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Introduction

As one of the most ambitious projects in the space industry, space stations are essential platforms for long-
term scientific research, technology development, and deep space mission preparation. The first space
station, Salyut 1, launched by the Soviet Union in 1971, demonstrated the feasibility of long-duration
crewed missions in Low Earth Orbit (LEO) [1]. Skylab, launched by NASA in 1973, introduced larger pres-
surized modules and advanced life-support systems, allowing for longer stays and extensive onboard
experimentation [2]. Mir, operated by the Soviet Union and later Russia from 1986 to 2001, implemented
a modular architecture, which allowed for progressive in-orbit assembly and expansion of the station [3].
International Space Station (ISS), inhabited since 2000, was built upon these achievements and has en-
abled a continuous human presence in LEO for more than two decades, underscoring the importance of
international collaboration for continuous growth and evolution of the aerospace field [4]. With the sched-
uled decommissioning of the ISS by 2030, Starlab has emerged as a US-led project, jointly with Airbus
Defence and Space, which aims to succeed ISS in providing long-term access to orbital experimentation

[5].

Space stations such as Starlab are characterized by their large size, modular configuration, and contin-
uous operation, which impose different constraints on their attitude control systems. Maintaining precise
attitude pointing is essential for thermal management, communications, docking, and scientific payloads.
The actuators typically used for attitude control — Control Moment Gyroscopes (CMGs) — generate torques
by redistributing angular momentum within the spacecraft. However, because the spacecraft is subjected
to persistent environmental torques the total stored angular momentum in the CMGs accumulates over
time. If the stored momentum increases beyond operational limits, the system can no longer generate
sufficient control torque, leading to actuator saturation and loss of control authority.

This interaction between attitude dynamics and actuator momentum defines the Attitude Control and
Momentum Management (ACMM) problem. In space station operations, ACMM is inherently coupled
due to the strong influence of environmental torques. The large inertia and extensive surface area of the
space station make it more susceptible to high-magnitude environmental disturbances, which continuously
increase the stored angular momentum of the CMGs. To mitigate this effect, attitude is intentionally offset
such that the total contribution of the external torques is reduced, preventing actuator saturation. In this
way, ACMM is addressed by achieving an acceptable trade-off between attitude tracking accuracy and
the deviation of the CMG angular momentum from its nominal (zero-momentum) value, while ensuring
compliance with the storage limits.

To better define the problem at hand, it is essential to identify and characterize the disturbances acting
on the system. As depicted in Figure 1.1, for LEO, at an altitude of 400 km, the most preponderant
environmental disturbances are the aerodynamic drag — resulting from the interaction between the space
station and Earth’s atmosphere— and the gravity gradient gradient torque — arising from the differential
gravitational pull along the spacecraft’s structure [6].
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Figure 1.1: External environmental torques as a function of altitude [7]

To understand the impact of these environmental torques on Starlab, it is necessary to consider the
individual contributions of its structural and functional components (Figure 1.2) to the overall system dis-
turbances and uncertainties [8]:

Habitat, Laboratory and Service Module This module corresponds to the astronauts’ living quarters,
research facilities and propulsion segment. Its large cross section area — with a diameter of approx-
imately 8 meters — interacts with the atmosphere causing high-magnitude drag disturbances to act
on the spacecraft.

Docking Node The docking node facilitates the attachment of potential additional modules. These mod-
ules alter the space station configuration in terms of inertia, mass distribution, and area, altering
both gravity gradient and aerodynamic torque contributions.

Robotic Arm Similarly to the Canadarm from the ISS, the robotic arm is responsible for servicing cargo,
and providing maintenance assistance. Its movement causes a shift in the mass distribution of the
space station therefore introducing inertia uncertainties in the overall system.

Solar Arrays and Thermal Radiators These structures extend from the main body, ensuring power gen-
eration and thermal control, respectively. These appendages introduce flexible structural modes that
can interact with the control system. Additionally, the solar arrays track the Sun to maximize energy
retrieval, introducing harmonic frequencies of the orbital rate in the aerodynamic torque due to area
and inertia variations.

Figure 1.2: Starlab [9]

In addition to the spacecraft’'s configuration and structure, there are several specific constraints im-
posed in the ACMM problem arising from the characteristics of Starlab’s nominal operational mode. In
this configuration, it is assumed that the space station follows an approximately circular orbit at an altitude
of 400 km and that it should deviate as little as possible from nadir-pointing. In other words, the body
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frame should ideally be aligned with the Local Vertical Local Horizontal (LVLH) reference frame, such that
all nominal operations, such as communication with ground stations, is ensured throughout the entirety of
this mode. Therefore, the nominal mode excludes aggressive maneuvers such as reconfiguration, large
slews, or docking operations, and attitude control is exclusively performed through momentum exchange
devices. The long-duration nature of this mode and the fact that it is performed in LEO amplify the ef-
fects of persistent environmental torques on momentum accumulation. In this context, external torques
are mostly predictable in nature. However, potential inertia variations namely due to internal motion em-
phasize the need for robust control strategies, that are able to maintain precise attitude tracking while
preventing saturation of the available actuators.

1.1. Research Objectives & Questions

ACMM has been extensively studied and a wide range of techniques have been successfully applied
in missions such as the ISS. These solutions have demonstrated that the ACMM must be treated as a
coupled problem, due to the large magnitudes of the environmental torques that act on large spacecraft
in LEO. Nevertheless, further refinement of the environmental disturbance modeling remains essential to
improve control design in the context of space stations.

Among the environmental torques, the aerodynamic torque is the most complex and least accurately
represented in literature. Unlike the gravity gradient torque, which can be described analytically from
mechanics, the aerodynamic torque cannot be captured as easily, as it depends on complex interactions
involving the spacecraft geometry, attitude, and atmospheric conditions. In previous studies, this contribu-
tion has been defined based on the same simplified assumptions on the torque’s profile as stated by Wie
etal. in [10]. In fact, most research work often omit the attitude-dependent component of the aerodynamic
torque from the system dynamics used in control synthesis. In order to optimize the trade-off between
attitude and momentum error minimization, it is essential to include this information for control design.
This simplification further increases the mismatch between the physical environment experienced by the
spacecraft and the mathematical model used for controller synthesis. Consequently, the robustness of
the designed controller may be overestimated.

To address this gap, this thesis focuses on two main aspects: the development of an aerodynamic
torque model that captures its dependency on the spacecraft’s attitude, enabling its use in control design,
and the selection and implementation of a control strategy suitable for Starlab’s operational constraints.
The control method must balance three main requirements — disturbance rejection, robustness to model
uncertainties, and real-time computational feasibility — while ensuring efficient momentum management
and minimal use of thrusters during nominal operations.

Based on these considerations, the research objectives of this work are defined as follows:

Research Objective 1 |

To characterize the dominant environmental disturbances — gravity gradient and aerody-
namic torque — such that they can be integrated into the framework for controller syn-
thesis.

Research Objective 2 |

To design and implement a robust control strategy for spacecraft attitude control and
momentum management (ACMM) in the context of the Starlab space station’s nominal
mode.

Research Objective 3 |

To evaluate the robustness, performance, and limitations of the proposed control strat-
egy using a high-fidelity Starlab simulator.
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After defining the research objectives, the following research questions can be defined:

Research Question 1 |

How can the mission requirements for Starlab together with the physical constraints of
the ACMM problem be translated into concrete control-design requirements?

1.1 What are the primary control objectives and how are they prioritized?

1.2 Which measurable performance metrics represent those objectives?

1.3 How can the spacecraft’'s physical constraints be represented in the control design?
1.4 How should environmental disturbances be characterized for robust control design?
1.5 Which control architecture best incorporates these requirements and constraints?

Research Question 2 |

How do modeling assumptions affect the fidelity and validity of the spacecraft model
used for control design?

2.1 What are the main simplifying assumptions adopted to formulate a model of the spacecraft
for control design?

2.2 How do these assumptions influence the accuracy and applicability of the model in nominal
conditions?

2.3 Within which operational boundaries does the model remain valid for control design?

Research Question 3 |

How can the robustness and performance of the synthesized control system be vali-
dated across different configurations, orbital conditions, and environmental variations?

3.1 How can the controller’s performance be evaluated under nominal conditions?
3.2 How can the controller’s performance be validated across different orbital conditions?
3.3 How can the overall robustness envelope established and verified?

The research objectives and questions are refined in Chapter 4 following an extensive literature review.
This review helps clarify the scope and direction of the study through a trade-off analysis of existing state-
of-the-art solutions.

1.2. Thesis outline

The structure of the report is organized as follows. The first part of the thesis is dedicated to the definition
of the research problem, and a comprehensive literature review. Firstly, Chapter 2 introduces the funda-
mentals of the ACMM problem. It defines the most relevant reference frames, attitude representation, the
equations of motion of the spacecraft, the dominant environmental disturbances in LEO, and the CMG
dynamics. Secondly, Chapter 3 includes a detailed description of the state-of-the-art solutions for the
ACMM problem, by categorizing them into different groups of control approaches, and identifying their
main advantages and limitations. In Chapter 4, the research gap, objectives, questions and planning of
the thesis project are discussed. The following chapter (Chapter 5) presents the linearized formulation of
the equations of motion, which serves as the basis for control synthesis. This is followed by Chapter 6,
where the fundamentals of the chosen control design framework are presented. The second part of the
report is allocated to the Scientific Article, which stands as the core of the thesis, and presents the main re-
search developments, methodology and results of the conducted work. The third part includes additional
results that complement the main analysis, particularly the identification and validation of an aerodynamic
torque model that captures both attitude and solar array angle dependencies. The fourth and final part of
the report comprises the concluding remarks of the project. In Chapter 8 the previously defined research



questions are revisited and answered, and the implications of the obtained results and conclusions for
Starlab and other space stations are discussed. Finally, Chapter 9 provides a set of recommendations
for future work based on the findings of this thesis.
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Definition of the ACMM Problem

This chapter presents the mathematical formulation of the ACMM problem for a spacecraft operating in
LEO. The objective is to establish the fundamental equations that describe the dynamics and kinematics
of the space station, which serve as foundation for subsequent control design. This being the case, firstly,
all relevant reference frames are defined in Section 2.1 from which attitude is defined in Section 2.2. After
this, it is possible to derive the kinematics (Section 2.3) and dynamics equations (Section 2.4) that define
the system to be controlled. Finally, in Section 2.5, the two main disturbance torques — gravity gradient
and aerodynamic torques — acting on a LEO spacecraft are modeled.

2.1. Reference Frames

In order to derive Starlab’s equations of motion, it is necessary to define reference frames. The choice of
these reference frames directly influences the mathematical derivation of the spacecraft’s dynamics and
kinematics equations. Therefore, it is extremely important that the reference frames are consistent with
the control objectives and the environmental interactions of the spacecraft.

This being the case, the following reference frames can be defined:

Earth-Centered Inertial (ECI) frame (Figure 2.1) This reference frame has its origin at the center of the
Earth and does not rotate with the planet. Its Z . ; axis is located along the Earth’s spin axis, pointing
to the North, while X~ points toward the first point of Aries. Lastly, Y is defined such that the
right-hand reference frame is completed. In this frame, all Newtonian laws of motion are valid.

Local Vertical Local Horizontal (LVLH) frame (Figure 2.1, Figure 2.2) The LVLH frame has its origin
at the center of mass of the spacecraft and therefore follows its movement along the orbit. Its three
axes are defined along the orbit direction (x; ;. ;), perpendicularly to the orbit plane (v, ), and
towards the center of the Earth (z;y 1 1)-

Body frame (Figure 2.2) The origin of this reference frame is located in the center of mass of the space-
craft. Its x5 axis points towards the front of the spacecraft, y; points towards the right side of the
spacecraft, and zz is defined such that the right-hand frame is completed. As mentioned in the
following section, the attitude of the spacecraft can be defined by the difference in orientation of this
frame and the LVLH frame. In its normal operation mode, the space station’s body frame should be
aligned with the LVLH frame.

Principal axes of inertia frame This reference frame is centered at the spacecraft’s center of mass with
its axes aligned along the principal directions of the spacecraft’s inertia tensor. In this frame, the
inertia tensor is diagonal, and aligning its axes with the LVLH frame — placing the largest moment of
inertia along the local vertical — minimizes the gravity gradient torque.
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Figure 2.1: ECI and LVLH reference frame

representation Figure 2.2: Body and LVLH reference frame

representation

2.2. Attitude Representation — Euler Angles

After carefully defining the relevant reference frames, attitude can be represented in different ways [10].
This section delves into the Euler angle attitude definition. In this representation, three Euler angles —
roll(¢), pitch (8), and yaw () — can be defined by the difference in orientation of the spacecraft in the body
and LVLH reference frames. These angles are defined by sequential rotations between the previous
reference frame and the new reference frame, resulting from the rotation. This being the case, it is crucial
to establish an order of rotation, since changing this sequence will result in different Euler angle definitions.
In this project, a roll-pitch-yaw (1-2-3) rotation was considered, starting from the original reference frame
N — the LVLH frame — and ending with the final reference frame B — the Body frame. These rotations
(N - N’ — N” — B) can be defined as follows:

by ny n n
by| = TB/N” (¥) ny | = TB/N” (w)TN”/N’ (9) ny| = TB/N” W)TN”/N/ (9>TNf/N<¢) ) (2.1)
bs ng ng ng
1 0 0 ]
Tyiyn(¢) = |0 cos(¢)  sin(e) (2.2)

0 —sin(¢) cos(@).

cos(d) 0 —sin(6)]
sin(¢) 0 cos(f) |

cos(¢p)  sin(¢) 0]
TN () = | —sin(s) cos(y) 0 (2.4)
0 0 1

where b, corresponds to a unit basis vector of the body frame, n, corresponds to a unit basis vector of the
LVLH frame, and N’ and N” are the two intermediary frames that result from the successive rotations.
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Thus, the final direction cosine matrix corresponds to:

Th, Tip Tig

TB/N = TB/N” (1/))TN///N/ (9)TN//N(¢) - T2$1 T2’2 T273
T. T. T.
3,1 3,2 3,3 (2.5)
coscosf cos¢siniy + cosysingsing sin ¢ siny — cos ¢ cos ¢ sin 6
= |—cosfsiny Ccos¢Ccosy —singsinysing cosysing + cos ¢sinysind

sing —cosfsin¢ COs ¢ cos 6

Although Euler angles are one of the most intuitive attitude representation, this definition has some
disadvantages. Firstly, it has expensive transformation matrices due to the trigonometric functions, as can
be seen in the previously presented equations. Besides this, ¢ and 1 are interchangeable at 6 = 90°, and
there are numerical precision complications around 8 = 90°. During nominal operations, the spacecraft
attitude is expected to remain close to its reference orientation. In such case, attitudes for which these
singularities arise are avoided. For this reason, this attitude representation is appropriate for ACMM
control design.

2.3. Formulation of the Kinematic Equations

In this section, the kinematic equations are derived from the chosen attitude definition [10]. These equa-
tions describe the relationship between the variation over time of the attitude parameters as a function of
these same parameters as well as the angular velocity.

Firstly, the angular velocity of the Body frame (B) with respect to the Inertial frame (1) is given by the
sum of the angular velocity of the Body frame (B) with respect to the LVLH frame (N) and the angular
velocity of the LVLH frame (N) with respect to the Inertial frame (1):

BWB/T = BWB/N T BWN/I (2.6)
where all angular rates are expressed in the Body frame (B), as indicated by the pre-subscript notation.

The angular velocity of the Body frame (B) with respect to the LVLH frame (N) can be computed by
taking the time derivative of the direction cosine matrix, 7'z, y:

This being considered, pwg, v is given by:

T:2,1 T4+ Z:F2,2 Ty + 7:’2,3 Ty 5
Bwp/N = |T31-T1 1+ T3,2 Ty 5+ T3,3 AR (2.8)
Ty To 1 +T1 o Tho+Ty5-To3

Subsequently, considering that the spacecraft follows a circular orbit around Earth, the angular velocity
of the LVLH frame (N) with respect to the inertial frame (1) is given by a rotation around the y axis of the
LVLH frame:

NWN/r = —Wwo - |1| = pwny = TB/N CNWNyr = Wo | Th (2.9)

where wj, is the constant orbital rate.

