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TOWARDS THE COMMERCIAL DEVELOPMENT OF ORBITING REFLECTORS: A
TECHNOLOGY DEMONSTRATION ROADMAP

Andrea Viale® Onur Celik, Temitayo Oderinwale, Litesh Sulbhewar, Gilles Bailet,
Colin R. MclInnes
Space and Exploration Technology Group, James Watt School of Engineering, University of Glasgow,
Glasgow G12 8QQ), Scotland, United Kingdom

Constellations of orbiting solar reflectors on Sun-synchronous repeat ground track orbits can in principle
illuminate large terrestrial solar power plants after sunset or before sunrise. This will enhance the number of
hours per day during which such solar power plants can deliver clean energy to the grid. In order to develop
and deploy such large-scale in-orbit infrastructure, a number of technology demonstrations will be required
to de-risk the technology and build confidence for investment. This paper considers potential technology
demonstration activities for orbiting solar reflectors, from laboratory-scale testing to high altitude balloon
flight and sub-scale in-orbit demonstration. The key technological requirements for orbiting solar reflectors
are identified and the utility of each demonstration step evaluated. An integrated technology development,

technology demonstration and investment roadmap is then presented.

1. Introduction

Orbiting solar reflectors have long been considered
for a range of terrestrial applications, beginning with
the work of Oberth in the 1920s [I] through stud-
ies in the 1970s [2] and 1980s [3] to recent work by
Fraas et al. [4]. A comprehensive review of the con-
cept and discussion of prior studies has recently been
published [5]. The key concept considered here is
the use of orbiting solar reflectors to illuminate large
terrestrial solar power plants. Clearly, the delivery of
global clean energy services is an important challenge
for the 21st century. With a rapid expansion of the
solar energy sector anticipated, orbiting solar reflec-
tors can enhance the utility of solar power farms, in
particular when consumer demand is high but out-
put is low. Recent studies have shown that a con-
stellation of reflectors orbiting at an altitude of 1000
km, with an equivalent diameter of 1 km, can deliver
up to 36 MWh of energy per pass over a large solar
power plant [6]. Other studies have investigated the
trade-off between orbiting solar reflectors and battery
storage to shunt solar power output after sunset [7].
However, before the concept can reach full-scale com-
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mercial deployment, intermediate steps are required
to increase its technology readiness level, thus de-
risking the technology and building confidence for in-
vestment.

In this paper a technology demonstration roadmap
will be developed. First, a set of requirements for or-
biting solar reflectors will be defined including the
reflector length-scale, mass properties, slew rates and
surface flatness. These are based on the full-scale
reference architecture discussed in Ref. [8] Then,
laboratory-scale demonstrations will be considered to
validate critical technologies, such as scaled struc-
tural models for load and vibration testing. Analy-
sis of reflector attitude control strategies can be per-
formed with scaled structural models using an air-
bearing facility. Other reflector properties such as
membrane wrinkling can also be investigated experi-
mentally.

The use of high-altitude balloons will firstly be
considered as a low cost demonstration option. Model
verification through such test campaigns will be key
to reduce the risk of scaling up the reflector technol-
ogy to a full-scale commercial constellation. The next
step will consider the deployment of a small-scale re-
flector from a sounding rocket at dawn or dusk, again
to illuminate an instrumented test range. A trade-off
of sounding rocket apogee, reflector size and point-
ing requirements will be presented. It is expected
that reaction wheels would be used to rapidly slew
the reflector and maintain pointing during the short
period of free-fall descent. This would allow direct
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Table 1: Requirements table and technology demonstration phase: Laboratory scale demonstration (LD),
balloon demonstration (BD), sounding rocket demonstration (SRD) and in-orbit demonstration (OD)

[
A A A
Req # Description = | /A % o
RC1 1(\]I(r)rrlrcrol Moment gyros must supply a peak torque of 1704 o
: -3 -1 (i :
C(')ntrol RC?2 Rotation ratfi belovi717.9 x 10 r'ads (in-plane axis) vlivlvlv
requirements and 5.1 x 10?rads™! (normal axis)
RC3 Actuator mass to reflector mass must be at most 0.6 v’
RC4 The centre of the reflected light must cover 90% of the v
SPF area when overhead
RC5 Actuator mass density must be 5gm™2 v’
RC6 Maximum control moment gyro gimbal rate is 0.4deg/s | v~
RC7 CMG rotor has a diameter of 6.5 m v’
RS1 Structure must withstand critical loads v’
Structure RS2 Structure mass density < 10 g/m? v’
requirements RS3 Energy transfer efficiency > 90% vV v’
Shape distortion due to relative thermal expansion be-
RS4 .. v’
tween structure and membrane should be a minimum.
Manufacturin RM1 Structure must be manufactured in vacuum v’
. & | RM2 Manufacturing time must be 1% of the lifetime v’
requirements . .
System must withstand space environment over opera-
RM3 ; I v’ v’
tional lifetime

measurement, of the intensity of reflected light from
space to the ground and again verify of the accuracy
of numerical models used in the design phase.

An in-orbit demonstration will then be considered
by deploying a reflector at an altitude below the Inter-
national Space Station (for debris mitigation through
air drag). This will allow a full end-to-end test of
deployment, operation and attitude control of the re-
flector to reflect sunlight to different Earth sites for
measurement of reflected light intensity. Moreover,
in-orbit fabrication of the reflector will be considered
as a demonstration of full-scale manufacturing of a
commercial constellation of reflectors. Finally, the
paper will detail the specific requirements and ex-
pected outcomes for each demonstration phase. From
this analysis an integrated technology demonstration
roadmap will be presented, along with the expected
timescale for technology development and the invest-
ment profile required to lead to the full-scale com-
mercial operation.

2. Technology demonstration steps

Table [1| shows a set of key requirements for test-
ing orbiting solar reflector technology, divided into
control, structural and manufacturing requirements.
These requirements are based on a full-scale reference
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architecture study discussed in Ref. [§], where a con-
stellation of five hexagonal reflectors with a side of
250m is proposed (Fig. |l| shows a representation of
one hexagonal reflector). The reflectors are orbiting
on a Sun-synchronous repeating ground track orbit at
an altitude of approximately 884 kilometers, servicing
eight solar power farms with 14 passes every 24 hours.
The reflectors are assumed to be fabricated in-orbit
from triangular elements. An assembly of four 6.5m
radius control moment gyros (CMGs) are mounted
on the back of the reflector, providing a peak torque
of 1704 N m.

In the following sections, key technology demon-
stration tests based on the requirements in Table
will then be discussed.

2.1 Laboratory-scale demonstration
The objectives of this demonstration include:

e Validate manufacturing/assembly strategy in
the laboratory.

e Qualify structural elements.

e Quantify achievable flatness and reflectivity of
the thin film.

The thin metallic film is the payload for the reflec-
tor structure, with tensioning ropes required to keep
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Fig. 1: Representation of an hexagonal orbiting solar
reflector in Sun-synchronous orbit (not to scale),
discussed in Reference [9].

it acceptably flat. The support structure gives the
membrane mechanical strength and withstands the
various loadings. The mission demands the following
structural requirements:

1. The structure should have enough strength to
withstand external and internal loads. The
structural arrangement should provide this
strength with the minimum possible weight of
the structure. These are tabulated in the re-
quirements as RS1 and RS2, respectively.

