 0° right ascension polar orbit (as in radiative
Case 3C OPR). The panel temperature in this case varies significantly and its variation will be
assessed for electrical power calculations.

3.3.1. Orbit Without Eclipse

Constant Parameters

Electrical power calculations for the solar panel are done based on the set of constant parameters listed
in the Tab. 3.4, where *(starred) values were chosen according to the specified amount of radiation in
space (see App.B and C), and ** (double starred) values were taken from the thermal Case 3D OPR
(see Chap. 5).
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Table 3.4: Input parameters/constants for panel electrical power calculations.

Parameter/constant Symbol | Value | Unit
Cell width Weell 15 mm
Cell length leent 80 mm
Cell Area Acelr 1200 | mm?
Metallization area Aet 4 mm?
Number of met./cell Nmet 4 -
Total met. area /cell Amet.total 16 mm?
Effective cell area Acelieff 1176 | mm?
Panel width (initial) Wpanel 1300 mm
Panel length (initial) Loanet 1110 mm
Edge busbar width 4 mm
Number of busbars/conc. 2 -
Gap between the cells 1 mm
Cells/conc. (initial) Neells/conc 15 —
Conc/panel 14 —
Cells/panel (initial) 180 -
Packing density PD 0.987 —
Required total voltage Voanet 50 v
Required total current Ipaner 6 A
Required total power Pyanet 300 w
Highest operational cell temp.** (90° asc.) Trmax 67 °C
Lowest operational cell temp.** (90° asc.) Tmin 62 °C
Open circuit voltage at STC* Vocstc 2.616 v
Short circuit current at STC* Iscstc 0.5185 A
Max power point voltage at STC* Vupp stc 2.345 |4
Max power point current at STC* Imppstc 0.197 A
Geometric Concentration Ratio X 5.0 —

Equations

The solar cell performance degrades when exposed to high levels of radiation is Space, and also changes
depending on the cell temperature. Based on the orbit altitude (1200 km), orbit inclination (88°) and
amount of years in orbit (5 years) it was possible to estimate the amount of radiation at end-of-life
conditions using SPENVIS software. The amount of trapped electrons and protons depending on the
cell coverglass thickness can be found in Appendix B. The minimum coverglass thickness that is usu-
ally manufactured is 100 um, hence this is the thickness chosen. Calculations show that at 100 ym
the amount of total trapped electrons and protons does not exceed 2.7E+14 cm™! (highest for the
voltage). The results indicate the amount of radiation that the cell would receive if it was placed hor-
izontally onto the solar panel, having a view factor equal to half-sphere. The case of attaching cells
to the rear side of concentrator reduces the cell view factor by at least a half, since it is protected by
the concentrator. Hence, the amount of trapped particles in the cell decreases greatly. It is assumed
to not reach more than 2.5E14 cm~2 at EOL (which is still a very safe estimation), therefore, the cell
temperature gradients were chosen accordingly, see Appendix B.

The power produced by the array strongly depends on the cell temperature and illumination inten-
sity. Therefore, the equations to account for these two variables are listed below. In order to ensure
that the amount of power is not underestimated, the maximum and minimum temp. values are used
when calculating voltage and current, respectively, according to their lowest values in orbit. In addi-
tion, the calculations are performed at EOL conditions (taking into account cell degradation values at
the end of a 5-year operational period) with EOL reflectivity value of the concentrator coating (0.85 [—]).

e Temperature Influence
The open circuit voltage of the cell changes with temperature according to the following equation:
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daVv;
Voc =Voc,stc + d—;c (T —28) (3.6)

Using max. temp. (of 67°C) because then the voltage will be the lowest:

Voc isun = 2.616 — 0.0065 - (67 — 28) = 2.3625V (3.7)

Similarly, for Vypp:

av,
Vupp = Vupp,stc + ;;P (T —28) (3.8)
Vit 1sun = 2.345 — 0.0068 - (67 — 28) = 2.08V (3.9)

Similarly for the current: using min. temp. (of 62°C) because then the current will be the lowest:

dl
Iypp = Imppstc + % (T —28) (3.10)

Lyppasun = 0.196 + 0.0002 - (62 — 28) = 0.20294 (3.11)

e Concentration / Light Intensity Influence
As discussed in Section 3.2 concentrating the light influences the voltage and the current. The
current Jg increases linearly with concentration, whereas the change in voltage was estimated
based on the fill factor change with concentration (by extrapolating the Fig. 3.4 given for 3J GaAs
cells under concentration).

— For the change in current:

Iscxsuns = Iscasun - X - p (3.12)
Similarly:
Impp xsuns = Imppasun - X - P (3.13)

The lowest short circuit and MPP current of experiencing 5 suns per cell (at 62°C):

Iscssunspor = 0.213 - 5 - 0.85 = 0.9064 (3.14)

IMPP,Ssuns,EOL =0.2029 - 5 . 085 = 0-8623 A (3.15)

— For the change in voltage:

FFSsuns ) VOC,Ssuns,EOL ' ISC,Ssuns,EOL (3 16)

VMPP,Ssuns,EOL = I
MPP,55uns,EOL

Where (p - concentrator coating reflectively, n - ideality factor, k - Boltzmann'’s constant, g
- electron charge and T - temperature in Kelvins):

nkT
Voc,ssuns,por = Vocisungor + e -InX -p =24V (3.17)
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Number of cells in series

FFsguns = FFygun + 0.3485 - InX (3.18)

The fill factor at 1 sun illumination was obtained using the constants from the solar cell data
sheet:
VMPP * IMPP 208 * 02029

FFign = = = 83.79 3.19
sun =y - Ise 2.3625-0.2133 % (3.19)

Hence:
FFsguns = 84.3% (3.20)
Finally:
0.843 - 2.4-0.906
VMPP = = 2-13 V (3.21)

0.862

As could have been predicted from Fig. 3.4, at the CR of 5.0 the fill factor does not change
much, but the change it still taken into account to prevent oversizing the solar panel by
underestimating the cell performance.

Amount of Cells

Having calculated the lowest voltage and current produced by the cells when the solar panel is
in 1200 km orbit with 90° right ascension (always in the sunlight, no eclipse period), the number
of cells that need to be connected in series and parallel can be calculated as follows. In case of
changing power requirements to a different voltage/current value, Fig. 3.6 and 3.7 depict the
change in required number of cells in series/parallel for slight changes in required voltage/current

values.
50V /Vypp ssuns,zor = CellsInSeries (3.22)
50V /2.13V = 24 Cells in Series (3.23)
6A/Iyppssuns,por = StringsinParallel (3.24)
6A4/0.86234 = 7 Strings in Parallel (3.25)

40

Number of strings in parallel

45 50 e 60 65 70 5 55 6 6.5 7 75 8

Required voltage [V] Required current [A]

Figure 3.6: Required number of cells in series as a function of  Figure 3.7: Required number of cells in parallel as a function

voltage. of current.
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3.3.2. Orbit With Eclipse

Temperature Variation

Panel temperature distribution for 0° right ascension orbit looks like in Fig. 3.8: with 1/3rd of
orbit in eclipse (not producing power), then with the strongly climbing temperature upon exiting
the eclipse, reaching the steady-state (AT<10°C) for ~1650 seconds (1/4th of the orbit) and
again entering eclipse. Upon exiting the eclipse the panel begins to produce power while it's
temperature is increasing from roughly -60°C to 80-90°C in 2250 seconds (1/3rd of the orbit).
Temperature varying for a considerable amount of time affects the amount of power produced.

a0
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Time [s]

Figure 3.8: Temp. distribution for orbits with eclipse period (Case 3C OPR).

Cell Efficiency Change with Temperature

The solar cell efficiency change with temperature was an essential input to thermal modelling to
get accurate temperature results. Moreover, these results allow analysis of the amount of power
produced during the period of climbing temperature.

It can be seen from the Tab. 3.5 that high temperatures cause the cell voltage to drop, while at
the same time slightly enhancing the current. The overall effect of high temperatures, however,
is negative, since the cell efficiency decreases with increasing the temperature.
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Table 3.5: Fixed solar cell parameters from data sheets and SPENVIS calculations.

Parameter Symbol | Value Unit
Coverglass thickness t 100 um
Total trapped particles | — 2.5E+15 | cm™2
Temp. gradients:

Open circuit voltage Voc -6.5 mV/°C
Short circuit current Isc 0.33 mA/°C
Voltage at max power | Viypp -6.8 mV/°C
Current at max power | Iy pp 0.20 mA/°C

Based on the parameters in Tab. 3.5 and App. A the efficiency change with temperature can be
calculated as follows:

_ Puax _ Vvpp - Jupp (3.26)
Py 1367W /m? '
dJmpp,EOL dVmppEOL
dn WipppoL * ——g7—  JumpproL —g7—
(Fp)eoL = 367 ar 367 T — _0.0717[%/dT] (3.27)
d/mpP,BOL dVmpp.BOL
dn WippgoL - —g7—  JmpppoL " — 37—
(Z7)soL = 367 ar 367 ar__ — _0.0679[%/dT] (3.28)

These values are further implemented in ESATAN code to approximately calculate the amount of
energy that is converted to electricity (at any instant during the orbit), and hence decreases the
cell temperature. For thermal analysis the amount of energy converted to electricity is QR (rest
heat source), equivalent to the amount of heat that is being dissipated. Fig. 3.9 depicts the QR
distribution in watts of the operational radiative Case 3C OPR. The values are negative to indicate
the heat dissipation for thermal analysis. It can be seen that the amount of power produced by
the nodes of the cell is maximum just upon exiting the eclipse (0.2 - 0.275 W per node), because
then the panel temperature is coolest and the cells are functioning more efficiently. Within 1000
seconds, however, the amount of generated power reaches steady-state (0.15 - 0.2 W per node).

0.000
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Figure 3.9: Dissipated rest heat (generated electrical power) by the cell nodes (9 lines) throughout the orbit (0° right ascension
angle); Case 3C OPR.

Equations

At each location in orbit (n = f(T)):

Por =1 labsorbea (3.29)
For the first 1/3rd of the orbit (from 0 till 2200 seconds)
Prodeavg = 0.175W (3.30)
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Hence:

Peetavg = 0.175-9 = 1.575W (3.31)

Pyanetavg = 1.575 - 168 = 264.6 W (3.32)

1.5em | (E--------------E

While in eclipse the panel cools down to very low temperatures (—60°C). Since the solar cells
operate more efficiently at low temperatures, electrical power generation peaks upon exiting the
eclipse while the panel is at its coolest. At that point (4300 seconds in orbit in Fig. 3.9) the solar
panel generates:

Pretimax = 0.235-9 = 2.115W (3.33)

Pranetmax = 2.115 - 168 = 355.3 W (3.34)

Throughout one orbit (taking into account the average values) the panel will produce the following
amount of energy:

E = Pyanelyy, - (4400/3600) = 323.4 Wh (3.35)

3.3.3. Conclusions

— Orbit w/o eclipse:
The electrical calculation results indicate that it is necessary to have 7 strings in parallel
to satisfy the current requirement, and to satisfy the voltage requirement a minimum of
24 cells in series are required. Hence in total 168 cells are required (which is less than
estimated previously:180). This amounts to 14 cells per concentrator, which amounts to
having a panel area of 1.11 x 1.224 m?. These and other panel parameters are summarized
in Tab. 3.6.

The cell layout can be seen in Fig. 3.10. The arrows point in the charge direction within each
string. The same color cells are connected in series and form strings which are connected
in parallel.

3.8cm
- cm

g L TN 1 T T [
1 1 LT T t

*( . S . . 1110 mm
*<|--------——----l)‘r

l- -l------------i\

L_/D = 4 cm (hold-down) * S/C

T((l--l------------ Conc. 1
l----------_-_---ly Conc. 2
(Il-- N I . -.l_-_---_-_---l Conc. 3
(I]----------_-_---l))‘ Conc. 4 X
?<l----------!----! Conc. 5
I N N N N N N N B D B Conc. 6
---------------------------------------------------- Conc. 7 (no cells)
| S
r 1224 mm ) Y Z

Figure 3.10: Panel cell layout and dimensions with 14 cells per concentrator.
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Table 3.6: Parameters of the solar panel.

Summarized parameter/constant | Symbol | Value | Unit
Panel width Wpanel 1224 | mm
Panel length Loanet 1110 | mm
Edge busbar width 4 mm
Number of busbars/conc. 3 -
Cells/conc. Neells/conc 14 -
Conc/panel 14 —
Cells/panel 168 —
Obtained total voltage, EOL Voanerpor | 51.2 |4
Obtained total current, EOL IpanetEoL 6 A
Obtained total power, EOL Pyanerror | £310 w
Obtained total voltage, BOL VoanetBoL 53 |14
Obtained total current, BOL IpanelpoL 6.8 A
Obtained total power, BOL Pyanerpor | £360 w

— Orbit w/ eclipse:

Based on the power calculations made by estimating the efficiency change with tempera-
ture, the single solar cell on average will produce 1.575 W of power. However, in case of
the orbit without eclipse each solar cell produces 1.84 W. The difference in humbers can
be attributed to different assumptions used in both calculation methods. This method of
approximating efficiency change with temperature does not take into account the increase
in voltage and current due to illumination, but solely focuses on the efficiency behavior with
temperature. Hence, the outcome of this method is not as reliable as the separate current
and voltage calculations done for the orbital case without eclipse.

The amount of energy that the panel is able to generate throughout one orbit equals 323.4
Wh per panel. To compare, to the amount of energy generated in the eclipse-free orbit:

Eectipse—free = 300 - (6500/3600) = 541.7 Wh

— Losses:

(3.36)

Some portion of generated power is lost due to wiring. Here it will be briefly estimated how
much of the portion is lost given the wire specifications in Table 3.3. The power loss due to
electrical resistance is calculated using the following equation:

Pooss =17 R

PLoss,awezo = 62-33.31-0.002 = 2.4W

PLOSS,AWGZG = 12 . 1339 -0.0006 = 0.08W

(3.37)

(3.38)

(3.39)

The solar panel is required to deliver 300 W. Compared to this amount, the percentage of
power that is lost in wiring amounts to 0.83%. Since this is a very small portion, the power
loss in wiring is neglected in the electrical calculations.

3.3.4. Discussion

Fig. 3.10 depicts how it is possible to put 168 solar cells onto 1.11 x 1.224 m panel while
connecting them in the most optimum way to ensure the necessary power production. However,
from the electrical point of view this cell layout has certain drawbacks that need to be discussed

further:
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1. As will be seen later in the thermal results, the temperature of the cells remains more or less
constant from cell to cell. Moreover the temperature variation between the concentrators 1
to 5is insignificant, too. Hence, connecting the cells of different concentrators into one string
would not be a problem electrically. However it was found that the temperature of the cells
on concentrator 6 gets ~10°C lower which means that connecting the cells of concentrator
5 to cells of concentrator 6 would cause performance mismatch. Hence, ideally it would be
optimum to have strings of cells separate on each concentrator for optimal electrical power
generation.

2. Since the solar cells are not glued to the panel substrate but are positioned 10 ¢m above
the wiring through which the current flows towards the S/C, there could be some magnetic
moments generated if not counteracted by the directions of the current. This has to be
taken into account more closely when wiring the panel.

3.4. Schematic Drawings

The panel electrical design can be seen in the following figures. The physical positioning of wiring
harness on the rear side of the panel can be seen in Fig. 3.11 and 3.12. Figures in this section
are screen-shots of the 3D panel model kindly made by Ir. Peter Datema at Airbus.

Figure 3.11: Side and rear view of the panel wiring.
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Figure 3.12: Rear view of the panel wiring.