After defining each component of the angular velocity of the body frame with respect to the inertial
frame, the final kinematics expression can be derived by substituting Equations (2.8) and (2.9) into Equa-
tion (2.6) and solving the latter with respect to the derivative of the Euler angles:
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) ~%ss O sin ¢ tan 6
OB/N = siny Ccos Y 0| pwp/r +wo CoS ¢ (2.10)
—cosytand sinytand 1 _sing

cos
T
inwhich oy = [0 0 9] .
2.4. Formulation of the Rigid-Body Dynamic Equations
In this section, the dynamic equations are derived from the principle of conservation of the angular mo-

mentum. Considering a rigid body that is rotating with respect to an inertial frame (l) with an angular
velocity pw, the rotational equation about an arbitrary point is given by:

/erdnL:T (2.11)

where r is the vector between the origin of the rotating reference frame and the infinitesimal mass element
dm, R is the vector between the origin of the inertial reference frame and the infinitesimal mass element
dm, and 7 is the total torque around the origin of the rotating reference frame (Figure 2.3).

dm

CoM

ZEgcr

YEecr
XEcr

Figure 2.3: Spacecraft motion relative to the ECI reference frame
On the other hand, the absolute angular momentum about the origin of the rotating frame is given by:

H:/erdm (2.12)

If the reference point about which the torque, , and the angular momentum, H, is defined as the
center of mass of the rigid body, then:

JH=1 (2.13)

Keeping the same assumption in mind and expressing all variables in the body frame, the expression of
the angular momentum of a rigid body about its center of mass can further be expanded (Equation (2.14)).
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BH:/erdm:/rwaxrdm:BJ~Bw (2.14)
where 5J is the symmetric inertia matrix:

j(ri +7r2)dm —frm -1, dm —f T, 1T, dm
gl =|—[ry-rydm [(rZ+72)dmn —[r, -r.dm (2.15)
—[ry-r.dm = [r, - dm f(ri—&—rfl)dm

From the transport theorem, the final rotation equation of motion can be transformed into the Body
frame:

. Transport theorem .
H—————>pH + gwp); X gl = T (2.16)

Finally, rewriting the previous equation (Equation (2.16)) expressed in the Body frame with respect to
pwp,r Yields the following expression:

BWB/I = _[Bj}il[BwB/IX] ~pd - pwp/;r t+ (g T (2.17)

where 57 corresponds to the sum of the external torques acting on the spacecraft — control torque, 57,
gravity gradient torque, 57, and the aerodynamic torque g7,.

2.5. LEO Disturbance Modeling

As mentioned in Chapter 1, in LEO, the most significant sources of external torque are the gravity gra-
dient torque and the aerodynamic torque. In this section, the mathematical models for the these two
environmental torques are presented [10].

2.5.1. Gravity Gradient Torque
The gravity gradient torque about a spacecraft’'s center of mass can be defined as:

ng/rxng (2.18)

where dF, corresponds to the gravitational force acting on an infinitesimal mass element dm and is given
by the following expression:

R R +7r
dF, = —p——dm = —pu—=29th — —__ qm (2.19)
I Pk 1R garen +71?

Since the distance from the spacecraft’s to Earth’s center of mass, R,,.,, iS much greater than the
distance between the infinitesimal mass element and the center of mass of the spacecraft, r, and taking
the first order term of the binomial expansion, the following approximation can be made:

— — 3- (R arth ’I")
”REarth + TH M HREarth” P11 - Lourih 2 (220)
”REa,rth,”

Considering the previous approximation and that the spacecraft follows a circular orbit, the final gravity
gradient torque is given by:

Ty = 3win x J-n (2.21)
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in which w, = m is the orbital rate, and »n corresponds to a unit Nadir pointing vector. Therefore, in
the LVLH reference frame, the gravity gradient torque can be expressed as:

0 I35 Thg T4
BTy = 3w8 Ty 5 0 ~Ty3| - pJ - |Tas (2.22)
—Th5 Tig 0 T 4

2.5.2. Aerodynamic Torque
In LEO, the remaining atmosphere brings about non-negligible forces and torques to act on the space
station. For a spacecraft surface element d A, the atmospheric force can be defined as:

1
dF, = —5pVV nCp dA (2.23)

where V is the flight velocity of the spacecraft with respect to the atmosphere, p is the density of the
atmosphere, n is the surface’s normal vector, and C, is the drag coefficient. Integrating this expression
over the total area, A, yields the following result:

1
F, = —5pVVTnCpA (2.24)

From Equation (2.24), it is possible to observe that the magnitude of the aerodynamic force is propor-
tional to the projected surface area of the spacecraft, A, in the direction of the velocity vector, V.

Finally, the aerodynamic torque expression can be derived as the cross product between the vector
defined between the aerodynamic center of pressure and the center of mass of the spacecraft, r,p, and
the aerodynamic force, F,:

7 =70ep X F, (2.25)

2.6. CMG Dynamics

For actuation, Control Moment Gyroscopes are considered. Their dynamics can be defined as follows:

BHc = _[BWB/IX] -pH. — pT. (2.26)

where g H,_ corresponds to the angular momentum of the CMGs.



State-of-the-art ACMM Approaches

In this chapter, an in-depth review of the state-of-the-art solutions for the ACMM problem is presented.
These strategies are critically analyzed, and their respective advantages and limitations are discussed
in terms of their applicability to Starlab, in order to motivate the selection of the control strategy to be
implemented for Starlab’s ACMM.

To date, ACMM research has primarily focused on five categories: classical linear control strategies,
robust control methods, adaptive techniques, observer-based and disturbance estimation strategies, and
learning-based controllers. The current section discusses several concrete contributions from each of
these categories.

3.1. Classical Linear Control Strategies

Early approaches to the ACMM problem consisted of classical linear control strategies, which typically rely
on the use and derivation of linearized spacecraft models. In most cases, small-angle approximations are
assumed and fixed control gains are designed around nominal operating points, using well-established
state-space techniques such as Linear Quadratic Regulator (LQR). One of the main benefits of these
strategies is their simplicity in implementation.

In 1988, Woo et al. [11] proposed a periodic and continuous momentum management method for
ACMM for a dual-keel space station, assuming decoupled pitch and roll/'yaw dynamics. While the periodic
momentum management updates the Torque Equilibrium Attitude (TEA) once per orbit to balance external
torques (Figure 3.1), the continuous momentum management integrates momentum control with attitude
control (Figure 3.2). In the periodic strategy, the gains are computed based on momentum derivatives,
whereas in the continuous method an LQR is used. Stability and robustness were further investigated by
analyzing the resulting system in the frequency domain using singular-value response methods. In the
end, it was concluded that the continuous method outperformed the periodic method, since it provided
better overall performance in attitude tracking and momentum accumulation, as well as robustness to
disturbances and system uncertainties.

In 1992, Harduvel [12] developed a frequency-weighted LQR control method for continuous momen-
tum management for a three-axes coupled Earth-oriented spacecraft by using environmental torques as
the main actuation source. By including disturbance rejection filter states tuned to harmonics of the orbital
frequency, it becomes possible to suppress combinations of attitude and momentum components by fre-
quency and axis. Additionally, the conditions for the existence of a dynamic TEA — attitude motion which
requires null control torque — are defined. This operating mode ensures zero steady-state momentum
error under specified conditions. Overall the architecture of the proposed strategy allows the designer to
select the attitude and momentum states for which to suppress the effects of the considered disturbance.
Results showed that both attitude and angular momentum errors were kept within adequate bounds.

Dang et al. [13] proposed a multistage angular momentum framework in 2018. Similarly to the contin-
uous approach presented by Woo et al., the proposed strategy combines TEA-based attitude maneuvers
and closed-loop angular momentum feedback. This method switches between an open-loop TEA tracking
phase, executed through pre-planned large-angle maneuvers, and a feedback stabilization phase using
an LQR controller. For control design, the same three-axes coupled linearized model as the one proposed
by Harduvel [12] was considered.

13
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Figure 3.1: Attitude, attitude rate, and momentum for periodic method [11]
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Overall, although the straightforwardness of the discussed approaches make them an appealing
choice for ACMM, their effectiveness for Starlab may be limited by different factors. Firstly, pitch and
roll/lyaw dynamics are coupled for Starlab, which invalidates the use of simplified, decoupled systems for
control design as the one proposed in Woo et al.[11]. Secondly, all of the mentioned strategies rely on the
assumption of a very well defined disturbance profile as proposed in [10]. While Harduvel [12] and Dang
et al. [13] consider an attitude dependent component within the disturbance, Woo et al. [11] completely
disregard this contribution. The mismatch between the real environmental torque and the modeled one
significantly deteriorates the performance and robustness of these linear control strategies, accentuating
the need to improve environmental torque modeling. Finally, LQR tuning does not allow the designer to
explicitly prioritize disturbance rejection for a continuous range of frequencies where the environmental
torques are expected. Additionally, the process of optimizing the choice of the weighting matrices for
LQR definition is not always clear, especially for a high-order system. Dang et al. [13] attempt to address
this issue by using a pole placement algorithm. In this case, the tuning effort is shifted to understanding
what poles best capture the desired system behavior.

3.2. Linear Robust Control Methods

Robust control aims to guarantee stability and performance in the presence of system uncertainties, such
as variations in inertia and external disturbance modeling errors. Unlike adaptive strategies, which make
real-time parameter modifications, robust control methods ensure a predefined level of performance in
the presence of uncertainties.

In 1992, Elgersma et al. [14] presented two different methodologies for controller design. Firstly, an
H__ optimization design is proposed where the trade-offs between attitude and momentum error minimiza-
tion are outlined. As a second approach, the authors build a simplified, classical controller that breaks the
problem into separate inner and outer loops for ACMM. This simpler design has comparable performance
when compared to the H_, synthesized controller as well as a significantly lower order. To validate both
designs, a structured singular value analysis is conducted, confirming controller stability under system
uncertainties.

Five years later, Byun et al. [15] introduced a mixed H,/H_ control design with structured uncer-
tainties. While H, control design allows nominal performance optimization, H__ control design ensures
guaranteed robustness margins. The resulting suboptimal controller is capable of handling mass property
variations, atmospheric density changes, and sensor noise. The resulting design was tested using a full
multibody model of the ISS with articulating appendages. In fact, a significant part of the paper’s contribu-
tion revolves around the derivation of the linearized dynamics for a spacecraft with multiple appendages.
The results demonstrate that the designed controller maintains both attitude and CMG momentum within
the required bound despite the introduced model uncertainties.

Wang et al. [16] used the gravity gradient and aerodynamic torques to perform momentum unloading.
The paper proposes a control strategy based on a linearized time-invariant model, and a weighted-state
H__ controller, which defines the trade-off between attitude tracking and momentum management. Ad-
ditionally, the use of solar array rotations was explored as a way to assist in momentum unloading by
allowing control over the aerodynamic torque acting on the spacecraft. Simulation results showed that
the weighted-state H__ controller stabilized the station’s attitude after four orbits, decreasing the required
control torque and solar panel adjustments when compared to a standard H__ controller.

More recently, in 2014, Han et al. [17] proposed a robust two-step approach to ACMM. Firstly, to isolate
uncertain parameters in the inertia matrix, the proposed strategy used the maximum rank decomposition
method. Secondly, an optimal H_, controller is designed via linear matrix inequalities. This methodology
is able to handle both constant and cyclic disturbances and ensures adequate transient behavior. The
integration of an internal model of orbital disturbances in the controller structure supports the rejection
of sinusoidal environmental torques. Simulations showed that both bounded angular momentum and
attitude oscillations were achieved under multiple uncertainty scenarios.

All in all, one of the main advantages of the H_, framework is the minimization of the peak gain of
the system transfer across all frequencies, ensuring a predetermined level of performance. However,
similarly to the approaches that were analyzed in Section 3.1, the above mentioned strategies also rely
on the assumption that the aerodynamic torque model can be approximated by the profile described in [10].
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Additionally, the high order of the resulting controllers frequently requires an additional step of controller
order reduction, to prevent having overly complex controllers which can be computationally expensive to
implement.

3.3. Adaptive Techniques

Adaptive control strategies are suitable for dynamic systems with parameter uncertainties. Unlike robust
controllers, which guarantee stability and robustness for bounded uncertainties, adaptive controllers learn
and adjust to system variations over time. In the scope of Starlab, adaptive control is an appealing strategy
to handle time-varying inertia, unknown external disturbances, as well as sensor or actuator changes.

In 1997, Paynter et al. [18] proposed an indirect adaptive nonlinear controller using nonlinear feedback
linearization and an Extended Kalman Filter (EKF) for mass property estimation. The method consists of
transforming the full nonlinear spacecraft dynamics into a canonical form so that linear control laws can be
applied to the transformed system. The EKF is able to update the mass property estimates in real time and
probing signals are used to improve the observability of the mass properties. The proposed controller was
tested for configuration changes of the ISS, showcasing its robustness in handling ACMM, without small-
angle approximations or inertia symmetry assumptions. All in all, adaptive control eliminates the need
of gain scheduling, which makes this strategy very suitable for reconfigurable platforms such as Starlab.
However, it is important to highlight that implementation complexity, the need for continuous excitation for
identifiability, and sensitivity to sensor noise in EKF-based estimation may challenge the applicability of
this control technique.

In2013, Zhu et al. [19] introduced a State-Dependent Riccati Equation (SDRE) controller for spacecraft
momentum management, using the 6-D technique to approximate the SDRE solution while decreasing
the computational load. The design of this controller was based on a three-axis coupled model, including
full moment of inertia, in addition to the gravity gradient torque and cyclic aerodynamic disturbances. By
manipulating the nonlinear system into a state-dependent linear form, they designed optimal feedback
gains that are able to adapt online. Simulations showed that this method successfully drove the system
to TEAs while keeping actuator momentum bounded. Additionally, it was shown that disturbances along
the roll axis cannot be fully filtered out, which is an inherent property of the system. Overall, at the cost of
real-time computational effort due to onboard gain computation, this method showcases the advantages
of adaptability, by preserving adequate performance under significant inertia variations and products of
inertia.

Sainudeen et al. [20] presented a simpler adaptive control strategy for ACMM using a two-loop archi-
tecture where attitude control is handled as the outer loop and momentum management as the inner loop.
The control system uses model reference adaptive control as well as Lyapunov’s direct method for stability
analysis. Additionally, the paper introduces a dead zone in the momentum management loop to improve
the system’s efficiency, by reducing unnecessary control activity near equilibrium, therefore preventing
actuator saturation. The proposed method’s performance was compared against linear controllers, and
it was shown that the presented control strategy offered better tracking and momentum regulation, par-
ticularly under parameter uncertainty. This method allows the controller to adapt without estimation of
uncertain parameters, unlike Paynter et al. [18] who explicitly estimate mass properties. However, the
stability guarantees are based on the linearized model, making it less suitable for highly nonlinear regimes.

In conclusion, adaptive techniques offer flexibility to model uncertainties in the scope of the ACMM
problem. The first and main advantage to these approaches is that the designer’s effort shifts from gain
tuning to specification of adaptation factors. Secondly, the adaptability of the strategies augments the
operational region of the control loop when comparing to classical linear methods. However, these advan-
tages come with challenges, including high computational complexity, sensitivity to sensor noise, need
for continuous excitation for estimation.

3.4. Observer-based and disturbance estimation techniques

Observers play a critical role in full-state feedback unavailability or when external disturbances must be
estimated in real time. In the context of Starlab, where only attitude measurements are provided, and
where persistent environmental torques (e.g. gravity gradient, aerodynamic drag) must be managed with-
out using thrusters, observers are particularly relevant. By estimating unmeasured states and lumped
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disturbances, observer-based approaches have the ability to extend controllability.

Liu et al. [21] presented an ACMM approach using partial state feedback. The method combines Ac-
tive Disturbance Rejection Control (ADRC) with LQR, using Recursive Least Squares (RLS) algorithms
to address system uncertainties, and a compensator that targets non-accumulating disturbances. The
unavailability of full-state knowledge is handled with an extended state observer (ESO). The proposed
technique was able to maintain momentum within adequate bounds, while relying only on attitude mea-
surements. When designing the observer, it is assumed that aerodynamic torque follows the model pro-
posed in [10].

In 2018, Liu et al. [22] proposed a control strategy to address the continuous momentum manage-
ment problem for velocity-free spacecraft, without direct angular velocity measurements. The approach
includes a Linear Extended State Observer (LESO) to estimate angular velocities and high-order cyclic
disturbance torques with an LQR controller. Similarly to the previous strategy, this approach proposes the
introduction of a non-accumulated compensation strategy, which filters out low-frequency or constant dis-
turbance components estimated with the LESO. This prevents long-term momentum accumulation which
is typically associated with continuous disturbance rejection. A control effort limiter is also included to avoid
actuator saturation. The conducted simulations showcase robust attitude tracking, bounded momentum
evolution, and disturbance rejection under sensor noise and inertia variations.