2. The membrane should be flat enough to reflect
the incident light without loss due to wrinking
or slackness. This requirement is tabulated as
RS3 in the requirements table. To ensure ac-
ceptable flatness, the area of the reflector should
be maintained in a tensioned state.

3. The distortion due to thermal expansion of
the support structure and membrane should be
within acceptable limits. This can be accom-
plished by limiting the difference between the
thermal coefficients of structural elements to a
minimum possible value, which is enforced as a
requirement RS4 in Table [1 Also, the thermal
stresses developed should not affect structural in-
tegrity.

4. In-Space Addidive Manufacturing is proposed as
a manufacturing method for the reflector struc-
ture. The manufacturing speed should be able to
meet the stipulated timeline of the project. The
manufactured parts should meet the required

TAC-22-C3.2.1

7z
IR

(NPT
ARV
—

g

T
L

Fig. 2: Bending and torsional strength estimation of
a truss beam.

quality standards. These are tabulated as re-
quirements RM in the Table

These requirements are now discussed in detail
along with the tests required to quantify them.

2.1.1 Structural strength and mass

The support structure is the main load bearing
member. A tubular truss type structure is favoured
due to its advantages, such as low mass and high
strength [I0]. The cross-section of the present truss
structure is with tubes at the vertices of an equilateral
triangle. The reflector is subjected to solar pressure,
aerodynamic drag, gravity gradient, control loads and
self-rotation forces during its work cycle. From mis-
sion analysis, it was determined that the most critical
loads are control loads. The maximum control mo-
ments exerted on the support structure are known a
priori. From Ref. [§] the maximum torque generated
by the control moment gyros is equal to 1704 N m for
the proposed reference architecture. These can be
used to calculate the required strength values, which
in turn will be used to provide the cross section of
the truss.

The equivalent strength of truss beams in bend-
ing and in torsion can be determined by laboratory
experiments. The cantilever truss beam will be sub-
jected to end loads and torque to estimate the bend-
ing stiffness (EI) and torsional stiffness (GJ), as
shown in the Fig. [2| E denotes the modulus of elas-
ticity, G the shear modulus, I the second moment of
inertia, and J the polar moment of inertia. The re-
sults for the laboratory scale specimen can be scaled
to the actual size using the bending equation and the
torsion equation.

The expression for the deflection of a cantilever
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beam subjected to an end load is given as: [I1]:

_ PL?

= 35T (1)

Using the above relation, the bending strength can
be determined as:

e () (1)

As length is constant, the bending stiffness can be
derived using the slope of the relationship between
load P and end deflection 6.

Similarly, the torsional strength GJ is determined
using the relationship between the angle of twist ¢
and the applied torque T for a cantilever beam as

1):
GJ—L (f;) (3)

Thus, the structural strength requirement outlined
using RS1 in the Table [I]is quantified. The limit on
the mass of the truss structure stated as requirement
RS2 in the Table [I] can be met by using an opti-
mised design for the truss beams and high-strength
lightweight composites.

(2)

2.1.2 Flatness

An optimum reflector would be a perfectly flat,
highly reflective mirror. Deviation from this ideal
flat condition is caused by lateral-load-induced cur-
vature and local surface irregularities such as wrin-
kling. This will lead to diffuse reflectivity, which in
turn will cause dispersion of the reflected light.

The relationship between the curvature and the in-
tensity of dispersed light can be derived from energy
lost due to dispersion and the curvature of the mem-
brane. The reflected light can be sensed for the dif-
ferent values of the input curvature shown in Fig.
If we allow the energy losses up to a certain frac-
tion of the total incident energy, the requirements
for the flatness can be derived. These requirements
will be input for the tension required to maintain the
required flatness. In this technology demonstration,
a maximum of 10% energy loss due to deviation in
flatness is allowed, stated as requirement RS3 in the
Table [l

2.1.3 Tensioning

Tensioning the membrane is one of the most ef-
ficient ways to maintain the desired flatness of a
given membrane and to produce a wrinkle-free sur-
face. Testing in the lab will determine both the re-
quired tension as well as the margin of operation and
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Fig. 3: An experimental concept to estimate the ef-
fect of flatness on the intensity of the reflected
light.
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Fig. 4: Estimation of the required tensioning in the
membrane.

fatigue limitations to avoid membrane ripping. The
reflector for the reference architecture configuration
[8] employs triangular shaped reflectors with a trian-
gular tensioning mesh. A scaled sample of membrane
is subjected to tensioning with the help of moving and
fixed frames as shown in the Fig. {4l A LIDAR (light
detection and ranging) based 3D scanner will be used
to dynamically monitor the shape of the membrane
and deduce the relationship between its curvature
and the applied tensioning force. It is to be noted
that the force P is equal to the value of tension in
each of the ropes to ensure uniform tension. A sensi-
tivity analysis for different sizes of scaled membrane
will be used to predict the behaviour of the actual
sized reflector.

Page 4 of



73rd International Astronautical Congress, Paris, France, 18-22 September 2022.
Copyright (©2022 by the authors. Published by the International Astronautical Federation with permission. All rights
reserved.

2.1.4 Thermal expansion

When the reflector is subjected to a temperature
field, its shape will change due to the relative thermal
expansion of the constituting members. This in turn
will affect the flatness of the reflecting membrane.
This shape distortion due to the thermal environment
should be within acceptable limits according to mar-
gins defined in Section

For the present design of the reflector [§], three el-
ements prone to thermal expansion are particularly
susceptible to affecting the functionality of the reflec-
tor. The membrane itself, tensioning ropes, and the
support structure. The difference between the ther-
mal expansion coefficients of these members should
be a minimum to minimise the differential thermal ex-
pansion. This is stated as requirement RS4 in Table
All those elements can be experimentally tested us-
ing infrared lamps (reproducing solar radiative flux)
to validate numerical simulations with experimental
data. Both small and full scale tests will be con-
ducted, and photogrammetric measurements in con-
junction with LIDAR scanners will be used to track
dimensional and topological changes. The results ob-
tained over the range of expected in-orbit tempera-
ture conditions can be correlated to predict the actual
behaviour of the system in space.

Apart from this, the thermal expansion behaviour
of the beam truss needs to be evaluated as it is con-
structed from tubes of various lengths at different ori-
entations, as shown in the Fig. This will lead to
thermally induced relative deformations in the sup-
port structure. Optical interferometry and strain-
gauge methods can be employed for the purpose
of measurement of its thermal coefficient of expan-
sion and developed stresses. The developed stresses
should be within the limits stated in the strength re-
quirement RS1.

2.1.5In-Space Addidive Manufacturing

In-Space Addidive Manufacturing (ISAM) is pro-
posed as the main strategy to produce in-orbit the
proposed reflectors. Centered around 3D printed
units, the ISAM strategy will allow to use several
printing end effectors to match the expected man-
ufacturing phase. A test campaign within a cryo-
stat will allow us to precisely take into account the
thermal environment of the orbit in the manufactur-
ing time while monitoring manufacturing defects and
time associated with repair and qualification of the
produced elements. Microgravity tests of the ISAM
units will not be necessary for this purpose as previ-
ous research has proved that microgravity does not

TAC-22-C3.2.1

affect 3D printing based on the fused filament fabri-
cation (FFF) process[12].