ESATAN-TMS Modelling Principles

4.1. Heat Transfer in Space

Heat transfer in general occurs via three different processes, which are conduction, convec-
tion and radiation with only two these occurring in space. Conduction, being a process of heat
transfer through direct contact, is responsible for cooling the solar panel by means of using high
conductivity materials to transfer the heat to the rear of the panel, from where it is radiated into
outer space by the process of radiation. These two heat transfer processes are taken into account
by ESATAN software when calculating the occurring temperatures.

The build-up of the solar array thermal model is elaborated upon in Section 4.2. Once the ge-
ometry has been assigned a certain number of nodes, when executing the thermal analysis case
ESATAN calculates the linear conductance (GL in [W /K]) between each two nodes that are con-
nected (automatically or user defined) based on the material properties and the geometry using
the following equation (k - material conductivity in [W/mK], A - area of the interface between
nodes, L - distance between the two nodes) [33], see Eq. 4.1:

GL = —— (4.1)

In general the radiative heat exchange between the two surfaces can be calculated as follows
(see Fig. 4.1 [34]) using the Stefan-Boltzmann’s law (F,, is the view factor, see Eq. 4.3). The
radiative conductance between any two nodes is calculated based on the geometric and radiative
characteristics (such as IR emissivity and radiating surface area) taking into account the view
factors.

Anet = A1F120(T14 - T24) (4.2)

_ Energy — from — A; —intercepted — by — A,

(4.3)

12 Total — energy — emitted — by — A

39
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P

Figure 4.1: Heat exchange by radiation between two small black surface elements [34].

The heat balance equation [35] used to calculate the temperature change in time of an isother-
mal node in ESATAN is as follows [33]:

dT,
(mep)igt = Qs + (@A°q° + aAq® + eA’q); - z Rijo(T# —TH) — Z CiT—T) (44)
Jj Jj

Where the represented parameters are:

— (mcyp); is thermal mass (mass times the heat capacity)

A; is the area of the radiating surface

T; is the temperature of the radiating area

Q; is the internally dissipated heat

aAsq’ is the Sun radiation (absorptance times area times heat)

aA®?q® is Albedo radiation (solar radiation reflected by the Earth towards the spacecraft)
€A%q°® is the Earth radiation

-2 Rijo(T{* — T}) are the radiation couplings

= X; Ci(T; — Tj) are the conductive couplings

View factor (F,, in the previous equations) is the proportion of the radiation that leaves one
surface which strikes another surface. In case of the conventional planar solar array in space,
for instance, the view factor of space radiation towards the solar cells is much higher than the
view factor with which the radiation in space sees the cells when in ConCur concept, since a lot of
radiation is blocked by the concentrator. For a little more detailed explanation of the heat transfer
processes and equations, see the Literature Study Report [2].

4.2. Modelling Principles

ESATAN-TMS is an integrated thermal modelling environment that supports complete thermal
analysis process from geometry creation, radiative and thermal analysis to the post-processing
of results. The entire process includes the following steps:

1. Modelling of the geometry and setting material properties: creation of GMM (geometric
mathematical model) and materials library,

2. Execution of the radiative analysis case: calculates view factors, radiative exchange factors,
heat fluxes and directed UV emission (albedo and solar flux values are set in the radiative
case definition),

3. Definition of boundary conditions (if any),

4. Generation of TMM (thermal mathematical model) by choosing the previously defined ra-
diative analysis case and (if necessary) specifying the environment temperature. Including
generation of linear conduction pathways between the nodes (GLs),
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5. Application of different solution control mechanisms to execute the thermal analysis case
(steady-state or transient analysis),

6. Post-processing of the results using ThermNV software and Notepad++ coding environment.

After executing the thermal analysis cases there are several output files, some of which include
useful information on the procedure and steps ESATAN uses, and others including the results.

4.2.1. Benchmarks

To get acquainted with ESATAN software and get familiar with the heat transfer in space more
closely, several different geometries/structures were modelled and thermally tested. The detailed
analysis of these benchmark models was drawn in the Midterm Report [15], hence here the
concepts are only briefly shown, and lessons learned in modelling and thermal analysis can be
found in App. E. The following models have been built:

1. Geometry with a surface as a UV source, see Fig. 4.2 and 4.3,

2. Geometry with a Heat Load and BCs, see Fig. 4.4 and 4.5,

3. Flat mirror concentrators in orbit environment, see Fig. 4.6 and 4.7,

4. Honeycomb solar panel, see Fig. 4.8 and 4.9.

Upper plate

Thermal Node Attributes: Temperature

Middle plate 80.033

7 43.090 z
UV source plate " 38472
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29236
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2

Figure 4.2: Model of three plates. Figure 4.3: Temperature distribution due to active UV source.
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Figure 4.4: Model with a heat load and pre-defined BCs. Figure 4.5: Steady state solution of the model.
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Figure 4.6: Flat mirror concentrator model.
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Figure 4.7: Temperature distribution of the model in orbit
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Figure 4.8: Honeycomb solar panel model.
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Figure 4.9: Temperature variation of the panel throughout the
orbital position.

4.2.2. Step by Step Guide followed for ConCur Detailed Thermal Model

1.

Set bulk and optical material properties. Create a library file to ease changing concentrator
optical coatings later on during sensitivity analysis.

. Create the desired geometry and assign its materials, nodal mesh, node numbers, dimen-

sions and color.

. If the model consists of more than one shell select the option “Autogenerate conductive

interfaces” between the shells.

4. Assemble the solar panel by combining the separately made submodels.

. Create the contact zones between the different submodels.

6. Create and execute the "Test” radiative case and run “Test” thermal model analysis specifying

to use automatically generated conductive links (GLs).

Divide one complete conductance file for the entire assembly model into separate conduc-
tance files for each submodel.

. Check manually the separate conductance files and change if necessary, and add conductive

links if any are missing. Special attention should be given to the conductance calculations
through the contact zones.
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10.
11.

12.

13.

14.
15.
16.

The contact zones created in the submodels are not automatically added to the main assem-
bly (e.g. contact zones between the cell and concentrator in the concentrator submodel are
not present in the panel assembly), so it is necessary to add those manually to the template
file.

Create a constants file for each conductance file with according material conductivity values.

Add checked/corrected conductance files, the constants files and solar cell heat dissipation
files to the main model template file using command INCLUDE.

Run thermal analysis with the new template and conduction files to check whether ESATAN
reads it correctly.

Export each submodel as a geometry file (this way in case of any geometric changes to the
submodels it is possible to just update its geometry file and reload the main assembly file
in ESATAN, as opposed to having to assemble the main file again from scratch, because by
changing submodels the main assembly model does not change).

Execute the necessary radiative case.
Run thermal analysis (steady state or transient) of that case.
Post process the results in ThermNV software.

4.3. Model Verification Check

After the model is built it is important to verify whether it indeed works as it is supposed to. The
model is checked by means of analyzing the results in ThermNV software where the following
can be visually displayed:

— Conductive links between the nodes and the models,

— Value of linear conductance between any two nodes that are thermally connected,
— Radiative links between the nodes and the models,

— Value of radiative links between the two nodes.

The calculations were also verified by manually calculating the conductive links between the
models for some nodes.






Thermal Design

This chapter elaborates upon optimizing and analyzing the detailed solar panel thermal design. In
Section 5.1 it is explained how the model was built up in ESATAN, including the used materials.
Next, Section 5.2 presents some design iterations resulting in choosing the optimal solution.
Section 5.3 described the radiative cases that are used for testing the model in orbit. Hence,
the results are discussed in Section 5.4, followed by some additional remarks and assumptions
in Section 5.5.

5.1. Model Assembly - Baseline Model

The concentrator solar array was modelled in ESATAN by modelling the cells (with by-pass diodes),
parabolically-shaped concentrators, the substrate panel and the support mechanisms (U-beam
and two side beams) separately at first and integrating them all together in one assembily.

5.1.1. Solar Cell

The solar cell assembly includes the cell, coverglass and the bypass diode. The cell is modelled

as a rectangular shell with length and width dimensions of 80 x 15 mm, as these have been
previously found to be the optimal cell dimensions. The dimensions of the by-pass diodes are 7
x 1 mm, as discussed with Remco v.d. Heijden at Airbus (electrical engineer). For the purpose of
being able to see the temperature and illumination (solar flux) gradients within each cell, it was
chosen to split each cell into 18 nodes (9 on each side/surface), see Fig. 5.1.

CONC_5

5 6
8 9
16 17 18
=20 Figure 5.2: Conduction pathways generated between the
nodes within the cell and between the cell and diode. It can
Figure 5.1: Model of a solar cell and diode, with node be seen that the cell nodes are conductively connected to the
numbers. concentrator.
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The cell material properties that were used can be found in Table F.1. The cell in-plane and
through (out-of-plane) conductions were calculated using an MS Excel file by Airbus and the
equations used can be found in Appendix C. The conduction pathways within the solar cell as-
sembly can be seen in Fig. 5.2.

The cell was thermally coupled to the concentrator by creating a contact zone between the
concentrator back surface and cell back surface. The contact conductance was initially set at
1600 W/m?K which amounts to the adhesive (RTV 691) conductivity divided by adhesive layer
(250 um).

Implementing solar cells in thermal analysis

Several radiative cases involve having the solar panel being in operational mode, meaning that
the cells will be turned on and will be converting a significant amount of incoming solar flux into
electrical energy. For thermal analysis in ESATAN the solar cells are approximated as being the
rest heat source to account for the drop in temperature due to energy conversion. Turning ON
the cells thermally is made equivalent to having a negative Rest Heat Source QR at each cell
node, and the value for that (in watts) is calculated as in the following equation:

QS(node) + QA(node) ‘

XsOLAR

QR(node) =—-1.0-PD - (n+ Z—;’, - (T(node) — 28.0)) (5.1)

Where PD is cell packing density (assumed to be 1.0), QS and QA are the solar and albedo
heat sources (in watts), respectively. ago 4z is the cell solar absorptivity (equals 0.91), n is
cell efficiency at STC (28°C, AMO and 1367 W /m?) and Z_? is the change in cell efficiency with
temperature (calculated to be -0.0717%/°C), see Section 3.3.

5.1.2. Concentrator

The concentrators are parabolically shaped to reflect all incoming light onto a common focal point.
However, modelling such as geometry is difficult in ESATAN, therefore, the concentrator geometry
was modelled using multiple shells, each approx. 0.5 ¢m wide and 1.3 m long, each being fused
to the other. The model appears to approximate the curvature in enough detail to concentrate
the reflected light onto a solar cell, see Fig. 5.3 and 5.4.

Figure 5.3: Model of a concentrator and solar cell assembly.
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Figure 5.4: Concentator curvature.

To conductively connect the concentrator to the substrate panel, the contact zones are created
the same way as they are created between the cell and concentrator. Any other model parameters
including material properties can be found in Appendix C.

5.1.3. Substrate

The panel substrate was modelled as a single CFRP shell of dimensions 1.3 x 1.11 m with 1.5 mm
thickness. Originally the panel length and width dimensions were set at 1.2 and 1.0 m, however
after performing some iterations the panel was increased to accommodate more concentrators
for enhanced electrical performance of the array. In Fig. 5.5 also the chosen nodal mesh can be
seen. This type of mesh was chosen to be able to spot the edge effects better (same mesh was
used for the honeycomb panel benchmark in the Midterm report, see App. D).

Figure 5.5: Model of the substrate panel - top view. Figure 5.6: Model of the substrate panel - rear view.

CFRP Beams

To ensure structural stability of the panel and also being an important part of the array deployment
mechanism, a CFRP U-beam is attached to the rear side of the panel. Similarly, two side beams
are attached to the rear side for panel protection during stowage, and adding more stiffness to it
to cope with the vibrational loads during launch. The models of beams can be seen in Fig. 5.6.
The geometrical features of the panel are listed in the following table.

Table 5.1: Dimensions of the CFRP beams.

Geometry | Length (y-dir.) | Width (x-dir.) | Thickness | Material
U-beam 1.3m 0.12m 0.5 mm CFRP
Side beams 1.3m 5mm 2 mm CFRP
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The final model has to satisfy the temperature constraints of separate assembly components as
listed in the Tab. F.1.

5.2. Thermal Concept Analysis - Design Iterations

The solar array assembly as described in Section 5.1 (baseline model) has been tested by putting
it in LEO at 1200 km altitude and setting the conditions equivalent to the most extreme hot
case (Case 1A Hot). As a result due to the concentration of the light onto the solar cells, the
highest temperature is found there reaching 243°C (see Fig. 5.7). The big difference between
the concentrator temperatures at the cell location (rear side) and at the top side means that the
out-of-plane heat conduction through the concentrator is not enough to transport enough heat
from the cells to the back of the panel. The main two reasons for such elevated cell temperatures
are (1) sunlight concentration and (2) significant lack of heat transport by radiation. Based on the
operational temperature limit of the panel materials (see Tab. F.1 in App. F), at this temperature
the panel will not be able to operate, therefore the sensitivity analysis is needed to optimize the
model. The highest acceptable temperature that the model would be able to sustain in orbit
is approx. 150°C (maximum cell operating temp. and maximum temp. that epoxy resin can
sustain). However, to keep some margin, it is desirable to not exceed 120°C in the hottest
possible case. To lower the temperature of the cells of the baseline model certain design
modifications have to be made. Hence, the solutions that are investigated are:

— 5.2.1. Changing concentrator in-plane conductance
— 5.2.2. Changing optical reflective coatings

— 5.2.3. Adding a PG thermal doubler

— 5.2.4. Changing contact conductance in ESATAN

— 5.2.5. Combined effects

— 5.2.6. Adding vertical radiator

— 5.2.7. Using aluminum concentrators and substrate panel instead of CFRP.

Figure 5.7: Temperature distribution over the solar panel at the hottest location in orbit - BASELINE MODEL.
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5.2.1. Changing concentrator in-plane conductance

The cell temperature can be decreased by enhancing the heat transport in the concentrator struc-
ture. This can be done by increasing its thickness, hence the concentrator conduction is changed
by varying the thickness in this case. The thickness variation can be found in Table 5.2. In-
creasing the concentrator thickness twice thermally equals to doubling the in-plane conduction.
It should be noted that the out-of-plane conduction will also change when changing the concen-
trator thickness, but the change is expected to be insignificant due to relatively low concentrator
thickness.

Fig. 5.8 shows the change in cell temperature with respect to the the change in concentrator
conductivity. It can be concluded that an increase in thickness/conductivity of the concentrator
results in better heat transport and, hence, lower cell temperature values. The effect seems to
be leveling out at around 140°C, meaning that a huge increase in conductivity at that point will
not contribute to a substantial temperature drop.

Conc. conductance vs. cell temp.
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Figure 5.8: Solar cell temperature as a function of conductance.
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Table 5.2: Parameters used for sensitivity analysis: varying concentrator conductivity/thickness.

Case Conc. t | In-plane conduc- | Remark Max
[mm] tion [Wm/mK] cell
temp.
[*C]
Baseline 0.24 0.0114 CFRP M55] 243
t-> 2t 0.48 0.0228 CFRP M55] 220
t-> 4t 0.96 0.0456 CFRP M55] 195
KX 800 0.24 0.0720 Using KX 800 material | 180

1/2 CFRP + 1/2 PG | 0.24 0.1677 0.12 mm of CFRP M55] and | 157
0.12 mm of PG material (3
layers)

CFRP + PG 0.48 0.3354 0.24 mm of CFRP M55] and | 145

(higher cond. CFRP) with
baseline thickness

0.24 mm of PG material (6
layers)

5.2.2. Changing optical reflective coatings

Another way to cool the cell could be by changing the concentrator reflective coating material.
The coatings with higher emissivity values theoretically would have a beneficial effect on lowering
cell temperature. Table 5.3 lists four different coating materials that are all highly reflective, and
all have different a /¢ values.

