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This work proposes a methodology to optimize actuator contribution to the overall system for constellations
with optical links between satellites and Earth, where multiple laser communication terminals are deployed on
a common host platform to maximize link duration and enable data exchange between multiple communication
nodes. To satisfy specifications regarding field of regard, bandwidth, and accuracy, a combination of dedicated
actuators is employed. The strategy, known as control allocation, is tailored to meet the requirements of
optical communication. The procedure considers the dynamics and constraints of each actuator, providing a
comprehensive approach. It enables a modular design, including the host satellite platform itself. As a result,
the allocation algorithm enables optimizations concerning power consumption, adaptation to dynamic link
switching conditions, and tracking robustness compared to a decentralized approach. This is achieved by
assigning disturbances to the most suitable actuator while meeting secondary objectives. Bounded non-linear
weighted least squares optimization is used to account for coordinate system transformation, and a graphical
tool is demonstrated to tune the involved weighting matrices in the developed multi-link scenario.

1. Introduction

Control allocation is a critical component in modern control sys-
tems, particularly when managing multiple actuators to achieve precise
distribution of control. In satellite based FSOC systems with redundant
or multiple actuators, such as a reaction wheel, magnetorquer, FPA
and CPA, the challenge lies in efficiently distributing control efforts
among the actuators to meet performance objectives while avoiding
actuator saturation and ensuring system availability. These systems are
called over-actuated since they provide more control effectors than
control objectives. However, this enables the introduction of secondary
objectives such as power consumption minimization and optimization
for operating points of individual actuators.

In recent years, there has been growing interest in applying ad-
vanced control allocation techniques to improve the performance of
control systems in various engineering disciplines [1]. One prominent
field for applied control allocation is avionics, where it is used to
control the redundant actuators of airplanes to achieve the desired
attitude [2,3]. Further common disciplines include robotics to achieve
multiobjective targets [4], as well as spacecraft attitude [5,6] and thrust
control [7-9]. A more recent work analyzes the use case of FSOC
with emphasis on adaptive optics control [10], where unmeasured
outputs of an over-actuated deformable mirror are estimated using a
frequency-domain-based approach. Another aspect of control allocation

targets cellularized systems, that shall replace monolithic structures, for
which distributed control algorithms are proposed [11-13]. This can
be an extension also for optical communications system constellation.
However, before dealing with multi-link, multi-system challenges, a
tailored approach for current over-actuated optical communications
systems has to be found.

The aforementioned engineering domains show that control allo-
cation can be used as an inter-disciplinary tool to resolve non-unique
solutions. Future FSOC systems for space applications will be used to
relay large amounts of data in classical communication, but also enable
coherent time transfer and ranging applications, as well as quantum
key distribution [14]. A major challenge in all optical communication
scenarios is ensuring precise and efficient pointing, acquisition and
tracking (PAT) capabilities. The host satellite platform’s body pointing
provides fundamental accuracy for attitude knowledge and control.
This accuracy is enhanced by using dedicated actuators in the optical
communication system. An FPA is used to steer the laser beam precisely
using optical feedback from a dedicated tracking sensor. The FPA
also provides a higher control bandwidth, up to the kilohertz regime.
Additionally, a CPA can be used to extend the field of regard (FOR) to
point with fewer constraints on the satellite orientation. The number of
actuators demand a control strategy that considers their respective dy-
namic performance characteristics and limitations to make optimal use
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Fig. 1. Representative illustrations of FSOC subsystems with (a) an integrated 3U CubeSat, (b) an exploded view of a CPA, built in a gimbaled prism configuration,

and (c) a HRA type of FSM [16].

of them. The process of control allocation becomes even more relevant
when considering multi-link scenarios for satellite constellations where
separate pointing objectives have to be met. Particularly the principle
of dynamic control allocation [15] implies advantages for the envisaged
use case of FSOC in a satellite constellation, specifically for CubeSats
which allow lower cost missions but also suffer from reduced attitude
control performance compared to larger satellites.