Once each elements is fabricated, they will be
joined by the additive manufacturing. The speed and
quality of the joining process can be evaluated to en-
sure the safety of the structure. This will also validate
the assembly time for the reflector’s structure.

2.1.6 Actuator testing

The control system requires large scale CMGs. Ac-
cording to RC7, each CMG will be 6.5 meter in di-
ameter and made out of carbon fiber (to increase
stiffness and reduce mass of the spokes). Based
on RC1, the CMG rotor has a rotational speed of
351.5rads~!. Those requirements will present a ma-
jor challenge but an opportunity to demonstrate a
new class of control technology able to point accu-
rately extremely large structures with agility with
a peak torque of 1704 Nm. In order to test those
CMGs, it is important to understand the fact that
they are not designed to withstand their own weight.
For the laboratory test, we intend to demonstrate the
CMGs full scale. For that purpose, one CMG will be
tested in an enclosed room able to withstand dam-
age and equipped with remote controls/surveillance.
Supports with quick release will be located under the
CMG to sustain its weight when not in operation.

At the start of the test, the CMG will be released
from its supports and rotate to its maximum rota-
tional speed. A set of cameras will be located within
the room to monitor the test and use photogrammet-
ric reconstruction to ensure that the CMG does not
deform out of specifications during operations and
that the radial and circumferential vibration modes
are in line with predictions.

Once this first step is validated, the cage of the
CMG will be rotated with a speed of 0.4 deg/s follow-
ing requirement RC6. This step will validate both the
dynamic behavior of the CMG using the same pho-
togrammetric methodology and provide torque mea-
surement using a load cell equipped with a multiple-
bending beam load cells configuration.

Validating the CMG in the laboratory will ensure a
conservative qualification of the hardware part of the
control system. Full control system validation and
qualification will necessitate in-orbit demonstration
as described in subsection 2.5

2.2 Balloon demonstration

The objectives of this demonstration include:

e Power up a light source on the ground using en-
ergy received from the reflector.
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Fig. 5: Reflector attached to balloon gondola.

e Validation of the analytical models discussed in
Ref. [9] related power received on the ground.

e Understanding the efficiency of light reflection at
lower elevations.

e Validate the models for atmospheric losses.

The main advantage of an air balloon demonstration
over other types of static demonstration (for exam-
ple, sunlight reflection using a mirror mounted in a
high altitude spot, e.g., a mountain) is that the the
light image on the ground (and therefore the received
power density) changes as a function of the eleva-
tion, thus validating the analytical model discussed
in Refs. [6, [8]. For this experiment, a square reflec-
tor is attached to the balloon gondola as shown in
Fig. Similar to the design proposed in Ref. [I3],
the gondola is equipped with two DC motors that en-
able pitch and yaw rotation. Furthermore, a reaction
wheel is used for fine-tuning of the yaw motion.

In order to estimate the power density on the
ground, a first approximation model of the balloon
trajectory is made. In particular, the balloon is as-
sumed to ascend through the atmosphere with con-
stant vertical velocity and it is assumed that the wind
velocity is constant in magnitude and direction. The
first assumption is fairly reasonable based on flight
data of previous balloon experiments such as BEXUS,

TAC-22-C3.2.1
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Fig. 6: Air balloon demonstration concept.

whereas the validity of the second assumption clearly
depends on local weather conditions.

The horizontal and vertical components of the bal-
loon velocity are estimated using the BEXUS hand-
book [14]. The horizontal component is assumed to
be fixed at 4ms™', whereas the ascent velocity is
5ms~!. The variation of wind speed direction is ne-
glected here for simplicity, such that the azimuth an-
gle is assumed constant. It is here assumed that the
target is positioned on the ground such that at half
the ascent time the elevation € of the balloon is 90°.

By inspection of Fig.[6]it can be easily shown that
the pitch angle can be written as a function of time
as:

(4)

ry — Upt COS
1 = arccos [ ———

’r‘gb

where 745 is the slant range:

Tgb = \/(vbt)2 + 12 — 2uptry cosa (5)
the angle « is the angle between the velocity vector
and the ground, r, is the distance between the reflec-
tor at ¢ = 0 and the target. The maximum altitude
for a BEXUS flight is between 25 and 30 km. Taking a
maximum altitude 27.5km yields a total ascent time
of 1.5 h and a maximum elevation angle of 112 deg.
Then, the power on the ground can be expressed as

[6]:

Ay
P =nxly A_»At cos % (6)

where I is the solar constant, y is a coefficient de-
scribing the transmission efficiency of solar radiation
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Fig. 7: Variation of power density as a function of
time and reflector size, for air balloon demo.

through an atmosphere that is free of clouds, n de-
notes the reflectivity, A, is the area of the reflector,
A, is the area of the image on the ground and A; is
the area of the target. The value of A;,, as a func-
tion of the slant range and the reflector size can be
found in Ref. [6]. In general, the image area is larger
at larger slant ranges. Regarding the transmission
coefficient y, this is a function of the Sun elevation
[6] and therefore it depends on the time of the day
when the experiment is conducted. In this case, it
is expected that the demonstration will occur dur-
ing dawn or dusk, when the sun has very low eleva-
tion. Based on Fig. 5 in Ref. [0], an arbitrarily low
transmission coefficient of xy = 0.3 is here selected,
corresponding to a Sun elevation of approximately
20 deg. Note that this value will change as a function
of time, depending on the exact reflector altitude and
the Sun elevation. However, for simplicity, it is con-
sidered constant in the following calculations. Based
on Ref. [0], the reflectivity coefficient is set to 0.93 in
this paper.

Figure [7| shows the power density P/A; as a func-
tion of the elevation € and the reflector size. The peak
power density is reached for elevation angles between
55 deg and 60 deg for the reflector side range consid-
ered here. Note that, contrarily to the orbit case
where the angle v is approximately constant [6] and
the peak power density is reached when the reflector
is overhead (i.e., 90 deg elevation), here v is smaller at
lower elevation, thus allowing more sunlight to be in-
tercepted, resulting in larger power densities at lower
elevations.

Figure [§ shows the required pitch motor torque

TAC-22-C3.2.1
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Fig. 8: Maximum pitch motor torque and reflector

mass (assuming 37.6gm~2 areal density) as a
function of the reflector size.

and reflector mass as a function of the reflector size.
The pitch motor torque is estimated with T" = T 1})',
where I = 0,1%/12 is the in-plane inertia of the re-
flector. Also, a 37.6gm™? reflector areal density is
assumed, which is two times the nominal areal den-
sity for the full scale reflector proposed in Ref. [§].
Required torques are below 1x 1072 Nm up to a 50m
reflector size, which can be easily supplied by a small
DC motor. For the range of reflector size considered
here, the total mass is below 100 kg, below the max-
imum 120 kg mass allowed for a BEXUS experiment
[14].

