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FAMILIES OF DISPLACED NON-KEPLERIAN POLAR ORBITS FOR SPACE-BASED SOLAR
ENERGY APPLICATIONS

Onur Celik, Colin R. MclInnes
Space and Exploration Technology Group, James Watt School of Engineering, University of Glasgow,
Glasgow G12 8QQ), Scotland, United Kingdom

Orbiting Solar Reflectors (OSRs) can be used to reflect sunlight locally to terrestrial solar power plants to
enhance solar energy generation. Displaced polar orbits can, in principle, change the geometry of passes of
OSR over terrestrial solar power plants. Such non-Keplerian orbits can be obtained by orienting the reflector
at a fixed pitch angle with respect to the Sun-line, such that the solar radiation pressure (SRP) induced
force would shift the orbit plane in the anti-Sun line. This, in principle, would allow extending night-time
or high-latitude solar energy delivery without eclipses. This paper investigates a range of displaced highly
non-Keplerian orbits for OSRs and assesses their operational use. Displaced polar orbits are generated in the
two-body problem using a rotating reference frame considering the Earth’s oblateness up to J> and the SRP
force. Their stability is reviewed and an optimal control scheme is presented with reflector area control. As
a novel application, a compound reflector system is proposed, which consists of a large Sun-facing parabolic
collector in a polar orbit displaced in the anti-Sun direction and a smaller free-flying flat director placed
near the focus of the parabolic collector, displaced by the reflected SRP in the Sun direction. The conditions
for the synchronized motion and the sizing of the reflectors are investigated. The quantity of solar energy
delivered to the Earth is calculated for both the compound and single reflector systems and it is shown that

the displaced polar orbits could enhance solar energy delivery significantly.

1. Introduction

Orbiting solar reflectors (OSRs) can be used to re-
flect incoming sunlight to the Earth’s surface. They
were considered even before the modern space era
1] and attracted interest throughout the 20th and
the 21st-century [2] for a variety of applications, in-
cluding, but not limited to, space-based solar energy,
nighttime illumination and agriculture [3, [4, [5] [6] [7].
Recent studies demonstrate that the concept of or-
biting solar reflectors can be an asset to address
the challenges associated with global energy deliv-
ery [7, 8 O 10, 11] and may be considered for non-
terrestrial endeavours, as well [12] 13| [8].

Orbiting solar reflectors are generally made of thin,
ultralight and high-reflectivity materials. This means
that solar radiation pressure (SRP) could induce a
force on the reflector which may be used for gen-
erating new families of non-Keplerian orbits. One
such family of orbits is the so-called displaced non-
Keplerian orbits (NKOs) [14]. Among these fami-
lies of orbits, there is a subset of circular polar or-
bits along the terminator line of the Earth (or any
other planetary body) displaced in the anti-Sun di-
rection by the SRP-induced force [I5]. Such orbits
can be realised by keeping a fixed pitch angle atti-
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tude with respect to the Sun [I5]. Indeed, displaced
NKOs are, in principle, the same family of orbits
as so-called terminator orbits, which are primarily
termed for displaced polar orbits around asteroids,
where the asteroidal gravity and SRP forces are com-
parable in magnitude [16], and are already employed
in space missions such as OSIRIS-REx and planned
for one of the CubeSats onboard ESA’s HERA mis-
sion [I7, [18]. The planetary applications of displaced
NKOs include speculative applications for Earth and
Mars climate interventions [I9, 20] and Earth’s geo-
magnetic tail exploration [21].

Displaced NKOs may also be considered for space-
based solar energy applications. The primary advan-
tage of displaced NKOs for such applications is that
they are eclipse-free by definition, which would allow
nighttime only energy delivery. In comparison, a Ke-
plerian polar orbit may be tilted in its right ascension
of the ascending node towards the Earth’s nighttime,
but this would only allow for half of the orbit to be
useful for nighttime energy delivery while in the rest
would be on the day side. There would also be limits
before the reflector goes into the Earth’s eclipse cone.
Large displacements may also allow high-latitude so-
lar energy delivery, as well, but those will require high
SRP accelerations which will be achievable only with
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ultra-lightweight materials.

Alternatively, as a novel application, solar energy
delivery may be enhanced by using a compound re-
flector system. Such a system may consist of a
parabolic reflector displaced in the anti-Sun direction
and focusing the intercepted sunlight onto a smaller
flat reflector, displacing it in the Sun direction"] The
primary advantage of the compound system is the
separation of focusing and directing functionalities,
which are challenging for a standalone parabolic sys-
tem that is both Sun- and Earth-facing and performs
attitude control over a ground target. By using a
compound system, the quantity of energy delivered to
a solar power plant may be higher, or at least similar
to that from (near-)polar orbits from higher altitudes,
which may ease the requirements on the size of reflec-
tors [8,[10]. The compound reflector discussed here is
conceptually similar to solar photon thruster (SPT)
[22], particularly to so-called simple SPT [22] [23].
Some other variants of SPT are also considered for
GEO illumination-type application [24]. The differ-
ence between SPT and the compound concept pro-
posed here is that two reflectors (and an additional
director, where applicable) are connected by a boom
and the distance between them is relatively short,
whereas the proposed compound system here is two
different reflector spacecraft in synchronised motion,
displaced in each side of the terminator line. Even
though the concept of SPT is deemed to be poten-
tially inferior to single reflector systems in terms of
thrust performance [25], the added focusing function-
ality could potentially be useful to increase the solar
power density on the ground for space-based solar
energy applications for the Earth.

In this paper, therefore, displaced non-Keplerian
orbits are investigated for space-based solar energy
applications. A review of non-Keplerian orbits is
provided in [I4]. The orbits are generated in the
two-body dynamics enhanced by the Earth’s oblate-
ness up to the second order (i.e., J2) and the SRP
force in a rotating reference frame. The equilibrium
conditions and stability aspects of displaced NKOs
were reviewed, following the results in Ref. [20]. In
this paper, controllability of displaced NKOs is in-
vestigated in addition and an optimal linear control
scheme by reflector area control is presented for the
unstable family of orbits in this higher fidelity dy-

*Another alternative concept with Fresnel lenses
can be found at |https://ideas.esa.int/servlet/
hype/IMT7documentTableId=45087132021033175&
userAction=Browse&templateName=&documentId=
cfab82be9casdf4d9a2ccdOad7aa3d28e0| (Accessed on August 27,
2022)
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namics. For the novel application of compound re-
flectors, the conditions for the synchronised motion
are presented and a procedure is proposed to size the
reflectors to achieve such motion. Finally, the quan-
tity of energy delivered is calculated for both single
and compound reflector systems, and the results are
presented together with a comparative discussion be-
tween Keplerian and displaced non-Keplerian orbits
in terms of solar energy delivery.