Table 5.3: Parameters used for sensitivity analysis: varying reflective coatings [36].

Case Coating a € afe Cell temp. [°C]
Baseline Al 0.15 (EOL) | 0.05 | 3.0 (EOL) 243

FEP 0.09 0.4 0.225 211

OSR 0.084 0.665 0.126 191

Gold 0.19 0.025 7.6 237

T as a function of a/fe
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Figure 5.9: Solar cell temperature as a function of a/e of the coating material.

Fig. 5.9 shows that lower a/e values result in lowest cell temperatures. It was expected since
higher emissivity means the heat is expelled more effectively to the environment. However,
gold having the highest ratio still seems to cause slightly lower cell temperatures than aluminum
coating. This indicates that the values of a/e ratio alone can not accurately be related to the
change in temperature. Coating reflectivity has high importance in this solar array model, hence
it could be that there is no simple relationship between the cell temperature and «/e ratio in this
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case due to other optical properties, such as reflectivity. Also, only changing the concentrator
reflective material does not seem to solve the problem of having too high temperature, hence
further iterations at this point are required.

5.2.3. Adding a PG thermal doubler

Another solution to lower the temperature locally at the cell location is by using a thermal doubler
that is made of a highly conductive PG material (pyrolytic graphite) and encapsulated by kapton
from both sides for protection. A single layer of PG can be seen in Fig. 5.10, and it’s conductivity
as a function of temperature can be found in Fig. 5.14. There are two ways that were investigated
in implementing such a doubler, see Fig. 5.12 and 5.13. In Fig. 5.12 it is physically attached to
the concentrator right underneath the cell, and on the other end attached to the panel. For this
configuration cases A to D (see Tab. 5.4) are executed to see whether the temperature of the
cells would decrease. The second configuration (Fig. 5.13) is to attach the doubler between the
concentrator and the solar cell, instead of underneath it (cases E to G). For both configurations
the amount of PG layers is varied. For both cases the width and length of the thermal doubler
were assumed to be 7 ¢cm and 1.3 m. Figure 5.11 depicts the heat pathways by conduction and
radiation. It can be seen that radiation is limited due to small view factor towards space (the
cell is facing a concentrator), hence the high conductivity PG thermal doubler would significantly
enhance the cooling of the cell.

Figure 5.10: Single layer of pyrolytic graphite.

Baseline With PG thermal doubler
radiation
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Figure 5.11: Thermal pathways through which the heat of the solar cell can dissipate (conduction and radiation); enhanced
heat transport by extra conduction using a PG thermal doubler (right image).
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The thermal doubler conductance was implemented in the ESATAN model using the following
equation (with wp being the width of the concentrator node, PG conductivity kp, layer thickness
tpe and length of the thermal doubler ;).

Wpg * kpg * tpg (5.2)

GL(panel,concentrator) =

lrc

Figure 5.12: Case 1: Thermal doubler addition to the Figure 5.13: Case 2: Thermal doubler addition to the
concentrator (bonded underneath the cell). concentrator (bonded between the cell and concentrator).
[W/mK] [W/mK]
17.5 5000
14.0 4000
1051 L z000
7.0 2000
1 S 1350 W/mK
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~ 380

Temperature (K)

Figure 5.14: PG conductivity as a function of temperature (left scale for trough conductance, and right scale for in-plane
conductivity) [37].

Table 5.4: Parameters used for design iterations: varying number of PG layers in the thermal doubler.

Case Number of | Thickness [mm] | In-plane conduc- | Cell temp. [°C]
PG layers tance [Wm/mK]
Baseline 0 — 0.0114 244
Casel: A | 1 0.04 0.054 200
Casel: B | 3 0.12 0.162 187
Case 1: C | 10 0.40 0.54 180
Case 1: D | 30 1.20 1.62 177
Case2: E | 1 0.24¢cpgp + 0.04p; | 0.0654 174
Case2: F | 3 0.24¢cpgp + 0.12p; | 0.1734 149
Case 2: G | 10 0.24cpgp + 0.40,; | 0.5514 135
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As can be seen from Fig. 5.15 the addition of a conductive flexlink decreases the cell temperature
significantly. Adding more than one layer of PG continues to enhance cooling of the cell, although
the temperature does not change by much as the layers are being kept added after having 10
layers. It can be seen that in case 2 when the flexlink is attached to the cell directly, the cell
temperature decreases more than in case 1. This makes sense since the flexlink is directly bonded
to the back side of the cell, and is able to get rid of the heat more efficiently. The case 2 with
30 layers was left out, since the temperature curve is expected to have the same behavior as in
case 1.

PG layers vs. cell temp.
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Figure 5.15: Solar cell temperature versus number of PG layers.

5.2.4. Changing contact conductance

In the model geometry certain adhesive thickness had to be assumed to calculate the contact
conductance between the panel and concentrator, and between the concentrator and the cell. It
was initially assumed to be 250 um thick, which resulted in 1600 W /m?K contact conductance
(RTV 691 adhesive). Later on it was found out that this layer can be much thinner, hence the
hottest radiative case was run with 100 um adhesive (4000 W /m?K). Despite the contact con-
ductance increasing more than twice due to this change, the cell temperature only decreased by
1-2 degrees. This can be explained by the fact that contact conductance is very high in general
when compared to other conduction terms (such as through conduction in in-plane concentrator
conduction). Hence, relative to the other conductive terms around the contact nodes, the contact
conductance has little effect on the temperature.

5.2.5. Combined effects

Having seen an improvement in heat transport at the cell separately due to the flexlink (attached
at the cell) and changing the CFRP material from M55J to KX 800, now some changes are com-
bined and the resulting cell temperatures are listed in Tab. 5.5.

Table 5.5: Combinations of changes implemented.

Case Coating | Temp. [°C]
PG doubler (case 2) + KX 800 Al 130
PG doubler (case 2) + KX 800 OSR 104.5
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5.2.6. Adding vertical radiator

Another option that is investigated is adding a vertical radiator (made of PG material) above the
concentrator in combination with having the PG thermal doubler (case 2), as shown in Fig. 5.16.

VERTICAL
RADHATOR

Figure 5.16: Sketch of the vertical radiator attached to the concentrator.

The width, height and thickness of the vertical radiator are 1.3 m (concentrator length), 2 cm
and 0.4 mm (10 layers of PG), respectively. In fact, the configuration shown in Fig. 5.16 could
use a single long thermal doubler.

The resulting highest cell temperature for the hottest case scenario for this configuration is 122°C,
which is considered to be a safe zone for the optimized solution. Note that the concentrator
material remains CFRP M55J. In case the CFRP with higher conductivity values is used (KX800)
the cell temperature drops to 115°C. Despite it being lower with the latter CFRP material, it is
decided to stick with the M55 due to it's advantage of having much better flexibility than KX800,
which is important since the structure will be bent parabolically.

Figure 5.17: Temp. distribution (hottest location in orbit) over the panel with vertical radiator made from PG material -
OPTIMIZED SOLUTION.
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5.2.7. Using Aluminum instead of CFRP

CFRP was chosen as the main panel substrate, concentrator and support beams material due
being a strong, flexible and very lightweight material. However due to its low conductivity thermal
requirements are not met without the help of additional high-conductive materials (PG) which
introduces complexity to the design. To keep it simpler in this case CFRP panel and concentrators
are substituted by aluminum material keeping the thickness and geometry the same. Fig. 5.18
depicts the temperature distribution for this case, and it can be seen that the maximum cell
temperature reaches 135°C, which is a very good improvement as compared to the baseline
case. One of the drawbacks is increased weight, however it has been calculated to still weigh
less than 6 kg [14]. Some other things to consider would be its elasticity (as the panel needs to

be able to bend in stowed configuration).

Figure 5.18: Temperature distribution at the hottest location in orbit (Radiative Case 1A HOT).

Table 5.6: Comparison of aluminum versus CFRP material characteristics.

Parameter AL 2024 T6 | CFRP M55]
Density [kg/m?] 2700 1630
Max. operating temp. [°C] 400 150
Conductivity [W /mK] 121 55and 1.3
Max temperature [°C] 135 244

5.2.8. Optimized baseline design

Having varied many different parameters the baseline design can be optimized by applying multi-
ple changes at the same time. The summary of the changes made to the design are listed in the
Tab. 5.7, and the optimized design temperature distribution for the hottest case scenario (Case

1A HOT) can be seen in Fig. 5.17.
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Table 5.7: Changes made to the baseline model.
Case Vertical | Thermal doubler | Max cell | Remarks
radiator temp. [°C]

Baseline No No 244 —

Optimized solution | Yes 10 layers of PG | 122 PG flexibility decreases
bonded between exponentially with an in-
the cell and con- crease in the amount of
centrator. layers, so it might be

problematic to shape it
into the desired geometry.

5.3. Description of Radiative Cases

As mentioned earlier, the main research objective of this thesis is to determine the thermal be-
havior of the solar panel in orbit. Throughout satellite’s lifetime the solar panel will experience
a variety of different configurations, depending on the time of the year, satellite’s position, orbit
definition etc. In total 16 different radiative cases were analyzed, divided into 4 main categories
- hot, cold, operational and misalignment cases. This section aims at describing the purpose and

specifications of each case separately at first, and summarizing them all in Tab. 5.26.

Various parameters change for each radiative case, however the orbit altitude and inclination
are held fixed for all radiative analysis cases, see Tab. 5.8. Among the varied parameters are:
— Concentrator surface coating reflectivity, see Tab. 5.9,

— Distance between the satellite and the Sun in terms of extremes (WS and SS, see Tab.5.9;
152 and 177 million km are the Sun-Earth distances),

— Albedo values,
— Amount of Earth IR radiation,

— Orbit right ascension angle (0° or 90°). Note that both types of orbits are assumed to be
sun-synchronous, which means that the movement of the satellite always looks the same
when viewed from the Sun (synchronized with respect to the Sun).

Table 5.8: Fixed orbit parameters.

Parameter Value | Unit
Orbit altitude 1200 km
Orbit inclination 88 °

Table 5.9: Varied parameters.

Property BOL | EOL | WS (152 million km) | SS (177 million km)
Coating reflectivity | 0.95 | 0.85 — —
Solar flux - - 1461.62 1270.38

Fig. 5.19 depicts a 2D drawing of the orbit trajectories for 0° and 90° right ascension angles. In
both cases it takes the S/C ~6500 seconds to orbit the Earth once. At 0° right ascension angle the
S/C orbits the Earth as shown in the figure by the dotted circle (in the clockwise direction). The
software ESATAN sets the starting point (0 or 6500 seconds) when the S/C is positioned slightly
above the 300 seconds mark. at 300 seconds it reaches a location where it is positioned exactly
between the Earth and the Sun, as shown. The orbit for 90° right ascension angle is shown as a
dotted vertical line, and in Fig. 5.19 comes out of the picture, such that throughout the orbit the
satellite is in the sunlight.
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Figure 5.19: Orbit trajectories for 0 and 90° right ascention angles and relevant positions around the orbit.

5.3.1. Hot Cases

To ensure that the solar panel does not fail in orbit due to extremely high temperatures, the
following four radiative cases were executed to predict the panel temperature distribution in the
worst (hottest) conditions in orbit. It is especially crucial for the concentrator solar array, since
light concentration introduces hot spots.

A set of the following parameters is assumed constant for all the hottest cases in orbit:

1. As can be seen from Tab. 5.9 the end-of-life coating refectivity is assumed to drop consid-
erably, which will result in higher absorptivity leading to increased temperature. Therefore,
EOL conditions are assumed for all hottest cases.

2. During the Winter Solstice the Earth is at its closest to the Sun and, hence, receives the
highest amount of radiation, see Tab. 5.9. Higher incoming solar flux implies higher tem-
perature, therefore, WS conditions are assumed for all hottest cases.

3. Depending on the inclination of the orbit, albedo (solar reflection) values vary from 0.2 to
0.4 [-], reaching maximum near the poles (for polar orbits). Higher albedo means more
incoming light which results in higher temperature. Therefore, the maximum albedo values
are assumed for all hottest cases.

4. Another important environmental aspect kept constant for the hot cases is the Earth IR
radiation. The average amount of radiation emitted by the Earth is equivalent to the amount
emitted by the black body of 251 K. Throughout the year the amount of radiation generally
varies to correspond to that of a black body of ~ 244 K to 264 K. For the hot radiative cases
the higher limit is considered.

1A HOT

This case is the extreme hot case. Apart from the above-mentioned parameters, the three addi-
tional characteristics for this particular case are as follows:
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Right ascension angle of the orbit is 0°, which means that (in the low Earth orbit of 1200
km altitude) it will spend 1/3rd of its lifetime in eclipse not being able to produce electric
power.

Cell operation is OFF when analyzing this hottest case. Then thermally there is no heat dissi-
pation by converting the incoming light into electricity which means that all absorbed flux is
converted into heat, therefore, simulates the hottest case. During normal operations some
sections of the solar panel will be turned off in order to limit the power generation. When
the batteries are charged and the S/C uses little power, then generation of extra power may
cause issues in the S/C electrical systems, hence the solar cells in some parts of the solar
panel are shunted. Since it is impossible to predict which sections will be shunted, this case
allows to analyze the effect of a shunted section anywhere on the solar panel.

In this case (as in the ideal case in orbit) the solar panel is oriented in such a way that
the cells receive maximum illumination, hence the substrate of the panel is facing the Sun
and oriented perpendicularly to the incoming sun rays. This direction is noted as TRUE SUN
direction.

Table 5.10: Case 1A HOT.

Case

Mat. prop. | Right Solar | Albedo | Ty .z [K] | Cells | Panel orient.
asc. [°] | flux

1A Hot

EOL 0 WS 0.4 264 OFF | TRUE SUN

1A HOT ZERO ALBEDO

This

case is a variation of the Case 1A HOT with zero albedo. It is executed to see if/by how

much the temperature is influenced by albedo.

Table 5.11: Case 1A HOT ZERO ALBEDO.

Case

Mat. prop. | Right Solar | Albedo | T;,zry [K] | Cells | Panel orient.
asc. [°] | flux

ZERO

1A Hot | EOL 0 WS 0.0 264 OFF | TRUE SUN

ALBEDO

1B HOT

This

case also represents the extreme hot case with only one parameter difference as compared

to the previous case:

Right ascension angle of the orbit is 90° meaning that the S/C orbital plane is shifted in such
a way that it never enters eclipse but instead is always receiving solar illumination. This way
there is only minimum energy storage required on board of the S/C (for emergency cases)
as the cells are able to produce power constantly.

Table 5.12: Case 1B HOT.

Case

Mat. prop. | Right Solar | Albedo | Ty .zry [K] | Cells | Panel orient.
asc. [’] | flux

1B Hot

EOL 90 WS 0.4 264 OFF | TRUE SUN

1C HOT

In this case the solar panel being under the same thermal conditions as in Case 1A HOT now
is turned by 180° with respect to the Sun, pointing it's rear side towards the incoming sunrays.
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Depending on the satellite’s pointing requirements it might happen that the satellite at times will
have to change its pointing direction and the panel might end up in the configuration of rearside
facing the Sun. This might happen on purpose to shield the cells from excess sunlight in case
they overheat.

Table 5.13: Case 1C HOT.