This paper focuses on the development and evaluation of con-
trol allocation strategies tailored to the unique requirements for an
over-actuated, satellite-based laser communication terminal (LCT). The
main contributions are the introduction of new optimization objectives
relevant to the application and a non-linear weighted least squares
algorithm that accounts for coordinate transformations. A graphical
approach is proposed, that tunes the weighting parameters between
the objectives based on the characteristics of the actuator employed.
Further, currently available beam steering subsystems are used to ex-
plore the range, bandwidth and accuracy Pareto front of over-actuated
laser communication systems. Through a simulated multi-link scenario
performance analysis, it is demonstrated how these advanced control
allocation techniques can maintain pointing accuracy, while signifi-
cantly reducing energy consumption, and simplify the tuning of inter-
dependent subsystems, contributing to the reliability and adaptability
of next-generation satellite communication systems.

Section 2 explores the requirements for free-space optical commu-
nications systems and estimates limitations of state-of-the-art beam
steering actuators. Further, new secondary objectives are formulated
and integrated within the dynamic control allocation which is extended
to non-linear use cases. In Section 3, the effectiveness of the identified
weighting combination is analyzed when using a sample secondary
objective compared to an equally weighted multi-link scenario.

2. Control allocation extension for free-space optical communica-
tions

To understand the need to adapt general control allocation ap-
proaches to FSOC, the following section first introduces the subsystems
that are commonly employed for establishing space-based optical links.
Then, considerations for an optical link are analyzed with respect
to how they can be addressed by control allocation. Then, control
laws are formulated, and the non-linear treatment of the least-squares
optimization is introduced to account for coordinate system rotations
and transformations.

2.1. Laser communication systems

The number of optical communication terminals in space increases
continuously [17]. This is also due to the number of planned and active

523

constellations [18,19]. Especially this type of application demands
for multiple communication terminals, hosted on a common satellite
platform. Although all optical terminals are subject to design changes
involving the actuators used, three common types are used throughout
the systems and are described in the following section.

2.1.1. Typical subsystems for space-based free-space optical communica-
tions

The use of FSOC systems on flying objects such as zeppelins, high
altitude platforms, airplanes or satellites is advantageous because large
distances can be covered without obstacles and thus contribute to a
more effectively usable range. Therefore, LCTs are often located on a
host platform, which in turn can be used for body pointing to align
the beam. This work will focus on satellite based scenarios. However,
the developed method can be applied to all other mentioned areas
of application. Therefore, a satellite is included as a representative
effector in this scenario as seen in Fig. 1. In addition, the conventional
subsystems a CPA and a FPA are depicted.

Including the satellite and its ADCS in this consideration makes
particular sense since the spacecraft can adjust its attitude indepen-
dently of its orbital movement. A satellite also offers the possibility
of accommodating several LCTs in order to be used to establish inter-
satellite links and similarly make contact with an optical ground station
(see Fig. 2). In common designs, an LCT consists of an FPA and a CPA,
whereby the CPA extends the effective pointing range and the FPA is
used to enable precise alignment and to compensate for high-frequency
disturbance due to its low inertia [20]. However, these systems can
be supplemented by other actuators wherever dedicated systems are
necessary, for example coupling into a fiber or adjusting the point
ahead angle for signal runtime compensation. It is also common to
use multiple sources of reference to determine and align the point-
ing attitude. Thus, inertial measuring units, horizon and sun sensors
and magnetometers are available on a satellite. Furthermore, an LCT
usually relies on a dedicated tracking sensor such as a quadrant-photo-
diode [21], a position sensitive device [22] or a focal plane array [23]
to identify the incoming beacon or data signal. This tracking sensor
can also consist of two sensors with differing field of view (FOV) and,
hence, achievable angular resolution in order to first acquire the signal
faster and then switch to track it precisely [24]. Control allocation can
account for multiple sensors by weighting the relevance of each input
according to the pointing phase and the most trustworthy information
at the time. In summary, in a system with over-actuation, achieving
multiple pointing targets is essential given the availability of actuators
with different dynamics and alignment sources with varying degrees of
accuracy.
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Fig. 2. Considerations for optimizing (green) the control allocation of a typical
space laser communication system while accounting for the constraints (red).
(For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

2.1.2. Considerations for adaptation to laser communication terminals

The advantage of an over-actuated system is, that it can be utilized
to achieve secondary objectives. Requirements can therefore be divided
into constraints and optimizations. Constraints must always be adhered
to, as they are caused by the needs of the systems used, or are essential
for achieving the primary objective. Fig. 2 shows examples of such
constraints and optimizations for the defined scenario. For example,
it is important to adhere to the effective range of the actuators, which
can be design or environmentally driven. Furthermore, the top priority
must be to keep the optical link stable. However, it may be that other
payloads have to be taken into account and have priority, for instance
because an image has to be captured by a camera at a certain point in
time.