The paper is organised as follows: Sec. II pro-
vides a discussion on the dynamics and equilibrium
conditions of displaced NKOs. Single reflectors in dis-
placed orbits are discussed in Sec. III, including their
stability and control and energy delivery properties.
The proposed compound system is discussed in Sec.
IV and, finally, conclusions are presented in Sec. V.

2. Dynamics of Displaced non-Keplerian
Orbits

A rotating reference frame will first be defined be-
fore deriving the equations of motion of displaced
non-Keplerian orbits (NKOs) [I4]. This rotating ref-
erence frame has its origin coinciding with the Earth’s
center, with the axis of rotation, z, is parallel to the
assumed fixed Earth-Sun line but pointing in the anti-
Sun direction, the y-axis is parallel to the Earth’s ro-
tation axis and the x-axis completes the triad. The
reflector will be considered at a distance r from the
origin of this frame. The reflector normal can also
be defined as n = [O siny  cos w]T. Figure |1| de-
picts this rotating reference frame. The motion of
a particle in the Earth’s gravitational potential with
solar radiation pressure (SRP) acceleration can be
expressed with respect to the defined rotational ref-
erence frame as

FH2wxi+wX (wxr)=ay,—VV (1)
where r denotes the particle’s position vector from
the center of the Earth, w denotes the angular veloc-
ity. Moreover, agp, and V' are the SRP acceleration
and gravitational potential expanded by the Earth’s
oblateness up to the second degree as

v b (3 () (0 ) e

agp = K cos? 1) [O sinty cos w]T (2b)

where p is the Earth’s gravitational parameter and
equal to 398000 x 10° km? s~2, r is the magnitude of
the position vector and Js is the second degree zonal
harmonic, whose value is equal to 1.082x1073[26]. In
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Fig. 1: Schematics of the problem and the rotating reference frame

the SRP acceleration expression, i) denotes the pitch
angle of the reflector, and k denotes the character-
istic acceleration, i.e. x = 8.43 x 1073/0 mm/s? at
1 Astronomical Unit, with o being the areal density
of the reflector in the units of g/m?2. In the rotating
reference frame, the first two terms in Eq. [I] would
be equal to zero. If, then, the equations of motion
Eq. [1] are described in the Earth-centered cylindrical
coordinates (p, 0, z), such that p is the orbit radius,
z is the displacement along the z axis, and 6 is the
azimuth angle, they would take the following form:

p—pd= —%p
+ Kk cos? ) sin

(3a)
P+ 2p0 = ——3ng2(§)2 sin 26 (3b)
e (SO CORENED)
+ kcos®

(3¢)

as discussed in [20]. In order to find the equilib-
rium condition that enables displaced non-Keplerian
orbits, # may be used as the independent param-
eter and an averaging may be carried out. The
substitution ¥ = w(dr/df) with w = 0, and ¥
w(dw/d#)(dr/df) + w?(d?*r/d#?) may be made into
Eq. [IJand the averaging may be performed over a full
orbit by using 6, which are omitted here for brevity
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but can be found fully in Ref. [20]. One can then
find the expressions for required pitch angle and the
SRP acceleration as in [20]:

mn¢:(5)1_35k<£>2 (4)
h=0 (1 - 3:;,2(}%)2) (1+ tan®¢)*/2z  (4b)

where @ is angular velocity of the Keplerian orbit
ith the same radius, p and can be expressed with

3 R\2 P 2 )
<1 B 5']2 (?) (5(;) B 2) sin” 6 — 1)‘5 e Earth’s oblateness effect included, as:

o= [ (=300 6(0) )

=4/=(1—=J2(—) (Bl=) —4 5
“ \/r3 472\ r 5)
As the reflector is intended to direct incoming sun-

light from the Sun to the Earth, the pitch angle v
can also be rewritten as ¢» = 3/2, such that [19] 20]:

tan = tan (% tan™? <§)>

Finally, the angular velocity of a displaced NKO can
be found for a reflector whose orientation is defined
apriori by the fixed pitch angle, 1):

o=afi- () (- Fan(E) e )

Note from Eq. [7]that displaced NKOs are slower, i.e.
they have longer orbital periods.

(6)

3 u
— L
2372
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Fig. 2: Curves of solar radiation pressure (SRP) ac-
celeration enabling displaced NKOs

It is now possible to investigate the characteristic
acceleration x values for a given p, z pair that enable
displaced NKOs, as shown in Fig. 2] Figure [2] shows
that both orbits with large radius and small displace-
ment and small radius and large displacement are
possible. Large SRP accelerations are required for
orbits close to the Earth with large displacements.
For orbits with large radius or large displacement,
the effect of the Earth’s oblateness will decrease with
radius. With near-term achievable SRP acceleration
values such as x = 1mms~2, displacement is lim-
ited for small radii orbits. Note that p must be equal
to at least the Earth’s radius for displaced NKOs to
be possible by definition, even though in Fig. [2| the
value p = 0 is also included to demonstrate the equi-
librium points along the z axis. This requirement
also means that displaced NKOs around the Earth
are eclipse-free, whose implications will be discussed
later. Before, however, dynamics and energy delivery
properties of displaced NKOs will be investigated for
single reflector systems in the next subsection.

3. Single reflectors in displaced orbits

As outlined in the previous section, the equilib-
rium conditions dictate a characteristic acceleration
and a fixed pitch angle for a selected set of p and z.
It is in principle possible to find orbits at any radius
and displacement even though practical limitations
apply when high SRP acceleration is necessary. As
the dominant force is the Earth’s gravitation, the re-
flector material needs to be extremely lightweight to
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achieve large SRP accelerations and displacements.
Figure [3| shows the areal density of a reflector neces-
sary for different sets of p and z.

Mass density

© ©

w B [6)] [} ~
a

N

5 10 15 20 25
z [RE]

Fig. 3: Areal density required for the displaced orbits

As seen in the figure, less than 1 gm ™2 is necessary

to achieve large displacements. There are regions
where the areal density is higher but those regions
are also with high orbit radius. With more conser-
vative estimates of 10gm™2, the displacement z is
constrained in an extremely small region and at rel-
atively large p. To explore the potential of displaced
NKOs for space-based solar energy applications, such
engineering limitations may be relaxed. Indeed, there
are low areal density materials already proposed in
the literature that could potentially enable largely
displaced orbits [27]. There are already carbon fiber-
based materials that could reduce the areal density
below 10gm~2 [28]. Primarily motivated by inter-
stellar travel, Drexler et al. proposed materials two
orders of magnitude below at 3 x 1072gm~2 [29].
More recently, it was proposed that graphene-based
materials that could reduce the areal density to val-
ues 8.6 x 10~* gm~2 [30]. At this last value, the SRP
acceleration at 1 AU is equal to 10.6 ms™2, i.e. larger
than the gravitational acceleration on the surface of
the Earth. This implies that much smaller radii but
highly displaced NKOs could be achieved. However,
the stability properties of those need to be investi-
gated further.