Case Mat. prop. | Right Solar | Albedo | T ,zry [K] | Cells | Panel orient.
asc. [°] | flux
1C Hot | EOL 0 WS 0.4 264 OFF | BACK SIDE

1D HOT

This case is equivalent to Case 1A HOT but with the panel in operational conditions. It is executed
to see the thermal effect of drawing power versus short-circuited case.

Table 5.14: Case 1D HOT.

Case Mat. prop. | Right Solar | Albedo | Ty ,zry [K] | Cells | Panel orient.
asc. [°] | flux
1D Hot | EOL 0 WS 0.4 264 ON | TRUE SUN

5.3.2. Cold Cases

Just as the solar panel is expected to reach extremely high temperatures when illuminated by
the Sun, when in eclipse it is expected to experience very low temperatures. The following three
radiative cases were executed to predict the panel temperature distribution in the worst (coldest)
conditions in orbit.

A set of the following parameters is assumed constant for all the coldest cases in orbit:

1. BOL values are assumed for the concentrator coating reflectivity,

2. Lowest incoming solar flux implies lower temperatures, therefore, SS conditions are assumed
for all coldest cases,

3. Minimum albedo values are considered in all cold cases (equivalent to 0.2 [-]),
4. The lower limit of the Earth IR radiation is assumed (equivalent to 244 K).

2A COLD

In this cold case apart from the above-mentioned parameters, the three additional characteristics
for this particular case are as follows:

— Right ascension angle of the orbit is 0°, which means that the S/C experiences regular eclipse
periods where the structure will reach lowest temperatures,

— Cell operation is ON when analyzing this coldest case because substantial part of the incom-
ing radiation will, therefore, get converted into electric power which will cool the panel,

— The solar panel is oriented in the TRUE SUN direction allowing the cells to receive solar
illumination and produce electric power.

Table 5.15: Case 2A COLD.

Case Mat. prop. | Right Solar | Albedo | Ty gy [K] | Cells | Panel orient.
asc. [°] | flux
2A Cold | BOL 0 SS 0.2 244 ON | TRUE SUN
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2B COLD

This case is almost entirely equivalent to the previous cold case with only one parameter differ-
ence:

— Right ascension angle of the orbit is 90° meaning there is no eclipse, hence lowest temper-
atures here are expected to be much higher than of the previous case.

Table 5.16: Case 2B COLD.

Case Mat. prop. | Right Solar | Albedo | Ty zry [K] | Cells | Panel orient.
asc. [°] | flux

2B Cold | BOL 90 SS 0.2 244 ON TRUE SUN
2C COLD
In this case the solar panel under the same thermal conditions as in Case 2A COLD with two
differences:

— The panel is turned by 180° with respect to the Sun (safe mode), pointing it's rear side
towards the incoming sun rays,

— The solar cells are turned OFF meaning that the panel is in a non-operational mode.

Table 5.17: Case 2C COLD.

Case Mat. prop. | Right Solar | Albedo | Ty gy [K] | Cells | Panel orient.
asc. [°] | flux
2C Cold | BOL 0 SS 0.2 244 OFF | BACK SIDE

5.3.3. Operational Cases

First two sets of thermal cases are executed to determine the highest and lowest temperature
extremes that the panel can reach in orbit. This set of four cases aims at determining panel
temperatures in operational mode with:

1. Lowest incoming solar flux (SS conditions),
2. Cells ON,
3. Average albedo values (equivalent to 0.33 [-]),
4. The Earth IR radiation is assumed to be equivalent to that of a black body of 254 K (average),
5. Panel orientation in the direction of TRUE SUN for all cases.
3A OPR

The additional two properties for this case are:

— BOL panel characteristics,
— 0° right ascension angle.

Table 5.18: Case 3A OPR.

Case Mat. prop. | Right Solar | Albedo | Ty rry [K] | Cells | Panel orient.
asc. [°] | flux
3AOPR | BOL 0 SS 0.33 254 ON | TRUE SUN
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3B OPR
This case is the same as the previous case (Case 3A OPR) with one parameter difference:

— Right ascension angle of the orbit is 90° meaning the absence of eclipse periods.

Table 5.19: Case 3B OPR.

Case Mat. prop. | Right Solar | Albedo | Ty zry [K] | Cells | Panel orient.
asc. [°] | flux
3B OPR | BOL 90 SS 0.33 254 ON | TRUE SUN

3C OPR
This case is also the same as Case 3A OPR with the difference of having:

— EOL panel characteristics. Hence the differences between the two cases in thermal perfor-
mance can be attributed due to the change in concentrator reflectivity.

Table 5.20: Case 3C OPR.

Case Mat. prop. | Right Solar | Albedo | Ty .zry [K] | Cells | Panel orient.
asc. [°] | flux
3COPR | EOL 0 SS 0.33 254 ON | TRUE SUN

3D OPR
This case is the same as Case 3C OPR with the difference of having:

— The right ascension angle of the orbit is 90° meaning the absence of eclipse periods.

Table 5.21: Case 3D OPR.

Case Mat. prop. | Right Solar | Albedo | T,zry [K] | Cells | Panel orient.
asc. [°'] | flux
3D OPR | EOL 90 SS 0.33 254 ON | TRUE SUN

5.3.4. Misalignment Cases

The next four cases are executed specifically to determine the sensitivity of the solar flux distri-
bution over the cells for two misalignment angles around two different axis. For all four cases
the following parameters are fixed constant:

1. The cells are kept turned ON, meaning that the panel is in operational mode,

2. The right ascension angle of the orbit is kept at 90° meaning that there is constant sunlight
and no eclipse,

3. EOL material characteristics are considered.

= 5° Misalignment around y-axis

The next two cases are executed to determine how a small misalignment angle of 5° influences
the thermal and electrical performance of the panel. Fig. 5.20 depicts the slight misalignment in
the panel orientation around it's y-axis. In real life this may be caused by the imperfections of
pointing accuracy of the Solar Array Drive Mechanism (SADM), although it will not reach 5° offset
in reality (A1° max is predicted). Fig. 5.20 depicts the panel at position 1 in orbit. Note, that the
side closer to the Earth at that location is denoted as "R” side.
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\ The Sun

"R" side

Figure 5.20: CASE 4A MIS-HOT: The panel cross-section with the misalignment of 5° (with the Sun positioned in the positive
z-direction). The right side of the panel that is inclined as shown here is denoted as"R” side.

— 4A MIS-HOT
Apart from above-mentioned properties the following additional characteristics to simulate
hot conditions for this case are:
o Highest incoming solar flux (WS conditions),
o Maximum albedo values are considered here (equivalent to 0.4 [-]),
o The upper limit of the Earth IR radiation is assumed (equivalent to 264 K),
o Panel orientation is TRUE SUN with 5° misalignment as see in Fig. 5.20.

Table 5.22: Case 4A MIS-HOT.

Case Mat. prop. | Right Solar | Albedo | T;,zry [K] | Cells | Panel orient.
asc. [°] | flux
4A MIS-HOT | EOL 90 WS 0.4 264 ON | TRUE SUN, 5°

misalignment
around y axis

— 4B MIS-OPR
This case deviates slightly from Case 4A MIS-OPR due to changes in the following parameters
to simulate operational conditions:
o Solar flux (SS considered in this case),
o Abledo (0.33 [—] in this case),
o The Earth IR radiation (equivalent to 254 K here (average)).

Table 5.23: Case 4B MIS-OPR.

Case Mat. prop. | Right Solar | Albedo | Ty ,zry [K] | Cells | Panel orient.
asc. [°] | flux
4B MIS-OPR | EOL 90 SS 0.33 254 ON | TRUE SUN, 5°
misalignment
around y axis

= 30° Misalignment around x-axis

Similarly, the next two cases are executed to determine the absorbed solar flux sensitivity for this
concentrator solar panel design, for 30° misalignment around a different axis as can be see in
Fig. 5.21 and 5.22. In reality such a misalignment can occur due to the changing position of the
Sun with respect to Earth, and absence of the mechanism that would correct misalignment error
around double axis.
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Figure 5.21: CASE 4C MIS-HOT: The representation of the panel misalignment angle of 30° around the y-axis.

INORTH(Z)

Figure 5.22: CASE 4C MIS-HOT: Panel orientation with a 30° angle of misalignment (green circle - orbit trajectory; x-axis
direction of the Sun).

— 4C MIS-HOT
In this case the exact same thermal characteristics are used as in Case 4A MIS-HOT with
the only difference in misalignment angle and the axis around which it occurs.
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Table 5.24: Case 4C MIS-HOT.

Case Mat. prop. | Right Solar | Albedo | Ty rry [K] | Cells | Panel orient.
asc. [°] | flux
4C MIS-HOT | EOL 90 WS 0.4 264 ON | TRUE SUN, 30°

misalignment
around x axis

— 4D MIS-OPR
This case uses the same properties as in Case 4B MIS-OPR with the only difference in
misalignment angle and the axis around which it occurs.

Table 5.25: Case 4D MIS-OPR.

Case Mat. prop. | Right Solar | Albedo | Ty ,zry [K] | Cells | Panel orient.
asc. [°'] | flux
4D MIS-OPR | EOL 90 SS 0.33 254 ON | TRUE SUN, 30°
misalignment
around x axis

5.3.5. Overview of All Radiative Cases

An overview of all radiative cases and their orbital, environmental and performance parameters
can be found in Table 5.26.

Table 5.26: Summary of Radiative cases.

Case Mat. Right Solar | Albedo | Ty ,zry [K] | Cells | Panel orient.
prop. | asc. [°] | flux

1A Hot EOL 0 WS 0.4 264 OFF | TRUE SUN

1A Hot ZERO | EOL 0 WS 0.0 264 OFF | TRUE SUN

ALBEDO

1B Hot EOL 90 WS 0.4 264 OFF | TRUE SUN

1C Hot EOL 0 WS 0.4 264 OFF | BACK SIDE

1D Hot EOL 0 WS 0.4 264 ON | TRUE SUN

2A Cold BOL 0 SS 0.2 244 ON | TRUE SUN

2B Cold BOL 90 SS 0.2 244 ON | TRUE SUN

2C Cold BOL 0 SS 0.2 244 OFF | BACK SIDE

3A OPR BOL 0 SS 0.33 254 ON | TRUE SUN

3B OPR BOL 90 SS 0.33 254 ON | TRUE SUN

3C OPR EOL 0 SS 0.33 254 ON | TRUE SUN

3D OPR EOL 90 SS 0.33 254 ON | TRUE SUN

4A MIS-HOT | EOL 90 WS 0.4 264 ON | TRUE SUN, 5°

misalignment
around y axis

4B MIS-OPR | EOL 90 SS 0.33 254 ON | TRUE SUN, 5°
misalignment
around y axis

4C MIS-HOT | EOL 90 WS 0.4 264 ON | TRUE SUN, 30°

misalignment
around x axis
4D MIS-OPR | EOL 90 SS 0.33 254 ON | TRUE SUN, 30°
misalignment
around x axis
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5.4. Thermal Analysis Results

The optimized baseline panel design is tested in orbit at various radiative conditions. Thermal
inspection of the panel is mainly analyzed based on the solar array temperature (Section 5.4.1)
at various locations over the panel. In addition to that, several absorbed heat flux figures (solar,
albedo, planetary and rest heat) are presented in Section 5.4.2.

5.4.1. Temperature

HOT CASES

— Case 1A HOT

Fig. 5.23 depicts the temperature variation of nodes at the cell, U-beam, panel and edge
beam througout the orbit. One full revolution around the Earth at a given altitude takes
roughly 6500 seconds. All nodes are (geometrically) middle nodes, where the temperature
reaches maximum value for each separate structure. It can be seen that the highest tem-
peratures are reached at the cells (122°C during illuminated phase), which makes sense
because it experiences roughly five times the solar flux.

The highest temperatures are reached at 300 seconds, which is when the panel’s position
is right between the Sun and the Earth, see Fig. 5.19. At this position the rear side of
the panel (which is supposed to radiate heat away to the open space) is exposed to the
planet flux the most (largest view factor). At 2250 seconds the panel enters eclipse, and
the temperature begins to suddenly drop. The lowest temperature is reached at the edge
beams (-67°C) while the cells experience -58°C. At the beginning of eclipse the temperature
decreases nearly vertically for the first 500 seconds, and then continues to decrease more
slowly, until (at 4250 seconds) it exits eclipse and the temperature begins to rise again. It
can be seen that the cell temperature drops by 115°C within 8 minutes, and increases by
130°C within 8 minutes when exiting eclipse. These temperature fluctuations are very high
and, therefore, it is important to mention that the differential thermal expansion should be
taken into account. In this case the panel substrate, concentrators and beams are all made
of the same material (CFRP M55J). Also it is important to take into account the thermal
expansion coefficients of different materials to predict whether the structure will be able to
sustain the thermal loads mechanically.

The difference between cell temperatures along the panel can be seen in Fig. 5.24, where itis
compared for two locations on the panel. Each cell contains 9 nodes and their temperatures
are combined in Fig. 5.24 for two cells. The difference in temperatures between the two
sets of nodes reaches 15°C during the sunlit period. This is due to the edge effects, and as
will be seen later, the cell temperatures on the 6th concentrator are significantly lower than
on the previous five. Note that the temperature variation within each cell (between the cell
nodes) increases with concentrators being positioned farther away from the center of the
panel, for instance, the cell in the middle of the panel experiences the temperature mismatch
of ~1°C, while the cell on the edge and at the back of the panel: up to 4°C difference. This
indicates that the edge effects play a more significant role towards the end and corners of
the panel.
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Figure 5.23: CASE 1A HOT: Temperature of several nodes throughout the orbit (middle of the panel). Note that every line

represents a single node.
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Figure 5.24: CASE 1A HOT: Cell temperature distribution (middle (concentrator 1) vs. edge of the panel (concentrator 6)).

— Case 1A HOT ZERO ALBEDO

To understand the thermal behavior of the solar panel during the sunlit phase as a function
of position, the exact same radiative case is analyzed with zero albedo to see the influence
of the Earth. Fig. 5.25 depicts the temperature distribution of one of the cell nodes (at
the middle of the panel). In comparison to Fig. 5.24 the temperature distribution during
the sunlit phase appears to be nearly constant. This is an indication that the temperature
increase from 104°C to 122°C (for the cell in the middle of the panel) is purely due to the
planetary effects.
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Figure 5.25: CASE 1A HOT: Cell temperature variation throughout the orbit with zero albedo, for comparison.

— Case 1B HOT

In Fig. 5.26 the upper and middle curves show the cell temperature distribution over one
orbit in different positions on the panel. The lower curves represent the temperature change
of the vertical radiator at the edge concentrator, as this is where the lowest temperatures
occur (side beams on the rear reach minimum 40°C). This is due to the fact that the radiator
has a very small view factor with respect to the Sun, the sunlight travels in parallel to the
radiator and since its thickness is very small it remains cool. Since the panel does not
experience eclipse, the cell temperature never gets lower than 78.5°C (the edge cell at the
edge concentrator) and higher than 101.5°C.

The cell temperature fluctuates by + 2 degrees throughout the orbit partly due to the way
the panel is assumed to be orbiting the Earth (albedo and planetary effect): the panel
orientation is fixed with respect to the orbital coordinate frame, hence any node on the panel
will experience variable temperature throughout the orbit, because it's position with respect
to the planet changes (e.g. different sides of the panel are receiving planet radiation (facing
the Earth) at different positions in orbit). Also, the absorbed solar flux varies (insignificantly)
throughout the orbit (see next section) which partly also accounts for slight temperature
fluctuations for 90° right ascension orbit. Either the solar array has a fixed frame with
respect to it's orbit or not is very mission specific and the way solar array is mounted onto
the satellite with respect to its communication system and other payload.