In 2021, Liu et. al [23] extended the above approaches by proposing a Hierarchical Compensation-
based ADRC strategy, which combines an Extended State Observer (ESO), RLS algorithm, and an LQR
controller (Figure 3.3). In this framework, the ESO estimates the system’s states as well as total distur-
bances, and the RLS algorithm estimates the parameters that characterize the constant and sinusoidal
components of the disturbance in real time. The hierarchical compensation structure is applied to suppress
matched and mismatched uncertainties separately, improving both control performance and momentum
management. To validate this method, a 9-degree-of-freedom semi-physical model was used, confirming
the effectiveness of this solution under more realistic dynamics.
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Figure 3.3: Hierarchical ADRC architecture [23]

To sum up, observer-based control techniques are extremely suitable for systems where not all states
are measured. Furthermore, the aforementioned methods explicitly account for both modeled and un-
modeled disturbances. However, there are several disadvantages to these methods. Firstly, an attitude-
dependent aerodynamic torque contribution is not included in the linear model used for LQR controller
design. Secondly, the introduction of an observer in the control loop introduces additional tuning parame-
ters and sensitivity to sensor noise. Finally, cascading an observer with an RLS estimator can lead to an
amplification of the parameter estimation errors.

3.5. Learning-based controllers
With an increasing demand for high adaptability in long-duration space missions and the emergence of
data-driven algorithms, learning-based techniques can be potential alternatives to traditional model-based



3.6. Summary and Discussion 18

designs. Their ability to adapt to complex dynamics, actuator uncertainties, and unmodeled disturbances
make them an appealing choice for spacecraft such as Starlab.

In 2000, Choi et al. [24] proposed a new approach for the ACMM problem, by combining Artificial
Neural Networks (ANNs) with a linear PD controller (Figure 3.4). The ANN is trained online to compen-
sate for unknown dynamics and disturbance torques with weight adaptation guided by a Lyapunov-based
learning law to ensure system stability. Simulations demonstrated that the controller was able to perform
successful attitude tracking, while preventing momentum buildup under inertia uncertainty conditions.
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Figure 3.4: Neural network-based approach architecture [24]

One of the main benefits of using real-time learning algorithms is that the system is able to slowly adjust
to varying conditions, reducing reliance on extremely accurate models for control design. However, there
is still some reluctance by the industry to use learning-based methods due to several reasons. Firstly,
the learning performance and stability heavily depend on the tuning of adaptation rates and are sensitive
to sensor noise and transient behavior. Secondly, and most importantly, there are no formal robustness
guarantees for these methods, and their high computational demands for real-time adaptation may limit
their applicability.

3.6. Summary and Discussion

This chapter has discussed and analyzed the state-of-the-art control strategies for ACMM, separating
them into five distinct categories: classical linear control, robust control methods, adaptive techniques,
observer-based and disturbance estimation strategies, and learning-based controllers. The analysis re-
veals that each category presents a specific balance between implementation complexity, performance
guarantees, and applicability to Starlab’s specific operational requirements.

When considering classical approaches such as LQR-based techniques, the primary advantage lies
in their straightforward implementation. However, these methods may present non-intuitive tuning for
high-order systems. The J __ framework offers a frequency-domain perspective that directly translates
performance requirements into closed-loop transfer function specifications, while simultaneously provid-
ing explicit bounds on system behavior under uncertainty. Adaptive control strategies are characterized
by real-time parameter adaptation, therefore increasing the operational region of the controller at the ex-
pense of increased computational effort. By estimating states that cannot be directly measured as well as
disturbance contributions, observer-based strategies enhance control capability. The inclusion of an ob-
server, however, causes increased sensitivity to noisy measurements and increase the set of parameters
requiring tuning. Finally, learning-based methods offer flexibility in uncertain environments but increase
the on-board computational load, while introducing interpretability challenges and lacking the formal per-
formance guarantees required for deployment in safety-critical applications.

All of these methodologies, although fundamentally different, converge in the fact that the aerodynamic
torque is consistently oversimplified, by frequently omitting the relationship between spacecraft attitude
and the resulting disturbance. The disturbance torque concentrates energy from DC through frequencies
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up to eight times the orbital period, making the suppression of low-frequency components essential for
preventing actuator saturation through momentum buildup. Simultaneously, control effort must be pre-
vented at higher frequencies to avoid exciting structural modes. All in all, these requirements suggest that
an # _ formulation would be well-suited for the problem at hand, as it directly minimizes the peak closed-
loop gain from disturbances to errors across the relevant frequency band. Nevertheless, it is important to
note that the effectiveness of this control design depends on the accuracy of the considered plant model.
In this way, the aerodynamic disturbance must first be characterized in a way that captures its variation
with attitude, such that it can be integrated into the linear dynamics used for controller synthesis.



Research Proposal

The previous chapter presented an extensive review of the state-of-the-art approaches to ACMM, high-
lighting their theoretical foundations, practical implementations, and limitations in the context of Starlab.
Building on the insights gained from this literature study, Section 4.1 highlights the remaining research
gaps that motivate further investigation and clarifies the rationale behind the selected control strategy.
From the identified gap, the research questions are presented in Section 4.2.

4.1. Research Gap

As previously discussed, the ACMM problem of large, long-duration spacecraft such as Starlab presents
several already-established challenges. These include minimizing both attitude and CMG angular momen-
tum errors, in the presence of environmental torques. Their competing nature requires that a trade-off is
achieved, since it is physically infeasible to eliminate attitude and momentum errors simultaneously. The
overall goal is therefore to mitigate momentum accumulation such that momentum-dumping by thruster
use is minimized, since the latter disrupts the microgravity environment to be maintained inside the station,
and severely increases mission operational costs. Revisiting these challenges in the light of Starlab’s mis-
sion context highlights the need for a control strategy capable of ensuring both robustness and long-term
momentum stability.

In the previous chapter, the review of the state-of-the-art control methods for ACMM revealed a wide
range of approaches, each with distinct advantages and limitations. Classical linear control strategies,
such as LQR-based designs, offer simplicity and ease of implementation, but the tuning of the weighting
matrices is not always clear, especially for high order systems. Robust control techniques provide guar-
anteed stability margins under uncertainty but their validity is confined to the envelope region surrounding
the operating point used for system linearization. Adaptive controllers increase this envelope by adjusting
their parameters in real time to cope with unknown or changing system properties. However, this adapt-
ability can compromise stability guarantees and increase computational demands. Observer-based and
disturbance estimation strategies improve control performance by estimating non-measurable states and
disturbance contributions in real-time. The inclusion of an observer makes the system more vulnerable to
sensor noise and increases the tuning parameters of the problem. Finally, learning-based controllers have
shown promise in handling highly nonlinear and uncertain environments through data-driven optimization.
However, their on-board feasibility, interpretability and reliability remain unappealing for safety-critical mis-
sions such as Starlab. Despite these methodological differences, all of these approaches share a reliance
on simplifying assumptions, particularly the use of aerodynamic torque models that many times neglect
the linear dependence of attitude effects on the spacecraft attitude.

In the case of Starlab, the operational constraints and disturbance characteristics can be conveniently
analyzed in the frequency domain. The dominant disturbance frequencies range from DC to eight times
the orbital rate, and the most critical performance indicators include the maximum allowable steady-state
attitude error and the accumulation of the CMG persistent momentum component. Since the oscillatory
part of the response is a secondary concern, the main objective becomes the attenuation of steady-state
and low-frequency disturbance components. Simultaneously, the controller must avoid exciting the struc-
tural flexible modes, whose frequencies are known and lie above the range of the dominant disturbances.
This motivates the use of an K synthesis framework, which is particularly well suited for minimizing
worst-case disturbance effects and enduring robust performance across the relevant frequency range.

20
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To enable this formulation, a model identification process must first be performed to characterize the
aerodynamic torque and estimate its linear dependence on attitude variables. This identified contribution
can then be incorporated into the linearized dynamic model used for the design of the 7 __ controller.
Within this framework, the control problem can be addressed in a robustness-oriented manner, while
fulfilling the frequency-domain requirements specific to Starlab’ operational scenario.

4.2. Research Objectives & Questions

After having precisely determined where the research gap lies, the previously stated research objectives
and questions from Chapter 1 can be refined according to the chosen methodology.

Research Objective 1 |

To characterize the dominant environmental disturbances — gravity gradient and aerody-
namic torque — such that they can be integrated into the /& __ controller synthesis frame-
work.

Research Objective 2 |

To design and implement an % __-based control strategy, focusing on disturbance rejec-
tion, for spacecraft Attitude Control and Momentum Management (ACMM) in the context
of the Starlab space station’s nominal mode.

Research Objective 3 |

To evaluate the robustness, performance, and limitations of the 77 __ controller using a
high-fidelity Starlab simulator.

From the previously defined research objectives, several research questions and sub-questions can
be defined to better motivate, structure and guide the proposed project.

Research Question 1 |

How can the mission requirements for Starlab (continuous nadir pointing, minimal
thruster usage, and long-term operational efficiency) together with the physical con-
straints of the ACMM problem (actuator momentum capacity, mass distribution, flexi-
ble modes, and environment-induced disturbances) be translated into concrete control-
design requirements?

1.1 What are the primary control objectives (performance goals) and how are they prioritized?
1.2 Which measurable performance metrics represent those objectives?

1.3 How can the spacecraft’s physical constraints be represented in the # __ control design?
1.4 How should environmental disturbances be characterized for robust control design?

1.5 Which control architecture best incorporates these requirements and constraints?
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Research Question 2 |

How do modeling assumptions affect the fidelity and validity of the spacecraft model
used for % __ control design?

2.1 What are the main simplifying assumptions adopted to formulate a model of the spacecraft
for 7, control design?

2.2 How do these assumptions influence the accuracy and applicability of the model in nominal
conditions?

2.3 Within which operational boundaries does the linearized model remain valid for robust con-
trol design?

Research Question 3 |

How can the robustness and performance of the synthesized control system be vali-
dated across different configurations, orbital conditions, and environmental variations?

3.1 How can the controller’s performance be evaluated under nominal conditions?
3.2 How can the controller’s performance be validated across different orbital conditions?
3.3 How can the overall robustness envelope established and verified?

4.3. Planning

After clearly defining a research proposal for the project to conduct, it is crucial to structure the latter into
well-defined work packages for an overview of the tasks and subtasks, as well as the main milestones
and timeline of the thesis. Over the course of the project, the original plan can sometimes be subjected
to changes due to delays, improved understanding of the problem at hand and new insights based on
preliminary results. The final followed timeline is represented in the form of a Gantt chart in Chapter A.



Linearized Dynamics

Although the complete nonlinear equations of motion of the space station have been established in Chap-
ter 2, a linearized model is required to apply the # __ synthesis framework adopted in this project. Con-
sidering this, the present chapter focuses on the derivation and formulation of this linearized system. The
objective is to obtain a state-space representation which is valid in the expected operational region. This
model will then provide the basis for both the control design and the assessment of the system’s robust-
ness.

The process of linearization consists of approximating a nonlinear function by its first-order Taylor
expansion around a given operating point. For a generic function f, depending on z, the linearized form
around the point z* is expressed as [25]:
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Following this procedure, the linearized equations of motions and dynamics of the CMG will be derived

in the following sections.

5.1. Operating Point

As already established, the linearization is performed around a specific operating point. In this case, it
was considered that =* = [} v pwp,;  pH:]T, with
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The operating point selected for linearization corresponds to a nominal attitude in which the roll and yaw
angles are zeros, while the pitch angle assumes an arbitrary value 6*. This choice reflects the operational
configurations of Starlab, for which the equilibrium pitch attitude can vary depending on the station’s
geometry. In particular, certain configurations lead to steady-state pitch angles of significant magnitudes,
where the accuracy of conventional small angle approximations might be degraded. Additionally, the
reference angular rate of the body frame with respect to the inertial frame is taken as the angular rate
of the LVLH frame with respect to the inertial frame, which translates the nominal orbital motion of the
spacecraft. Finally, the CMG angular momentum is assumed to be zero at the operating point, since the
goal is to minimize the magnitude of the momentum. These definitions ensure that the linearized model
remains consistent with the physical and operational constraints of the system.

5.2. Linearization of the Kinematic Equations

To derive the linearized kinematic equations, the previously derived equation in Chapter 2 is taken as the
starting point:

23
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gos —shy singtand
OB/N = siny Ccos Y 0| pwp/r +wo CoS ¢ (2.10)
—cosytand sinyptand 1 —ng
Firstly, the equation must be evaluated at the operating point:
= 0 0] O 0 0
Pp/n(a”) = 0 1 0| |~wy| +wy 1] =10 (5.3)
—tan6* 0 1 0 0 0

Secondly, the Jacobian matrices are computed with respect to each state and evaluated at the oper-
ating point:
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In this way, the final linearized kinematic equations can be defined as follows:
tano* 0 i o= 00
PpN=W| 0 0 0 |Ap+ 0 1 0| Aw (5.8)
— sy 0 —tano” —tang* 0 1
A‘P‘P A<pw

with Ap = op/n — ¢y @nd Aw = pwp); — pWN/I = BWB/N-

5.3. Linearization of the Dynamic Equations
In this section, the linearization is carried out for the spacecraft’'s dynamic equations. The total external

torque, which includes contributions from the gravity gradient and aerodynamic torques is not explicitly
linearized at this stage. Following the same process as before, the previously derived dynamics equation
in Chapter 2 is taken as the starting point:

BWB/I = _[BJ]_l[BwB/IX] -gJ - pwpr+ (g T (2.17)

Evaluating the previous equation in the operating point yields:

BYB/I |y = *[BJ]il[BWN/IX] “BJ W/ T [BI) BT ] (5.9)
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After this, the Jacobian matrices were computed with respect to each state and evaluated at the oper-
ating point:

Opwp)r 10BT
= = N
Opwpr _ _
9 ! e =[] (g - BwN/I>X] —[pJ] 1[BWN/IX] - (5.11)
BWB/I

Considering this, the final linearized dynamic equation can be defined as:

OpT, 0pT,
aBi(pg |L:T c‘ip |£:a,*> Ap + ([BJ]_l[(BJ : BwN/I>><} - [B‘]]_l[BwN/IX] : BJ) Aw
A

A ww

we

Ai = (

(5.12)

+ I  5Te + [BI] BTy rest + ] BTarest — [BJ}il[BWN/IX] “BJ - BWN/I

5.4. LEO Disturbance Linearization

This section presents the linearization of the environmental torques — gravity gradient and aerodynamic
torque. While the gravity gradient torque is linearized analytically, as its expression depends only on the
spacecraft inertia properties, attitude and orbit geometry, the aerodynamic torque will only be addressed
conceptually, since its detailed linear model identification is presented in Part Il.

5.4.1. Gravity Gradient Torque
The previously derived expression for the gravity gradient torque is first recalled and serves as basis for

the subsequent linearization:

0 T35 Thg T4
BTy = 3w3 Ty 3 0 ~Ty3| BJ - |Tas (2.22)
—Ths Ty 0 T 4

Writing the previous equation explicitly in terms of Euler angles yields the following expression:

0 —COs ¢ cos COSs 1) Sin ¢ + cos ¢ sin ¢ sin 6
BTy = 3w COos ¢ cos 6 0 —sin ¢ siny + cos ¢ cos 1y sin§
—Ccosysing — cos¢sinysing sin¢siny — cos ¢ cos iy sin b 0

sin ¢ siny — cos ¢ cos vy sin @
- gJ - | cosysin ¢ + cos ¢ siny sin b
COs ¢ cos 0
(5.13)

The previous equation must be evaluated at the operating point, resulting in the following expression:

sin 6* cos 6*.J, | — cos® 6*.J, 5
BTy |,y = 3w] |SINO*COSO*(J5 5 — Jy 1) + COS? 0% ], 4 (5.14)
sin’ 0*Jy 1 —sing*cos 0" J, 5

The Jacobian matrices with respect to the Euler angles are given by:
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Finally, the gravity gradient torque can be approximated by the following linear expression:
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5.4.2. Aerodynamic Torque

The aerodynamic torque arises from the interaction between the residual atmosphere and the spacecraft’s
surface geometry and orientation. Its dependence on the spacecraft attitude is nonlinear and configuration
specific. The derivation of the linear aerodynamic model will be presented and analyzed in Part Il. For
now, the torque can be represented as:

aBTa

= A+ pT, (5.19)
BSDB/N ‘L_L B'a,rest

BTa

5.5. CMG Linearized Dynamic Equations
As presented in Chapter 2, the CMG dynamic equation are given by

BHc = _[BWB/IX] -pH.— g7, (??)