3.1 Orbit stability

Salazar et al. [20] investigated the linear stabil-
ity properties of displaced non-Keplerian polar orbits
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Position error after one orbit (for p < 3.12)
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Fig. 4: Position error after one orbit for displaced
NKOs with p < 3.1z.

following McInnes [I5] and found out that the orbits
are linearly stable for the condition

p>3.1z (8)
The implication of the above stability result is that
the reflected image of the solar disk would be very
large for stable orbits with large displacements to illu-
minate solar power farms at night. This is undesired,
as the aim is to ensure the maximal use of fixed-size
solar power farms. But the unstable orbits drift from
their reference orbit very quickly, as shown for orbits
with p < 3.1z in Figure@

The minimum p value is 1Rg in this analysis. No
initial perturbation is introduced to the state vec-
tor. It is then clear that small p/z (i.e, relatively
large displacements) would result in more than a 1000
km drift from the start point after one orbit period.
Even near the stability boundary, the position error
after one orbit is only slightly less than 25 km for
the orbit radius of 20Rg, implying a further drift in
subsequent orbits. For the applications considered
here, then, unstable families of displaced NKOs will
be more effective, therefore their controllability needs
to be investigated further.

3.2 Orbit control

Controllability of unstable families of displaced
NKOs is assessed for a spherical Earth in Hill’s prob-
lem by Bookles and McInnes [21I]. Here it is con-
sidered within the body problem enhanced by the
Earth’s oblateness term Jo as the displaced NKOs
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considered here are closer to the Earth. First, the
linearised system is considered as below:

[0 0 1 0
>’<:Ax+BuA_ 0 0 0 1
y =Cx ~ |Lin Liz 0 0
| L1 La2 0 O 0
0 1 0 0 0 ©)
0 01 0 O
B= 29% =10 01 0
Bas 00 0 1

where x is the state-space vector, u is the control
input, y is the output. The azimuthal symmetry im-
plies that all derivatives with respect to 6 vanish [15],
such that the 6x6 system reduces to 4x4. In Eq.
[ then, A denotes the constant coefficient matrix of
the system, formed from the partial derivatives of the
2x2 Jacobian matrix, as also presented in [20]:

(10)

B is the coefficient matrix of the inputs formed by
the partial derivatives of the control acceleration with
respect to the desired control parameter. The control
is applied in p and z. In this paper, small trims in the
reflector area are considered as the control method,
which changes the SRP acceleration experienced by
the reflector. The methods of control include pitch
angle control [I5] 2], but as the pitch angle is cou-
pled to the location that the light is reflected on the
Earth, it may unsuitable for orbiting solar reflector-
type applications. Then, the partials in B can be
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found as:
% = cos? 1 sin 1) (11a)
366: = cos> 9 (11b)

Finally, C denotes the output coefficient matrix,
which is a 4x4 identity matrix. Controllability of
a linear system expressed in the form of Eq. [9] can be
found by evaluating the controllability matrix that
can be expressed as [31]:

M.=[B AB A’B A3B| (12)
If M. is full rank, which is equal to 4 in this case,
the linear system is considered controllable, i.e. some
initial state xg is carried to some final state x; with
the control input u, as discussed in [21]. It is indeed
the case here and the linearised system in Eq. [J] is
full rank. Following [I5], the change in the SRP ac-
celeration due to the reflector area control can then
be expressed as:

0k = G1(p — po) + Ga2(z — 20) (13)

+ G3(p = po) + Ga(Z — %0)
where G (j = 1-4) denotes control gains, py and
zo are the reference states, whereas p and z are the
current states. As displaced NKOs considered here
are circular orbits, pp and zy will be the targeted
orbit radius and displacement, and py and zy will be
equal to zero.

It is now possible to design a control system. In
this paper, a linear optimal control scheme is consid-
ered. Using optimal control theory, the following cost
function can be used to determine the control gain:

J = /too[x(T)'Qx(T) +u(r) Nu(r)]dr (14)

where J is the cost function and 7 is time. @ is
the diagonal matrix associated with the penalty on
the deviation from the reference state and N deter-
mines the cost of control. The selection of Q and N
determines the control system behaviour while reach-
ing the desired state. The goal is to find the control
gains that minimise the cost function, which is found
by solving the Riccati equation:
~M=MA+AM—-MBN'BM+Q (15
where M denotes the performance matrix and is re-
lated to the cost function such that J = x'Mx. It
can be assumed that —M — 0 for ¢t — co. Such a
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form of Eq. is called the Algebraic Riccati Equa-
tion and the optimal gains can be found by solving it
such that

G=N"'B'M. (16)
In this paper, MATLAB’s 1qr function is used to com-
pute the optimal gains. The selection of @) and N ma-
trices are generally found empirically, but the general
requirement is to select a diagonal () matrix based on
the desired control accuracy, while N is selected to
suppress the values of partial derivatives in A ma-
trix. As there is no specific requirement on the level
of control accuracy, @ is selected as a 4x4 identity
matrix and N is given values between 1 x 10710 to
1x107!3 depending on the desired control behaviour.
Figure[f]shows an example of a controlled and uncon-
trolled orbit alongside the control effort necessary to
maintain the orbit.

p=2.0Rg, z=05Rg

y [RE]

1>\0\\ \
/(/,// 1
e

z [RE]

Fig. 5: Unstable orbit controlled by small trims in the
reflector area. The blue orbit is the drifting orbit
whereas the red orbit is the controlled.

Figure shows a theoretically stable (i.e., p/z > 3.1)
orbit at p = 2Rg and z = 0.5Rg, but as shown in
Fig. [B] the uncontrolled orbit drifts over 10 orbits.
But with appropriate control, it can be maintained
for the duration of 10 orbit periods simulated here.
This requires less than a %0.5 change in the SRP
acceleration by the reflector area, as shown in Fig. [6]
This may be achievable via tip vanes [15].