The maximum cell temperature in this case is lower than in Case 1A HOT because the view
factor of the panel with respect to the Earth is very small, so albedo and Earth induced
radiation only fall on one side of the panel at a time (the side that faces the Earth).
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Figure 5.26: CASE 1B HOT: Cell and vertical radiator temperature variation through orbit with 90° right ascension angle.

— Case 1C HOT

Depending on the satellite’s pointing requirements it might happen that the satellite at times
will have to change its pointing direction and the panel might end up in the configuration
of rearside facing the Sun, see Fig. 5.27. This might happen on purpose to shield the cells
from excess sunlight in case they overheat. To summarize in this case the solar array is

o under the highest possible solar illumination (at winter solstice) of 1461.62 W /m?,

o under the highest albedo of 0.4 [—],

o experiencing Earth radiation with its emitting temperature of 264 K,

o under end-of-life reflective coating conditions,

o non-operational, with no energy to electricity conversion (short-circuited cells),

o oriented such that the rearside of the panel faces the Sun.
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Figure 5.27: CASE 1C HOT: Temperature distribution over the rear side of the panel at the hottest location in orbit (at 300
seconds).

In case something goes wrong with the solar panel, it will be put into a safe configuration
to shield the front side from the sunlight. Hence it is important to find out the temperature
limits that the rear side of the panel will be exposed to. The highest temperatures the panel
experiences when in position as shown in Fig. 5.27, and the rearside substrate reaches
109°C. Fig. 5.28 and 5.29 depict temperature distribution over the front and rear of the
panel at the hottest location in orbit. It can be seen that the middle section of the panel is
being heated up the most. The edge effects are clearly seen, as the heat disperses more
towards the edges of the panel where the structure has a larger view factor to the open
space, hence it radiates heat much better than in the middle of the panel.

Figure 5.28: CASE 1C HOT: Temp. distribution over the front side of the panel at the hottest location in orbit (at 300 seconds).
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Figure 5.29: CASE 1C HOT: Temp. distribution over the rear sie of the panel at the hottest location in orbit (at 300 seconds).

The lowest temperatures are observed just before exiting eclipse, as expected from having
seen the temperature behavior in the previous cases. The minimum panel temperature is
roughly -60°C and occurs at the vertical radiators at the edges of the panel. (This again
depends on the panel orientation. In case it is oriented as shown in Fig. 5.30, then the
edge vertical radiator closer to the Earth will be warmer than that which is further away. In
case the panel is turned by 90°C around its z-axis both edge radiators would experience the
same temperature, as both would be equally away from the Earth.)
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Figure 5.30: CASE 1C HOT: Temp. distribution over the rear side of the panel upon exiting the eclipse (coldest location in orbit).
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— Case 1D HOT

The cell temperature variation can be seen in Fig. 5.31. As compared to the Case 1A HOT,
the maximum cell temperature here is 105°C as compared to 122°C. This is due to the
cells converting part of the incoming sunlight into electricity (implemented as the rest heat
source QR in the model). Having solar cells ON only changes panel thermal behavior during
the illuminated phase in orbit. Hence, it can be seen that the eclipse cell temperatures are
equivalent to those in Fig. 5.23 (with minimum of -58°C).
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Figure 5.31: CASE 1D HOT: Cell temp. variation throughout the orbit (at the middle of the panel).

COLD CASES

— Case 2A COLD

At the coldest location in orbit the temperature distribution can be seen in Fig. 5.32. Fig.
5.33 shows the temperature distribution of the cell (at the edge), edge beams and the U-
beam over the entire orbit. It can be seen that the coldest location on the panel is the edge
beams and the temperature there during the eclipse reached -75°C. It makes sense since it
is expected that the temperatures at the edges get significantly lower than in the middle of
the panel because of the edge effects, which can also be seen more clearly in Fig. 5.34.
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Figure 5.32: CASE 2A COLD: Temperature distribution of the front side of the panel upon exiting the eclipse (coldest location in
orbit).
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Figure 5.33: CASE 2A COLD: Temperature distribution of the edge cell, edge beams and U-beam.
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Figure 5.34: CASE 2A COLD: Temperature distribution over the rear side of the panel when in coldest location in orbit.

— Case 2B COLD

This case is executed to see what are the coldest temperatures reached by the panel. Fig.
5.37 depicts temperature distribution of the edge cell, vertical radiator (at the edge), edge
beams at the rear and the U-beam. It can be seen that the U-beam reaches lower tem-
peratures than the edge beams. Temperature fluctuates but +£3 degrees throughout the
orbit, and it seems to change its behavior (from decreasing to increasing and the other way
around) at around 1500 and 5000 seconds in orbit, as in Case 1B HOT. This mild temper-
ature fluctuation can be explained by the absorbed flux figures (see next pages). Figures
5.35 and 5.36 show the panel position at 1500 and 5000 seconds in orbit, respectively.

NORTH(Z)
RENCE(X y RENGCE(X) ()
Figure 5.35: CASE 2B COLD: Panel position with respect to Figure 5.36: CASE 2B COLD: Panel position with respect to
the Earth as seen by the Sun at 1500 seconds in orbit, 90° the Earth as seen by the Sun at 5000 seconds in orbit, 90°

ascension orbit. ascension orbit.
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Figure 5.37: CASE 2B COLD: Temperature variation of the edge cell, vertical radiator (at the edge), edge beams and the
U-beam.

— Case 2C COLD

Figures 5.38 and 5.39 depict the temperature distribution over the rear and front sides of
the panel, respectively. As can be seen, the lowest temperatures take place at the edge
concentrators, specifically, at their rear side. Slight asymmetry effects take place with 0 to 1
degree difference in temperatures between the right and left half of the panel. This variation
is insignificantly small and can be attributed to the difference in view factors towards the
Earth (left side in this case closer to the Earth and the right side slightly shaded by the
U-beam). It can be seen that the lowest temperatures occur at the edge concentrator (its
vertical radiator, specifically): -65°C. This occurs at around 4300 seconds in orbit, hence just
before exiting eclipse. It was expected since the rear of the panel is facing the Sun in
this case, as in the Case 1C HOT. The edge effects on the temperature can be seen clearly
also in Fig. 5.40.
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Figure 5.39: CASE 2C COLD: Temp. distribution over the
Figure 5.38: CASE 2C COLD: Temp. distribution over the rear front side of the panel at the coolest location in orbit (in
side of the panel at the coolest location in orbit (in eclipse). eclipse).
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Figure 5.40: CASE 2C COLD: Temp. distribution over the front side of the panel at the coolest location in orbit: see the edge
effects.

Fig. 5.41 depicts the temperature variation throughout the orbit of the middle node of all
cells along the edge concentrator.
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Figure 5.41: CASE 2C COLD: Temperature variation of the middle cell node for all cells on concentrator 6 (edge of the panel).

OPERATIONAL CASES

— Case 3A OPR

The temperature distribution of the panel in the hottest location in orbit on this operational
case can be seen in Fig. 5.42. The highest temperature reaches 84°C and is experienced
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by the solar cells. Here it can also be seen how the temperature distribution over the first 5
concentrators (counting from the middle of the panel) appears similar to each other, whereas
concentrator 6 is much cooler. This solar panel thermal behavior can be explained partly
due to edge effects, and also because it is positioned next to a very cool concentrator (last
one) which does not contain cells), so it dissipates heat more easily.

14.545
9.9117[OC]

Figure 5.42: CASE 3A OPR: Temperature distribution at the hottest location in orbit (400 seconds).

Fig. 5.43 depicts the temp. variation of the middle nodes of all cells of concentrator 1
(middle of the panel) as a function or orbital position. The temperature for all nodes is the
same, hence proving the point that cell temperature does not depend its position within the
limits of one concentrator. However, the variation in temperature is observed between the
concentrators, see Fig. 5.44: it depicts the temp. variation between the nodes belonging to
different concentrators. It can be seen that the cells on the first 5 concentrators experience
the same temperatures with +2°C difference, while the cells on concentrator 6 are 10°C
cooler than the rest.
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Figure 5.43: CASE 3A OPR: Temperature variation of the middle nodes of all cells of concentrator 1 (middle of the panel).
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Figure 5.44: CASE 3A OPR: Temperature variation of the middle node of the middle cell for each concentrator (half of the
panel, so on 6 concentrators).

— Case 3B OPR

T[°C]

B2.60
62.55
62.50
62.45
62.40
62.35
62.30
62.25
62.20
62.15
62.10
62.05
62.00
61.95
61.90
61.85
5150 | top and bottom
/
o1 cell nodes ;
61.65
B1.60 1
61.55 ==
61.50
61.45
61.40
61.35
61.30 y
61.25
sani —— middle cell nodes
61.15
61.10

0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000 5,500 6,000 6500
Time [s]

Figure 5.45: CASE 3B OPR: Temp. variation of the middle cell nodes of the concentrator number 1 (in the middle of the
panel). Note that the temperature change for the nodes does not exceed 1°C.

Fig. 5.45 shows the temperature fluctuation of all the nodes of the middle cell of the con-
centrator number 1, while Fig. 5.46 depicts additionally the temperature variation of the
edge beams and the vertical radiator of the edge concentrator. It can be seen that within
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the cell the temperature varies no more than 0.5°C from node to node (note the scale of
vertical axis); the middle nodes are found to have slightly less temperature. At around 4000
seconds in orbit the temperature peaks due to the the positioning effects as discussed earlier
in Case 2B COLD. Fig. 5.46 shows the temperature variation of the edge beams and the
vertical radiator (due to the same effects as in Case 2B COLD. The coolest temperatures are
reached at the vertical radiator (-7.5°C) when it is farthest from the Earth (at around 4500
seconds). In this case the maximum cell temperature is lower than in Case 3A OPR due to
lower effect of the albedo because of change of orbit.
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Figure 5.46: CASE 3B OPR: Temp. variation of the middle cell nodes compared to that of edge beams and the edge node of

the vertical radiator.

— Case 3C OPR

Figure 5.47: CASE 3C OPR: Temperature distribution at the hottest location in orbit (400 seconds).

Similar to Fig. 5.42 temperature distribution for this case is depicted in Fig. 5.47, with similar
values also. The difference is in coating reflectivity value being lower in this case (EOL).
Hence, the panel temperature increased slightly (by ~2°C) due to increased absorptivity.
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Figure 5.48: CASE 3C OPR: Temperature variation of the middle nodes of all cells of concentrator 1.
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5.49: CASE 3D OPR: Temperature variation of the nodes of middle cell of the concentrator 1. Note that the

temperature for all nodes does not vary more than 1°C.

The temperature variation of the nodes of the middle cell of concentrator 1 is shown in Fig.
5.49. Compared to the temperature distribution in Case 3B OPR in Fig. 5.45 it can be seen
that the temperature increased by ~4°C. The decrease in reflectivity results in increase in
absorptivity, hence the concentrator will warm up more from the front side at EOL conditions.
Hence, the cell temperature also increases. The difference between the nodal temperature
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within the cell in this case is less than 0.5°C (note the scale of the vertical axis), and the
increase in temperature around 4000 seconds is less than 1°C increase, hence insignificant.

The temperature variation of the node number 4 of the edge cell of all concentrators can be
seen in Fig. 5.50. The curve with the highest temperature belongs to the cell that is located
closest to the middle of the panel. The cells further away from the centre experience cooler
temperatures due to having a larger view factor and hence being able to radiate the heat
more effectively. The two coolest curves represent the temperature variation of the two edge
concentrators which do not have cells. The temperature fluctuation around 1500 and 4500
seconds in Fig. 5.50, as previously, can again be attributed to the changing S/C position with
respect to the Earth, hence due to the changing Albedo and planetary effect on the edges
of the panel. Similarly to Fig. 5.50 the temp. variation of the middle node of the middle
cell of all concentrators is shown in Fig. 5.51. Similar thermal behavior is observed. It can
be seen that the temperature of middle cells in Fig. 5.51 is slightly higher (by ~0.7°C) than
that of the edge cells in Fig. 5.50, which happens due to the edge effects - objects located
closer to the edge of the panel have a higher view factor, hence they radiate the heat more
effectively, but still insignificant amount in this case.

The temperature variation throughout the orbit of the edge beam, vertical radiator and the
middle cell is shown in Fig. 5.52. As compared to the same figure in Case 3B OPR the
increase in temperature can be observed by 6°C for the middle cell and the edge beams,
and 10°C for the vertical radiator. As mentioned before, this increase can be attributed to
the increase in absorptivity of the concentrator coating material.
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Figure 5.50: CASE 3D OPR: Temperature variation of the node 4 of the edge cell of all concentrators (hence, 14 curves)

throughout the orbit.
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Figure 5.51: CASE 3D OPR: Temperature variation of the node 8 of the middle cell of all concentrators (hence, 14 curves)
throughout the orbit.
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Figure 5.52: CASE 3D OPR: Temperature variation throughout the orbit of edge beam nodes, vertical radiator edge nodes and
the middle cell in the middle of the panel, for comparison.

MISALIGNMENT CASES
— Case 4A MIS-HOT
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Due to the misalignment angle both panel sides experience different illumination, hence the
temperature distribution slightly varies from side to side, as can be seen in Fig. 5.53. Note
that "R” side in this figure is the left side of the panel. As depicted in Fig. 5.55 on the "R”
side of the panel the 5° misalignment causes the reflected sunlight to be concentrated onto
the vertical radiator, hence the highest temperatures are observed there and not at the cells.
However, as seen in Fig. 5.54 on the other side of the panel the reflected light falls onto
the concentrator part below the cell, hence the highest temperatures on that panel side are
reached below the cells (partly at the diode). From the figures so far it can be concluded that
the misalignment of 5° creates a big difference since much less light is hitting the solar cell,
which points out the extreme sensitivity of the design to this much of the pointing offset.

Figure 5.53: CASE 4A MIS-HOT: Temperature distribution over the front side of the panel when in orbit, position 1 (left side
being side "R").

Figure 5.55: CASE 4A MIS-HOT: Temperature distribution
Figure 5.54: CASE 4A MIS-HOT: Temperature distribution over over the front side of the panel when in orbit, position 1;
the front side of the panel when in orbit, position 1. panel side "R".
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The temperature variation of all nodes of the middle cell is shown in Fig. 5.56, black lines
representing its variation of the nodes on “"R” side of the panel, and red lines - of the opposite
side. As seen in previous figures, the bottom cell part on the panel side opposite of the "R”
side is exposed to significantly more sunlight than the other parts of that cell or the cells on
"R” side, hence the cell temperature at that location is highest (the upper most curve in red
color) reaching 85°C. However, (not shown in the figure) the maximum panel temperature
on that side of the panel is experienced by the diodes and not cells, due to misalignment:
97°C. The diodes being small can easily heat up quickly, hence it is important to attach the
diode to the PG thermal doubler (as well as the cells) to reduce their temperature. This step
was not accounted for in the modelling.

There is slight variation in the temperature throughout the orbit for all nodes (less than
0.5°C, note the vertical axis scale). This can be explained by the fact that throughout the
orbit the view factor of each panel side with respect to Earth is changing. Hence, the mild
temperature changes (or +1°) can be attributed to the planetary effects.
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Figure 5.56: CASE 4A MIS-HOT: Temperature variation throughout the orbit of cell 7 nodes (black - "R” side of the panel, red

- the other side).

— Case 4B MIS-OPR

The temperature distribution over the front side of the panel can be seen in Fig. 5.57. When
compared to the temperature gradients in Case 4A MIS-HOT it can be seen that with lower
solar flux (SS in this case instead of WS in Case 4A MIS-HOT) and lower albedo (0.33 instead
of 0.4) the maximum panel temperature decreased by ~16° (at the diode).
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Figure 5.57: CASE 4B MIS-OPR: Temperature distribution over the front side of the panel, hottest location.