Since these equations are already linear with respect to the states and input, and considering the
previously defined operating point, the linearized equation is simply expressed as

ABHC = —[BWN/IX] “ApH, — pT, (5.20)
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5.6. Linearized System

Considering that Aw = pwg,y and AgH, = gH,, the complete linear system of equations can be ex-
pressed as follows:

A App Apw 0 Ap
BwJE_f/N = AW A 0 BWB/N
H, 0 0 —[gwyn/X% H,
B [Bwn/r%] B (5.21)
O 0 _BJ2,3
+ [B‘]]71 BTc + [B‘ﬂil BTgJ‘est + BTa,rest (t) + wg 0
-1 0 BJ1,2
In particular, when 6* = 0, Ap = ¢y, and the system of equations is simplified to:
YB/N —[pwnyrx¥] I 0 YB/N
BwB./N = A [J]7! ([(BJ  BWN/I)X] — [BWN/IX}BJ> 0 BWB/N
sH, 0 0 —[BWN/IX] sH, (5.22)
0 0 —4- gy

+ [ B7e + B | BTarest(t) +w5 | 3513
—I 0 BJ12



H ., Control Framework

The linearized dynamic model derived in the previous chapter provides the foundation required to for-
mulate the control problem within the 7 synthesis framework. Building upon this model, the present
chapter introduces the theoretical background necessary to understand and apply J(,, control to the
Starlab’s ACMM problem. The objective is to present the main concepts and formulations underlying this
robust control approach, which was selected for its ability to explicitly handle worst-case transfer gain,
while addressing frequency-domain performance requirements. The chapter begins by reflecting on the
motivation and origins of 7 __ control (Section 6.1), followed by some fundamental principles namely
the definition of singular values and system norms (Section 6.2), before introducing the standard mixed-
sensitivity formulation that will later be applied to the controller design (Section 6.4). Finally, in Section 6.5,
the concept of stability margins is introduced as a means to assess closed-loop robustness of the system
obtained through 7 synthesis. All of these considerations are presented under the scope of a general
disturbance rejection problem.

6.1. Introduction to 77 __ Control

The concept of #__ control emerged in the early 1980s with the goal of providing peformance guarantees
in the presence of model uncertainty. Classical time-domain methods such as Linear Quadratic Gaus-
sian (LQG) control theoretically offered optimal performance, whereas in real scenarios performance was
degraded. In this way, robust control rose as means to consider plant uncertainty and the gain from
disturbance to error outputs in the process of controller design.

A major step in the development of # __ control was first made by Zames et al. [26], who introduced
frequency-domain formulations linking sensitivity and robustness. Several methods unfolded from
control [27], including # _ loop shaping, H,/J ., control, and mixed sensitivity control.

The main principle behind this control method is the # . norm, which corresponds to the peak value
of the largest singular value of a system’s transfer function over frequency. The goal is to minimize this
norm, therefore minimizing the energy of the worst-case output signal.

6.2. Fundamental Principles of /7 Control

To define the 7 control framework in a precise manner, two main concepts need to be established:
singular values and 7 system norms. This section will briefly present their definitions and physical
interpretation, and it primarily follows the formulation in [28].

6.2.1. Singular Values
The singular value decomposition of a given matrix, G, is defined as

G=UsvH (6.1)

where X is a diagonal matrix where the singular values are arranged across its main diagonal in descend-
ing order, and U and V are the unitary matrices of the output and input singular vectors, respectively.

The singular values of G can be computed as

28
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0,(G) =/ X, (GEG) (6.2)

In particular, it is important to highlight that the maximum () and minimum (o) singular values corre-
spond to the largest and smallest gain for any given input direction, respectively. In other words, the gain
of G(jw) will be bounded between the maximum and minimum singular values at frequency w.

6.2.2. 7 __ System Norms

For a stable linear time-invariant system with transfer function G(s), the 7 _ norm is defined as
|Gloe = max a(G(jw)) (6.3)

6.3. 7 Control Problem Formulation

To set up the control problem within this framework, a generalized plant P is considered, which captures
the dynamics from the exogenous input, d, and control input, u, to the performance output p and the
measured output, y:

Y

\ 4

K

A

Figure 6.1: Generalized plant P for controller synthesis

Assuming that the measured output corresponds to the real output of the system, plant P can be
described in the following state-space form:

& = Ax + Byd + Byu
P=<{p=Ciz+ Dy;d+ Dyyu (6.4)
y = Cox + Dyyd + Doyu

Having defined the plant to be controlled, the % optimization problem can be formulated as the
synthesis of a stabilizing controller K that minimizes the # __ norm of the closed loop transfer function,
T,,,, from the exogenous input, d, to the controlled output, p:

minimize T
subject to K stabilizes P

6.4. 7 Mixed-Sensitivity

The concept of # _ mixed-sensitivity is based on shaping the closed-loop transfer functions to satisfy
given design requirements. In order to accomplish this, the singular values of the transfer functions are
shaped throughout frequency by weighting filters.

Firstly, the plant in Figure 6.1 can be extended as the one depicted in Figure 6.2, assuming that the
exogenous input, d, corresponds to a disturbance input that affects the system through the path modeled

by G,(s).
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Figure 6.2: Generalized plant P with the positive feedback controller K

In this formulation, G(s) denotes the nominal plant to be controlled and corresponds to the part of P
that maps the control input « to the output y. In this feedback loop, three closed-loop transfer functions
characterize the system’s behavior:

L=GK, S=(+GK)"', T=GKU+GK)" (6.6)

where L is the open loop transfer function, S is the sensitivity function, and T" corresponds to the comple-
mentary sensitivity function. Considering this, the closed-loop transfer functions can be defined as

=l

To incorporate the design requirements, weighting filters are introduced as shown in Figure 6.3.

SG,

6.7
KSG, ©.7)

e
Y Y
Q|| &K
( ++)<—|
<

Figure 6.3: Weighted closed-loop system for control design

The mixed-sensitivity design problem is then formulated as finding a stabilizing controller K that mini-
mizes the #_ norm of the weighted transfer functions:

NI w,s
min ‘
W,KS

K

(6.8)

[e.9]
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In this configuration, the weighting filters define the upper bounds on the magnitude of the correspond-
ing closed-loop transfer functions. In this way, while W, enforces good low-frequency performance in
order to reject disturbances, W, limits the control signal magnitude to avoid excitation of flexible modes
the allowed control effort along frequency.

An inherent limitation in feedback design is captured by the Bode sensitivity integral, which quantifies
the trade-off between disturbance rejection and robustness. For a stable plant, the sensitivity function
satisfies the following relation

/°° In|S(jw)|dw =0 (6.9)
0

This expression implies that reductions of | S(jw)| at some frequencies —in order to improve disturbance
rejection or reference tracking — must be compensated by increases at some other frequencies. This effect
is often referred to as the waterbed effect and it illustrates that the closed-loop performance can only be
optimized locally in frequency. In the mixed-sensitivity framework, the definition of the weighting filters
has to be tuned while complying with this fundamental constraint by attenuating sensitivity at frequencies
were the disturbance is concentrated and tolerating higher amplifications at higher frequencies.

6.5. Stability Margins

In practical control design, it is essential to assess the system’s closed-loop stability. No mathematical
model can perfectly represent a real system, and deviations in parameters, unmodeled high-frequency
dynamics and even actuator nonlinearities can all degrade performance, potentially leading to instabil-
ity. Therefore, quantifying the stability margins of a control system provides a measure of how much
uncertainty the closed loop can tolerate before becoming unstable.

6.5.1. Classical Gain and Phase Margins

In classical single-input single-output control theory, robustness is typically assessed using the gain and
phase margins. These margins describe how much the open-loop gain or phase can vary before the
closed loop reaches instability.

Intuitively, the gain margin indicates how much the open-loop gain can be increased or decreased,
while the phase margin represents how much additional phase lag can be introduced before instability
occurs. In practice, larger margins correspond to a more robust system that can tolerate greater modeling
errors or time delays.

Although these margins provide an intuitive frequency-domain measure of robustness for Single-Input
Single-Output (SISO) systems, they do not directly extend to Multiple-Input Multiple-Output (MIMO) sys-
tems, where interactions between channels can affect stability.

6.5.2. Disk Gain and Phase Margins

To overcome the limitations of classical margins in CMG systems, the disk margin concept was introduced
[29]. The disk margin is able to describe simultaneous gain and phase margin variation in all feedback
channels. It defines the largest amount of uncertainty — represented geometrically as a disk in the complex
plane — that can be tolerated without causing instability.

Physically, disk margins define the region in the complex plane in which combined uncertainties of
all feedback channels can vary without the risk of instability. A larger disk corresponds to a system that
can tolerate more uncertainty, whether it arises from modeling errors or delays. In this way, disk margins
generalize the classical gain and phase margins to multivariable systems while maintaining an intuitive,
geometric interpretation of robustness.
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Attitude and Angular Momentum Control for Starlab

Carolina Baltazar Mendes *'
Delft University of Technology, 2600GB Delft, The Netherlands

Attitude Control and Momentum Management are inherently coupled in the context of
a space station that relies on Momentum Exchange Devices (MEDs) for attitude control. By
exploiting environmental torques, attitude deviation can be minimized while limiting the
saturation of the MEDs. Existing studies often simplify the aerodynamic torque contribution
or omit it from controller design. In this work, a linear mean aerodynamic torque model
was identified for a Right Ascension of the Ascending Node (RAAN) corresponding to the
maximum aerodynamic torque magnitude, using a least-squares approach. An %, controller
was designed for disturbance rejection for different space station configurations, where flexible-
body effects were considered by reducing controller authority at high frequencies. The main
findings of this work indicate that the nominal configuration of the space station lacks gravity
gradient control authority for aerodynamic torque compensation, resulting in an increased
attitude/momentum trade-off. The control approach was validated for a more asymmetric
configuration through time-domain simulations using the derived linear model — perturbed
with a representative disturbance profile constructed from data reflecting the station geometry
and orbital environment — and a high-fidelity simulator. These simulations showed that the
controller achieves stable performance, small attitude deviations and bounded MED momentum.
Additionally, simulations were performed by varying the RAANSs around the design point to
identify the controller’s validity region.

Nomenclature

state space matrices for the generalized plant P

= angular momentum [Nms]
= 3-by-3 identity matrix -
= moment of inertia of the spacecraft [kg m?]
= direction cosine matrix from frame Y to frame X -
= orbital rate [rad/s]
= angular rate of frame X with respect to frame Y, in frame Z  [rad/s]
= roll angle [rad]
= yaw angle [rad]
= torque [Nm]
= pitch angle [rad]
= attitude vector defined from frame Y to frame X [rad]

x|y
[()x]

Subscripts and Superscripts

¥ = ~0 A0 gy

skew symmetric matrix of the vector (+)

aerodynamic

Body frame

control

disturbance

gravity gradient

inertial reference frame

local vertical local horizontal (LVLH) frame
linearization operating point
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I. Introduction

Attitude Control and Momentum Management (ACMM) remains one of the main challenges in operating large
spacecraft, particularly in Low Earth Orbit (LEO) [1]. While accurate attitude pointing is essential for communications,
docking, and scientific payloads, momentum management ensures that the available actuators do not saturate and remain
within their operational limits [2, 3].

With the planned retirement of the International Space Station (ISS), Starlab is being developed as its successor [4].
While the size of the station — in particular, its large area and moments of inertia — bring about large gravity gradient and
aerodynamic torques to act on the spacecraft [5], the modular nature of the station as well as its moving robotic arm
cause the system to be subjected to large inertia uncertainties. Additionally, several mission constraints pose a challenge
to the ACMM problem. Firstly, it is required that the space station performs nadir pointing throughout its nominal
operational mode to ensure communication, while the solar panels are kept pointing towards the Sun [6]. Secondly, due
to fuel consumption and the disturbance of the micro-gravity environment for on-board science experiments, thruster
use must be minimized, making Momentum Exchange Devices (MEDs) the primary source of actuation for accurate
management of the attitude [7, 8]. While precise attitude pointing would cause the persistent external disturbances to
quickly saturate the MEDs, eliminating angular momentum accumulation implies that the spacecraft will be oriented
such that the total contribution of the external torques are minimized therefore not fulfilling the requirement of nadir
pointing. For this reason, the control challenge lies in achieving an acceptable trade-off between attitude and angular
momentum errors minimization [9].

Throughout the years, various strategies were used to address the ACMM problem. Early contributions relied on the
use and derivation of linear systems for which the Linear Quadratic Regulator (LQR) method was applied. Woo et al.
[10] proposed a periodic and continuous momentum management scheme for a space station, using an LQR designed
controller for a linearized pitch and roll/yaw decoupled system, limiting its applicability to spacecraft configurations
where products of inertia are negligible. Harduvel [11] addressed this gap by designing a frequency-weighted LQR
controller for a three-axis coupled system. Similarly to Woo et al. [10], Dang et al. [12] proposed a multistage
angular momentum framework, combining open-loop Torque Equilibrium Attitude (TEA) maneuvers, and a feedback
stabilization phase using an LQR controller, using the same three-axis coupled linear system as derived in Harduvel
[11]. While the LQR offers simplicity in control design, it is not always clear what weightings are most adequate and
optimal to address the problem at hand.

More recently, observer-based and adaptive strategies have been investigated [13—16]. Liu et al. [16] demonstrated
the possibility of producing an online unified estimation of linearization errors, inertia uncertainties, and the unmodeled
aerodynamic torque by including an extended state observer paired with a recursive least squares estimator to separate
the estimated quantity into different frequencies. The loop is then closed with an LQR controller. While explicitly
considering various sources of uncertainties and disturbances, the inclusion of the observer makes this approach sensitive
to sensor noise, and requires careful estimator tuning. The significant amount of tuning parameters make this approach
complex to execute, and its adequate performance difficult to guarantee.

Learning-based methods have also been investigated. In 2000, Choi et al. [17] proposed a neural network-based
approach. By combining linear controllers parallel to an artificial neural network, the system is able to adapt to
unmodeled dynamics and uncertainties, using a Lyapunov based learning law to ensure system stability. Although this
approach enhances adaptability, it lacks rigorous robustness guarantees, posing challenges for certification of the space
station.

Finally, to guarantee stability under uncertain spacecraft parameters and environmental disturbances, a different
research line has explored robust control strategies. Elgersma [18] investigated the application of H,, control to
guarantee stability and performance in the presence of disturbances. The work compared an H., synthesis against
classical linear controllers, and it was demonstrated that the former was able to maintain both attitude and angular
momentum errors bounded to acceptable ranges, under specific disturbance conditions. While this approach simplifies
the specification of control requirements in the frequency domain and provides a more intuitive understanding on how
the disturbance interacts with the system, in comparison to LQR tuning, the study relied on a simplified representation
of environmental torques.

In fact, all of the above strategies considered that the aerodynamic torque can be approximated by the model provided
in Wie et al. [19]. While Harduvel et al. [11] improved this assumption by also including an attitude-dependent
contribution of the aerodynamic torque in the linear model, the study still relied on simplified representations of the
disturbance acting on the spacecraft. The distinct geometry of Starlab highlights the need for more detailed and realistic
disturbance models. The contribution of this paper is to provide an improved aerodynamic torque model, and — by
employing this model within the linearized system dynamics — to design a robust H, controller for ACMM.



This paper is outlined as follows: in section II, the equations of motion of the spacecraft and Control Moment
Gyroscope (CMG) dynamics are derived; section III presents the linearization of the equations computed in the previous
section; in section IV the aerodynamic torque is analyzed and a linear attitude-dependent contribution is computed; in
section V the controller design problem is formulated in the H,, framework; finally, section VI depicts the time-domain
simulations for the linear system and the high-fidelity Starlab simulator.

I1. Spacecraft Dynamics
In this section, the equations of motion of the spacecraft are derived, starting with the definition of reference frames
and kinematic relationships. The rigid-body dynamics are computed from Euler’s rotational equations. Finally, the
dominant environmental torques acting on the space station are introduced.

A. Reference Frames

To define the equations of motion of the spacecraft and subsequently to design the controller, three main reference
frames can be defined as suggested in Figures 1 and 2: the Earth-Centered Inertial (ECI) frame, where the Newtonian
laws are valid, the Local Vertical Local Horizontal (LVLH) frame, relative to which the attitude is defined, and finally
the Body frame, where mass properties remain approximately constant. The attitude is represented as the Euler angles
from the LVLH to the Body frame.

LLVIH

Orbit Path

Fig.1 ECIand LVLH reference frames Fig.2 Body and LVLH reference frames

B. Mission Requirements and Assumptions

In its nominal operational mode, it is required that the space station’s body axes remain aligned with the LVLH
frame with as little error as possible — within approximately 15°. Secondly, assuming that CMGs will be the actuators
utilized to manage this mode, and in order to prevent their saturation, it is required that their angular momentum remains
bounded with values in the order of 1000 N ms. An acceptable trade-off between these two opposing constraints needs
to be achieved by the controller.

Considering these main mission requirements, some assumptions can be safely made. Firstly, it is assumed that
the spacecraft is in a circular orbit with a constant orbital rate wg. Secondly, it is considered that there is little
deviation of the Body from the LVLH frame. Considering this, the angular rate of the LVLH frame can be given by

T
NWN/I ® BWN/I = [0 —wo 0] .