It seems that a 20 m reflector is a reasonable choice
for this demonstration (deployement of a sail with
similar size was also proposed in Ref. [15]), provid-
ing a peak power density of approximately 14 W m~—2
and requiring approximately 1 x 107* Nm of control
torque, for a total reflector mass of approximately
15kg. Assuming a total solar panel area on the
ground of 10m? and a 20% energy conversion effi-
ciency the total power on the ground is approximately
28 W, enough to power a small light bulb. Using the
equations provided in Ref. [6] it can be shown that
the light ellipse on the ground has semimajor and
semiminor axes of approximately 50 m and 40 m, re-
spectively and therefore a 10 m? square target is fully
contained within the light ellipse assuming correct
target pointing. In principle, if the entire ellipse area
is covered by solar panels (e.g., the reflector is illumi-
nating an existing solar power farm), the maximum
power that can be generated is up to three orders of
magnitude larger, approximately 46 kW.

One possible issue related to this demonstration is
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due to the oscillations of the gondola caused by un-
expected wind gusts. In the next section an estimate
of such oscillations is made, assuming a change in the
wind speed, taking key strctural reference parameters
from Ref. [14].

2.3 Gondola oscillations caused by wind gusts

In this section, a simple model is developed to
analyse the effect of wind gust on the balloon and
gondola structure.

The balloon and gondola are modelled as two point
masses connected by a massless cable with length L.
It is assumed for simplicity that the balloon vertical
velocity is constant. Consider an inertial reference
frame which is initially centred at the balloon centre-
of-mass and moving vertically towards the positive
y-axis with constant velocity (equal to the ascent ve-
locity). Let r, = (x,y,) and r, = (zp,ys) be the
position vector of the reflector and the balloon with
respect to the inertial reference frame, respectively.
The coordinates of the reflector can therefore be ex-
pressed as:

(7)
(®)
Given that the reflector is ascending with constant
velocity it follows that:

z, = xp + Lsinf
Yy = —Lcosf

9)
(10)

Therefore, the system can be characterized by only
two degrees of freedom, in this case the horizontal
balloon displacement x; and the gondola rotation an-
gle . The total kinetic energy T is the sum of the
balloon and gondola kinetic energies, i.e., :

yp =0
gy =0

1 1
T = —mydy + —my(i2 + §2)

2 2
1 1 . .
— §mbi§ + 5mg(:;c?, + L% 4 2Liyf cos )  (11)

By neglecting the change of the gravitational con-
stant due to altitude (this is a reasonable assumption
given the low altitudes reached by the balloon), the

total potential energy can be written as:
U =mggL(1 — cos?9) (12)

The Lagrangian of the system can therefore be writ-
ten as:

L=T-U

1 1 . .
= imbif + 5mg(a':g + L2602 4 2Liy0 cos 0)

+ mggL cos 6 (13)
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The external forces acting on the system are the
drag force on the balloon and the the reflector. For
simplicity, the torque due to the motor steering the
reflector is neglected. Assuming small oscillation of
the gondola, these can be modelled as:

Fy = k(& — v)?
Fr - kr(i'r - Uw)2

where v,, is the wind velocity and the the coefficients
ky and k, are

1

ky = §Cd,bAbpatm (16)
1

k. = §Od,rArpatm (17)

The terms Cgyp and Cy,, are the drag coefficients of
the balloon and reflectors respectively, A, and A,. are
their cross section areas and p,tn, is the atmospheric
density. In this and following sections, the atmo-
spheric density is calculated using the NRLMSISE-00
model [16], assuming low solar activity. The gener-
alised forces can therefore be written as:

: 0 . 0
Qx:Fbi'aiZ‘FFri'aiZ (18)
2 or ° or
Qu=Frd- g + 50 (19)

The equations of motion can therefore be written in
Lagrangian form as

a “)_M _Q
dt \ 01 oxy e
d (LY oL _ 20
dt \ o0 00 <

Substituting Eqs. into Egs. and simplifying,
the equations of motion can finally be written as:

(my +mg) cosf| [@p]| _ b
cos L 0

Fy+ F, 4+ 6%sin6

£ cos O + ipfsin @ — (g + i) sin 0
Mg

(21)

where

b= (22)

Solutions to Eq. are now presented by fixing the
following parameters: A, = 2.94 x 103m?3, L = 50 m,
Cap = 0.5, Cqr = 2.2, my = 110kg. The area of
the balloon is chosen assuming a spherical balloon
with total volume as indicated in the BEXUS hand-
book. Similarly, the cable length and balloon mass
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Fig. 9: Effect of wind gusts on the gondola angle.
The initial wind speed is 4ms~!. At t = 40s a

wind gust is simulated setting v,, = 40ms~!.

are taken from the BEXUS handbook. For simplic-
ity, it is assumed that the the drag coefficient of the
reflector is constant and equal to that of a plate mov-
ing parallel to air flow direction. Figure [9] shows the
gondola angle as a function of time, assuming a step
change of the horizontal wind speed from 4ms™! to
40ms~!. Responses for different structural masses
are shown. The structural mass is the sum of all the
components excluding the reflective membrane and
inner frame (e.g., reaction wheel, external frame, sen-
sors, motors). As expected the oscillation are larger
with a smaller structural mass, with peak oscillation
amplitudes of approximately 3°. The period is ap-
proximately equal to the period of the simple pen-
dulum 274/L/g, in this case approximately 15s. It
is therefore expected that for wind speed changes
up to 40ms~! the system does not exhibit unsta-
ble behaviour, although additional issues related to
the reflective membrane wrinkling or damaging may
emerge.

2.4 Sounding rocket demonstration

The primary objectives of the sounding rocket
demonstration are:

e Perform a reorientation manoevure in micro-
gravity conditions and redirect sunlight towards
a light sensor on the ground.

e Study the effects of membrane deformation due
to the control manoeuvre.

e Study the membrane deployment.

TAC-22-C3.2.1

Table 2: Main specifications of some sounding rock-
ets. Rexus and S-310 were used to launch exper-
iments involving membrane deployment.

Apogee Diameter Payload mass
Rexus 80km  0.35m 95 kg
S-310 150 km 0.31 m 50 kg
Texus 260 km 0.57 m 260 kg
Maxus 705 km 0.64 m 480 kg

e Validation of the models for atmospheric losses,
with light reflection through the entire atmo-
sphere.

The proposed mission concept is shown in Fig. [I0]
After burnout the payload is released from the nose
cone and the reflective membrane is immediately de-
ployed, such that the reflector normal is perpendic-
ular to its velocity, to minimize the effect of the air
drag. Then the payload attitude is stabilized after
the deployment and the reflector is gradually slewed
in order to reflect sunlight to a ground target when
close to the apogee. In order to simplify the calcu-
lations and easily estimate the required manoeuvre
torques, a bang-bang manoevure is assumed. Even-
tually, the contact is maintained as the reflector de-
scends through the upper stages of the atmosphere
and the payload is then safely recovered with a con-
trolled re-entry via parachute. The optimal sound-
ing rocket apogee altitude will ultimately depend on
the desired level of stresses of the membrane upon
deployment, due to the atmospheric drag. Clearly,
at higher altitudes the atmospheric density is lower
thus decreasing the drag forces on the deployed mem-
brane, however, the illumination on the ground will
be reduced as dictated by the power law (€]). Past
experiments involving membrane deployment include
a 2m? drag sail demonstrator launched on a Rexus
rocket [I7]. The sail successfully deployed however it
quickly collapsed upon beginning of the descent due
to the aerodynamic drag. Another experiment in-
volved the deployment of a 10 m diameter sail from a
S-310 rocket, with a higher apogee altitude of 150 km
[15]. The sail deployed as expected, although there
was no attempt to perform an attitude control ma-
noeuvre on the sail.