— Case 4C MIS-HOT
In this and next case the panel is tilted by 30°. Fig. 5.58 depicts temperature distribu-
tion over the front surface of the panel. It can be seen that with 30° misalignment angle
the panel’s highest temperature reaches 68.5°C (the solar cells). The cells reach the same
temperature in case with no misalignment (with slightly lower albedo, solar flux and Earth
temp. in Case 3D OPR), hence the misalignment has no effect on temperature, but rather
on illumination pattern.
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Figure 5.58: CASE 4C MIS-HOT: Temperature distribution over the front side of the panel under 30° misalignment.

Fig. 5.59 depicts temperature distribution of the middle nodes of all cells on concentrator
1 (middle of the panel). Due to the panel being tilted it was expected that the edge cells
of each concentrator would experience less solar flux (and more on the opposite side of
the concentrator) which would result in lower and higher temperatures. However, because
there is a considerable amount of gap between the cell and the edge of the panel, the
misalignment does not seem to affect the temperature of the cells. Between all cells it
deviates (maximum) by 3°C which is insignificant.
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C: Temperature variation of the middle nodes of all cells on concentrator 1 (middle of the panel).
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In this case the temperature Fig. 5.60 and 5.43 are comparable to the ones in Case 4C
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with the difference of some environmental parameters. The temperatures here
due to less solar illumination and lower albedo and planet temperature.

Figure 5.60: CASE 4D: Temperature distribution at the hottest location in orbit.
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Figure 5.61: CASE 4D: Temperature variation of the middle nodes of all cells of concentrator 1.

5.4.2. Absorbed Flux

REST HEAT QR

As mentioned before, the rest heat source in this ESATAN model represents the amount of heat
that is dissipated due to the energy conversion of the solar cells. Fig. 5.62 shows the QR changes
over one orbit revolution. It is depicted for a single cell only (with 9 nodes, hence 9 curves),
because the QR values and distribution is nearly the same for all cells on all concentrators. It
mostly varies within each cell as the amount of incoming flux there varies due to imperfections
in the geometrical reflection of the light from concentrators. It is, unfortunately not yet clear
whether this is due to the nature of geometry or modelling imperfections. At the start of the orbit
the panel is illuminated and solar cells produce electrical power (each node in the order of 0.15 -
0.21 [W1]). During eclipse as expected QR is zero because there’s no illumination, hence no heat
dissipation until +4500 seconds when the panel leaves the eclipse again and begins to produce
power. Note that Fig. 5.62 represents the radiative Case 1D HOT - the hottest case in orbit with
solar cells turned ON.

Fig. 5.63 depicts the QR variation throughout the orbit for Radiative Case 2ZA COLD. When com-
pared to the Fig. 5.62 it can be seen that no major differences occur despite the changes in
albedo, solar flux, planet radiation and reflectivity parameters. The case in Fig. 5.63 has a lower
albedo, lower planet radiation, lower incoming solar flux - which all lead to lower QR. However,
the BOL property of the reflective coating has a higher value that at EOL (0.95 for BOL, 0.85 for
EOL), which surpasses all above mentioned changes. Hence, as a result QR can be seen to not
vary almost at all for both cases.
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ALBEDO QA

Fig. 5.64 depicts the absorbed albedo energy by one of the solar cell nodes throughout one
revolution around the Earth (without eclipse period). As can be seen, the albedo energy absorbed
by the solar cell increases linearly until it peaks at 1500 seconds, after which it drops and again
increases to another peak at 5000 seconds. The peaks (however low) happen to occur at when
the S/C passes by the poles of the Earth, while the lowest drop occurs when the S/C is above the
equator.

This behavior can be explained by the fact that the albedo at the poles is higher than at the equator
due to snow and ice that reflect more solar light. The amount of absorbed albedo energy changes
slightly from case to case due to variable solar intensity and concentrator coating reflectivity, but
in general for orbits of 90° right ascension angle the two peaks and the sudden drop will all occur
at the same time as in Fig. 5.64. For 0°C right ascension orbit (with eclipse) the absorbed albedo
distribution is as shown in Fig 5.65 with similar peaks and zero during eclipse.

0.000950 - QA [W]

0.000925
0.000900
0.000875
0.000850
0.000825
0.000800
0.000775
0.000750
0.000725
0.000700
0.000675
0.000650
0.000625
0.000600
0.000575
0.000550
0.000525
0.000500
0.000475
0.000450
0.000425
0.000400
0.000375
0.000350
0.000325
0.000300
0.000275
0.000250
0.000225
0.000200
0.000175
0.000150
0.000125
0.000100
0.000075
0.000050
0.000025 {/
0.000000 !

0

500 1,000 1500 2,000 2,500 3,000 3,500 4,000 4500 5,000 5500 6,000 6,500
Time [s]

Figure 5.64: CASE 2B COLD: Amount of absorbed albedo energy by one of the cell nodes as a function of time in orbit (90°

right ascension orbit).
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Figure 5.65: CASE 2A COLD: Amount of absorbed albedo energy by one of the cell nodes as a function of time in orbit (0° right
ascension orbit)

COMBINED

— Nominal pointing

Fig. 5.67 and 5.66 depict the amount of solar and albedo flux absorbed by the cell nodes
in Cases 1D HOT and 3A OPR. As can be seen for each cell the middle nodes receive more
illumination than the bottom and the top nodes. Solar cell middle nodes receive (Fig. 5.67)
+ 5800 W /m? while the top and bottom only + 4300 - 5000 W /m?. Uneven cell illumination
might cause problems in power conversion, which is why it is advisable to do testing. Even
more so, uneven illumination of the cells that are connected in series can cost in power
production, since the total string current is defined by the lowest current in one of the cells.
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Figure 5.66: CASE 1D: Absorbed solar and albedo flux distribution over the cell nodes.
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Figure 5.67: CASE 3A OPR: Absorbed solar and albedo flux distribution over the cell nodes. Note that the flux on the edge (in
blue color) does not fall onto the solar cell, and, moreover, is an inaccurate calculation due to nodal mismatch at that location.

Figures 5.68 and 5.69 depict the solar, albedo and planetary absorbed amount of heat
throughout the orbit by the cells. In Fig. 5.68 the absorbed heat by the edge and middle
cells (cells 1, 7 and 15) middle nodes (node 8) of the concentrator 6 (at the panel edge) is
plotted (3 lines). It can be seen that the amount of absorbed heat does not vary consider-
ably with the cell location, by about 0.03 W which is a 4% error if the difference is ignored.
Also it does not vary with concentrator location, which makes sense since the entire panel is
receiving equal illumination everywhere. In Fig. 5.69 the absorbed heat by the middle cell
(cell 7) of the concentrator 6 is plotted (9 nodes). From last few figures it can be seen that
there is much more variation in the absorbed heat flux (and hence in power) within each cell
(between the cell nodes), rather than between the different cells. It can be seen that the
amount of energy absorbed by the middle cell nodes and the edge cell nodes is the same,
with more energy fluctuations in the nodes of the middle cell.

This agrees with the conclusion drawn previously that there appears to be very little varia-
tion between the amount of absorbed heat between the different cells, and more variation
within the cells themselves, however the temperature within the cells remains constant de-
spite variation in the solar flux. Both figures show how little is the amount of QE and QA
when compared to QS, and therefore do not influence the thermal behavior of the panel
significantly.
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Figure 5.69: CASE 3A OPR: Absorbed solar, albedo and (dissipated) rest heat variation throughout the orbit of the edge cell,
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To compare with Fig. 5.68, Fig. 5.70 depicts the absorbed solar and rest heat by the same
cells for an orbit with no eclipse period. The amount of absorbed heat is exactly the same
for both with the only difference in absence of eclipse period in Fig. 5.70.
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Figure 5.70: CASE 3B OPR: Absorbed solar and dissipated rest heat by the nodes of the middle cell of the concentrator
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Figure 5.72:
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CASE 3D OPR: Absorbed amount of solar heat and dissipated rest heat by the nodes (9 nodes) of the middle cell
of the concentrator 1 throughout the orbit (90° right ascension angle).

Figure 5.71 shows the amount of heat absorbed (and dissipated as QR) by the nodes of
the middle cell of concentrator 6. When comparing to the results of Case 3A OPR the
reduction in QS (from 0.8 W and 0.6 W to 0.7 W and 0.55 W) and QR absolute value can
be seen. This is what happens as the concentrator coating reflectivity drops from 0.95 to
0.85. Less light is reflected onto the cell, which results in lower incoming flux, which leads
to less power dissipation and less power absorption.

Fig. 5.72 depicts QS and QR by the nodes of the middle cell of the concentrator 1. Compared
to the values obtained in Case 3B OPR it can be seen that the QS and QR are reduced
similarly to the reduction of values in Case 3C OPR when compared to Case 3A OPR. The
difference is due to varied coating reflectivity values (higher reflectvity (BOL) allows more
light to be absorbed by the solar cell).

Misaligned cases

Figures 5.73 and 5.74 depict the solar and albedo flux distribution by the cells located in the
middle of the concentrator, close to the edge of the panel. On the "R” side of the panel (Fig.
5.74) it can be seen that a lot of light falls onto the vertical radiator due to the misalignment,
hence the lower part of the cell is receiving very little sunlight, nearly 5 times less than the
middle and the upper parts of the cell. Fig. 5.73 shows that the opposite occurs on the other
side of the panel: the lower part of the cell receives nearly 10 times more light than the
upper cell part, and 3 times more light than the middle part. Comparing both sides to each
other, the highest amount of flux received by the cell on "R" side of the panel (~ 3.5 suns)
is roughly two times less than the maximum received by the other panel side (~ 7 suns)
which is an increase compared to the nominal pointing (4.5-5.5 suns as in Fig. 5.67). This
means that the amount of power produced by both sides will most likely vary significantly.
Electrically this means that the amount of current will differ on both sides of the panel which
may affect amount of power produced.

Due to symmetry the amount of solar and albedo flux received and absorbed by concentrator
6 is the same as for other concentrators on the same side of the panel. Similarly, the amount
absorbed on the other side of the panel is the same for all concentrators located on that
side.
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Qs+QA [w/m?]

9693.66
9087.80
8481.95

7876.10
7270.24

Qs + QA [W/m?]

Figure 5.73: CASE 4A MIS-HOT: The distribution of absorbed  Figure 5.74: CASE 4A MIS-HOT: The distribution of absorbed
solar and albedo flux by the solar cell number 7 (middle of  solar and albedo flux by the solar cell number 7 (middle of
the concentrator) of concentrator 6. the concentrator) of concentrator 6R ("R” side).

Having decreased the solar flux, albedo and planetary flux intensity Figures 5.75 and 5.76
of Case 4B MIS-OPR can be compared to those of Case 4A MIS-HOT. QS and QA from HOT
to Operational conditions are reduced by roughly 13%.

Qs + QA [W/m?]
8433.87
43367 QSFOA[W/m2] 7906.75
I 7906.75 7379.64
7379.64 6852.52

6852.52 6325.40
6325.40 c2g0

1054.23
52712
0.00

Figure 5.75: CASE 4B MIS-OPR: The distribution of the sum of Figure 5.76: CASE 4B MIS-OPR: The distribution of absorbed
absorbed solar and albedo flux by the solar cell number 7  solar and albedo flux by the solar cell number 7 (middle of
(middle of the concentrator) of concentrator 6. the concentrator) of concentrator 6R ("R” side of the panel).

The sum of absorbed solar and albedo heat flux distribution over the panel under the 30°
misalignment angle can be seen in Fig. 5.77 (with the last concentrator hidden). When
compared to the amount of solar and albedo flux absorbed by the cells on the panel that
is perfectly aligned (Fig. 5.67 of Case 3A OPR), the heat flux distribution is decreased by
~11%. However, the two compared cases are not identical in terms of input parameters,
which is why 11% is an overestimation. However all parameters are the same as in Case 1D
HOT (apart from orbit). Compared to Fig. 5.66 the absorbed flux is less most likely due to
less albedo. It can be seen from Fig. 5.77 that despite the panel tilt of 30° the edge cell is
fully illuminated. This might be due to the fact that the first edge cell is located 4 cm away
from the edge.
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Figure 5.77: CASE 4C MIS-HOT: The distribution of absorbed solar and albedo flux by the edge cells of edge concentrators

(top part - inclined towards the Sun).

5.4.3. Panel Tilt Effect on Electrical Power

The electrical power in Chapter 3 has been calculated for the case of the panel facing the Sun
perfectly perpendicularly. However it may face the Sun in reality tilted around two different axis.
As can be seen from Fig. 5.79 the misalignment of 30° around the x-axis causes very little
variation in the absorbed solar flux, hence it is safe. However, a small tilt of 5° around the y-axis
causes too much mismatch of the absorbed flux throughout the cell.

The absorbed flux results by the solar cells for cases with panel misalignment are summarized
for each node of the cell in Fig. 5.78, 5.79 and 5.80 using the values depicted in Figures 5.67,
5.73, 5.74, 5.75 and 5.76.

CASE 3A OPR [W/m?]

CASE 4C HOT, 30° tilt [W/m?]

4200 4200 4200 3800 3800 3800
5500 5830 5500 5200 5200 5200
4500 4500 4500 4300 4300 4300

Figure 5.78: Absorbed flux values by the solar cell nodes in

case of nominal pointing.

Figure 5.79: Absorbed flux values by the solar cell nodes

under 30° tilt.
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CASE 4A HOT, 5° tilt [W/m?]

1000

3500
9700

CASE 4B OPR, 5° tilt [W/m?]

900

3000
8433

1000 5000
3500 5000
9700 1000

900 4500
3000 4500
8433 800

CASE 4A HOT, 5° tilt [W/m?]

5000 5000
5000 5000
1000 1000
CASE 4B OPR, 5° tilt [W/m?]
4500 4500
4500 4500
800 800

Figure 5.80: Absorbed flux values by the solar cells nodes at each half of the panel under 5° misalignment. Upper row: hot

conditions, lower row: operational conditions.

It can be seen from the nhumbers above that the misalignment of 5° may cause some problems
in generating optimum amount of electrical power, when compared to nominal pointing case and
30° misalignment case around another axis. In both cases the tilt induces extreme solar flux
variation throughout the cell which may significantly affect the amount of power mainly due to
the current that changes directly with the amount of illumination. It is unknown whether the
cell would produce as much power as if calculated taking the average illumination into account,
hence it is difficult to predict the outcome. However, the solar array drive mechanism (SADM)
will be responsible for correcting the misalignment angle around the y-axis with precision of <1°.
The flux mismatch will then be much lower, however not calculated in this project.

5.4.4. Summary of Radiative Cases

Table 5.27: Radiative cases - summarized results.

1b Hot

la Hot ZERO ALBEDO

1c Hot (rear illuminated)

Case Cell OPR temp. | Cell min. | Panel temp. [°C]
[°C] (Max]|Min, | temp. (Max|Min, mid-
middle to edge) | (edge) dle to edge)

[*C]
1a Hot 122|100 to 110|185 | -61 107]-60 to 80|-70

104|102 to 85|80 | -61
100/97 to 85|78 | 78
105|-45 to 95|-50 | NR

87|-60 to 55|-68
85|84 to 55|50
109|-45 to 100|-50

4d MIS-OPR

1d Hot 105|83 to 95|68 -62 95|-58 to 74|-68|
2a Cold 74|65 to 64|50 -69 65]-65 to 43|-74
2b Cold 61|60 to 50|45 45 51|50 to 28|25
2c¢ Cold (rear illuminated) | 83|78 to 75|70 -58 86]-60

3a OPR 83166 to 73|52 -65 74|-62 to 54|-71
3b OPR 62|61 to 52|46 46 52|51 to 30|26
3c OPR 86|70 to 75|55 -65 77|-61 to 57|-71]
3d OPR 66|65 to 56|50 50 56|55 to 34|30
4a MIS-HOT 97163 (diode) 63 71170 to 40|35
4b MIS-OPR 81|50 (diode) 50 58|57 to 29|26
4c MIS-HOT 6966 to 56|48 48 58|55 to 36|31

55|52 to 4035 35

45|43 to 26|21
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5.5. Additional Remarks/Assumptions

— For end-of-life configuration of the solar array the only property changed is the concentrator
coating optical properties. Hence, it is assumed that the rest of the material properties do
not change significantly with time.