C. Rigid Body Dynamics
The equations of motion are derived in the Body frame. As given by Euler’s rotational equations, the derivative of
the angular momentum of the spacecraft can be given by
gH + [pwp/i1X] - gH = T )

Solving the previous equation for zH yields



gH = —[pwp;1x] - pH + T (2)

The previous equation can be rewritten in terms of angular rates as follows:

BJ - pwp = —[pwpX] - BJ - pwpr + BT (3)

In LEO, the main environmental disturbances acting on the spacecraft are the gravity gradient and the aerodynamic
torque. This being the case, the total torque acting on the spacecraft is given by

BT = BTg + pTa + BTc @

where p7, and g7, corresponds to the gravity gradient and aerodynamic torques, respectively, and g7, is the control
torque imposed by the actuators.

D. Kinematics Equations
The kinematics of the spacecraft are derived by taking the attitude as the integral of:

Tg/n = [Bws/NX] - Tg/n %)

where the angular velocity of the Body frame with respect to the LVLH frame, pwg,n, is given by:

BWB/N = BWB/I — BWN/I (6)

E. CMG Dynamics
The CMG momentum dynamics can be defined as follows:

BHC = _[BwB/Ix] -gH: — BTc @

where gH, is the angular momentum of the CMGs.

F. Environmental Torques
As previously mentioned, for a large spacecraft operating in LEO the external disturbance torque acting on the
spacecraft can be divided into gravity gradient and the aerodynamic torque.

1. Gravity Gradient Torque
Considering that the space station follows a circular orbit, the gravity gradient torque can be generally approximated
by [19]

0 -Tn3 Tn Ti3
BTg = 3w(2) Ts3 0 ~Ti3| BJ | T3 ®)
—T23 T13 0 T33

where T;; corresponds to the entry in the i-th line and j-th column of the direction cosine matrix from the LVLH to the
Body frame, Tp/y.

2. Aerodynamic Torque

The remaining disturbance torques are dominated by the aerodynamic torque. The aerodynamic torque can be
defined as the cross product of the vector defined between the aerodynamic center of pressure and the center of mass of
the spacecraft, yrcop, and the aerodynamic force acting of the center of mass, y F:

1
NTa = NFcop X NFa = NTcop X (EPCDsz : N”) )



where p represents the atmospheric density, Cp the drag coeflicient, A the projected surface normal to the velocity
vector, V' the norm of the relative velocity of the spacecraft with respect to the atmosphere, and x 7 is the unitary vector
that points in the opposite direction to the velocity. In the LVLH frame the aerodynamic force is approximately aligned
with the x-axis, acting in the negative direction. In this way, the disturbance torque caused by the aerodynamic drag in
the LVLH frame is

0
NTa = |=NTcop,z " lINFall (10)
NYcoP,y ”NFa”

Finally, taking the torque in the Body frame yields the following expression:

0
8T = Ta/n |~nTcop.z - INFal an
NTcop,y * INFall

III. Linear Equations of Motion
The previous system of equations is linearized about the operating point where the Body and LVLH frames are
aligned, and ¢, IN T 0, pwy /1 = BON/I> pH; =0and T, IN T 1. Assuming little deviation from this operating point,

T
small angle approximations are valid for ¢p/y = [qﬁ 0 1//] . This being the case, the following relations can be
derived:

A. Linearized Dynamics
To obtain the linearized equations of motion, first, the Jacobian of Equation 3 is computed and evaluated at the
operating point:

sop/N = 817" ([(87 - Bon/)X] = [Bon/X18T) Bws/N — (8] (BN /)X B BN + BT (12)

Secondly, the total torque needs to be computed as a linear function of the attitude. Firstly, assuming small attitude
angles and taking Equation 8, the gravity gradient torque can be rewritten as

-BJ23 BJ33 — I sJ12 0] |¢
BTg = 3(4)(2) BJ13 +3a)(2) BJ12 Btz —gJ11 0] |6 (13)
0 -sJ13 -BJn3 0] ¥
~— ———
B Tg,rest

The derivation and methodology to obtain a linearized aerodynamic torque contribution will be extensively detailed
in section IV, where it is shown that the remaining environmental torque can be represented as the sum of a constant,
time-dependent, and attitude-dependent component.

In this way, the rate of change of the angular rate of the spacecraft is given by

OB/N = Aween/n + [8I17 ([(8) - pon/)X] = [BwNn/X]8T) WBIN (14)
+[8J]7 " B7e + [BI] 7" (~[Bwn/1X] BT BON 1 + T rest + Tayrest)

where Tg res and 7, et correspond to the attitude-independent contribution of the gravity and aerodynamic torques, and

0ty Or,
Awp =8I [FE+ 2 15
@ [B ] ( 5(,0 3(,0 ) ( )
in which %% corresponds to the attitude-dependent component of the gravity gradient from Equation 13 and ‘Zs to the

aerodynamic torque to be derived in the following section.



B. Linearized Kinematics

Assuming small deviations from the nominal attitude, the direction cosine matrix from LVLH to the Body frame can
be approximated by Tp/n = I — [¢p/nX]. Therefore, taking Equations (5) and (6) and keeping only first-order terms,
the time derivative of the attitude can be given as a linear function of attitude, ¢/, and the variation of the angular
rate of the spacecraft, pwpg/y:

¢B/N = —[BwN/1X]@B/N + BWB/N (16)

C. Linearized CMG Dynamics
Considering that, at around the operating point pwg,; ® pwn/r, the governing equation for the dynamics of the
CMGs can be reformulated as

gHe = —[pwnyx] - gHe — BTe 17

D. Linearized System
The previous derivations result in the following linearized plant:

$BIN —[Bwn/i1X] 1 0 ¢B/N
BWB/N| = Aug (8171 ([(8J - Bwn)X] = [BwN/1X]BJ) 0 BWB/N
gH. 0 0 ~[pwnrx1| | BHc
0 0 —4-pJ3 (18)
+|[8J17" | BTe + | [8I17"|| BTasres: (1) + i | 3+ 8J15
-1 0 BJ12
BTd,rest

IV. Aerodynamic Torque Modeling
As the most complex external disturbance acting on the spacecraft, a dedicated analysis of the aerodynamic torque is
conducted, culminating in a linearized attitude-dependent average torque estimation.

A. Physical Interpretation of Torque Variation

The aerodynamic torque can be divided into two main components: an attitude-dependent part and a periodic part.
The latter is induced due to the orbit periodicity and therefore contains most of its power at integer multiples of the orbit
rate (Figure 3).

The attitude independent component of the aerodynamic torque is largely driven by atmospheric density variations.
One of the contributors to these variations is the diurnal bulge due to the non-uniform solar heating of the atmosphere.
This means that over one orbit the spacecraft will pass through a range of atmospheric densities inducing an oscillation
of the torque at orbit rate. Additionally, a much slower oscillation is observed in the atmospheric density with a period
of 24 hours, which corresponds to a frequency of approximately one sixteenth of the orbit rate. Intuitively, this can be
attributed to Earth’s rotation which varies the point directly under the Sun throughout the day, inducing the variation of
the atmospheric density.

One other quantity that introduces torque variation is the projected area of the spacecraft onto the plane perpendicular
to its velocity. Besides attitude, the main contributor to the area variation are the solar arrays. In the nominal operational
mode, the latter must be pointed to the Sun, and therefore continuously rotate to perform Sun tracking. It is observed
that the variation of the projected area follows the absolute value of a sinusoid at orbit rate. When expressing this
relation without the absolute value operator, this oscillation can be represented as sinusoidal terms at twice the orbital
rate, since the absolute value operation halves the period of a sinusoidal signal. Another more complex effect of the
movement of the solar arrays together with attitude is the shift of the aerodynamic center of pressure.
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Fig. 3 Normalized single-sided amplitude spectrum of the aerodynamic torque when the body frame is aligned
with the LVLH frame

B. Average Torque Estimation Methodology

The above mentioned considerations highlight the complexity of capturing the aerodynamic disturbance in a detailed
and accurate manner. While the oscillatory behavior of the torque is important for high-fidelity modeling, for control
design purposes it is often more suitable to focus on the average contribution of the disturbance. By considering the
mean torque, all of the sinusoidal contributions average out to a bias whose relation to attitude can be more easily
identified.

To achieve this, the aerodynamic torque was simulated for an integer number of orbits for constant attitude. A
grid of different combinations of attitude was selected based on expected operational conditions of the system, and
the average torque over 16 orbits was computed to represent the mean aerodynamic torque corresponding to each
attitude configuration. The choice of 16 orbits ensures that the averaging captures at least one full period of all relevant
oscillatory components — integer multiples of the orbital rate and at one sixteenth of the orbital rate, which corresponds
to Earth’s rotation period.

Once this data was obtained, and after observing a linear trend between small attitude angles and the average
aerodynamic torque, a linear relationship was identified using the Least Squares (LS) method. Denoting the averaged
torque as 7, and M, € R3*4 as the linear time-invariant matrix to be estimated, a linear model of the following form is
assumed:

1

YB/N

BTa :M¢ (19)

By appending all regression vectors, [1 B/ N] T, in a matrix ©® € RV>4

matrix T € RV*3 the model can be rewritten as:

and the corresponding average torques in

T=0M] (20)
The least-squares estimate of M, is obtained by minimizing the convex cost function [20]:
T
C-= (T—@Mg) (T—@Mg) Q1)

This convex cost function, C, is minimized when



M, = (@T@)_1 o'T 22)

C. Average Torque Estimation Results and Validation

All the aerodynamic torque results depicted in this section are presented for the nominal configuration of the station
in a normalized form: each component is divided by the maximum mean torque magnitude across all datasets, and the
Euler angles are normalized to span the range of -1 to 1. In this way the relative magnitude between plots is preserved.
Additionally, the torque model identification was performed for a Right Ascension of the Ascending Node (RAAN) of
120°, for which the expected aerodynamic torque magnitude is approximately highest.

The comparison between the averaged aerodynamic torque obtained from the data and the linear approximation
shows that the proposed least-squares fit it able to capture the main dependence of the torque on the spacecraft attitude.
A coeflicient of determination, RZ, of 0.92, 0.99 and 0.91 was obtained for the x, v, and z-axes, respectively. This
indicates that a significant portion of the variance in the aerodynamic torque is explained by the linear model, therefore
confirming that the underlying trend can be approximated in this form. Further inspection of Figures 4 to 6 reveals
that there is a bias of small magnitude — when compared to the norm of the mean aerodynamic torque — between the
estimated and real mean torques, particularly for the y-axis component of the torque when # = 0 and ¢ = 0 and when
¢ = 0and 6 = 0. Nevertheless, since the general trend of the variation with attitude seems to be sufficiently accurate,
and because the offset does not enter the linear model dynamics, it is considered that the accuracy of the proposed
approximation is suitable for controller design.

Additionally, Figure 4 suggests that a pure roll rotation does not contribute as strongly to the variation of the average
torque when compared to pitch and yaw. This outcome is expected under the specified operational conditions, as this
rotation does not significantly vary the area perpendicular to the velocity vector, and therefore has a smaller effect on the
aerodynamic torque.
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Further validation of the obtained average aerodynamic torque model was conducted, by comparing the real mean
torque with the estimated torque for a combination of different attitudes (Figure 7). While the estimation on the y-axis
only slightly deviated from the real mean aerodynamic torque with an error up to approximately 20%, the relative error
is greater for the x and z-axes reaching magnitudes as high as 40%. However, it is clear that the magnitude of the torque
for the roll and yaw axis is much less significant than the contribution of the torque around the pitch axis by a factor
of 10 — 100. For this reason, it is expected that the performed approximation is sufficiently accurate in representing
aerodynamic torque attitude dependency.
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Fig.7 Normalized real average aerodynamic torque comparison to the estimated torque, for RAAN= 120°

The same procedure should be followed for the identification of an aerodynamic torque model for different RAAN
and space station configurations.

V. Controller Design
H.o synthesis is a robust control design method that formulates the minimization of the worst-case amplification

from exogenous inputs — references, noise, disturbances — to controlled outputs — tracking error, control effort. The
H.o-norm of a system H(s) is defined as

(1H(s)|leo = max o (H(jw)) (23)



where ¢ corresponds to the maximum singular value. Minimizing this norm ensures that the largest possible gain from
inputs to outputs is bounded across all frequencies, which translates into guaranteed robustness and performance.

In practice, performance specifications are included in the controller synthesis setup by defining weighting filters
that shape the closed-loop transfer function. The main challenge in this approach is to select weighting filters that
translate the requirements into magnitude bounds over frequency, while trading off system constraints and robustness.

A. Control Requirements

The main performance requirement is that attitude and CMG angular momentum must be kept bounded in the
presence of disturbances and modeling uncertainties. To achieve this, several practical constraints must be accounted for
in the controller design. Firstly, the spacecraft exhibits flexible structural modes that can be undesirably excited by
control actions at high frequencies. These dynamics must be attenuated by minimizing controller action for frequencies
where the flexible modes are expected (above 0.05 Hz ~ 0.3 rad/s). Secondly, while the disturbance is expected to
range from DC up to eight times the orbit rate, its persistent component is the one responsible for CMG momentum
accumulation, making low frequencies the most critical range to ensure that the main performance requirement is
achieved. In other words, oscillations in the time response of attitude and CMG angular momentum are permitted as
long as they remain within acceptable bounds in the order of 1000 Nms.

B. Problem Formulation

The H., problem is generally formulated based on the definition of a generalized plant, P, which collects the full
spacecraft dynamics from exogenous inputs to performance outputs. In the proposed ACMM problem, the exogenous
input, d, corresponds to the non-attitude dependent component of the disturbance torque, and the performance output, p,
is chosen to include attitude and CMG angular momentum errors as well as the control torque input. In this way, P can
be defined as follows:

X =Ax+Bld+B2u
P= p=C1x+D11d+D12u (24)
y =Cyx + Ds1d + Dyu

T

where x = [(p B/N BWB/N BHC] is the state vector, d = p74 res; 1S the exogenous input, u = gt is the control input,
T T

p = [(pB/N BH. BTC] is the performance output vector, and y = [(pB/N pwg/Ny BH:| is the measurable

output vector. Matrices A, B1, B», C1, Ca, D11, D12, D21, D) are given by

~[Bwn/rx] 1 0 0
A= Awe (8717 ([(8J - pwn/)X] = [BwNn/1X)BT) 0 By = |[gJ]!
0 0 —[NwN/IX] 0
(25)
0 I 00 I 00 0 0 0 0
By=|[gJ]"'| Ci=]0 0 I| C,=|0 I 0| D;;=|0] Di=|0] Dy=1|0] Dyp=10
-1 0 0 O 0 0 1 0 I 0 0

The goal is to design K such that u = Ky (Figure 8) and that the disturbance d is rejected across its dominant
frequencies. This problem is generally denominated as the "two-block problem’. Let G be the system from control input,
u, to measurable output, y, and G4 the dynamics from the disturbance input d to the measurable output, y. Defining the
output sensitivity function as S = (I + GK) !, the closed loop transfer functions of the system can be defined as

y SGq
p =
u KSG,4

(26)
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Fig. 8 Generalized plant P with the positive feedback controller K

Before shaping the transfer functions, and because the physical variables have different orders of magnitude, scaling
is introduced to normalize the system. This ensures that both attitude and CMG angular momentum deviations can be
treated on a comparable basis and weighting filters can be defined in similar magnitude ranges. To achieve this, static
gains, V, are introduced and selected as the maximum acceptable values for each variable, as proposed in [21].

The performance requirements are then incorporated by means of weighting filters. In this way, W is defined in
the frequency domain, and consists of the upper bound of the transfers from w to z. The overall proposed system for
controller synthesis is depicted in Figure 9. The role of the controller is to then minimize the transfer from weighted
disturbance input, w, to the weighted performance output, z, therefore ensuring disturbance rejection.

Therefore, the closed-loop transfer functions from w to z can be defined as

WVt 0 0
—1 SGLI
= 0 WHVH 0 VdW (27)
_1| |KSGa
0 0 W.V;

where W,V € R3*3 are diagonal matrices, such that the choice of the weighting filters is more easily interpreted from a
physical perspective and can be made based on their relative importance rather than on the physical units or absolute
magnitudes of the plant variables.
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Fig. 9 Closed loop for control design

C. Definition of Weighting Filters

Before defining the weighting filters it is crucial to revisit the disturbance characteristics. As previously mentioned
and derived, the non-modeled disturbance effects can be separated into a bias — arising from the gravity gradient and
aerodynamic torques offset, and the gyroscopic bias torque — and a time varying component exhibiting a harmonic
structure at integer multiples of the orbital frequency and of the Earth’s rotation frequency. Considering that these
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harmonic terms are most significant up to twice the orbital rate, the goal is to minimize the closed-loop transfer function
gain from w to z for DC, wy, 2wy and at approximately wo/16. Additionally, it is necessary to minimize control effort
at frequencies where unmodeled flexible modes are expected (above approximately 0.3 rad/s).