In the next section, the properties of the displaced
NKOs will be investigated from the perspective of
space-based solar energy applications.
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3.8 Solar energy delivery from displaced non-
Keplerian orbits

Displaced non-Keplerian orbits possess several
unique advantages that may make them suitable for
space-based solar energy applications. As noted ear-
lier, displacement in the anti-Sun direction could al-
low for the delivery of solar energy only at nighttime.
This is different than, for example, Keplerian polar
orbits, whose right ascension of the ascending node
may be tilted towards the nighttime, but this will
mean that the other half of the orbit will be tilted
towards the dayside of the Earth. Moreover, Keple-
rian polar orbits would also be limited in such a tilt
due to the Earth’s eclipse, which displaced NKOs do
not experience by their definition. Furthermore, dis-
placement towards nightside also opens up opportuni-
ties to deliver solar energy to higher latitude regions,
which may be suitable for both solar energy, illumina-
tion and other climate-related applications [8] 5] [20].

In order to calculate the quantity of energy deliv-
ered, now consider the power that can be delivered
to the surface of the Earth as:

Am

P
P. = Ip——A =
SPF X(t) 0 A, (t) SPF COS B)

(17)
where Iy is the solar constant, assumed to be de-
creasing with an inverse-square law with the distance
from the Sun and equal to 1.37 GWkm ™2 at 1 Astro-
nomical Unit (AU), the mean distance between the
Earth and the Sun. Ay, Aspr, Ay are the areas
of the reflector, solar power farm and solar image re-
flected on the ground. The area of the solar image
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is a function of the slant range from the ground tar-
get and the angle subtended by the Sun, a (x0.0093
rad), whose calculation is provided in detail in Ref.
[8]. Finally, the time-dependent atmospheric trans-
mission efficiency, x(t) is provided with the following
empirical relationship [32]:

x(t) = 0.1283 + 0.7559¢ 03878 sec(m/2=€(t))  (1g)
where e denotes elevation from the ground target.
The energy delivered to the surface can be calculated
by integrating Eq. [L7 over the desired duration, such
that:

t
E:/ PSPFdT (19)
0

where t is time. As a straightforward example, first,
the energy delivered to the surface of the Earth for
one orbit period will be considered. Again, such a
system may be considered for a mixture of solar en-
ergy, illumination and climate-intervention type ap-
plications [8] B 19, 20]. This calculation will consider
a 1-km diameter reflector and no specific ground tar-
get, such that the reflector in the displaced orbit will
keep its fixed pitch angle dictated by the equilibrium
conditions in Eq. [fa] and perform no further attitude
maneuvers to track the ground target. In such a sit-
uation, the solar image reflected on the ground will
always be circular, and Eq. will simplify such that
the energy delivered can be calculated as

E = xIgAyy cos (g) T (20)

where Y is fixed atmospheric transmission efficiency
at the zenith point, and equal to 0.641, and T is the
orbit period. According to this, the energy delivered
over one orbit period can be calculated, which is pre-
sented for a range of p and z in Fig.

Figure [7] shows that, despite the increasing dis-
tance from the Earth, the energy delivered increases.
The explanation of this result lies in the pitch angle
requirements and orbit period of displaced NKOs.
decreases for increasing z for a given p. This results in
the cos(1/2) term taking a higher value. For a Keple-
rian orbit at the same radius r, the orbit can only be
tilted towards the night side until the eclipse limits,
and the pitch angle would only be decreased as much.
Even then, this would only be beneficial for the half of
a Keplerian polar orbit, while the other half will be on
the dayside of the Earth, delivering a lower quantity
of energy, due to the increased angle between incom-
ing and outgoing sunlight. Moreover, as also noted
earlier, displaced NKOs have lower angular velocity
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Delivered energy on the surface of the Earth
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Fig. 7: Solar energy delivery to the surface of the
Earth in one orbit period

than their Keplerian polar orbit counterparts at the
same r, hence they have longer orbit periods. The
combination of the increase in orbit period and the
decrease in pitch angle translates as higher energy de-
livery per orbit for the displaced NKOs, especially as
the displacement increases. For an example case of p
= 1.15RE, (approximately an altitude of 957 km) and
z = 0.1Rpg, the quantity of energy delivered to the
surface of the Earth is approximately 0.92 GWh per
orbit. The period of this orbit is 1.18 h, then the en-
ergy delivered per day can be found as approximately
12.13 GWh.

The results of the analysis can also be considered
for the case of a solar power farm as the ground tar-
get. This would be an example of a space-based solar
energy application via orbiting solar reflectors. The
target will be assumed as a stationary point on the
Earth, i.e., the Earth’s rotation will be assumed neg-
ligible. While this is clearly not true in reality, the
calculations will provide an upper limit on the deliv-
erable energy to the ground. A circular solar power
farm of 10 km diameter is assumed with flat solar pan-
els, but the full time-varying geometry of the pass and
atmospheric efficiency (as provided in Eq. will be
included. The calculation follows the methodology
presented in Celik and McInnes [8] and adapted for
the displaced orbit cases here and the results are pre-
sented in Fig.

An optimum point of maximised energy delivery is
evident from Fig. [8) where the quantity of the energy
delivered is equal to approximately 50 MWh from the
displaced NKOs at p=1.05Rg and z=0.48Rp with
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Fig. 8: Solar energy delivery to a 10 km diameter sta-
tionary ground target

the distance of r = 1.1545RE (approximately 986 km
for the surface of the Earth). Such displacement with
small p would require nearly 5ms—2 of SRP acceler-
ation, which is challenging to achieve with currently
available technology. If a smaller z and a higher p
are selected, the SRP acceleration required can be
decreased, which will also mean a decrease in the
quantity of energy delivered, but may be more fea-
sible. For example, a 1-km reflector at a displaced
NKO with [p, z] = [1.2518Rg, 0.0001Rg] (approxi-
mately at 1606.6 km altitude with 0.637 km displace-
ment) would deliver 23.5 MWh energy while the en-
ergy delivered from the Keplerian polar orbit of the
same altitude would be equal to approximately 22
MWh. The SRP acceleration required for such a
modest displacement will be 1.41 mm s~2. This would
then require a reflector with an areal density of ap-
proximately 6.5gm™2, which is in principle achiev-
able with current technology, as noted earlier. More-
over, this result suggests not only the feasibility of
such a space-based solar energy application, but also
suggests that it may even be preferable given that
the quantity of the energy delivered is higher for the
displaced orbit, compared to a Keplerian polar orbit
of the same altitude. It is worth noting that atti-
tude maneuovres will be necessary to track the solar
power farm. In the case of a non-stationary ground
target, attitude tracking will likely include pitch an-
gle maneuovres as well. The changes in the pitch
angle will alter the equilibrium condition set for the
displaced orbits, which could be counteracted by us-
ing flap-type structures on the reflectors to cancel the
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unbalanced SRP force.