Optimizations may involve power consumption optimization, op-
erating point optimization for an actuator, or avoiding commands
that would lead to increased wear. Additionally, if a critical battery
limit is reached, this optimization parameter may become a constraint,
prioritizing the alignment of the solar panels and avoidance of high
power consumption levels. It may be required to use optimization to
reserve an actuation range for a future planned link whose calculated
range requirements in combination with the dynamics would otherwise
lie outside the capabilities of the actuator set.

In the following, capabilities of state-of-the art actuators are used to
define the currently, technically achievable range-bandwidth product
(RBP) Pareto front [25] for the three envisaged subsystems (see Fig. 3).
The results are plotted to mark an area of the range-bandwidth design
space (blue and orange triangles) as well as the achievable accuracy
(red triangles) linked to the same actuator reference. Note that CubeSat
range data points are not shown since they can rotate freely. It is well
visible that all three types of actuators do share bandwidth and range
areas. However, actuators with broad range capabilities tend to have
reduced accuracy and bandwidth, and vice versa. This illustrates why
combining dedicated actuators with an over-actuated system may be
required. Another aspect to consider is the previously mentioned sec-
ondary objectives. The influence of the newly introduced optimization
parameters depends on the dynamics and limitations of each actuator.
A combination of these would benefit from an FPA with a higher range
while maintaining high bandwidth and, therefore, an increased RBP.
Conversely, a CPA can support scenarios where the resulting tracking
accuracy is sufficient for mission goals and less bandwidth is needed.
However, aspects such as the cost and size of the system must also be
considered in real-world applications.

Constraints and performance based on the identified Pareto front
are used for later analysis in Section 3. Note that the following analy-
sis assumes working low-level controller implementations. Therefore,
the following selection was made. First of all the satellite and its
ADCS [17]. It is the one system with, theoretically, unlimited range,
since only sun avoidance angle and power budget constraints hinder it
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Fig. 3. The actuator Pareto front displaying the range-bandwidth space that
can be covered by state-of-the-art technologies. It includes the achievable
accuracy of these technologies according to literature, and each technology
is separated in the dedicated FPA, CPA, and CubeSat ADCS subsystems. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

from pointing into arbitrary directions. Its low-level controller is con-
sidered a given third-party, black-box implementation where only the
dynamics and limitations are known. Bandwidths are derived from Blue
Canyon Technologies [26], since they provide satellite buses in all cate-
gories from 3 degs~! to 10 degs~!. The accuracy of the three categories
was derived by the mean 3¢ result of all current platforms listed in
NASA’s state-of-the-art small spacecraft technology report [17], which
results in 2.296 deg, 0.340 deg, 0.124 deg and 0.117 deg from the smallest
to the largest category. The CPA is considered to be a hemispheri-
cal, gimbal implementation in this scenario, since it offers the most
flexibility for pointing and allows compact integration. Brushless-DC
motors [20] or switched reluctance motors [27] are employed to drive
the mechanism, reaching tracking bandwidths of about 20Hz while
providing a large pointing range. A standard servo-controller [20] is
assumed as low-level implementation using encoders for position and
velocity control, whose accuracy depends on the demanded tracking
dynamics and can reach 3.4- 10~ deg (30). Lastly, the FSM which is as-
sumed to feature closed-loop capabilities by angular sensors. The HRA
technology reaches the highest RBP [25] allowing 3 deg mechanical
range while maintaining precise pointing control [28] with a tracking
bandwidth of 1kHz and an accuracy of 5.16 - 10~ deg (30). The piezo
electric actuator (PZA) [29] and the lorentz force actuator (LFA) [30]
are alternatives that have distinct advantages depending on the use
case. They achieve higher bandwidths up to 10kHz at the cost of lower
ranges, and vice versa with ranges up to 50 deg. The low-level con-
trol architecture is usually a classical proportional-integral-derivative
(PID) implementation [31].