Taking these specifications into consideration while also ensuring minimum robustness margins — 3 dB gain margin,
30° phase margin, and 0.5 disk margin — resulted in the definition of the weighting filters specified in the following
figures, where their inverses represent an upper bound of the closed-loop transfer function of the scaled system. As an
initial approach, the magnitude of the transfer functions was chosen based on the physical expected maximum magnitude
of the performance output, p, when considering a worst-case magnitude for the disturbance, d. Design iterations were
made on this initial design specification to maximize robustness.

1. Nominal Space Station Configuration

The control design and definition of the weighting filters for H, synthesis were first carried out for the nominal space
station configuration. The closed-loop transfer functions from disturbance to control torque (Figure 12) illustrate the
imposed requirements during design, where lower magnitudes are enforced at higher frequencies to limit control effort
and avoid excitation of flexible modes. Furthermore, the main physical constraint of the ACMM problem is emphasized
by the inability of driving both the attitude and momentum closed-loop transfer functions to zero for low frequencies
(Figures 10 and 11). Additionally, during the tuning process, it was observed that the attitude magnitude could not
be reduced uniformly over frequency any further, even when placing more emphasis on attitude than on momentum
error minimization. This is due to the fact that, regardless of the synthesized controller, the fixed environmental torque
coefficients, A, determine the required attitude offset to compensate the DC disturbance torques. For this case in
particular, the high magnitude of the maximum singular value of the closed-loop transfer from disturbance to attitude
at low frequencies — which corresponds to the dynamics from disturbance to roll — can be attributed to the mass
distribution of the station. For this configuration, gJ;,1/pJ3,3 = 0.68, and pJ>2/pJ3.3 = 1.00. Recalling Equation (13),
it is possible to infer that, because the difference gJ3 3 — pJ> 2 is extremely small, the gravity gradient torque acting on
the roll axis is practically eliminated. Since the roll motion — which is the one capable of counteracting the aerodynamic
torque acting in yaw — cannot generate sufficient restoring torque, there is a loss of control effectiveness for the roll/yaw
dynamics.
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Fig.10 Closed-loop transfer function from disturbance Fig.11 Closed-loop transfer function from disturbance
to attitude to CMG angular momentum
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2. Nominal Space Station Configuration with Modified Inertia

To validate the lack of roll/yaw gravity gradient control authority for the nominal space station configuration, pJ3 3
was scaled by a factor of 1.6, such that the pJ3 3 — pJ> > term was increased, while preserving the physical consistency
of the inertia matrix. Figures 13 to 15 show the closed-loop transfer functions for both the nominal and modified inertia
systems when shaped with the same weighting filters. By examining these results, it becomes clear that increasing

the gravity gradient allows the controller to achieve lower steady-state levels both in attitude deviation and angular
momentum error.
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Fig. 13 Closed-loop transfer functions from distur- Fig. 14 Closed-loop transfer functions from distur-
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Fig. 15 Closed-loop transfer functions from disturbance to control torque, considering the nominal and modified
inertia

3. Space Station Configuration with Docked Vehicle

In addition to the nominal case, a second space station configuration was considered where a vehicle is docked. In
this case, gJ1,1/8J33 = 0.79, and pJ22/pJ3.3 = 1.54, so it is expected that there is enough gravity gradient torque
authority. Additionally, because the expected steady-state pitch angle (6*) is lower than —15° the system was linearized

T
as defined in the Appendix around an attitude of ¢ IN T [0 o* 0] . Therefore, the output and state of the linear
system now corresponds to the attitude error A = gp/Nn — ¢} N

Fig. 16 Starlab configuration with docked vehicle

Figures 17 to 19 show the closed-loop transfer functions from disturbance to attitude, CMG angular momentum and
control torque, after weighting filter tuning. It is once again confirmed that, for a sufficient magnitude of gJ3 3 — pJ2.2, it
is possible to drive the attitude and momentum errors to a maximum magnitude of approximately 1 for the scaled system.
This means that the design is compliant with the maximum expected/desired magnitudes for each of the performance
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variables defined by the static gains, V.
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VI. Simulation Results

This section presents the time-domain simulation results using both the linear model — subjected to a realistic
disturbance profile and including the estimated attitude-dependent aerodynamic torque model while assuming constant
inertia — and a high-fidelity simulator of the space station that accounts for inertia variations due to solar array motion
and includes a more detailed model of the environmental disturbance torques. The goal is to assess whether the control
goals — disturbance rejection, bounded momentum buildup, and limited control effort — are achieved under representative
operating conditions. The results are shown for the space station configuration with a docked vehicle, and are normalized
with respect to the maximum magnitude defined in the static gains, V. Since these gains were established based on the
maximum desired steady-state values of the performance outputs, normalized steady-state responses with a magnitude
below one indicate that the control requirements are satisfied.

A. Linear Model Simulation Results

Firstly, the response of the linear model is simulated using the constant nominal spacecraft inertia and estimated
aerodynamic torque model, when the system is perturbed with the disturbance profile depicted in Figure 20. The
disturbance profile was generated from the attitude-independent component of the environmental torques, p7g rest»
where the aerodynamic contribution was obtained from data corresponding to a fixed attitude equal to the operating
point about which the system was linearized.

Figures 21 to 23 showcase the closed-loop time responses of the scaled performance outputs. First, it can be
observed that the system produces a stable response when subjected to the given disturbance profile. Secondly, it is
shown that the magnitude of all normalized performance outputs mostly remains below an absolute value of 1 for
steady-state, confirming that the attitude, angular momentum and control torque requirements are fulfilled. Third, as
desired, the angular momentum is successfully driven to oscillate around 0 as enforced by the low frequency weighting
filter definition. All in all, the system demonstrates robustness to the imposed disturbance torque.
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torque disturbance profile disturbance for the space station configuration with the
docked vehicle
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CMG Angular Momentum Response to Disturbance

Control Torque Response to Disturbance
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B. High-fidelity Simulator Results

In this section, the time-domain results from the high-fidelity simulator are presented. The simulations consider
variations in inertia due to solar array motion and environmental torques, which are computed based on the spacecraft’s
geometry (attitude and solar arrays), as well as the surrounding orbital environmental (orbit geometry, including the
station’s relative position to the Sun).
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Fig. 24 Simulator-generated aerodynamic torque over time for the space station configuration with the docked
vehicle

17



Attitude

— — — “RAAN = 0 (deg) RAAN = 120 (deg) — — — - RAAN = 240 (deg)
— — — -RAAN =60 (deg) — — — - RAAN = 180 (deg) RAAN = 300 (deg)

o, ()

U, ()

Orbit Number

Fig. 25 Simulator-generated time response of the normalized attitude to disturbance for the space station
configuration with the docked vehicle
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Fig. 26 Simulator-generated time response of the normalized CMG angular momentum to disturbance for the
space station configuration with the docked vehicle
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Fig.27 Simulator-generated time response of the normalized control torque to disturbance for the space station
configuration with the docked vehicle

Figures 24 to 27 depict the high-fidelity simulator results throughout time, for a set of RAANs spanning the entire
0° — 360° range, sampled at 60°. The goal was to assess the performance of the controller for the designed RAAN and
to establish a range of RAANs for which the controller is valid.

Although the systems were not perturbed with the exact same disturbance torques, the closed-loop performance
between the linear system and the high-fidelity simulator can be compared. Firstly, it can be seen that the orders of
magnitude of each of the performance outputs match between models, validating the linear model. Additionally, it should
be noted that the steady-state offset around which the attitude oscillates is approximately the same between models.
The fact that the nonlinear simulation achieves a stable response following that same offset — which is established by
minimizing the total contribution of the gravity gradient and aerodynamic torques — validates the aerodynamic torque
model.

Furthermore, it was found that the controller was able to stabilize the system for all the considered RAANs, without
excitation of the high-frequency structural flexible modes. The performance outputs also remained within suitable
bounds, i.e. a normalized magnitude below 1 for steady-state, for all scenarios. This can be explained by the robustness
of the designed system that accounts for model mismatch. One other explanation stems from the fact that the RAAN for
which the controller was designed for (120°) has an overall higher magnitude when compared to other RAANS. This
is preferable to underestimating this torque since, in this way, the controller will be designed to handle a worst-case
scenario.

VII. Conclusions

The present work addressed the problem of ACMM for Starlab, by modeling the aerodynamic torque and designing
a robust disturbance-rejection controller, based on the H, synthesis framework. The controller was designed to
ensure robustness against modeling uncertainties and environmental disturbances, while maintaining acceptable attitude
pointing and CMG angular momentum magnitudes.

The analysis showed that, within the operation envelope of the mission, the aerodynamic torque can be accurately
approximated as a linear function of the attitude for a given RAAN. It was also found that the nominal space station
configuration provides limited gravity-gradient control authority, as the small difference between J3 3 and J; > prevents
sufficient compensation of the aerodynamic torque for the roll/yaw motion. This results in reduced controllability and
significant attitude and angular momentum errors. A more asymmetric configuration, corresponding to the station with
a radially docked vehicle, confirmed this behavior by decreasing these errors for the same disturbance input magnitude.

The controller performance was verified for this last configuration through time-domain simulations using both the
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linearized model and a high-fidelity nonlinear simulator. The results confirmed the effectiveness of the proposed Ho
controller in rejecting realistic disturbances, and in maintaining satisfactory attitude and momentum levels. Furthermore,
the controller did not excite the unmodeled flexible modes, demonstrating adequate robustness to structural dynamics.

To assess robustness with respect to orbital geometry, simulations were also performed for different RAANs around

the nominal design point. The results revealed that the controller still performed adequately for the other scenarios,
showcasing the robustness of the closed-loop system to model uncertainties. Future work could focus on extending this
approach by development of a parameter-dependent representation of the aerodynamic torque — explicitly accounting
for its variation with RAAN and including solar array angles measurements — so that the control problem can be
reformulated within a linear parameter-varying framework. This would enable the design of a single controller with
improved adaptability and robustness across the full range of orbital conditions.
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Appendix

T
This appendix presents the linearized system of equations for an operating point of ¢}, IN T [O 0" 0] ,
BWy /1 = BON/I, pH. = 0, where 6” corresponds to an arbitrary pitch angle.

Linearized Dynamics
Solving Equation (3) with respect to the time derivative of the angular rate gwpg,; gives the following relation:

g1 = —[8J17 [Bws/X] - J - pwp1 + [pJ]) ' T (28)

Evaluating the expression and corresponding Jacobians at the operating point yields

BB/ lxexs = —[8J]  [BwN/1X] - 8T - oy + (8] BTlxexe (29)
0pWp/r 0BT, dBT,
Ao_up = (950 |x:x* = C()_QOg |x:x* + a_sou |x:x*

. 30
_ Opwpyr (30)

A, leexs = [BJ] 7' [(8Y - Bon1)X] = [BI] " BN 1X] - BT

“ " dpwpyr

In this way, the final linearized spacecraft dynamics can be expressed as follows:

Ao = chpA‘P + ApwlAw + [BJ]_IBTC + [BJ]_lBTg,rest + [BJ]_lBTa,rest - [BJ]_1 [BCUN/IX] -BJ - BWN/I (3D

where A(p = $YB/N — SD;/N and Aw = BWBRB/I — BWN/I = BWB/N-

Linearized Gravity Gradient Torque
Assuming once again a 1-2-3 rotation, the following linear expression can be obtained for the gravity gradient torque
by evaluating Equation (8) and its Jacobians at the operating point:

(J3,3 - 12,2) cos B — J3,1 sin fy

aBTg 2 .
BTg = W |x:x* AQD + BTg,rest = 3w0 J1,2 Ccos 90 + J3,2 Sin 9() A¢
—J13¢c0800 + (J1,1 — J22) sin by
sin 290]2,3 + COS 290]2’1 - SiIl2 90]3,1 + sin 6o cos 00(]3,3 - 12!2)
+ 30.)(2) —2sin 290]3,1 + cos 290(.’3’3 - .11’1) AG + 30)3 sin Oy cos 90]1’2 + sin 9(2).]3,2 Al/f
— COs 290.]2’3 + sin 290.]2’1 —sin 6y cos 90]1’3 + sin2 90(.]1,1 - Jz,z) (32)
sin 6y cos OpJ2,1 — cos? 00J2,3
+ Sw(z) sin 6y cos Oy (J3,3 — J1,1) + cos? 0o0J13
sin2 90]2,1 — sin 90 Cos 90.’2,3
B Tg,rest
Linearized Aerodynamic Torque
In this derivation, it is assumed that the aerodynamic torque can be approximated by
E)BT
BTa = — |x=x* Ap + BTa,rest (33)
0vp/N
where the terms (96;377;\/ r=x+ and pT, rest must be identified following the procedure described in section I'V.
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Linearized Kinematics
For a 1-2-3 rotation, the nonlinear kinematics of the spacecraft (Equation (5)) can be expressed as:

cos ¥ sin .
cos 6 " cos @ 0 sin ¢ tan o
$B/N = sin i cos ¥ 0| pwpyr +wo| cos¢ (34)
—cosytand sinytand 1 - Eg;‘z
Evaluating the Jacobians at the operating point yields
* 1 1
0¢B/N wnét 0 0¢B/N w00
v = "5 ly=xs = Wo 0 0 0 Apw = lymxe = 0 10 (35)
@ 1 . dpwp/1 c 01
—ssgr 0 —tand —tand
Since ¢p/n |x=x+ = 0, the linearized kinematic equations become
‘PB/N = A‘P‘pAtp + A‘pra) (36)

Linearized CMG Dynamics
The linearization of the CMG dynamic equations is independent of the chosen attitude operating point and therefore
follows the same derivation as before:

gHe = —[pwnyx] - gHe — BTe (17)

Linearized System
Finally. from the previous derivations, the full linear system for an arbitrary 8* can be expressed as:

A Apo  Apw 0 Ap | 0
B(’:)B/N = chp Avw 0 BWB/N + [31]71 BTc
gH, 0 0  —[pwnuX]|| BH: -1
- 37
0 -8J23
+ [BJ]_l BTg,rest T BTa,rest(t) + w(Z) 0
0 I BJ12
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Aerodynamic Torque Model ldentification
and Validation

This chapter presents an additional set of results related to the identification of an aerodynamic torque
model expressed in the LVLH reference frame for the nominal space station configuration. The analysis
complements the main body of the thesis but was not used directly in the control design for several reasons.
First, the model was identified in the LVLH frame rather than the Body frame in which the control problem
was formulated. Second, only the linear attitude-dependent contribution can be incorporated into the
linearized system used for # __ synthesis, whereas this model includes nonlinear dependencies on the
solar array angles that fall outside that framework. In addition, the model requires real-time knowledge
of the atmospheric density to reproduce the torque magnitude accurately, which may not be feasible on
board. Despite these limitations, the results presented here offer useful insight into the aerodynamic
torque characteristics and can serve as a foundation for higher-fidelity modeling.

7.1. Aerodynamic Torque Model Identification

In this section, model identification will be performed for the aerodynamic torque. In order to achieve this,
it is useful to recall the torque’s physical definition:

1
Ta(t»@B/N»asAW) = TCOP(@B/N»QSAW) X _§p<t)VVTCDA(QOB/N7aSAW)n (7.1)

where r,p is the center of pressure offset from the center of gravity, p is the density of the atmosphere,
V is the flight velocity of the spacecraft with respect to the atmosphere, C, is the drag coefficient, A is
the area projected onto the plane normal to the velocity vector, and n is the surface’s normal vector.

In Equation (7.1), the dependencies on time, t, attitude, /N, and solar array angles, ag 4y, are made
explicit. To simplify the model while preserving its physical relevance, the only time-dependent contribution
considered is the atmospheric density, whereas the effects of other periodic variations are averaged out
over several orbital periods. Taking this into consideration, it is proposed that the aerodynamic torque in
the LVLH frame is expressed as:

p(t)
NTa ™ ry [NTa,O + NTae(PB/N) + NTa,aSAW(aSAVI/')] (7.2)
where the first term, y7, o, represents a constant offset, and the remaining terms, y7, , and y7,,_ ..,
capture the torque dependence on attitude and solar array angles, for a fixed atmospheric density, p,,.