The effects of the atmospheric pressure acting on
the membrane can be investigated using free molec-
ular flow theory [I8]. In particular, assuming a flat
plate in a free molecular flow, the resulting force de-
pends on the angle of attack in the form:

1
Fp = 5pv?ACD (23)
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where the drag coefficient C'p can be expressed as
[18]:

Cp=2 |:O't + ang sinf8+ (2—o0, —o0y) sin? B] sin 3
’ (24)
where o,,, oy are coefficients taking into account the
momentum exchange of the incoming particles in the
normal and tangential direction (momentum accom-
modation coefficients) and w is the average normal
velocity of the particles impinging on the surface [18].
The lift coefficient is usually much smaller than the
drag coefficient and the effect of the lift can therefore
be neglected [18]. Furthermore, contrary to a flat
plate in a high-density continuum flow, the centre of
pressure coincides with the centre-of-mass, hence the
net torque due to aerodynamic forces with respect to
the centre-of-mass is zero. Clearly, in this case the re-
flector will not be perfectly flat due to possible mem-
brane wrinkling, boom deformation upon deployment
and due to the presence of the central payload bus,
which will change the geometry of the experiment.
However, it is reasonable to assume that the reflec-
tive membrane will be much larger than the payload
bus.
Figure [11] shows the maximum drag pressure act-
ing on the reflector (modelled as a flat plate for sim-

TAC-22-C3.2.1

is pitched until reaching the desired angle of attack
which guarantees reflection of sunlight to the ground
target. For apogee altitudes below 200 km the max-
imum drag pressure is always larger than the solar
radiation pressure, assuming release times between
20 and 120 seconds before apogee. The analysis in
Ref. [I5] considered a maximum dynamic pressure of
8 x 1072 Pa. Results in Fig. suggest that apogee
altitudes should be higher than 100 km to guarantee
peak pressures lower than this value.

While higher altitudes ensure lower dynamic pres-
sure, the illumination level will be lower for sunlight
reflection from the upper atmosphere. The illumina-
tion level on the ground in lux can be expressed as
[8]: 4

-Plu:c = Iluxﬁ COSs %
where Ij,, is the solar power density in lux which
can be approximated to I, =~ 100000 1x taking into
account atmospheric losses [§]. Assuming vertical as-
cent of the rocket, the angle ¢ between the incoming
and reflected sunlight is:

(25)

Y= g — arccos (26)

h
VIZT &

where h is the rocket altitude and d is the distance
between the launch site and the target. Figure
shows the illumination level on ground as a function
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Fig. 12: Tllumination of ground (in lux) as a function
of the altitude, for different reflector sizes.

of the sounding rocket apogee altitude (the illumina-
tion is measured at the apogee) and the reflector side.
Here, it is assumed that d = 0, such that the pitch
angle is constant and equal to 45deg (this assump-
tion clearly does not take into account the horizontal
displacement of the rocket however it is expected that
the vertical range is much larger than the horizontal
range [19]). It is apparent that using a 2m? sail as
in Ref. [I7] would produce illumination levels lower
than the full Moon level (0.141x) for virtually any
apogee altitude above 100km. On the contrary, il-
lumination levels larger than living room levels (50
lux) can only be reached with reflectors larger than
20m. Note that by increasing the horizontal distance
between the target and the reflector at the apogee,
the angle v, decreases hence, from Eq. the illu-
mination increases. However, at the same time, the
area of the image of the ground also increases, which
reduces the illumination. It can be shown that for
an apogee altitude of 260 km the optimal distance to
maximize the illumination on the ground is approx-
imately 40 km. However, note that the illumination
only increases from 1.541x to 1.6 1x, hence the change
is not significant.

At higher altitudes, e.g., Maxus apogee altitude,
the illumination level is extremely low. A 10 meter
reflector would barely reach a full moon illumination
level making the detection more challenging. Further-
more, higher pointing precision would be required.

In the following, it is assumed that a Texus sound-
ing rocket is used to deploy a 10 m side square reflec-
tor from a CubeSat, with estimated apogee at an alti-
tude of 260 km. From Fig.[T2] the expected illumina-
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tion level at at the apogee will be one order of magni-
tude larger than the full moon illumination level, ap-
proximately at 1.51x, enough to be detected by high
sensitivity light sensor{"] To estimate the membrane
mass, values from Ref. [I7] are used. In particular,
the combined membrane mass and boom mass was
450¢g for a 2m? drag sail, i.e., corresponding to an
areal density of 125gm™2. In the following analy-
sis an areal density of 200gm~2 will be used for a
baseline 10 m square reflector.

2.4.1 Preliminary actuator sizing

Assume that a set of three reaction wheels is used
for three-axis control of the payload upon membrane
deployment. To estimate the required wheel size, it is
assumed that all three wheels are sized based on the
pitching reorientation manoeuvre. First, assuming
a bang-bang reorientation manoeuvre, the required
control acceleration for the pitching manoeuvre can
be estimated from

21

b= ——— 27
(/27 27

and, therefore a total torque
T=40J (28)

where At is the total manoeuvre time (i.e., from
membrane deployment to the apogee) and J is the
in-plane reflector inertia. For a 10 m reflector, the re-
quired torque is approximately 36 x 1072 Nm. Note
that this is 6 orders of magnitude less then the torque
required for the full scale structure.

Assuming that the actuator mass is calculated
from Requirement RC3, i.e., being 60% of the mem-
brane mass. Then, modelling the reaction wheel as a
disk with radius r,, and tickness t,, and density p,,,
the required radius is

My

PuwTty

(29)

Tw =
Then taking a wheel thickness of 1cm yields yields
a wheel radius of r, = 13cm. The required wheel
angular momentum can then be estimated:

At

H, :T7 =2.18Nms (30)

and therefore, the maximum wheel angular velocity:

T A
= ——t:655 RPM

7.2 (31)

Wy

*See, e.g., https://dcfa.exa.unicen.edu.ar/wp-content/
uploads/sites/18/2019/02/Spectrophotometer_b.pdf,
cessed on 18 August 2022.

ac-
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The wheels can be placed inside the CubeSat struc-
ture and can be powered by DC motors.

2.5 In-orbit demonstration

This phase of technology demonstration aims to
validate the concept as a full-functional spacecraft in
orbit, unlike the specific issues that are aimed to be
validated in high-altitude balloons or sounding rock-
ets. The objectives of in-orbit demonstration phase
can be summarised as follows:

e Performing a full system level space operation in
orbit for a reflector spacecraft.

e Pointing to and tracking a solar power farm
throughout an orbital pass over a solar power
farm.

e [lluminating a solar power farm or farms for elec-
tricity generation.

e Measuring the intensity of solar power on the
ground.

e Validating the analytical models related to the
power received on the ground.

e Understanding the efficiency of light reflection at
lower elevations.