The primary objective of the allocation controller is to minimize
tracking error. This means that it should not contribute to the overall
error budget due to computational inaccuracies or delays. During differ-
ent phases like acquisition or tracking, sources might switch depending
on their availability and quality of data. Ephemeris data, which is gath-
ered by the ADCS, is most certainly available but suffers from limited
accuracy and is often sampled at a low rate. Wide-field of view (WFOV)
sensors are sometimes used, when the FOV needs to be increased during
the acquisition process and can therefore be used to transition from
ephemeris based pointing to coarse pointing [24]. The narrow-field of
view (NFOV) sensor yields the most accurate measurements and can
typically be sampled at a high rate, often up to the kilohertz regime.
The minimum feasible tracking error mostly depends on this device.
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Although the specific capabilities of the different subsystems can
vary between missions, general measures of performance can be de-
rived:

» tracking error (Mean, STD, RMS),
+ duration of tracking within links,
+ quality of achieved secondary optimization objectives.

Due to the over-actuated scenario, additional secondary objectives
specific to FSOC applications can be introduced:

* power consumption,

- wear and tear,

» reserved angular range,
+ self emitted disturbance.

Their feasibility is influenced by three main factors:

- optimization solver used,
+ tuning of weighting matrices,
+ used actuators.

2.2. Adapting control allocation

As previously mentioned, control allocation methods are well-
known and proven implementations in other engineering disciplines
[1]. However, some adaptations are necessary to make them better
suited for FSOC applications. First of all, new objectives are introduced,
then a representative over-actuated scenario is defined. It is used to
improve the choice of the solver, since it has to work with non-linear
effectiveness matrices due to inherent rotations inside the system and
specifically for the CPA which uses spherical coordinates in the chosen
configuration [20].

2.2.1. Control laws

In general, the allocation tries to optimize the control effort based
on the control input « and its derivatives. Each term can be scaled by a
constant or function and all dimensions can be weighted by dedicated
matrices W;

w(t) = arg min { || W; [u(t) — uy )]

HIWalu@) — u(t = T} . (€]

Further, it tries to follow the commanded input with the distributed
virtual control v taking the effectiveness of each and every actuator
into account. The problem can be described by a bounded least-squares
formulation that considers actuator constraints as well

Q = arg min||W,[Bu(t) — v]||,
2

subject to u,;, <u<u,

max *

Since optimization goals do not only depend on the commanded
position and velocity, but also on the acceleration and jerk, the for-
mulation of additional cost functions is performed in the following.
Another term that is relevant to this discussion is the time aspect, given
that links—particularly those between different planes—can exhibit
significant dynamics due to the presence of high relative velocities.
Therefore, actuator range can be reserved by considering time to the
next planned link event and the remaining distance of the actuator to
the new start orientation.

Eq. (4a) involves R, which is in general a resistance leading to a
current which will be withdrawn from the battery. For a brushless-DC
motor the resulting current draw can be estimated as

M=K, -i, (3a)

M=J- o, (3b)
J

R= E, (3C)
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with @ = i, K, motor constant and J inertia. In Eq. (4b) the wear
and tear caused by jerk is a relevant factor when operating direct drive
gimbals. However, a general dependency between wear and jerk is not
trivial to derive. As a general optimization goal, a minimization of the
jerk is preferable [32]. Eq. (4c) is used to reserve range for an upcoming
link, where u,, is the next target pointing needed for establishing the
upcoming link, compared to the actual pointing command u. The term
becomes more important the closer the starting time of the link window
to is to the actual time ¢. It becomes irrelevant as soon as the link
has started. In Eq. (4d) the factor g, is a measured function or lookup
table that accounts for introduced disturbance of a system depending
on the velocity. An example can be the velocity dependent harmonic
resonance of a reaction wheel rotation [33].

Upow () = arg min||W;3[Ri(1)]||, (4a)
subject to E,;, < Epye — Z(Rii) < Epgy
Ui (1) = arg min||W,Lf ()12, (4b)
2
. 1
Uy (1) = arg min ([ W5 m(u —u,) s (4¢)
——
T
ugis(t) = arg min|| W g, a()]||*. (4d)

2.2.2. Scenario model formulation

For a more practical investigation of the control allocation algo-
rithm, a constraint scenario of a constellation of three satellites and
one ground station is modeled. The selected constellation results in
possibilities for an ISL regarding terminals A and B and a simultaneous
DTE link for terminal C (see Fig. 2).