The goal is to express y7, , and y7, . as linear functions of suitable transformations of attitude
and solar array angles, respectively. To identify each of these terms, a set of simulations was performed
in which the relevant variables were varied independently, allowing the separate characterization of the
attitude- and solar-array-dependent components. The procedure used to generate the simulation data
that serve as input to the estimator is further detailed in the following sections.
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7.1. Aerodynamic Torque Model Identification 58

7.1.1. Recursive Least Squares

To perform the model identification, the Recursive Least Squares (RLS) method was used. The RLS is
one of the most widely used recursive identification methods, and it can be seen as an adaptation of the
ordinary least squares approach that allows for efficient updating of an existing model when new data
becomes available. Assuming a linear model, the variable for which model identification is going to be
performed, y can then be defined as:

where A is the regression matrix, ¢ corresponds to the parameter vector to be estimated, and ¢ is the
model residual vector. Additionally, the following notation simplifications as well as the regression matrix
update, a,_ ;, and the measurement vector update, y, ., ,, can be introduced:

Ay = Alty)
A
Ay = l ’“] (7.4)
Ap1
Qg1 = a(tkﬂ)
T
Vi=[n v - w
v Y, (7.5)
k+1 —
Yrk+1

The following equation shows the estimation algorithm to be implemented:
-1
Ky = Py ajy [1+ ap Prag ]
Py =1 — Kyapq] By (7.6)
V1 = Vg + K W1 — @1 Vi)

where K is the RLS gain and P the parameter covariance matrix. Initial estimates of ¥, =0and P, =1
were considered.

7.1.2. Solar array-dependent contribution to aerodynamic torque
Firstly, the effects of varying the solar array angles of the spacecraft were assessed. To achieve this, the
procedure depicted in Figure 7.1 was followed.

[ NTa(t), pB/n = 0,a5aw = C1 ] [ NTa(pB/N = 0,a5aw = C1) ]
[ NTa(t), p/n = 0, 54w = Co ] [ NTa(B/n = 0, 54w = Cs) ]
Average
M [ NTa(t), oB/N = 0,a54w = C3 over time [ NFa(SOB/N =0, 54w = Cs) ]
Simulation — q - . t_Rl_st_
Runs stimation
[ NTa(t), /N = 0, 54w = Cryr1 ] [N?a(%/zv = 0,a54w = Cpr1) ]
[ NTa(t), B/ = 0, a5aw = Cur ] [ NTa(pB/N = 0, 54w = Car) ]
\4

Simulation Duration

Figure 7.1: Procedure for identification of solar array-dependent component of the aerodynamic torque
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For a set of M simulations, the atmospheric density was fixed at p, and the attitude was kept at
vp/n = 0, such that the body frame is aligned with the LVLH frame. Within a given simulation, the solar
array angles were held constant, but varied between simulations to cover the entire operational range
from —180° to 180°. The resulting aerodynamic torque was averaged over 16 orbits for each configuration,
ensuring that at least one full period of all dominant sinusoidal components was captured. This averaging
yields the following simplified representation:

NTa = NTa0 + NTaag,w (Qsaw) (7.7)

As previously discussed, computing the mean torque averages out the sinusoidal time-dependent
components. These effects are therefore embedded in the offset term. When combined with a fixed
attitude and the atmospheric density, this approach allows the variation of the aerodynamic torque to be
isolated to its solar array contribution.

In the generic RLS formulation of Subsection 7.1.1, the identification problem is writtenas y = A-J +e¢
where each row of the regression matrix, A, is the regressor a;, and ¢ is the parameter vector to be
estimated (Equation (7.3)). In this case, the quantity to be identified is the mean aerodynamic torque. For
each torque component i € {x,y, z}, the scalar output of the RLS problem can be defined as

Yri = NTa,i(tk) (7.8)

and the regression row, ay,, as
ap = [1 sin(2asaw,1(tr)) €08(2agaw 1 ()  SiN(205aw 2(ts)) COS(QOZSAWQ(%))] (7.9)

The corresponding parameter vector for axis i is 9, € R5*1, so that for each axis

Ypi = Q- Uy + € (7.10)

Stacking all A/ samples for a given axis i gives

Y, =A9,+¢ (7.11)
with A constructed by stacking the rows a,,. After running the RLS algorithm, the final estimates of ¥, are
taken for each torque component and then arranged into the following matrix:

19T
M, = 195 € R3S (7.12)
07

Additionally, the regressor can be written in column form as

1
sin(2ag 4w 1)
Blagaw 1:@saw2) = |€OS(20g4y 1) (7.13)
sin(20g a4y )
cos (205 ayy 2)

Finally, the three scalar models can then be written compactly as

NTa =M, B (7.14)

The selection of the regression vector, 5, was guided by both physical reasoning and empirical anal-
ysis, as correlations between the aerodynamic torque and solar array angles revealed dominant second-
harmonic dependencies consistent with the geometry of the panels. Therefore, the terms sin(2«) and
cos(2a)) were used as regression variables to capture these effects. The following results were obtained:



7.1. Aerodynamic Torque Model Identification

60

%107
— 10
- 5
E‘_ 0
-5
0 500 1000
Run Number
__ 05 r
5
=
0
0 500 1000
Run Number
= 0,04[—
@«
=0.02
0
0 500 1000
Run Number

0><10'3 _ Oxm*‘ 2><10'3 1><10'3
o © g < 0
= 05 = =1 = 05
s s 10 s s
-1 y 0 0
0 500 1000 0 500 1000 0 500 1000 0 500 1000
Run Number Run Number Run Number Run Number
0“-—- 0
N & 02 < o 0
< 01 01 < 005 < o4
= = = =
02 0 0.1 02
0 500 1000 0 500 1000 0 500 1000 0 500 1000
Run Number Run Number Run Number Run Number
003 ["'“"" o % : 5
w 002 © 0.02 @ -0.01 Y
= 0 = 0 = 0,0ZL = o u
0 500 1000 0 500 1000 0 500 1000 “0 500 1000
Run Number Run Number Run Number Run Number

Figure 7.2: Normalized RLS-estimated coefficients of M,

£ g 103 : Norrlnalized average alerodynamic torqlue
(3]
%
8 e
g of Et|ated i
o
‘5 1 1 1 1 1
x
0 100 200 300 400 500
Run Number
g 1 T T T T T
(o]
©05 vl i 1
'>‘ i\ I 1 Il
0 100 200 300 400 500
Run Number
$04 T T
c
o
go ” | ‘ ,
g |
’i‘ L L L 1
0 100 200 300 400 500
Run Number
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Figure 7.4: Normalized absolute RLS estimation error of average aerodynamic torque per simulation

All torque components shown in Figures 7.2 to 7.4 were normalized by the maximum Euclidean norm
of the mean torque, so that each component was divided by this value for consistent visual comparison.

Figure 7.2 confirms the suitability of the selected regression vector for the given dataset, with the pa-
rameter estimates converging at approximately data point 500. Furthermore, Figures 7.3 and 7.4 illustrate
the correspondence between the simulated aerodynamic torque and the torque reconstructed using the
final estimated coefficients from Figure 7.2. For clarity, only a subset of the data points is shown, as
the remaining samples exhibit the same behavior. The RLS estimation demonstrates reasonable accu-
racy, with maximum relative errors of approximately 20%, 10%, and 10% for the z-, y-, and z-components,
respectively. Additionally, in absolute terms, these errors are on the order of 1073-10~2 of the torque
magnitude, further validating the adequacy of the identified model.

7.1.3. Attitude-dependent contribution to aerodynamic torque
To quantify the effect of varying the attitude on the aerodynamic torque, a similar procedure was followed,
as depicted in Figure 7.5.

[

NTa(t), ¢/n = C1, 050w =0

[

NTa(t), oB/n = Ca, 050w =0

[ NTa(B/N = C1, 54w = 0) ]

[ NTa(pB/N = C2, 54w = 0) ]

Average
M [ NTa(t), o/n = C3, 050w =0 over time [ NTa(@B/n = C3, 054w = 0) ]
Simulation — q - RLS
RUNS Estimation

—

NTa(t), pB/N = Crr-1, 054w = 0

~NTa(t), pB/N = Cry csaw = 0

Simulation Duration

\ 4

[N?a(soB/N = Cuy-1, 050w = 0)]

[ NTa(®B/N = Cary asaw = 0) ]

¥

Figure 7.5: Procedure for identification of attitude-dependent component of the aerodynamic torque

For a set of M simulations, the atmospheric density was again fixed at p, and the solar array angles
were kept at ag, 4y, = 0. Within the same simulation, attitude was held constant, but varied between
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simulations to cover the full operational range, corresponding to the expected small-angle deviations from
the nominal orientation.

For the identification of this term, the RLS algorithm was again applied to the set of average torque
values. The structure of the regression follows directly from the fact that each torque component depends
linearly on the small attitude angles. This being the case, for each axis, the problem can be defined as

vea =1 6ty) 0t) w(t)] Y+ e (7.15)

where ¥, € R**! contains the coefficients to be identified for torque component ;.

After executing the RLS iterations for the three axes, the final parameter estimates are grouped into
the coefficient matrix

’l9T
M, = 195 € R34, (7.16)
ﬁT
Writing the regressor in column form,
1
_|®
ﬁ(%pB/N) Ak (7.17)
(G
the attitude-dependent aerodynamic torque is compactly expressed as
NTa =M, B (7.18)

which corresponds to the regression structure used for the identification of the attitude-dependent torque
model. Considering this, the following results were obtained:
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Figure 7.6: Normalized RLS-estimated coefficients of M,
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Figure 7.8: Normalized absolute RLS estimation error of average aerodynamic torque per simulation

Similarly to the results shown in the previous section, all torque components shown in Figures 7.6
to 7.8 were normalized by the maximum Euclidean norm of the mean torque.

Figure 7.6 illustrates the evolution of the estimated coefficients across simulations, showing general
convergence after approximately 500 runs. The comparison between the estimated and simulated aero-
dynamic torques in Figures 7.7 and 7.8 indicates good agreement for the y- and z-components, with
maximum relative errors of about 1% and 10%, respectively. In contrast, the estimation accuracy for the
z-component is considerably lower, with errors reaching up to approximately 80%. Nevertheless, because
these errors correspond to normalized absolute magnitudes on the order of 10~2 —- at least two orders
of magnitude smaller than the total norm of the aerodynamic torque — it is considered that the identified
model remains sufficiently accurate for practical purposes.
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7.2. Model Validation in Time-Domain Simulation

One of the main simplifications in the identified aerodynamic torque model is that the attitude-dependent
component was estimated assuming fixed solar array angles at a¢ 4y, = 0. In this way, potential coupling
effects between attitude and solar array motion are not explicitly captured. To assess the influence of
this simplification, a validation simulation was performed in which the spacecraft attitude remained close
to zero (Figures 7.10 and 7.11), while the solar arrays oscillated throughout their full operational range,
from —180° to 180°. This configuration allows the evaluation of the model’s accuracy when the solar array
angles vary dynamically.

The simulation was performed throughout five orbits using the high-fidelity Starlab simulator described
in Part Il. This simulator accounts for nonlinear spacecraft dynamics, inertia variations due to solar array
motion, and detailed representations of aerodynamic, gravity-gradient, and solar radiation torques. Ad-
ditionally, the real-time atmospheric density ratio, p/p,, used in the simulation and shown in Figure 7.9,
reflects the variations induced by the relative position of the space station to the Sun, and was used to scale
the aerodynamic torque estimated from the identified model, following the formulation in Equation (7.2).
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Figure 7.13: Normalized aerodynamic torque estimation error and its mean value

The comparison between the aerodynamic torque obtained from the high-fidelity simulator and the
torque estimated using the identified model is presented in Figure 7.12. Overall, the simplified model re-
produces the general magnitude of the aerodynamic torque across all components. However, especially
for the z- and z-axes, it can be observed that the finer oscillatory behavior is not fully captured. This
outcome is consistent with the modeling assumption that all time-dependent oscillations were averaged
out, except for the atmospheric density variations. Consequently, the model is primarily intended to rep-
resent the mean aerodynamic torque and the dominant effects arising from attitude, solar array motion,
and atmospheric density.

To assess whether this objective is achieved, the estimation error and its mean value were computed, as
shown in Figure 7.13. The mean error remains at approximately 0.0009, 0.0888, and 0.0325 for the z-, y-,
and z-components, respectively, in normalized units. These results indicate that, even though smaller
fluctuations are not perfectly reproduced, the average aerodynamic torque is estimated with satisfactory
accuracy.
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7.3. Discussion

The aerodynamic torque modeling approach developed in this chapter aimed to obtain a more accurate
characterization of the aerodynamic disturbance acting on Starlab, while remaining computationally man-
ageable. The model captured the main dependencies of the torque on attitude, solar array angles, and
atmospheric density, and its identification and validation results confirmed that it represents the aerody-
namic behavior with reasonable accuracy.

However, several limitations can be identified. One of the main disadvantages of the proposed model
is its reliance on real-time atmospheric density data. While this information could in principle be obtained
from onboard sensors or estimated from environmental models, measurement is not always feasible, and
estimation introduces additional errors in the overall torque estimation. Furthermore, the model intention-
ally neglects every time-dependent oscillation, except for the atmospheric density, by averaging it out.
This limitation is particularly evident in the z-component, where some oscillations are not fully captured,
even though the average estimation error remains relatively low.

Another contributing factor to the observed mismatch between the real and estimated aerodynamic
torque is that the attitude-dependent term was identified assuming fixed solar array angles at ag 4y = 0.
This assumption does not reflect the operational conditions of the space station, in which the solar arrays
continuously rotate to track the Sun. Consequently, the coupling between attitude and solar array motion
is not explicitly represented in the identified model, leading to additional estimation errors.

Overall, the identified model was successful in quantifying how variations in attitude and solar array
motion affect the aerodynamic torque acting on the spacecraft. Although it was ultimately not used for
control synthesis, the work presented in this chapter clarified the trade-offs involved in simplifying the
torque representation. The results highlight both the potential and the limitations of such an approach,
serving as a useful reference for future refinements toward higher-fidelity aerodynamic modeling.
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Conclusions

This research addressed the problem of ACMM for Starlab, a modular LEO space station, currently under
development to succeed the ISS. The need for continuous nadir-pointing, coupled with strict operational
limitations, such as on thruster usage and momentum storage, as well as significant environmental distur-
bances makes the ACMM problem particularly challenging. The large disturbance torques to which large
LEO platforms are subjected to — namely gravity gradient and aerodynamic torques — induce long-term
momentum accumulation in the Momentum Exchange Devices (MEDs) used for attitude control. This
accumulation leads to actuator saturation and therefore loss of control authority if not managed. For
this reason, it is essential to develop a control system that is able to limit angular momentum errors, by
minimizing the total contribution of the environmental disturbances with an acceptable attitude offset.

The work presented in this report focused on developing a robust control architecture that achieves
an adequate attitude/momentum error trade-off, by explicitly accounting for environmental disturbances.
Due to its complexity, particular attention was given to the aerodynamic torque contribution. Whereas
most existing studies rely on simplified aerodynamic torque expressions, often completely neglecting its
dependency on attitude, this research proposed an improved linear model derived from available data
on the spacecraft’s and orbit geometry. Results showed that this torque can be well approximated as
a linear function of attitude for small deviations from the nominal nadir-pointing orientation. Considering
this, a mean aerodynamic torque model was identified using the least-squares approach, enabling the
representation of the torque as a linear function of attitude for a given Right Ascension of the Ascending
Node (RAAN). This formulation bridges the gap between complex nonlinear aerodynamic models and the
linear control design framework, providing a more realistic description of the aerodynamic effects acting
on the spacecraft.

Building on this model, a robust 7 __ controller was synthesized to achieve disturbance rejection under
modeling uncertainties and flexible-body dynamics. The controller formulation was based on the linearized
equations of motion of the spacecraft and dynamics of the CMGs, where attitude, angular momentum and
the control torque were treated as performance outputs and the environmental torques as exogenous dis-
turbances. Through appropriate scaling and the definition of frequency-domain weighting filters, the de-
sign was able to ensure that the magnitude of the closed-loop transfer functions from disturbance torque
to performance outputs remained within acceptable bounds. Additionally, unmodeled structural flexible
modes were considered in the design by penalizing control effort for high frequencies. In the weighting
filter tuning process, it became evident that the performance constraints were intrinsically linked to the
properties of the space station itself. The conducted analysis revealed that the nominal Starlab config-
uration exhibits limited gravity-gradient control authority, which restricts its capability to counteract the
aerodynamic torque acting on the spacecraft. For a modified plant with increased inertia asymmetry, the
controller was able to achieve lower steady-state attitude and momentum errors, confirming the impor-
tance of mass distribution in enhancing the natural stability of the system.