As a further note, the utility of the reflectors in
displaced NKOs can be increased by using repeat-
ing ground track (RGT) orbits. Those are orbits
that complete an integer number of revolutions in a
given period of time, such that they come back to the
same point at the end [33]. The RGT condition is a
function of the orbit period, hence the distance from
the centre of the Earth, . In the case of displaced
NKOs, the same r can be achieved for different com-
binations of p and z, therefore multiple choices are
available. For more modest displacements that could
be achieved by near-term technologies, the RGT orbit
distance from the centre of the Earth will be approxi-
mately the same as the Keplerian orbit radius, there-
fore further analysis is not provided here. A more
in-depth analysis of the RGT orbit selection in the
Ja-enhanced orbits is provided in Ref. [10].

Another way to increase the quantity of energy de-
livered to a solar power farm is to utilise a compound
reflector system, which will be discussed next.

4. A novel application: Compound reflector
system

The compound reflector concept in this paper
refers to a system of two reflectors, of which one is
a Sun-facing parabolic primary reflector, displaced in
the anti-Sun direction by exploiting the SRP force.
This parabolic reflector focuses the intercepted light
from the Sun to the secondary flat reflector, which is
displaced in the Sun direction by the SRP force gen-
erated by the focused light from the primary reflector.
The motion of the two reflectors will therefore need
to be synchronised. An illustration of this concept is
provided in Fig. [0

The advantage of this concept is that the separa-
tion of focusing and directing functions, which is op-
tically challenging for a standalone parabolic reflector
that is both the Sun- and the Earth-facing and per-
forming attitude maneouvers at the same time. By
separating these functions, losses in power density on
the ground due to the reflected solar image by the
flat reflector may be compensated and much higher
quantities of energy delivery to the ground may be
achieved. For realistic SRP accelerations, the dis-
placement of both sides of the terminator line is ex-
pected to be small, such that energy will primarily
be delivered around the dawn/dusk hours by the sec-
ondary reflector. In order to achieve this, first, the
orbital conditions of this compound system will be
discussed more in detail in the next subsection.

TAC-22-C1.IP.37.x69012

® Earth’s rotation axis is out of the page

Parabolic
Reflector

Focused
Y, sunlight

? Flat

Earth Reflector

Incoming sunlight

Fig. 9: Illustration of the compound reflector concept
(image not to scale)

4.1 The conditions for the compound system orbits

The orbit of the proposed compound system must
satisfy multiple requirements. The primary reflector
is considered to be Sun-facing and displaced along the
Earth-Sun line in the anti-Sun direction at an orbit
radius p and displacement z;. The secondary reflec-
tor will face the primary reflector and be placed along
the same line, such that it will have the same p. The
reflectors will also be in synchronised motion, such
that the angular velocity of the reflector orbits will
be equal. The displacement of the secondary reflector
in the Sun direction, 29, will be the parameter, con-
trolled by the SRP acceleration and the fixed pitch
angle, ¥5. The orbit design requirements can then
summarised as follows:

e The primary reflector pitch angle, 1, shall be
equal to 0

e The displaced orbit radius, p, of both reflectors
shall be the same

e The angular velocity of both orbits shall be the
same

Note that for the remainder of this section subscripts
1 and 2 will be used to denote parameters related
to the primary and the secondary reflectors, respec-
tively. To select an orbit for the primary reflector,
now consider Eq. [4a] and substitute ¢y = 0, such
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that tanty; = 0. The only condition that satisfies
this in Eq. [{a]is
(21)

w:cbl

where w is now considered to be the system angular

velocity for the synchronised motion. The SRP ac-

celeration for the primary reflector can also be found
3 p

from Eq. [a] as
- Rp \2
=of(1- —J( ) 22
i ”1< 273\ &) 7 (22)

The SRP acceleration in the case of the primary re-
flector is only a function of z; for a given p. If the
achievable SRP acceleration is known or desired to
be restricted, the maximum z; can be found by re-
arranging Eq. [22] and solve for z;. In the case of
a spherical Earth, the Jo-related term will disappear
and the SRP acceleration on the primary reflector
will be equal to k1 = &J%zl.

The secondary reflector displacement zo can be
found by considering the synchronised motion re-
quirement. As shown above, if the system angular
velocity w = @y, then the orbit angular velocity of the
secondary reflector must satisfy the following from

Eq. [}
o[- (2) - 2 Y]
i (23)

Equation [6] may also be substituted in Eq. 23] which
yields

1/2

@1 = a1-
3 R\ 2 1/2
(5)(=357(55) ) e G (5)))
1) 27r; WaTy )
(24)
Rearranging Equation 24 would finally yield
T‘if(l — K12) |: _
’l‘g(l - Kll) (25)

(2) (1= Kan) an (S (£)] =1

where Ki; and Ky; (j = 1,2 for the primary and
secondary reflectors, respectively) are the Jy-related
terms such that

= (%) ()

4

3 R 2
= *%JQ (~7E)

2r w;T;
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(26a)

Ky (26b)

Note that for a spherical Earth, all K;; and K»; terms
would vanish from Eq. For a given set of p-z;
then, the secondary reflector displacement, zo can be
found by solving Eq. 25] An immediate result that
can be deduced is that if ¥ = 0, the reflectors would
be displaced by the same amount, such that z; =
|z2|. Equation [25| can also be solved numerically for
a range of p and z; values to find other 2o values and
the results are presented in Fig. [I0}

2Displacement necessary for the secondary reflector 0.015

0.0135

0.012

0.0105

0.009

0.0075

2 [Rp]

0.006

0.0045
0.003
0.0015

0
0.08 0.1

Fig. 10: Displacement of the secondary reflector

In Fig. the x- and y-axes show z; and p, re-
spectively, whereas the coloured contour shows zo,
where all distances are normalised with respect to
the Earth’s radius, Rg. For relatively large orbit
radii (up to 2Rg) and displacements up to 0.1Rg, 2o
is within 0.015Rg or approximately 96 km from the
terminator line in the Sun direction, i.e. less than
1 deg longitude difference at the equator. Therefore,
the secondary reflector will still be in the vicinity of
the Earth’s terminator line. The displacement in-
creases particularly for smaller p and larger z;. The
SRP acceleration will also be higher for such large
displacements, which is calculated by substituting 2z
and the resulting ¢ in Eq. [da] The results are shown
in Fig. [I1}