Having described the influence of configuration parameters such
as the weighting matrices in Section 2.1.2, the composition of the
effectiveness matrix B can be derived. The matrix includes the influence
of each manipulated variable u; on the corresponding control variable
v; and is described by the respective partial derivatives

ov;
= ‘)—“z 5)
The matrix B needs to be recalculated for each iteration which includes
the partial derivative of the function for the vector components with
respect to the current system orientation. Both, the satellite rotation
and the tip and tilt angles of the terminals are taken into account. The
current orientation of a terminal results from rotation of the unit vector
normal to the surface of the satellite. The following example applies to
terminal A

0Up 1R = Rs(dy. ¢y &,) - Rp(dyn-dya) - (00 DEcr. 6)

Rg,; and R, are made up of the product of the rotation matrices for the
respective rotation axes. To calculate the partial derivative, the rotation
matrix of the corresponding actuator is differentiated. Taking into
account the chain rule, the partial derivative of the control command
v, after the rotation of the satellite around the y-axis results in

9va _ ORs o T
2, = o, Ry - (00 1)gop
IR ($,)
= R.(¢.)- # “Ry(y)- Ry - (00 D %)
y

Similarly, all other entries of the effectiveness matrix are formed by
partial derivatives of the respective control variables according to the
associated manipulated variables. As the actuators of a terminal have
no direct influence on external control variables, a zero effective-
ness can be assigned to the corresponding entries of the matrix. The
complete matrix B thus results in

Ova - Ovn Ovp
0Py s opys b, s
Jdug Jdug Jdug
B = ¢y s pys od,s
Jdug Jdue duc_
Opys  Obys  Od.g
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dup Jup

Opy A Opy A 0 0 0
dug dug
0 0 s by 0 8
Jdug due
0 0 0 0 b 9¢zc

2.2.3. Non-linear control effectiveness

The baseline work [15] uses a bounded linear weighted least
squares (WLS) approach to solve the optimization problem. However,
due to the coordinate system transformations, non-linear behavior of
the effectiveness matrix B is inherent. An additional non-linearity
originates from the CPA which is assumed to be arranged in an
azimuth and an elevation axis configuration. This introduces the need
to command pointing angles in a spherical coordinate system. Transfor-
mations between cartesian and spherical coordinates in turn necessitate
trigonometric functions for transformation as described in Algorithm
1. Please note that W, has been replaced by the newly introduced W,
which incorporates the angular rate already. This means that the virtual
control command v has a dependency of time ¢ and input u, which
influence the effectiveness value in B

v=h(u,x,t) = B(x,1) - u. 9

When linearizing this effectiveness around the current operating point,
as done by the WLS method, errors do occur, reducing the accuracy of
the control command. To mitigate the remaining errors, a non-linear
optimization approach based on the Levenberg-Marquardt algorithm
is considered below [34,35]. The problem formulation

minll fGO = min (107 + -+ + £,(x)?)

allows problems to be solved according to the least-squares method
subject to defined constraints. The non-linear weighted least squares
(NLWLS) formulation is computed on an error function (see Alg. 1) that
calculates the error based on the actual alignment.

(10)

Algorithm 1 Calculate non-linear relationship and errors with applied
weighting.

Require: v,u,u, Wi, a,p,0
Ensure: error e
Calculate derivatives of u:

) 4
u d’u

Calculate rotation matrices T'(a) for each unit and spherical to
cartesian transform S(¢,0)
upp < Typl@)-uyp

ue « Te(@) - S(@,0) - uc
Calculate error e:

«~ W, -(u-v)

<« W (u—uy

« W upow(u(z), u)

W, utaw(“@))

< Ws gy (1)

— W - ugis)

return e = [e;, ey, e3, €4, €5, ]

The algorithm defines the non-linear residual error function used
in the allocation problem. The convergence properties therefore fol-
low from the Levenberg—Marquardt algorithm, which under the usual
smoothness and full-rank Jacobian assumptions ensures local conver-
gence to a stationary point of the non-linear least-squares cost. As the
underlying second-order actuator dynamics are smooth, these assump-
tions are satisfied in the considered setting. The current manipulated
variables—satellite rotations and deflection angles of the LCT—are con-
verted into rotation matrices, from which the effective current pointing
direction of the terminals is determined. The error is combined of all
defined cost functions described in Section 2.2.1.
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Table 1

Scenario parameters and boundaries.
Parameter FPA CPA SAT
Range uy;,,, deg +4 +90 +180
Rate iy, degs™! 100 36 10
Power R, a.u. 0.5 0.0267 0.1716

Atirgets deg

0.30
0.01
0

3. Performance simulation and analysis

-0.25 0.05
—0.01 0
0 0.30

In order to demonstrate the working principle of the proposed
changes to adapt to an FSOC scenario, the selected configuration of
actuators (see Table 1) is used to determine the normalized cost func-
tions in order to pre-select an initial weighting. It is important to bear
in mind that R is based on the deflection u for the FPA and on the
acceleration i for the CPA and the spacecraft. Note that the attitude
determination is assumed to be free of additional disturbances in order
to extract the errors introduced by the control allocation computations.
This weighting set is then used to calculate the control allocation
distribution for a simple step input. Finally, the influence of the power
cost function is evaluated and how this influences peak-to-peak as well
as mean power draw while maintaining pointing performance.