The reflector spacecraft in orbit, regardless of its
size, will include a full spacecraft bus and the re-
flector as its payload. The in-orbit demonstration
phase will allow for validating the full system-level
performance. A particularly important aspect of the
in-orbit demonstration is to perform attitude control
manoeuvres to point and track solar power farms.
Attitude control is demonstrated to be a particularly
demanding part of operating the reflectors [6, [§]. At-
titude control errors may result in inaccuracies in
the direction reflected light, which would affect both
the energy generated and stray light considerations.
Therefore, the validation of in-orbit attitude control
is essential. Attitude control in this phase is directly
related to the light that is reflected. It is envisaged
that electricity generation will be attempted from a
solar power farm. Albeit potentially in small quan-
tities, electricity generation via light reflected from
space will be a proof of the concept. Further intensity
measurements will be made through light sensors on
the ground, and more qualitative observations will be
made via the camera images taken of the solar image
on cloud tops. The former will allow for validating
the analytical models of solar energy delivery from
space [6], particularly in terms of atmospheric losses

TAC-22-C3.2.1

Table 3: Orbital element of the ISS On July 29, 2022.

Element Value
Semi-major axis 6793.76 km
Eccentricity 0.0005
Inclination 51.64 deg
Right Ascension of

the ascending node 128.56 deg
Argument of perigee 15.50 deg

and cloudiness, which is not well quantified thus far.
The latter will validate the expected shape of the re-
flected solar image and the impact of non-idealities,
e.g. reflector wrinkling, on this shape.

The first step considered is a CubeSat-type reflec-
tor spacecraft, deployed from the KIBO module of
ISS. This is motivated by the fact that no dedicated or
piggy-back launches are necessary. A CubeSat can be
built relatively quckly and at an altitude of approxi-
mately 400 km, it would allow for relatively rapid de-
orbiting for debris mitigation. Technology now allows
for solar sails to be stowed and deployed from Cube-
Sats, as evidenced by the Planetary Society’s success-
ful operation of the LightSail CubeSat [20]. Orbiting
solar reflectors are essentially the same technology,
therefore the LightSail’s 31.36 m? sail [20] will be con-
sidered to be the smallest reflector size to be tested
in space. During operations, some of the largest solar
power farms could be illuminated, listed in Ref. [g].
The orbit of the reflector spacecraft is assumed sim-
ilar to the orbit of the ISS, hence the five constant
orbital elements of the ISS are used for propagation
as provided in Table m The orbit is propagated
numerically for 7 days by also including the Earth’s
oblateness up to the second degree, i.e., Jo [2I]. De-
orbiting due to air drag is ignored at this stage for
simplicity. The ground track of the propagated orbit
is presented in Fig. [I3] The initial position of Green-
wich meridian is arbitrarily selected for the genera-
tion of the ground track. Figure also depicts the
locations of the solar power farms considered. Qual-
itatively, it can be seen that the orbit passes over all
the solar power farms. It is discussed previously that
the maximum elevation achieved should be at least
60 deg for a reasonable quantity of energy to be deliv-
ered [8]. Another consideration is whether the orbital
passes shown in Fig. are when the reflector is in
the Earth’s shadow. This is analysed by investigat-
ing the spacecraft contacts by including the Earth’s
shadow cone and constraining the contact locations

T Available here https://www.heavens-above.com/orbit.
aspx?satid=25544, accessed July 29, 2022.
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farms.

gle B can be defined to find longitude after which the
reflector will be in the Earth’s shadow as

)

where Rp = 6378.2km is the Earth equatorial radius
and h is the orbit altitude. (3 is approximately 20 deg
for the altitude of 416.35 km considered here. An
additional 45 deg is assumed to exclude a part of the

REg

Roth (32)

8 = arccos (
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a reflector in an ISS-like orbit.

dayside of the Earth, as well, to achieve dawn/dusk
solar energy delivery and improve the measurabil-
ity of the delivered sunlight. The 60deg criterion
is achieved for all solar power plants for 1 week of
operation within this contact region.

In order to investigate the visibility of the solar
power farms and the energy delivery properties in a
more quantitative manner, the numerical propagator
is expanded to include the energy delivery as the 7th
parameter to the equations of motion. At each step
of the numerical integration, the position of the re-
flector is projected onto a topocentric frame defined
on the selected solar power farm. If the elevation an-
gle is greater than 0deg (i.e., the reflector spacecraft
is in view), Eq. (@ is used to calculate the power
delivered. The image area A;, and the angle v are
calculated at each integration step. Ultimately, the
energy delivered is calculated as:

Tpass
E= / P(t)dt
0

during the numerical propagation, where F is the en-
ergy delivered and Tpaes is the duration of the pass.
The details of the calculation process are provided
in Ref. [6]. If the elevation angle is smaller than
Odeg, then P = 0. This procedure considers the de-
sired contact region discussed earlier, but it does not
include the maximum elevation criterion of 60 deg,
hence the output provides an upper limit to the en-
ergy delivered to a selected solar power farm. The
results are shown in Fig. [I5] The reflector area is

(33)
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Fig. 15: Total energy delivered to each solar power
farm by a 31.36 m? solar reflector (equivalent to

that of the LightSail CubeSat) to each visible so-
lar power farm (no minimum elevation criterion)

equal to 31.36 m?, as noted before. The currently ex-
isting area values for the solar power farms are used,
but they are considered circular, as per the calcula-
tion procedure [6]. Figure depicts a stairs-type
plot with instantaneous jumps in the quantity of en-
ergy delivered. The jumps are in fact not instan-
taneous, but the pass duration (approximately 10.4
min) for the selected orbit altitude is much shorter
than the simulation duration. Small increases in the
quantity of energy delivered are due to low elevation
passes, which are not discarded in the current paper,
as noted earlier. It must be noted that, contrary to
the analysis in Ref. [§] for the full-scale case, con-
straints on the reorientation time are not considered
here but will need to be addressed in a future anal-
ysis. According to Fig. there appear to be daily
visits to almost all targets, although there are fewer
opportunities for some of the other farms after the
4th day of operations. The maximum energy deliv-
ery is approximately 6.7 kWh to both Datong and
Sun Cable solar power farms, and the minimum is
approximately equal to 1 kWh (note that these val-
ues are not a result of an optimisation selection of
the ground track and could change by selecting a dif-
ferent position of the Greenwich meridian at ¢ = 0).
Note that this is the total energy delivered to the
target before the conversion losses. If it is assumed
that the efficiency of solar cells is 20% and the ground
coverage ratio is 50% then the converted energy into
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electricity is equal to approximately 10% of the val-
ues presented in Fig. This is clearly not high, but
it can demonstrate that the concept of orbiting solar
reflectors is feasible to be utilised.