— Wiring harness is not taken into account in thermal analysis because, as discussed with
Airbus experts (N. v.d. Pas) a couple of very thin wires will not change the thermal behavior
of the model significantly.

— In the middle of the panel (as can be seen in the electrical design drawings) there is a hole
(4 cm diameter) to accommodate the hold down structure during the panel stowage phase.
For the thermal analysis this was not modelled, as it was assumed to not have significant
influence on the temperature distribution profile. However, since the structure will increase
the heat capacitance the current analysis will likely show more extreme temperatures.

— In this thesis the PG conductivity is assumed to remain constant with temperature, and its
value was taken at +100°C. As can be seen from Fig. 5.14, the conductivity decreases with
temperature exponentially from 1350 W /mK at 100°C to +£1200 W /mK at 220°C. Hence, the
conductivity value at 120°C (hottest case) is very close to the one at 100°C. In operational
cases (when panel reaches + 70°C) the conductivity will be higher, and especially during the
eclipse periods it will increase maximum up to + 3000 W /mK (at 200 K). This means that
the panel during eclipse will cool down more than currently calculated.






Cost Analysis

Developing the concentrator solar panel for space applications involves much more complexity
and risks. Therefore, the only way to make this innovation successful is to make it an attractive
option to clients, offering a cheaper energy solution per Watt than the conventional planar solar
arrays. The initial requirement concerning the cost of the array states that the design should
result in a minimum of 30-40% lower cost per Watt as compared to the planar solar array.

6.0.1. Cost of Conventional Solar Array

Conventional planar solar array in space nowadays provides electrical power to the S/C with an
approximate rate of ~ 1000 Euro/W [3]. Interms of space a 1.2 m? planar solar panel with ~270
solar cells (conventional dimension) can deliver ~300 W (honeycomb panel benchmark from the
Midterm Report [15]). This amounts to 250 W /m?. The cost of a single wafer is 800 Euro and
it is split into two solar cells, hence the total cost of cells for the planar array is ~ 108'000 Euro
or 360 Euro/W.

6.0.2. Cost of ConCur Solar Array
— Solar Cells

The high efficiency triple junction Gallium Arsenide solar cells are produced in ingots and
hence sold in round wafers of 9.6 ¢cm diameter. Each wafer costs 800 Euro (from discussion
with Ir. R. v.d. Heijden at Airbus) and provides 4 rectangular cells of 15 x 80 mm dimensions.
Hence, the cost of a single cell is 200 Euro. To generate required amount of power (300 /)
the panel needs to consist of at least 168 solar cells, hence the humber of wafers needed
and the total cost of solar cells per wing are:

168
Mwafers = —5~ = 42[wafers] (6.1)
Cost,eys = 800 - 42 = 33'600[Euro] (6.2)
CostPerWatt = 33'600/300 = 112 [Euro/W] (6.3)
33'600
_ _ 24’ 2
CostPerSquareMeter = 111 1244 24'333 [Euro/m*] (6.4)
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300
— — . 2 )
WattPerMeter = 111 1244 217.3 [W/m?] (6.5)

Comparing the costs of the electric power for planar array of 1 x 1.2 m to that of a con-
centrator array (in terms of cells) the latter is seen to be a cheaper option (nearly 3 times).
Note that the amount includes the costs of raw material, molybdenum interconnects, cell
laydown, coverglass and adhesive.

Substrate Panel and Concentrators

In the Feasibility study by E. van den Abeele [13] the rough approximation of the costs was
calculated based on the costs of raw material, bonding and coating costs, see Tab. 6.1. The
panel parameters in the study [13] are not entirely identical to the ones here, hence the
cost values are approximate.

Table 6.1: Updated cost estimation.

Cost of Amount
Support panel dimensions 1.110x 1.244 m
Solar cell dimensions 15 x 80 mm
Amount of concentrators 14
Amount of solar cells 168

Raw material CFRP (concentrators) Eur 1'910.33
Bonding Eur 1.800.00
Coating Eur 1'273.55
Raw material support panel Eur 7'695.00
Total cost of solar cells Eur 33'600.00
*TOTAL (CONVENTIONAL PANEL, only cells) | Eur 108'000.00
TOTAL (CONCUR PANEL) [14] Eur 90200.00
**TOTAL (CONVENTIONAL PANEL, assumed) | Eur 300°000.00

* Based on the wafer cost; only cells without the honeycomb structure.
** Based on the 1000 Euro/W cost estimation.

When comparing the cost of the solar cells alone it can be seen that for the same amount
of power the ConCur solar array may save up to 60% of the cost required to get the same
power from a planar solar array. In terms of full panel costs, ConCur is estimated to cost
2/3rds less than the conventional solar panel.



Conclusions and
Recommendations

7.1. Conclusions

From the thermal results it was determined that the initial (baseline) design of the ConCur panel
did not satisfy the thermal requirements in terms of heat conduction, leading to very high tem-
peratures at the cell area where all the light was concentrated onto. Therefore, an alternative
design was proposed offering much more efficient heat transfer and, hence better panel operating
conditions. With the proposed conduction-enhancing methods the highest solar cell temperature
in operation does not exceed 70°C, and with the cells off: 122°C, which lies within the cell opera-
tional limits of the solar cells used (TJ GaAs 3G30C). It has been determined that the initial size of
the panel (1 x 1.2 m) was slightly too small for producing the required amount of power, hence it
was slightly extended to 1.11 x 1.244 m. A concentrator solar panel of this size can carry 14 con-
centrators with a total of 168 solar cells providing 310 W of electrical power at EOL conditions with
a geometric concentration ratio of 5.0. It will provide this amount of power throughout the orbit
when placed in a 90° right ascension orbit, however in a 0° right ascension orbit it will experience
eclipse 1/3rd of the entire lifetime, which limits the electrical power production. It was also de-
termined that the panel under misalignment of 30° is capable of producing high amount of power.

The main purpose of developing ConCur solar panel design is to provide an innovative solution
to lower the cost of the electrical power production in orbit. It has been calculated that ConCur
indeed is capable of producing the same amount of power as the conventional planar solar array
of the same size for a much less cost. A brief comparison of the conventional solar array and
ConCur panel can be found in Tab. 7.1.

Table 7.1: Cost comparison of the planar array versus ConCur.

Parameter Unit Planar Array | ConCur Array
Panel area m? 1x1.2 1.11 x 1.224
Number of cells — 270 168
Amount of power w 300 300

Total cost of cells Euro 108000 33’600
Cost per area Euro/m? 90000 24'333
Power density (per panel area) | W /m? 250 217.3
Total solar cell cost per watt Euro/W 360 112

Total panel cost (cells+panel) Euro 300000.00 90'280.00

So far the concept has passed a feasibility study, structures and vibrations analytical testing and (in
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this thesis) thermal and electrical detailed design development. In addition this report mentions
numerous recommendations to executing the next necessary tasks towards a successful design.

7.2. Recommendations/Remarks

Setting aside tasks that were performed in this thesis, some initially planned analyses for this
project were not executed due to the time constraint, hence they are added to the following list
of recommendations for further concept development.

1.

10.

11.
12.

13.

14,

Test the solar cell performance under 5 Sun illumination (AMO spectrum). Consider Auger
recombination effect on the solar cell performance under concentration of 5 Suns.

. Perform non-uniform cell illumination test to assess the non-homogeneity effects. Due to

the concentration effect the cell will receive different amount of light throughout its surface
area, and it is important to check whether that would cause any losses.

. Test material properties versus time in orbit (CFRP and resin conductivity etc.).
. The amount of radiation that was assumed in this thesis is most likely higher than that in

reality (for extra safety factor), so the panel at BOL will produce most likely more power
than calculated. The actual breadboard model testing in relevant environmental conditions
will help to determine things more precisely.

. Vertical radiator (made of PG) modeled in ESATAN as a shell - so zero thickness. This is not

accurate, and if, for instance in the model it reaches 20°C, in reality it will be warmer (90°
right ascension, Case 1B HOT).

. If using flexprints (for wiring harness), account for space (they are 8 cm wide), and 200 um

thick (out of plane) (including adhesive).

. Take care of the out-of-plane solar cell interconnects during the stowed phase, or use in-

plane interconnects.

. The amount of cells that can be shaded while still producing enough power depends on the

MPPT operational limits. It should be looked into due to radiative cases when the panel is
facing the Sun under an angle.

. Use some adhesive over the busbars for protection during stowage (because aluminum/silver

coating and CFRP are conductive), so use, for instance, adhesive CV 1142 (from ExoMars
mission).

In case it is decided to implement a U-beam at the rear of the panel, the wiring harness
should be paid attention to, to account for mechanical clearance.

Perform thermal analysis of the panel in stowed configuration (during the launch).

The amount of solar cell degradation due to electrically charged particles (radiation) at EOL
conditions was calculated in SPENVIS for planar solar array (hence with a higher view factor
than for this panel) is most likely much lower in reality, because the cells are well-shaded
due to low view factor. Hence the cells will most likely perform better in orbit (with less
ageing effects) than calculated in this thesis.

Apart from implementing the thermal doubler (which introduces more complexity also) an-
other good design alternative would be using aluminum panel substrate and concentrators
(same material to prevent differential expansion), based on the thermal results. Although,
there are certain drawbacks.

The absorbed solar flux tends to vary throughout the solar cell either due to the imperfections
in geometry or modelling. This would be interesting to investigate further.
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Thesis Assignment
Thermal design of panel substrate including concentrator

reflectors for Concur™ SA wing

General

Within Dutch Space a novel solar array is prepared as a potential concept. The concept is based on a
parabolic reflector concentrator type solar array. A patent (Concur™ Patent P6057405NL) is pending for
this novel SA for small sats concept. The basic idea is to have a semi-rigid substrate, made of CFRP
material, which is curved in the stowed condition. Once the hold down is released, the panel is
straightened by releasing its elastic energy and springs back to a flat panel. Thereafter (of even
simultaneously / TBC), the parabolic concentrator mirrors are erected. This provides the required
concentration ratio. As such, cost saving can be obtained because less photo-voltaic cells are needed. A
schematic view is shown below.
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As there is an interface with the parabolic reflector, the structural connection of the reflector needs
attention to release the protection foil for these reflectors in a controlled manner. Note, that the
protection foil thereafter will have its own retraction function and its protection function (i.e. structural,
thermal, wiring harness, photovoltaic cells etc.) and the parabolic reflectors with the PVA cells attached
on the inside will rise, due to its own stored elastic energy (TBc)

Thesis Assignment

The assignment encompasses 5 thermal related topics.

Materials selection /degradation effects

Deployed wing thermal analyses including seasonal effects

Sensitivity for different LEO orbits (e.g. noon, morning, sun-synchronous)
Effect of different form of PVA cooling (if needed)

Stowed wing thermal analyses

arwONE

Iltem 1: For the S/A concept some materials are fixed. However, there is still ample freedom of the
materials which can be selected. Some materials are specifically needed for the structural behavior in
the stowed or deployed configuration in order to meet the dynamic requirements. A selection of the most
sensible materials is needed, meeting also the thermal requirements.

Item 2: As the thermal loadcase is considered important for the wing performance and the PVA
efficiency. As the solar array requires accurate sun-tracking to make maximum use of concentrators, it
may be expected that the sun rays are hitting the concentrator surface in a perpendicular mode by
rotating the solar array with the SADM to a misalignment angle of maximum 0<0.1 degree. (but
disregarding the effects of seasonal variation). Seasonal effects shall be analyses to see how the sun
will heat up the PVA. Conduction paths for adequate heat transfer and radiation to space shall be
determined. In some cases the sun aspect angle B can result in a considerable offset. It is important to
define these cases and establish if even thermal temperature distribution is attainable.

Iltem 3: As these S/C will be oriented in all kinds of orbits to achieve full coverage for internet etc, it is
needed to establish if a double gimbal is needed to maintain safe temperature limits and optimum sun
angles for maximum in-orbit power. Also, the shadow effects for different orbits will result in quite
different performances of this type of concentrator solar array. The double gimbal mechanism may be
located at the root or in between the deployment arm at the top hinge. A thermal optimum shall be
presented. (not mechanism part; this is subject to other stage)

Iltem 4: In some S/A patents it is recognized that the thermal temperature of the PVA may become
critical and will result in a degradation of performance. Hence, some design tricks are introduced such
as thermal fins at the concentrator edge or at the backside of the concentrator. It shall be established if
this does indeed provide the expected efficiency gain by keeping the PVA temperature low. In addition,
effects of high conductive materials for the concentrator reflector (or bonding material to the support
panel) shall be assessed. An optimum shall be presented for the various LEO cases.

Iltem 5: As the Concur™ S/A thermal design has now been established to achieve a sound thermal
design for the in-orbit LEO cases, it shall be checked if for the stowed case also realistic thermal design
temperatures are established. It shall be considered for only some worst case orbits in order to check if
the material properties are not exceeded and if gradients are within acceptable limits to guarantee a
sound release.




Stage onderzoek:

Aleksandra Gorbatenko @ AIRBUS Date: 12-09-2016

01-11-2016 untill
01-09-2017 (planned)

DEFENCE & SPACE

Step by Step Plan

1.

2.

11.

12.

13.
14.

Familiarization about SA concept in general and in detail to investigate and to understand the design
to determine the thermal critical points.

Survey of existing documentation concerning thermal design for the panels, the reflective
concentrators and the support beam / primary deployment beam. Include PVA aspects such as GA
As cells and cell types which are specifically denoted to concentrators (i.e. elevated temperatures)
Generation of top-10 major thermal requirements for S/A panel concept. Define important
parameters for evaluation.

Summary of viable thermal design concepts which could be used. Show some details about viable
concepts with pro’s / con’s. Sufficient details to make later trade-off decisions.

Generation of max 3 viable thermal design concepts in ESATAN meeting the thermal constraints
etc. Demonstrate via course sensitivity analyses the critical environments with adequate thermal
design margin.

Define orbit and seasonal variation effects.

Show effects of double gimbal mechanism concerning thermal pointing and its associetd beneficial
effects (if any)

Define selection / trade-off criteria for thermal panel design and make selection of preferred
concept(s) or variations thereof, based on e.g. ESATAN calculations.

Determine effect on electrical performances. PVA = f (Temp) for some typical LEO orbits.

. Define the preferred final thermal concept, and describe now how it will work efficiently to achieve

the required thermal conditions.

Generation of a detailed thermal ESATAN model to demonstrate thermal improvements with a
cooling fin concept in combination with high conductive fibres /resin and the working principles.
Show gain in thermal performances (if any).

Define stowed model for some critical load cases during launch. Establish temeparture limits and
gradients for safe release.

Generate final report with recommendations and justification files in Appendices.

Internal presentation at Airbus Defence & Space NL and subsequent presentation at Toulouse
University

September 2016
Henk Cruijssen
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Solar Cells

30% Triple Junction GaAs Solar Cell
Type: TJ Solar Cell 3G30C - Advanced
Best in Class EOL-Values!