Note the y-axis in Fig. which is now z; and
the coloured contour shows the SRP acceleration in
mm s~ 2. Three white lines in the figure are provided
to denote 1, 10 and 20 mms~2. 1 mms~2 is approxi-
mately the SRP acceleration for a 10 g m~2 areal den-
sity reflector. For the former two values, the displace-
ment is very limited, but greater displacement can
be enabled for higher values. Considerable displace-
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SRP acceleration for the secondary reflector

0.015

zZ9 [RE]

Fig. 11: The SRP acceleration on the secondary re-
flector

ment may in principle be achieved with 40 ms=2 of
SRP acceleration, especially for relatively high p, up
to 1.8 Rg (or approximately of 5103 km altitude from
the Earth’s surface), which may be feasible to achieve
with a focusing system such as the parabolic primary.
The pitch angle results of the secondary reflector, 1o,
are omitted here for conciseness. However, its value
varies around 45deg, in accordance with the small
zo around the terminator region. By using these re-
sults, example orbits for the compound system are
numerically simulated and presented in Fig.

p=182Rg, 21 = 0.0017REg, 2o = 0.00024RE
K1 = 2.76 mm/s?, k = 1.07 mm/s?

y [Rel

Flat reflector

Parabolic reflector
-1.5 | orbit 4

Fig. 12: Example orbits of the parabolic and flat re-
flectors or the compound system
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The orbit radii are p = 1.82Rg and the pri-
mary displacement is z; = 0.0017Rg (=~ 108.43km)
which results in z; = 0.00024Rp (~ 1.53km). The
SRP accelerations are x; = 2.76mms~—2 and ko =
1.07 mms ™2, respectively. It is worth noting that the
SRP from the Sun that is pushing the secondary in
the anti-Sun direction is ignored in the simulations,
relative to the SRP from the focused sunlight from
the primary parabolic collector acting on the smaller
secondary reflector. Both orbits are within the sta-
ble region (p/z >3.1) but as shown in the previous
sections, even the unstable family of orbits can be
controlled via small trims to the reflector area. In
order to realise these compound reflector orbits, the
orbital conditions discussed in this section dictate the
size of the parabolic primary and secondary. These
aspects will be discussed next.

4.2 The sizing of the compound system

The sizing of the compound system consists of de-
termining the shape and areal density of the parabolic
primary reflector and the flat secondary reflector.
These values are not fixed but are determined by the
separation between the reflectors, hence the SRP ac-
celeration. One of the other advantages of such a
compound system is that the flat secondary can be
relatively small in size, as the capability of focus-
ing through the primary reflector means higher in-
tensity sunlight. To that end, another consideration
is that the flat secondary will not be at the focus of
the parabolic primary. It is clear that at the focus,
the solar power density would in principle be infinite.
Instead, it will be assumed that the flat reflector is
at some point between the parabolic reflector and its
focal point, as shown in Fig.

ght \ a2

Flat
Reflector

.used sunli
Parabolic Focus

Reflector

£

Fig. 13: Sizing of the primary parabolic reflector

The following procedure will be applied in finding
the properties of the compound reflectors. First, from
the SRP acceleration necessary for the secondary re-
flector, the artificially generated solar power density
by the parabolic primary will be found, such that

Ko2CO2

= 22 2
27 2cos2 1y (27)
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where c is the speed of light, equal to 3 x 10° kms—!.
09 is the areal density of the secondary reflector, here
it will be assumed oy = 10gm 2 without any spe-
cific material considerations. Note that this value is
assumed to demonstrate the procedure. Is can easily
be found for other values of o9 from Eq. as well.
It is also worth noting that Is should also satisfy the

relationship
Ay
Iy =I—
2 04,
where A; and A, are the areas of the primary and
secondary reflectors, respectively. The Iy values are
then presented for different p and z; and the resulting

29 in Fig.

(28)

Olértiﬁcial solar constant for the secondary reflector
9 T T T T

0. 1200

1080

z9 [IEE]
=N
S
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Fig. 14: Generated solar constant on the secondary
reflector

As a reference, the solar constant is equal to 1.37
GWkm~2 at 1 AU. It is clear that artificially gener-
ated solar constant values are at least a few orders of
magnitude higher than Iy. This suggests that very
thin, low areal density materials may not be able to
withstand such intensities. Higher areal density ma-
terials would also mean much higher solar power den-
sities for the same amount of displacement. There are
solar sail materials proposed to be able to withstand
a heat flux equivalent to 25 times the SRP at 1 AU,
i.e, approximately equivalent to the distance between
the Sun and Mercury [34]. It would then be possible
to find materials to achieve displacements around the
terminator region, which is primarily targeted in this
paper. On the other hand, I5 can be decreased by
larger reflectors, as per Eq. 28] but this would result
in a higher subtense angle by the parabolic reflector,
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increasing the size of the projected solar image on the
ground.

Next, a radius Ry will be assumed for the sec-
ondary reflector. Again, for demonstration purposes,
R5 is fixed to 100m. The primary area can then be
found by substituting I and As in Eq. The calcu-
lated A; should also satisfy the following relationship
from the area of a circular paraboloid:

TR?

A =

= D3 (29)

((R3+403)"* - RY)
where R; is the rim radius of the circular paraboloid
and D; is its depth. A parabola also satisfies the

following relationship:
R? =4F\ D, (30)

where F} is the focal length of the parabola. One can

now rearrange Eq. to rewrite Dy as Dy = R2/AF.

Substituting this in Eq. 29] and rearranging to find
34,

R1 yield
2/3
F 1) -1
! (%F1 - > ]

From Fig. one can also note the relationship be-
tween Fy and R; from the triangle geometry

1/2

R = (31)

Fy

B = tan(asg/2) (82)

where as is the angle subtended by the primary re-
flector at the distance z; + |22| as

R1 4+ Rosiniy

z1 + |22

Substituting Eq. and [33] in Eq. would finally
yield

ag = 2arctan (33)

Ry =

Ry (21 + |22]) (341 Ri (21 + |22])
R1 + Ry sins 21 R1 + Rasins

The rim radius R; can then be found by solving Eq.
[34] for a given secondary radius Rs. The focal length
F and the parabola depth D; can also be found by
using Egs. [32] and

This procedure ensures that the focal point of the
parabolic reflector is always at a distance greater than
the distance between the two reflectors such that the
flat reflector is guaranteed to be illuminated. The
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procedure also selects the minimum R;, and the cor-
responding D1, is to ensure that A; intercepts the
amount of sunlight necessary to deliver that onto the
flat secondary reflector. Higher R; could be selected,
then Dy will also increase accordingly. Figure [15] be-
low shows the rim radius necessary to achieve z, for a
given p € [IRg,2Rg] and 2; € [1 x 107°Rg,0.1Rg].