Indeed the results presented in Fig. |15 are scalable
to larger reflectors. From Eq. [f] for a given orbit, at-
mospheric losses and the area of the solar image is
the same for all reflectors with the point-mass reflec-
tor assumption, which is valid for small reflectors [6].
If the reflectivity of the reflectors is the same, the only
property that changes the power delivered is the area
of the reflector. Then, a linear scaling coefficient can
be defined to calculate the energy delivered by larger

reflectors as
Ay

A (34)

KR =
where k is the scaling coefficient, A, is the energy
delivered by the reference reflector area, in this case,
the LightSail CubeSat’s 31.36m2. At this point,
several different reflector areas will be considered.
As another example of a solar sail experiment, the
IKAROS spacecraft is considered, which has a sail
area of 196m? (14m x 14m). From the scaling re-
lationships in Eq. K = 6.25, hence the delivered
energy would be 6.25 times increased.

The other examples will also be taken from tech-
nology demonstration attempts. The Znamya-2 ex-
periment is the closest example to the concept dis-
cussed here. The 20-m diameter reflector was de-
ployed in 1993 from the Mir space station during
the Russian “New Light” experiment with an aim to
demonstrate the technologies of solar sailing and or-
biting solar reflectors [22]. The subsequent Znamya-
2.5 experiment with a diameter of 25-meter failed
during deployment [23]. The Znamya-3 experiment,
which was planned to deploy a 70-meter diameter re-
flector, was cancelled subsequently. The Znamya and
SolarKraft projects by the Russian Space Regetta
Consortium aimed at progressively increasing the
sizes of reflectors up to 200 m in diameterﬂ as sim-
ilarly considered here. These reflector sizes are as-
sumed and the quantities of energy delivered for each
are presented in Table [d] The linear scaling in Table
shows that considerable quantities of energy can be
delivered even with an IKAROS-type reflector. For
the largest size of reflectors, nearly a MWh-level of
energy can be delivered. Once again note that this
is the quantity of solar energy before the conversion
losses during electricity generation, which is assumed

tSee https://web.archive.org/web/20060808175720/
http://www.space-frontier.org/Events/Znamya/, accessed
on July 29, 2022
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Table 4: Scaled quantity of energy delivered and required control effort (angular momentum and torque) for

different reflector sizes

Example Dimensions K [f{;;ﬁ] Ang. momentum Torque
LightSail 56m x 5.6m 1 6.67 92x102Nms 1.1 x10"°Nm
IKAROS 14m x 14m  6.25 41.69 3.6Nms 43 x1072Nm
Znamya-2 Z20m 10.02  66.83 2.8Nms 3.4x1072Nm
Znamya-2.5 @25m 15.65 1404.39 6.8Nms 81x1072Nm
Znamya-3 Z70m 122.72 818.54 4.2 x 10°Nms 5Nm

to be approximately 10% in total. Table also shows
the required control effort for each reflector size. The
required angular momentum and torque are calcu-
lated assuming an ideal overhead pass at the desig-
nated ISS orbit altitude, using the method described
in Ref. [9]. Additional details about the reflector at-
titude during the targeting manoeuvre can be found
in Ref. [9]. Since the inertia of the reflector scales
with the fourth power of its size [9], [§], the required
angular momentum and torque are several orders of
magnitude smaller than the nominal values for the
full-scale 250 m strucutre. A reduced-scale version
of the CMG cluster discussed in Ref. [8] can be used
for attitude control in this case. For dimensions up
to 25-meter diameter, standard off-the-shelf CMGs
for CubeSats can be used to generate the required
angular momentum and torque [24].

As for solar power density on the ground, previ-
ous work discussed that the maximum solar power
density at 400 km would be approximately 2 lux for
a 20-meter diameter reflector [B], which is measur-
able by light sensors, as noted earlier in this paper.
The k-scaling would also work in this case and it
can be found that the same light sensors could also
measure the power density from the IKAROS-type
reflector case, where k =~ 0.62 with respect to the
20-m diameter case. The smallest reflector would de-
liver the maximum solar power density of 0.199 lux
(k =~ 0.099), which is higher than the full moon in-
tensity (0.143 lux [3]). It would be harder to detect
this level of intensity, but such sensitive light sensors
exist as noted earlier. It is known that some electric-
ity can still be generated from solar power farms un-
der full-moon conditions The measured quantities can
then be compared against theoretical models to bet-
ter understand the atmospheric transmission of solar
energy.

It can be argued that large reflectors such as 20-
m diameter cannot be packed into a CubeSat. One
possible alternative is to use multiple CubeSats to al-
low deployment opportunities from the ISS. This is

TAC-22-C3.2.1

also proposed for larger reflector spacecraft to max-
imise the quantity of energy delivered while easing
the attitude control requirements [§]. Another al-
ternative could be to deploy the reflectors from de-
parting ISS servicing spacecraft, such as SpaceX’s
Dragon capsule. This would be a scenario similar to
the Znamya-type experiments, which were deployed
from the Mir space station by a motor attached to
the Progress supply spacecraft [22]. The advantage
with such a scenario is that large attitude control
torques for orientation can be counteracted by the
thruster-based attitude control systems available in
such servicing spacecraft, which may not be feasible
for smaller spacecraft. They can also be deployed
from similar altitudes as the ISS or lower, to max-
imise the measurability of the quantity of solar energy
delivered.

Finally, for all the concepts presented, once the
mission is completed it will be de-orbited to burn up
in the atmosphere. This can be achieved by using
the reflector as a drag sail. Even without a drag sail,
the lifetime of an uncontrolled spacecraft is on the
order of months at the envisaged altitude of approx-
imately 400 km. Using a drag sail will only make
the lifetime shorter. Indeed, Surrey Space Center’s
InflateSail deorbited from an initial perigee altitude
of 550 km altitude to below 250 km by deorbiting in
72 days by using a 10m? square drag sail [25]. The
CubeSat-type reflector spacecraft envisaged in this
paper will not actively face the ram direction to de-
orbit while in operation, but it will have a larger re-
flector and lower altitude. As the reflector spacecraft
is performing its operations, the quantity of energy
delivered will increase with decreasing altitude, but
a dedicated analysis of the deorbiting process is left
for future studies.

3. Timescale and investment profile

Space technological innovations are categorised us-
ing a Technology Readiness Level (TRL) scale with
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Table 5: The Technology Readiness Level (TRL)
scale used to judge new space technologies.

Ee%gl Expectation

9 Actual system proven in operational envi-
ronment

8 System complete and qualified

7 System prototype demonstration in oper-
ational environment

6 Technology demonstrated in relevant en-
vironment

5 Technology validated in relevant environ-
ment

4 Technology validated in laboratory envi-
ronment

3 Experimental proof of concept

2 Technology concept formulated

1 Basic principles observed and reported

nine distinct levels. For a technology to be considered
fully matured and ready for commercialisation, such
technology must have successfully passed through all
levels on the TRL scale. The TRL is summarized
in Table Bl The TRL 1 and 2 have been achieved
through the numerous publications that have proven
the concept of orbiting solar reflectors. Some key
publications are discussed in Section [I]

In this study, four technology demonstration
phases for the commercial development of orbiting
solar reflectors are discussed. The timelines within
each phase and the potential cost of each phase are
further discussed.