3.1. Applied graphical weight tuning by cost function normalization

The weighting matrices W, yield a parameter set for tuning the
behavior of the NLWLS control allocation algorithm in the application.
Due to the multiple degrees of freedom of an over-actuated system
and the introduction of new optimization objectives, it is important
to derive a starting point for the weighting matrices. The graphical
approach shown below illustrates how to find an initial starting point
for fine tuning. All cost functions are calculated for three arbitrary
sample periods ranging from a phase of constant acceleration, to con-
stant velocity, to constant attitude in the final sample period. Thus, all
dynamic stages during a link are covered, and the influence on the cost
function can be evaluated.

To compare the influence of the actuators, they are normalized to
the maximum value. A starting point is established by incorporating
scalars, functions, or look-up tables into the parameters presented in
Egs. (4a) to (4d). According to the resulting graphs, the weighting can
be chosen so that the cost function behaves as desired for the dedicated
mission in all three phases. Fig. 4 plots a scenario of different phases.

Most influence on the FPA is imposed by the limitation of its range.
Therefore, a steady-state position close to the center deflection is desir-
able at all times. Depending on the actuator technology, this orientation
may be additionally preferable due to higher power consumption at
larger deflection angles. In contrast, it is important for the CPA that
sudden changes in acceleration, and therefore high jerks, are minimized
to reduce wear and tear on the gimbal’s bearings, as well as peak power
consumption, as seen in the spikes between sudden changes in the
sample dynamic period. Additionally, range shall be reserved for an
upcoming link, which becomes more important the closer it gets to the
target time point #,, which is indicated by the end of phase three. The
same is true for the satellite ADCS. However, due to a lower bandwidth,
sudden accelerations are not possible, resulting in smoother gradients
in the cost function. Due to its higher mass, vibration is considered
a major factor, which originates from the rotation speed dependent
harmonics of the reaction wheels in this scenario. Table 2 contains
the resulting weighting factors, whose influence is displayed in Fig. 4.
Afterward, they are used as the optimized configuration (opt) for the
corresponding simulation which delivered the result for Table 3.
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Fig. 4. Secondary objectives according to normalized weighting. The defined
phases are (0-1) constant acceleration, (1-2) constant velocity and (2-3)
constant position.

Table 2
Optimized weighting factors according to the graphical evaluation of the
secondary objectives.

Weighting FPA CPA SAT
W, 0 0 0
W, 1 1073 1074
W, R 0.5 2.655 - 10° 1.207 - 10°
Wy fr 0 10% 10*
1 1 1
WsT(@) (100-(1—4)) - 4
Wiax 0 102 5102

3.2. Multi-terminal non-linear constrained control allocation

In the following, the scenario is simulated using the identified
weighting factors. Fig. 5 shows the simulation results for the case of
equal weighting of all three terminals and alternatively for the newly
introduced cost functions, where the power consumption influence is
used for this demonstration. The limited FOR of terminals A and B is a
constraint, as excessive rotation of the satellite would interrupt the ISL.
Therefore, large rotations of satellite and CPA are needed. However,
when power consumption is introduced as an additional objective, it
can be shown that the target can be reached with reduced consumption
while keeping the primary objectives largely unchanged. Resulting
errors from numerical inaccuracies will be mitigated by the feedback
loop of the built-in optical sensor—like a quadrant-photo-diode—to the
microradian level. Note that the mentioned mean error e includes the
period until the tracking error has settled.