Parabolic reflector rim radius (Ry = 100 m)

0.015

zZ9 [RE]
Ry [km]

1.32
0.005
1.04
0.76

0.48

0.2

1 1.2 14 16 18 2
p [Rg]

Fig. 15: Rim radius as a function of p and z2 (Color-
bar label should be km)

Note in Fig. that there is now an infeasible
region for extremely small displacements zo. Those
are the displacements for which the SRP accelera-
tions necessary are below that of the flat reflector can
receive from the Sun directly, such that there is no
need for the focusing functionality. This means that
I, < Iy. The maximum rim radius is found to be ap-
proximately 3 km for relatively large displacements
of the secondary reflector, but such displacements re-
quire much higher SRP accelerations that may not
be achievable for currently available technology. For
more achievable SRP accelerations, Fig. shows
that the rim radius can be between 0.2 and approx-
imately 0.5 km for small displacements. Full shape
properties for the parabolic reflector are presented in
Fig. [16}

In accordance with the orbit displacements, F; can
take values from a few tens of kilometers to slightly
more than 700 km. A potentially more interesting
result, however, is very small parabola depths. Dy
is within half a meter for parabolic reflectors with
Ry of up to 1.5 km. The maximum value is approxi-
mately 3.2 m for nearly a 3-km rim radius parabola.
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Fig. 16: Shape properties of the primary reflector

These can be considered almost flat reflectors. Small
D, suggests that the primary reflector may be a rel-
atively simple system, consisting of a hoop of radius
Ry, with a slack low areal density membrane attached
to the hoop. It has been shown that reflectivity mod-
ulators across the reflector surface can generate the
desired parabola depths in Fig. by controlling
the SRP-induced acceleration across the membrane
[35), 36]. These studies demonstrate that the depth-
to-radius ratio of up to 0.3 is possible with R; val-
ues of approximately 100m [35] [36]. The R; values
are higher in this study, but a much smaller depth-
to-radius ratio suggests that this may be achievable.
Such a system may eventually allow solar energy to
be focused on the secondary flat reflector, and within
the feasibility envelope. Significant solar energy can
then be delivered to the surface of the Earth, which
will be quantified in the next subsection.

4.8 The energy delivery properties of the compound
system

As with the single reflectors in displaced NKOs,
the quantity of solar energy delivered will now be dis-
cussed as the total quantity delivered to a stationary
target on the Earth, and the surface of the Earth, over
an orbit period, while the reflector is always assumed
to be in the zenith position. The primary differences
between the single and the compound reflector sys-
tems are that the solar constant Iy in Eq. [I7] will be
replaced with I, generated by the parabolic primary
reflector. Similarly, the subtense angle, a, is now
calculated as the angle subtended by the parabolic
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reflector, denoted as as, which is used to calculate
the area of the solar image. The flat reflector’s pitch
angle 1y is also calculated according to the neces-
sary displacement. The maximum displacement will
be the same as the values considered throughout this
paper as presented in Fig. Such small displace-
ments mean that the reflectors will be within 1deg
longitude from the terminator region in the Sun di-
rection, as noted earlier. Finally, the flat secondary
reflector will be assumed circular with 100 m radius.
Note once again that the calculation follows the pro-
cedure outlined in Celik and Mclnnes, adapted for
the displaced NKO case [g].

The quantity of energy delivered is first presented
for the case of the flat reflector at a fixed pitch angle
and pointing to the centre of the Earth, such that
it projects a circular area of the solar image coming
from the parabolic reflector at the zenith position, as
shown in Fig.

0.015 Energy delivered to the Earth in one orbit

z9 [RE]
—
[
o
Energy delivered [GWh]

0.005

1.2 14 1.6 1.8 2
p [Re]

Fig. 17: The quantity of solar energy delivered to the
surface of the Earth over one orbit

Figure [I7) presents the results for one orbit period.
In general, up to 25 GWh of solar energy can be de-
livered to the surface of the Earth. For small dis-
placements, this value is less than 2.5 GWh, but still
similar to values that can only be achieved by a single
reflector at very large displacements in the anti-Sun
direction. The prime contributor to this result is I,
which is at least 10 times higher than I, for feasi-
ble cases. For small focal lengths as a result of small
displacements, a is generally greater than the angle
subtended by the Sun at 1 AU, i.e., 0.0093 rad. This
would result in a larger area of the solar image, but
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that appears to be compensated by I» primarily, as
well as 12 and increased orbit period. As the displace-
ments increase, as decreases below that of 0.0093 rad,
which then makes the circular area of the solar image
smaller than that of those with single reflectors at the
same radius from the centre of the Earth, increasing
the quantity of energy delivered further.

A similar analysis can be performed for the quan-
tity of energy delivered to a 10-km stationary ground
target for a space-based solar energy application,
which is presented in Fig. [I§]

Energy delivered to a 10-km ground target
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Fig. 18: The quantity of solar energy delivered to a
stationary 10-km ground target.

The quantity of energy delivered can be as small
as 5 MWh and up to 1.3 GWh depending on the
secondary reflector displacement. Similar to the re-
sults presented in Fig. [I7] the increased I, and or-
bital period, together with decreasing ¢ and s (at
least after a certain displacement) result in a consid-
erably enhanced quantity of solar energy delivered,
as compared to single reflectors in displaced NKOs
and Keplerian polar orbits discussed in Ref. [8]. The
GWh-level quantity of energy is directly compara-
ble to the levels of solar power satellites, such that
the compound system may in principle provide the
baseload levels power from LEO, provided that the
solar power intensity on the flat reflector (as shown
in Fig. can be overcome and the parabolic re-
flector can be displaced, by the choice of appropriate
reflector materials for each of them. Such significant
energy delivery would likely mean high illumination
on the ground, however. Figure [I§ shows a refer-
ence line representing the maximum quantity of en-
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ergy delivered (approximately 35.2 MWh) from Kep-
lerian polar orbits at approximately 930 km altitude
[8]. A similar or higher quantity of energy can be de-
livered from higher orbit altitudes (i.e., p > 1.15Rg)
with only modest displacements. Moreover, within
the displacements of zo = 0.0025Rg or 16km, the
quantity of energy delivered could be as high as 134.5
MWW, which is nearly a 4-fold increase compared to
the maximum quantity found in the Keplerian po-
lar orbit case [8]. The SRP acceleration necessary for
such displacements is within 10 mm s~2, from Fig.
If this can be achieved, a significantly higher quan-
tity of additional solar energy may be available in the
dawn/dusk times of the day for solar energy genera-
tion.