1. Laboratory demonstration

The first phase in the technology demonstra-
tion for commercial deployment of orbiting so-
lar reflectors is the laboratory scale testing and
demonstration phase. In the laboratory, vari-
ous sets of tests will be carried out on differ-
ent sub systems of the reflector. Tests on differ-
ent suitable materials for the reflector surface,
tube strength and interconnection for the reflec-
tor structure and reflector control mechanism.
As highlighted in Table [1] these tests are essen-
tial to ensure that the reflector will satisfy the
control, structural and manufacturing require-
ments.

The laboratory demonstration phase will be car-
ried out within an estimated period of 48 months
and at an estimated cost of £15 million. The
larger percentage of costs incurred in this phase
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is related to the construction and testing of the
subsystems of the reflector and the entire reflec-
tor architecture.

This phase will culminate in the production of
complete scaled reflector prototypes of different
sizes. TRL 3 and 4 is achieved with the labora-
tory demonstration.

. Stratospheric (High Altitude) balloon demon-

stration

For this phase, a small sized reflector (such as a
5-metre reflector) will be attached to the gondola
of a helium filled balloon which is then launched
to high altitudes. This phase aims to demon-
strate the reflector operations at altitudes just
below the space boundary. During the flight,
the ability of the reflector’s control mechanism
to maintain focus to a location on Earth and its
energy transfer efficiency will be analysed.

It is estimated that this phase will be carried out
over a period of 30 to 36 months. This will in-
volve two demonstration flights and other activi-
ties such as detailed analysis to determine a suit-
able target location based on the balloon launch
site; production of a 20-metre sized reflector to
be used for the flight; the installation of illumi-
nation measuring devices at the target location.

The first flight will be between month 9 and
month 12. Preparation for the first flight is ex-
pected to take between six to eight months. The
time and day of the balloon flight can only be
decided in consultation with the balloon flight
launch company.

Following the flight, analysis of illumination
measurements and the impact of different fac-
tors such as flight path and wind direction will be
carried out. The analysis is estimated to take ap-
proximately six months, the results of this anal-
ysis will influence the necessary adjustments and
improvements to the reflector configuration and
the entire process for the second balloon demon-
stration flight which is estimated to take place
by month 28. The successful completion of this
phase achieves TRL 5 and contributes towards
achieving TRL 6.

. Sounding Rocket Flight

Since the balloon demonstration flight does not
ascend into the space environment, the sound-
ing rocket flight is the first opportunity to test
the full functionality of the reflector. In this
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phase, the following aspects will be tested: de-
ployment mechanism for the reflector; reflector
surface wrinkling in space; energy transfer ca-
pacity of the reflector from space. In Table 2,
four sounding rocket programs were highlighted.
Three of these four programs are carried out by
the European Space Agency (ESA). After ESA
approves an experiment for a sounding rocket
flight, a period of 2 to 3 years is typically re-
quired to prepare for the flight [26].

After the successful balloon demonstration
flight, it is estimated that experiment will receive
approval for a sounding rocket flight within six
months, preparation for the flight is estimated to
take two and a half years (thirty months), eigh-
teen months to fully analyse the results obtained
during the flight demonstration and for further
development of the reflector. A second flight is
estimated to take place three years after the first
flight. Analysis of results would take the last one
year.

On successful completion of the result analysis,
the system will be complete and qualified for
demonstration in an operational environment.
The sounding rocket flight demonstration phase
is estimated to cover a period of 4 years and will
achieve the technology readiness levels 6, 7 and
8.

4. In Orbit demonstration

This phase involves the deployment of reflector
for operations to illuminate the target locations
on the Earth. The effectiveness of the reflector
control mechanism; the impacts of cloud cover
on the reflector energy transfer efficiency; the
periodicity of the time of reflector illumination
across multiple days will be analysed.

The in-orbit demonstration phase can be de-
signed to have two stages. The first stage can
involve the use of a CubeSat to deploy a small
sized reflector in space. This is advantageous
as it allows testing of the reflector technology
at a lower cost. The CubeSat in-orbit demon-
stration can take place just after the sounding
rocket flight is concluded. The analysis of the
result obtained from CubeSat in-orbit demon-
stration will be useful to understand the needed
improvements in designing the larger sized re-
flector to use in the next stage of the in-orbit
demonstration.

The next stage of the in-orbit demonstration is
envisaged to involve two flights and will be car-
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ried out over a period of 6 to 7 years. The solar
power satellite concept, which is a significantly
heavier and more complicated space system [5],
is estimated to require eight years for small scale
and full-scale in orbit demonstration of the tech-
nology [27]. Owing to this, we have estimated
that the medium sized reflector of 100m length
will be demonstrated in year 2 and a full-scale
demonstration of a constellation involving three
250 metre sized reflector in year 5. The analysis
of all results obtained from the flight will take
an estimated period of eighteen months.

The successful in-orbit demonstration will con-
firm the full maturity of the technology for com-

mercialisation.
. In-Orbit
. Demonstration
Sounding Rocket (7 years)
Flight Confirms full
5 years, technology
. Balloon ( Y ) maturity and TRL9
Demonstration Proves TRL6, 7 and 8
(3 years)
® Achieves TRL5 and 6
Laboratory
Demonstration
(4 years)

Achieves TRL 3 and 4

Fig. 16: Estimated timeline for the different demon-
stration stages

4. Conclusions

In this paper a technology demonstration roadmap
for orbiting solar reflectors has been presented. Based
on specific requirements for a full-scale mission, key
laboratory tests have discussed which will validate
key technology aspects.

First, laboratory-scale demonstration tests are
considered to validate structural models for loads,
study membrane flatness and tensioning, determine
the effects of thermal expansion, perform micrograv-
ity tests for in-space additive manufacturing and test
the actuator.

Then, high-altitude balloon tests have been dis-
cussed. A 20 m reflector attached to the gondola of a
high-altitude balloon will directly illuminate a solar
power target on the ground, thus validating analyt-
ical models related to the power density and solar
image on ground, understand the efficiency of light
reflection at lower elevations and validate the models
for atmospheric losses. It was shown that a 20 meter
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reflector attached on a gondola can deliver sufficient
power to light up a small light bulb using a 10 m?
solar panel target.

Deployment of a small-scale reflector from a sound-
ing rocket is then discussed. A 10m square reflector
launched from a sounding rocket with apogee at 260
km is proposed. The reflector dimension and rocket
apogee were selected based on a trade-off between
drag pressure and illumination on the ground. It is
shown that the illumination level on the ground at the
apogee is on the order of 11x, very small but enough
to be detected by a light sensor array.

An in-orbit demonstration was then discussed,
aiming at tracking a solar power farm throughout an
orbital passage over a solar power farm and perform-
ing a full system level space operation in orbit. Illu-
mination level on the ground and the required control
effort were discussed for a reflector deployed from the
ISS orbit, considering a range of reflector dimensions.
The maximum energy delivered to a ground farm is
about 10kW h for a LightSail-type reflector, but it
can be increased by an order of magnitude if the re-
flector size is increased to 20 m. It is shown that for
reflector sizes up to 25 meter, standard off-the-shelf
CMGs for CubeSats can be used to generate the re-
quired control torque for the manoeuvre.
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