In practice, it is often desirable to minimize power draw on a
small CubeSat platform, since they can accommodate only a limited
amount of battery capacity. However, it should be noted that other
effects need to be considered as well for an entire mission duration. For
example, continuously offloading the FPA will affect the CPA’s lifespan
due to increased wear and tear. This will have less of an effect on a
CubeSat mission in low Earth orbit (LEO) since they typically last a
maximum of five years. For longer missions, it is desirable to give more
weight to the W, f factor to counteract the expected degradation of the
CPA’s performance. Another aspect comes into play when scheduling a
dynamic inter-plane link. If the goal is to maximize the duration of the
planned link, it is desirable to give more weight to Ws. To keep the
scenario comprehensible, only the influence of the uy,,, component is
analyzed in more detail in Fig. 6.

To quantitatively evaluate the changes in the acquisition and track-
ing process, the mean and peak-to-peak power consumption of terminal
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Fig. 5. Allocated control commands with (power) and without (equal) opti-
mization for power consumption according to configuration in Table 2.
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Fig. 6. Cumulative power consumption with mean and peak-to-peak (p2p)
values of the considered ADCS, CPA and two FPAs configuration performing
a simultaneous DTE and two intra-plane ISLs.

C are analyzed next to the overall mean pointing error, the time to
acquisition of signal (AOS) and the mean offset deflection of the range
limited FPA (see Table 3). The mean pointing error is calculated over
the entire five seconds of the simulation, not just during the tracking
phase, to account for the time it takes to settle from the initial pointing
error to the delta target position within this metric. It should be noted
that the linear WLS was also computed, but lead to errors beyond the
FOV of the terminals and was therefore not considered further. When
emphasizing only power consumption the peak-to-peak consumption
can be reduced from 30.5A to 26.9A and mean from 3.9A to 3.5A
over the simulated 5 s period. On the other side this led to a worse
acquisition and tracking performance. Therefore, a more balanced set
of weighting factors according to Table 2 is applied. Which still leads
to a reduction in power consumption of 27.3 A peak-to-peak and a
mean of 3.5A while maintaining the reference pointing performance.
Additionally, the settled tracking error stays within the microradian
level. Another aspect to consider is the mean deflection angle of the
FPA. The magnitude slightly increased since more weighting was set
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Table 3

Results of the power optimization analysis.
Approach e, deg AOS, s FPA, deg E, W
WLS n/a n/a n/a n/a
NLWLS (equal) 1.280 1.63 4.592 3.921
NLWLS (power) 1.709 1.75 3.330 3.478
NLWLS (opt) 1.300 1.65 5.047 3.536

on the power consumption, which is mainly affected by the movement
of the other actuators, rather than offloading the FPA.

In the proposed scenario, the optimization of secondary objectives
in relation to mission needs was successfully demonstrated through the
reduction of system level power consumption by 12.1% peak-to-peak
and 10.3% on average, while maintaining an acquisition time tolerance
of 1.2% and a tracking performance at microradian level.

4. Conclusion

The growing demand for constellations with multiple optical termi-
nals in satellite-based FSOC systems makes advanced control allocation
strategies increasingly important. This paper proposes an adapted dy-
namic control allocation which is tailored to the unique requirements
of over-actuated laser communication terminals. This method consid-
ers the dynamics and constraints of individual actuators, providing a
comprehensive view of the system. It allows for a modular design that
incorporates the host satellite platform because the dynamic charac-
teristics of a potential new actuator subsystem can be used to retune
the entire system with this model-based approach. The NLWLS was
introduced to account for non-linearities resulting from coordinate
system transformations, which otherwise leads to significant allocation
errors.

Introducing new tailored objectives and cost functions using weight-
ing matrices allows accounting for limited power, performance re-
quirements and increased lifetime of the components. According to
the estimated Pareto fronts, future laser communication systems would
benefit from higher-bandwidth CPAs and FPAs with higher RBPs while
maintaining the size, weight, and power constraints of CubeSat appli-
cations.

Specifically, the proposed approach has resulted in maintaining a
mean pointing error at 1.280 degrees to 1.300 degrees, representing a
minor impact since the tracking error after settling remains at micro-
radian level. The peak-to-peak power consumption has been reduced
from 30.5A to 26.9 A, representing a 12.1% reduction. The mean power
consumption has been reduced from 3.9A to 3.5A, representing a
10.3% reduction. At the same time, the duration to AOS has been kept
almost constant changing from 1.63 s to 1.65 s, representing a 1.2%
deviation.

Control allocation can be applied to a wide range of applications,
including the demonstrated multi-link. The obtained results will be
used to develop dedicated hardware in the OSIRIS framework and to
implement it for hardware validation.
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