4.4 A discussion on the design of a compound system

The design of a compound system is a multifaceted
problem, as demonstrated in the previous subsec-
tions. Unlike typical SPTs where all components of
the spacecraft are connected by a boom [22], the orbit
displacement necessary on both sides of the termina-
tor line imposes different design requirements for the
parabolic primary reflector and the flat secondary.

On the one hand, the displacement towards the
nightside is very limited with the reflector materi-
als currently available. For example, approximately
0.6 km displacement at an altitude of 1600km will
require the SRP acceleration of 1.41 mms~—2 and ap-
proximately 6.5 g m~? reflector material, as discussed
earlier. To enable the primary’s displacement in
Fig. the necessary areal density is approximately
3.3gm~2. These are some of the materials that
may in principle be manufactured by the currently
available or near-term technologies [28]. However, as
shown in Fig. the quantity of energy delivered
could be enhanced significantly if slightly higher dis-
placements are achieved. This would require mate-
rials of the areal densities below gm™2 for relatively
modest increases in displacement. Such possibilities
are discussed in the literature extensively, as out-
lined in Sec. 3, and reaching even lower values is not
beyond the realm of possibilities with developments
in nanomaterials [37]. It is important to note that
the improvements in low areal density materials go
hand in hand with the quantity of solar energy that
could be delivered, and higher displacements for the
parabolic collector could, in principle, enable orders
of magnitude increase in the quantity of solar energy
can be achieved with much lower mass to be in the
LEO altitudes.

On the other hand, the secondary reflector needs
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to satisfy a different set of requirements. Low areal
density materials would still be desirable, albeit with
less demand, such that it can be achievable with near-
term technologies. But the main design driver of the
secondary is the thermal loads experienced. The so-
lar power density can be easily a few orders of mag-
nitudes higher than that of the solar constant. The
materials then need to have high thermal emissivity,
highly reflective but also relatively low areal density.
Typical materials currently used in solar sails (e.g.,
Mylar, CP1 and Kapton) have all relatively low melt-
ing temperatures compared to the expected temper-
atures on the order of 900 K or higher [37]. The
problem at hand is then similar to solar sails that fly
by the Sun at very close distances to enable faster
interplanetary or interstellar missions [37]. For really
high solar power densities at the secondary (I ~100
GWkm~=2 or 100 kWm™2), the materials that can be
used are limited, some alternatives such as TiN or
W are proposed [37]. Even though these are rela-
tively high-density materials, the mass that will be
launched into the LEO altitudes will still be much
lower than, for example, a small Solar Power Satel-
lite, to deliver solar energy potentially as high as 400
MWh (as shown in Fig. [I§).

It is clear that high quantities of solar energy de-
livered to the ground will also mean high illumina-
tion ground. In LEO altitudes, high illumination is
only experienced near the zenith point of an orbital
pass [8 [10]. Moreover, the quantity of energy de-
livered will be decreased due to non-ideal reflectors,
especially due to double reflection from the primary
and secondary reflectors, even though no drastic de-
crease in illumination is expected. Furthermore, the
increase in the quantity of energy achieved than to
the compound system is partially thanks to the de-
creased subtense angle as compared to that of the
Sun at the Earth, so that the area of stray light will
actually be decreased as compared to single reflectors
in Keplerian or displaced orbits. Nevertheless, a fur-
ther decrease in the size of the solar image may be
achieved by a collimating dual reflector system [22],
which would increase the solar power density on the
ground but decrease the stray light area.

5. Conclusions

The concept of orbiting solar reflectors could offer
a new space-based global energy service to enhance
the output of terrestrial solar power farms. They
can be used to reflect incoming sunlight onto solar
power farms to illuminate them locally. The solar
radiation pressure-induced force experienced by the
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reflectors in polar orbits can displace the orbits in
the anti-Sun direction (i.e., towards the nightside of
the Earth) when the reflectors are at a fixed pitch
attitude in a rotating reference frame, resulting in a
family of orbits called displaced non-Keplerian orbits
(also known as terminator orbits in different sources).
These orbits are eclipse-free by definition and are in
principle be useful for nighttime and high latitude
solar energy delivery.

First, the results from previous studies on the dy-
namics and stability properties of displaced NKOs in
two-body dynamics enhanced with the Earth oblate-
ness and the SRP force are reviewed. Most orbits
that may be useful for solar energy applications are
unstable. They are shown to be controllable and an
optimal linear control by reflector area control is pro-
posed. The quantity of energy delivered from a range
of displaced NKOs by a 1-km reflector is investigated.
When a 10-km stationary solar power farm on the
Earth is considered, an increase in the quantity of
energy delivered can be achieved compared to the
Keplerian polar orbit of the same radius, only with
a modest displacement. This is thanks to decreased
pitch angle and increased orbital period.

As a novel application, a compound reflector sys-
tem is proposed. Such a system consists of a parabolic
primary reflector displaced in the anti-Sun direction,
focusing the intercepted sunlight onto a flat sec-
ondary reflector, displacing it in the Sun direction.
The compound system offers the advantage of using
a parabolic reflector to increase the solar power den-
sity but also avoids the optical challenges of stan-
dalone parabolic systems by separating focusing and
directing functionalities. The equations for the syn-
chronised motion of the reflectors are presented and a
procedure is offered to size the combined system. The
quantity of energy delivered can in principle be in-
creased by orders of magnitudes by a compound sys-
tem, but even with extremely modest displacements,
a compound system can offer a similar or higher quan-
tity of energy delivered than a Keplerian polar orbit
at multiple different altitudes. This is enabled by
the combinations of increased solar power density, the
decreased subtense angle and secondary pitch angle.
This would be achievable by a pair of almost flat,
parabolic primary and small flat reflectors.

Displaced NKOs for both single and compound re-
flectors may potentially enhance the quantity of solar
energy delivered to the Earth. The large displace-
ments necessary to enhance the solar energy by orders
of magnitudes will require low areal density materi-
als for the primary reflector and high thermal emis-

TAC-22-C1.IP.37.x69012

sivity materials for the secondary reflectors, which
are not immediately available, but in pirnciple pos-
sible with near-term technologies. Nevertheless, cur-
rently available technologies could allow the reflectors
to be displaced around the Earth’s terminator line,
thereby enhancing the utility of solar energy around
dawn/dusk times when the terrestrial solar energy
contribution is extremely low but the demand may
be high.
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