This cell type is a GalnP/GaAs/Ge on Ge substrate triple junction solar cell (efficiency class
30% advanced). The end-of-life version of the 3G30C solar cell offers best EOL-performance
values and should be combined with an external bypass diode protection.

8001
B 52,192 _

20992 _ _ 13sm

Front side contact pads

| [T

13.5%

4001

3G30C - Advanced






30% Triple Junction GaAs Junction Solar Cell
Type: TJ Solar Cell 3G30C - Advanced

Design and Mechanical Data

Base Material GalnP/GaAs/Ge on Ge substrate
AR-coating TiOW/AlL,O3
Dimensions 40 x 80 mm £ 0.1 mm
Cell Area 30.18 cm?
Average Weight < 86 mg/cm?
Thickness (without contacts) 150 £ 20 um
Contact Metallization Thickness (Ag/Au) 4 —10 pm
Grid Design Grid system with 2 contact pads
a

¢ BOL 2,5E14 5E14 1E15
Average Open Circuit Voc [mV] 2700 2616 2564 2522
Average Short Circuit lsc [mA] 520.2 518.5 514.0 501.9
Voltage at max. Power Vi, [mv] 2411 2345 2290 2246
Current at max. Power I, [mA] 504.4 503.2 500.6 486.6
Average Efficiency nNpare (1367 wim?) [%] 29.5 28.6 27.8 26.5
Average Efficiency npare (1353 wim?) [%] 29.8 28.9 28.1 26.8

Standard: CASOLBA 2005 (05-20MV1, etc); Spectrum: AMO WRC = 1367 W/m?, T = 28 °C @fluence 1MeV [e/cm?]

Voltage Vop 2350 mV
Min. average current lopavg @ Vop 505 mA

Min. individual current lop min @ Vop 475 mA

Temperature Gradients

3G30C - Advanced

BOL 2,5E14 5E14 1E15
Open Circuit Voltage AV /ATT  [mV/°C] -6.2 -6.5 -6.6 -6.7
Short Circuit Current Alsc /ATT  [mA/°C] 0.36 0.33 0.35 0.38
Voltage at max. Power AVip/ATT  [mV/°C] -6.7 -6.8 -71 -7.2
Current at max. Power Alyp/ATT  [mA/SC] 0.24 0.20 0.24 0.28
@fluence 1MeV [e/cm?]
Z
&) R Absorptivity < 0.91 (with CMX 100 AR)

Pull Test > 1.6 N at 45° welding test (with 12.5um Ag stripes)
Status Qualified

Issue date: AZUR SPACE Solar Power GmbH .

2016-08-19 Theresienstr. 2 Certified Company

74072 Heilbronn
DB 0003429-01-01 phone: +49 7131 67 2603 o0 Y0sy
Page 2 of 2 telefax: +49 7131 67 2727 OHSAS 18001

e-mail: info@azurspace.com

Copyright © 2010 AZUR SPACE Solar Power GmbH !
website: www.azurspace.com
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C. SPENVIS Degradation Data

Orbit around: Earth
Number of mission segments: 1
Mission start: 01/01/2011 00:00:00
Mission end: 31/12/2015 00:00:00
Mission duration: 1825.00 days ( 5.00 years)
Satellite axis: velocity vector

Mission segment 1:

Orbit type: general
Apogee: 1200.00 km
Perigee: 1200.00 km
Inclination: 90.00°
R. A Ascending Node: 0.00°
Argument of Perigee: 0.00°
True Anomaly: 0.00°
Period: 1.82 hrs
Number of orbits: 52.72
Duration: 4.00 days
Orbait start: 01/01/2011 00:00: 0.0
Orbit end: 05/01/2011 00:00: 0.0
Segment end: 31/12/2015 00:00: 0.0
Segment length: 1825 .00 days

Senmu latus rectum: 7571.00 km
Ser major axis: 7571.00 km
Eccentricity: 0.00
Mean motion: 82 80 rad/day
Integration step: 0.50°

Time infervals
60.0 s below 20000.0 km
240.0 s between 20000.0 km and 80000.0 km
3600.0 s above 80000.0 km
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In-plane and Through Conduction
Calculations and Values

Conduction Equations

Solar cell assembly (i - solar cell layers); Cxy [W /K] and Cz [W /m?K]:

Cxysca = Z Cxy; = Z k; - t; = 0.0085(W /K) (D.1)
_ 1 _ 1 _ 2
Cosca= o = o = 1440(W /m?K) (D.2)
L 3o
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116 D. In-plane and Through Conduction Calculations and Values
Material Properties and Constants
Table D.1: Layer thickness, material properties and constants.
Layer Parameter Symbol Value
Solar Cell Assembly (SCA):
Coverglass Thickness tglass 100 ym
Conductivity kgiass 2 W/mK
Density Pglass 2200 kg/m3
Heat capacity Cp 736 J/kgK (at 21°C)
(dCP/dT)LowTemp 2'8]/kgK2
(dCP/dT)HighTemp 1.6 J/kgK*?
Adhesive DC93-500 Thickness tadn 20 um
Conductivity Kadnesive 0.146 W /mK
DenSIty Padhesive 1100 kg/m3
Heat capacity Cp 1029 J/kgK (at 21°C)
(dCP/dT)LowTemp 4.0 ]/kgKZ
(dCP/dT)HighTemp 1-0]/kgK2
Germanium Thickness teell 140 um
Conductivity kgermanium 58.58 W /mK
DenSity pgermanium 5325 kg/m3
Heat capacity Cp 321 J/kgK (at 21°C)
(dCP/dT)LowTemp 2.3 ]/kng
(dCP/dT)HighTemp 0'2]/kgK2
Adhesive RTV 691 Thickness tadn 100 ym
Conductivity Kadnesive 0.4 W/mK
DenSity Padhesive 1420 kg/m3
Heat capacity Cp 1029 J/kgK (at 21°C)
(dCP/dT)LowTemp 4.0 ]/kgK2
(dCP/dT)HighTemp 1-0]/kgK2
Kapton Thickness tkapton 51 um
Conductivity kyapton 0.2 W/mK
Density Prapton 1420 kg/m?3
Heat capacity Cp 1029 J/kgK (at 21°C)
(dCP/dT)LowTemp 3-9]/kgK2
(dCP/dT)HighTemp 1'3]/kgK2
Concentrator:
Ply #1 and #3 direction 0 deg. | Thickness toly, 3 0.06 mm
Conductivity ky 47.5 W/mK
ky,z 1.3 W/mK
Ply #2 and #4 direction 90 | Thickness toly, .4 0.06 mm
deg.
Conductivity ky z 1.3 W/mK
k, 47.5 W /mK
Density PCFRP 1800 kg/m?3
Heat capacity Cp 916 J/kgK (at 21°C)
(dCp/dT)LowTemp 3.0 J/kgK?
(dCP/dT)HighTemp 2-6]/kgK2
Panel substrate:
Ply #1 - 25 (odd numbers) di- | Thickness toly,,3 0.06 mm
rection 0 deg.
Conductivity ky 47.5 W /mK
ky,z 1.3 W/mK
Ply #2 - 24 (even numbers) di- | Thickness toly, .4 0.06 mm
rection 90 deg.
Conductivity ky, z 1.3 W/mK
k, 47.5 W/mK
Density PCFRP 1800 kg/m?3
Heat capacity Cp 916 J/kgK (at 21°C)
(dCP/dT)LowTemp 3.0 ]/kng
(dCP/dT)HighTemp 2.6 ]/kng
General Constants: Stefan-Boltzmann’s const. o 5.67 - 1078 W/m?K*




Modelling Benchmarks: lessons
learned

Lessons learned in modelling:

— (B1) The creation of the radiative case.

— (B1) The "Combine or cut” option explored.

— (B1) The transient and steady-state solution is set-up, and the gradual temperature change
is visible.

— (B2) The modeling of conductive interfaces and contact zones between each two connecting
surfaces: as fused or as a contact.

— (B2) Construction of a hollow cube using six equally-sized thin-walled square plates.

— (B2) Construction of a hollow cylinder using the “cylinder” option in ESATAN (available with-
out the discs at its ends) and adding a disc at each end of it.

— (B2) Application of a Total Area Heat Load to the cube, as it is represented as one node.
— (B2) Application of initial and boundary temperature conditions to various shape objects.

— (B3) The generation of the conductive interfaces between the nodes by manual coding (to
prevent the software from generating automatic unwanted conduction paths) in Notepad +
+.

— (B3) Implementing the orbital mission parameters in space and applying the desired model
pointing parameters.

— (B3) Building up the assembly from sub-models.
— (B3) Nodal analysis and representation in ThermNV software.

— (B3) When running only the steady-state solution ESATAN considers the average flux over
one orbit. The validity of results can be easily checked when comparing the heat flux of a
radiative case to the heat flux in the steady-state solution.

— (B4) Creating a desired nodal mesh for better focusing on some particular areas of the
structure.

— (B4) Learning the ways to combine several physically different layers into a single shell to
still quite accurately represent the thermal behavior of the real structure.

— (B4) Estimating the conductance through several layers by means of theory, and applying
the results in modeling.

— (B4) Implementing of the internal heat dissipation (due to solar cells in this case).

Lessons learned in thermal analysis:
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E. Modelling Benchmarks: lessons learned

— (B1) The difference of temperature levels for structures of the same geometry but different
bulk material (middle plate versus upper plate): Aluminum versus CFRP.

— (B1) The temperature distribution over the upper plate: nodes become cooler as they en-
counter more shading from the middle plate.

— (B2) Temperature distribution in transient analysis, as a function strongly dependent on
capacitance (thermal mass) of an object.

— (B2) Non-uniform heat distribution in transient analysis over the CFRP plate: orthotropic
material.

— (B2) The thermal behavior of the structure including the heat load versus excluding it.
— (B2) The effect of optical coating on cube’s temperature.

— (B3) Temperature variation throughout the orbit; the rate at which the structure heats up
upon illumination and cools down when in eclipse.

— (B3) The edge effects and their influence on the temperature of the structure in orbit.
— (B3) The differences in steady-state versus transient temperature levels.

— (B3) The effect of the highly reflective coating on the thermal behavior of the structure and
on flux (albedo and solar) distribution.

— (B3) The temperature variation due to heat flow towards the back side (heat sink).

— (B4) The typical temperature distribution curve throughout the orbit.

— (B4) Typical operating temperature range of the solar panel throughout the orbit cycle.
— (B4) The temperature gradient through the honeycomb core.

— (B4) The edge effects and their influence on the temperature of the structure in orbit.

— (B4) The way thermal design sets strict requirements to the thermal properties of an epoxy
(Tg14ss for instance has to be higher than the highest achieved temperature on the panel).
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F. Material Properties: Summary
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Table F.1: Material properties [36].

Material Density Specific Conductivity | Operating €1R ASOLAR Spectral/ Application/Remark
[kg/m3] | Heat [W/m-K] temp. diffuse
[/kg - K] PsoLAR

AL 2024 T6 | 2700 900 121 >400°C NR NR NR

DC93-500 1080 1029 0.146 -65°C to +200°C | NR NR NR Adhesive between the cover-

glass and solar cells.

RTV 691 1420 1029 0.39 Tgiass = -104°C | NR NR NR Adhesive between the SCA and

kapton.

CFRP M55] 1630 880 at 30°C, | 55.0 in fiber | T4, = 150°C 0.85 | 0.9 0.1 diffuse The bulk material for the panel
1130 at | dir, 1.3 W/m- substrate and concentrators.
80°C, 1310 | K in other two
at 140°C dir.

CFRP KX 800 300 (in-plane) | Tyqx = 150°C

Coverglass 2200 736 2.0 NR - - - Protective glass layer for solar

cells and diodes.

FEP -185°C to 150°C | 0.4 0.09 0.91 specu- | ...

lar
Invar 8.1 12 NR Invar busbars. Has the lowest
CTE among all metals and alloys
in the range 20 - 230°C. Tt is
ductile and easily weldable. It
does not suffer from stress cor-
rosion cracking.

Kapton 1420 1029 0.2 Tyiass = 360°C 0.85 | 0.90 0.10 diffuse | Used between the cells and con-

centrator for electrical insulation.

Molybdenum | 10300 254 142 NR NR NR NR Interconnects

OSR NR NR NR NR 0.665 | 0.084 0.916 specu-

lar

Pyrolytic 1350 (in- | NR NR NR NR

Graphite plane), 10

(PG) W /mK out of

plane
Polished Al NR NR NR NR 0.05 | 0.05 (BOL), | 0.85-0.95 Used as a highly reflective coat-
0.15 (EOL) | specular ing over the concentrator front
surface.
Solar Cells 5325 321 58.6 Max temp. | 0.84 | 0.91 0.09 diffuse

150°C
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G. Electrical Calculations - Excel Sheet

Corrected
Parameter sun-sync orbit

Full cell width 15
Full cell length 20
Full cell area 1200
Panel voltage 50
Pansl current -]
Area metallization 4
Mumber of met./cell 6
Totzl met. arezfcell 24
Effective Cell Area 1176
Packing Density 038
MAX temp [W5) 67
MIN temp (55) 62
Voo STC 2.815
Vmpp 5TC 2345
Impp 5TC 0.196077932
dVac/dT -0.0065
disc/dT 0.00033
dVmpp/dT -0.00528
dimpp/dT 0.0002
Isc STC 0202035761
Lowest Woc/cell 2.3625%
Lowest Voc/cell 2.403102325
Lowest Vmpp/cell 2.0738
Lowest Vmpp,/cell 21333
Lowest Impp/cell 0.202877932
Lowest [scfcell 0.213255761
Cells in series 23.43736622
Geometric CR =1
Reflectivity 0.85
Caorrected Lowest Isc 0.906353586
Caorrected Lowest Impp 0862231213
Strings in parallel 6.958600327
Vo STC 2.7
Vmpp 5TC 2.411
Impp STC 0.196545527
dvioc/dT 0.0052
disc/dT 0.00036
dVmpp/dT 0.0057
dimpp,/dT 0.00024
Isc STC 0202702187
Lowest Vor/cell 2.4582
Lowest Yoo cell 2.459537844
Lowest Vmpp/cell 2.1437
Lowest Ympp,/cell 2211870957
Lowest Impp/cell 0.204705527
Lowest lscfcell 0.214542187
Cells in series 2260529704
Reflectivity 0.95
Corrected Lowest Isc 1.020575388
Corrected Lowest Impp 0.873351352
Strings in parallel 6.170600628

Figure G.1: Electrical calculations; screenshot of the MS Excel sheet.

Preliminary
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Concentrator: Comment
Length 1300 mm
Width 1110 mm
Busbar 5 mm
Number of busbars/conc 2 - Minimum, on each side of the concentrator
String separation 20 mm Additional 2 busbars+ 10 mm gap in between
Cells/concentrator 15 -
Gap+busbar+string sep. space 24 mm
Free space left 76 mm 38 mm on each side
Concentrators/panel 14 -
Space left on each side 105 mm Should be min 103.5
Gap between cells 1 mm
Cells/panel - (Feasibility study: 192}
CHANGING PANEL SIZE
Cells/panel - variable
Cells/concentrator 14 -
Width 1110 mm
Length 1224 mm 7.6 cm shorter
Free space left 76 mm 38 mm on each side
Number of busbars/conc 3 - per concentrator
Gap+busbar+string sep. space 28 mm
Cells in series 24 -
Strings in parallel 7 -

Figure G.2: Electrical calculations; screenshot of the MS Excel sheet.
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