Considering a less symmetric configuration with a docked vehicle, where satisfactory gravity-gradient
torque authority is achieved, time-domain simulations using both the linearized plant and a high-fidelity
nonlinear simulator confirmed the effectiveness of the proposed control approach. In both cases, the
controller maintained stable behavior and achieved bounded performance outputs under high-fidelity dis-
turbance profiles. The overall closed-loop behavior demonstrated that the designed controller was able

68
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to achieve a suitable and robust trade-off between attitude accuracy and momentum management. More-
over, the same controller was tested for different RAANs than the one for which it was designed. Results
showed that for every considered RAAN spanning from 0° — 360° the response was still stable and at-
titude, angular momentum and the control torque remained within acceptable bounds, without any high
frequency flexible mode excitation. This not only showcases the robustness of the control system to
modeling uncertainties but also validates the proposed mean aerodynamic torque model.

All'in all, this thesis contributed to the understanding and control of coupled attitude and angular mo-
mentum dynamics for large LEO orbit platforms. By incorporating a data-informed aerodynamic torque
model into the control design and validating a robust # __ synthesis approach, the work provided a frame-
work that bridges the gap between theoretical robustness analysis and realistic space station operation.

8.1. Revisiting the Research Questions

In this section, the previously formulated research questions are revisited and answered based on the
obtained results and conducted analysis. The research questions posed in Chapter 4 are repeated below
for convenience.

1. How can the mission requirements for Starlab (continuous nadir pointing, minimal thruster
usage, and long-term operational efficiency) together with the physical constraints of the
ACMM problem (actuator momentum capacity, mass distribution, flexible modes, and
environment-induced disturbances) be translated into concrete control-design require-
ments?

* What are the primary control objectives (performance goals) and how are they priori-
tized?
The starting point in defining the control problem lies in translating mission objectives into mea-
surable control goals. For Starlab, one of the main mission requirements is to maintain a nadir-
pointing orientation throughout the nominal operational mode to guarantee continuous com-
munication and proper payload alignment. This defines the attitude control objective, which
imposes a constraining bound on pointing errors.
The second mission constraint concerns the minimization of thruster usage to prevent the dis-
turbance of the microgravity environment, as well as the containment of operational costs and
insurance of mission longevity. Consequently, momentum management must rely on attitude
control, which in turn makes use of CMGs. This leads to the requirement that CMG angular mo-
mentum remains bounded, thereby preventing actuator saturation and limiting the frequency
of desaturation maneuvers.
Finally, long-term operational efficiency implies that the control effort should remain within ac-
ceptable bounds, ensuring that the commanded torque does not go over the operational limits
of the actuators and that flexible structural modes are not excited. These three goals — attitude
accuracy, and momentum and control effort management — establish the core of the ACMM
performance requirements.

* Which measurable performance metrics represent those objectives?
To translate these qualitative goals into control design specifications, quantitative metrics are
defined. The attitude pointing requirement is expressed as a maximum steady-state attitude
error, that not only fulfills the mission requirements but also ensures that the simplified system
used for control design remains valid. The momentum management objective is defined by
bounding the total CMG stored momentum below its saturation limit.
Additionally, the control effort is constrained by the CMG torque capabilities and by frequency-
domain limits to prevent excitation of structural modes. The spacecraft’s flexible structures
impose an upper bound on the control effort in the frequency domain. More specifically, it is
desirable that the controller exhibits low gain beyond approximately 0.3 rad/s, where flexible
modes are expected.
The controller must also ensure adequate robustness margins to cope with model uncertainties,
such as inertia variations and disturbance modeling inaccuracies. Minimum robustness metrics
were established, including a gain and phase margins of at least 3 dB and 30°, respectively,
and a disk margin of 0.5.
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* How can the spacecraft’s physical constraints be represented in the 7 __ control de-
sign?
In addition to the mission requirements, the physical characteristics of the spacecraft estab-
lish additional constraints on the ACMM problem. The most significant constraints are the
CMG torque and momentum limits, the mass and inertia distribution, and the presence of struc-
tural flexibility. The inertia properties of the station not only define the dynamic coupling be-
tween axes but also determine the gravity-gradient torque authority. As shown in the analysis,
the nominal configuration of Starlab provides limited control authority for the roll/'yaw dynam-
ics due to the significant symmetry between the pitch and yaw principal moments of inertia.
This directly restricts the attainable performance, by increasing the maximum magnitude of at-
titude/momentum errors.
Similarly, the flexible structural dynamics constrain the control bandwidth and shape the re-
quired frequency response of the controller. These physically imposed constraints are incorpo-
rated into the control problem through the design of weighting filters that penalize control action
in frequency ranges associated with structural modes. Through the weighting filter tuning pro-
cess, it became evident that the achievable performance is intrinsically linked to the physical
properties of the space station itself.

* How should environmental disturbances be characterized for robust control design?
A crucial step in accurately defining the control problem is to represent the external distur-
bances in a way that can be addressed by robust synthesis methods. The environmental
torques acting on the spacecraft — primarily gravity-gradient and aerodynamic torques — are
modeled as additive disturbance inputs in the plant (Figure 8.1). While the gravity-gradient
torque can be accurately represented analytically, the aerodynamic torque exhibits a complex
dependence on the spacecraft’s attitude, geometry, and orbital parameters.
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Figure 8.1: Generalized plant P with the positive feedback controller K

To address this, a linear mean aerodynamic torque model was identified through a least-
squares fit to high-fidelity aerodynamic data. This model captures the mean dependence of
the torque on the spacecraft attitude for a given RAAN. In this way, it is possible to include
this torque’s attitude-dependent contribution in the linear control framework. The residual
time-varying component of the aerodynamic torque is treated as an external disturbance with
dominant frequency content at the orbital rate and its harmonics. This characterization allows
the definition of disturbance weighting filters that enforce rejection in these specific frequency
ranges.

* Which control architecture best incorporates these requirements and constraints?
This question was mainly addressed in Chapters 3 and 4, where a detailed assessment of the
advantages and limitations of various state-of-the-art approaches to ACMM was conducted.
After establishing the mission objectives, constraints, and disturbance models, it became clear



8.1. Reuvisiting the Research Questions 71

that a control architecture capable of achieving robustness and performance simultaneously
was required. The 7 synthesis framework provides an intuitive way to integrate the ACMM
requirements, since these are mainly described in the frequency domain. In this framework, the
attitude deviation, CMG angular momentum, and control torque are defined as the performance
outputs to be minimized, while the external torques are treated as exogenous disturbances.
The design process is achieved by weighting filters that shape the closed-loop behavior: low-
frequency filters enforce disturbance rejection and limit steady-state attitude and momentum
errors, whereas high-frequency filters restrict control effort to prevent flexible-mode excitation.
The resulting control law achieves a trade-off between accuracy, efficiency, and robustness,
reflecting the inherent trade-offs of the ACMM problem. The analysis showed that increasing
gravity-gradient authority — either by modifying the mass distribution or by considering a con-
figuration with a docked vehicle — improves control performance, emphasizing the coupling
between spacecraft design and control feasibility.

2. How do modeling assumptions affect the fidelity and validity of the spacecraft model used
for 7 _ control design?

* What are the main simplifying assumptions adopted to formulate a model of the space-
craft for 7 __ control design?
To make the spacecraft dynamics suitable for robust control synthesis, several simplifications
were introduced. Firstly, the model assumes rigid-body motion, constant mass and inertia prop-
erties, circular orbital motion, and small attitude deviations between the Body and LVLH frames.
These assumptions allow for simplified environmental torque representation, and overall equa-
tions of motion such that a linear, time-invariant representation of the ACMM problem, suit-
able for 7, synthesis, is obtained. They enable analytical derivation of the system equations
while still retaining the key physical mechanisms governing attitude and momentum dynamics.
Known and unmodeled effects such as the flexible modes are accounted for by closed-loop
transfer function shaping.

* How do these assumptions influence the accuracy and applicability of the model in
nominal conditions?
Each simplification introduces a trade-off between modeling accuracy and analytical simplicity.
The rigid-body assumption neglects structural flexibility, ignoring possible interactions between
the attitude dynamics and low-frequency flexible modes of the solar arrays. This exclusion
limits the achievable control bandwidth and requires conservative shaping of the controller to
prevent excitation of unmodeled flexible modes. The assumption of constant inertia properties
overlook the mass distribution variation due to solar array Sun tracking, further contributing to
model mismatch. Although these effects are small in steady operations, they represent para-
metric uncertainties that can shift the system’s natural dynamics. Similarly, the circular orbit
assumption neglects small variations in gravity-gradient torque due to eccentricity and orbital
perturbations. All in all, it was shown that these approximations provide a sufficiently accurate
model within nominal orbital and structural conditions, provided that robustness margins are
guaranteed.

* Within which operational boundaries does the linearized model remain valid for robust
control design?
The small-angle and circular-orbit assumptions define the local validity region of the linearized
model. The attitude kinematics are linearized by assuming small deviations from the nominal
nadir-pointing orientation, which is accurate as long as angular deviations are limited up to 30°.
The linear model is therefore valid for near-equilibrium operations, but not for large reorienta-
tions or slew maneuvers. Similarly, the circular-orbit assumption constrains the model to low-
eccentricity orbits, where orbital angular velocity and gravity-gradient force can be considered
constant. Within these boundaries, the linear model captures the dominant system behavior,
allowing the & __ controller to ensure robust performance. Outside this range, a higher-fidelity
or gain-scheduled model would be required to maintain accuracy and stability.

3. How can the robustness and performance of the synthesized control system be validated
across different configurations, orbital conditions, and environmental variations?
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* How can the controller’s performance be evaluated under nominal conditions?

The J¢, controller was validated in the configuration of Starlab with a docked vehicle using the
linear model, where the inertia properties, aerodynamic environment, and orbit parameters cor-
respond to the design model. Time-domain simulations confirmed that the controller maintained
stable nadir-pointing with small steady-state errors and smooth transient responses. The con-
trol torque remained within actuator limits, and the CMG angular momentum oscillated around
zero, demonstrating effective momentum management. The performance metrics observed in
simulation matched the design specifications derived from the weighting filters, confirming that
the controller achieved the expected disturbance rejection.

* How can the controller’s performance be validated across different orbital conditions?
The orbital dependence of the aerodynamic torque was analyzed by evaluating the controller
performance for multiple values of the RAAN. Although the linear mean aerodynamic model
was derived for a specific orbital condition, simulations confirmed that the controller maintained
satisfactory performance for the full RAAN range considered. The attitude tracking accuracy
and CMG momentum levels showed limited sensitivity to RAAN variation, validating the robust-
ness of the control design against environmental changes. This outcome suggests that the
linear model captures the essential aerodynamic behavior across realistic orbital conditions
and that the controller’s stability margins compensate for residual modeling errors.

* How can the overall robustness envelope be established and verified?
Results demonstrated that the linear controller remains effective across variations in inertia,
orbital parameters, and aerodynamic conditions, for an operational region near the operating
point around which the system was linearized. Performance remained acceptable for every
RAAN for which the controller was tested. These findings validate the design approach and
confirm that the modeling assumptions and weighting filter structure is adequate and robust.

8.2. Concluding Remarks

To conclude, a discussion on the extent to which the research objectives have been met is performed.
Once again, for convenience the research objectives from Chapter 4 are restated below.

Research Objective 1 |

To characterize the dominant environmental disturbances - gravity gradient and aerody-
namic torque — such that they can be integrated into the 7 controller synthesis frame-
work.

Research Objective 2 |

To design and implement an ' __-based control strategy, focusing on disturbance rejec-
tion, for spacecraft Attitude Control and Momentum Management (ACMM) in the context
of the Starlab space station’s nominal mode.

Research Objective 3 |

To evaluate the robustness, performance, and limitations of the 7 __ controller using a
high-fidelity Starlab simulator.

The three research objectives defined at the beginning of this work were addressed within the limits of
the adopted modeling assumptions. The first objective, to characterize the dominant environmental dis-
turbances for inclusion in the 7 control framework, was met by developing simplified but representative
models of the gravity-gradient and aerodynamic torques. These models captured the main disturbance
behavior relevant to the station’s nominal operational conditions and were suitable for integration into the
linear control formulation.

The second objective, to design and implement an 7 __-based control strategy for Starlab’s nominal
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mode, was achieved through the synthesis of a controller that balances attitude accuracy, disturbance
rejection, and momentum management. The resulting control law performed as expected in the nominal
configuration, maintaining pointing stability and bounded CMG momentum levels.

The third objective, to evaluate robustness and performance using a high-fidelity simulator, was met
by testing the controller under variations in inertia, orbital parameters, and aerodynamic conditions. The
results showed that performance remained acceptable across all tested cases. Overall, the research ob-
jectives were met to the extent required to validate the proposed control approach for Starlab’s nominal
operational mode with a docked vehicle, and to highlight the ACMM constraints for the nominal configu-
ration of the space station.

8.3. Future Outlook

The findings presented in this thesis extend beyond the immediate application to Starlab by offering in-
sights on the design and operation of any future large-scale spacecraft operating in LEO. With the ex-
pected and continued evolution of space stations, the coupled nature of attitude control and momentum
management will remain a fundamental challenge that constrains both spacecraft design and operational
strategy.

This work demonstrates that the achievable performance in ACMM is not only determined by the
developed control algorithm, but also constrained by the physical properties of the spacecraft itself. The
observation that gravity-gradient control authority directly influences the achievable trade-off between
attitude deviation minimization and momentum accumulation suggests that mass distribution should be
considered as a primary design variable in early mission phases, rather than a constraint to be managed
through control. Future space station architectures could benefit from asymmetry in their mass distribution,
to compensate for the significant aerodynamic disturbances. This represents a shift from viewing ACMM
as a problem to be solved purely through control design, towards an approach where structural and control
design are simultaneously contemplated from the outset.

The improved aerodynamic torque characterization developed in this research highlights the value
of high-fidelity environmental modeling for control design. Additionally, the methodology presented here
bridges the gap between complex nonlinear disturbance models and linear control frameworks through
data-driven identification. This approach is particularly relevant in balancing sufficient model accuracy
and computational constraints in on-board software.

Looking further ahead, the modular nature of space stations introduces time-varying inertial properties
that extend beyond what can be addressed through fixed-gain robust control. The J__ framework used
in this work provides a foundation upon which parameter-varying or gain-scheduled extensions could be
built, enabling a single control architecture to adapt across different operational configurations.

Lastly, this research underscores the following principle: effective control system design for large space
structures requires not only robust algorithms but also accurate models of the environment in which they
operate. The success of Starlab and other future space stations will depend on the refinement of both
aspects — developing control methods that provide formal guarantees of performance and robustness,
while improving the estimation of the environmental disturbances. The framework established in this
thesis demonstrated that when environmental disturbances are properly characterized and incorporated
into the design process, robust control synthesis can achieve reliable performance even under model
uncertainties.



Recommendations

The conducted research demonstrated the applicability of 7 control synthesis to the ACMM problem of
Starlab. While the proposed controller achieved the expected performance within the nominal operational
mode, several aspects of the modeling and control design can be further developed.

9.1. Controller Order Reduction

A practical limitation of the present design lies in the high order of the controller resulting from the 77
synthesis process. The inclusion of several weighting filters in the generalized plant leads to a controller
with a large number of internal states, potentially increasing computational load which is undesirable for on-
board implementation. Future work should therefore focus on controller order reduction techniques that
preserve the main closed-loop characteristics while simplifying the structure. A reduced-order controller
would facilitate real-time implementation and make the proposed approach more suitable for flight software
integration.

9.2. Aerodynamic Torque Refinement & Parameter-Varying Model

A possible extension of the current work is to improve the representation of the aerodynamic torque by
introducing parameter dependencies that reflect measurable variations in the spacecraft configuration and
orbital environment. In the present study, the mean aerodynamic torque contribution was identified for a
given orbital condition. However, a higher fidelity model of the aerodynamic torque could be achieved
by identifying a linear model dependent on known solar array angle measurements. This improves the
model proposed in this work in the sense that instead of performing a mean estimation, the model would
integrate a more detailed aerodynamic torque model including the variation induced by solar array rotation,
which is in itself intrinsically related to the orbital geometry.

Building on this aerodynamic model, the problem could be formulated as a Linear Parameter-Varying
(LPV) system. In such an approach, parameters such as solar array angles or orbital elements could serve
as scheduling variables. This would make it possible to preserve the robustness and disturbance rejection
properties of the 7 design. Overall, a parameter-varying formulation would increase the consistency
between the control model and the real system behavior, potentially leading to improved performance.

9.3. Numerical Implementation and Real-Time Considerations
Although the high-fidelity simulator used in this work allowed for detailed validation of the control per-
formance, further investigations are required to assess the numerical aspects associated with real-time
implementation. This includes evaluating the computational load of the synthesized controller, the effects
of discretization, and sensitivity to sampling frequency. This analyses would provide some insights into
computational requirements and numerical stability margins, helping to define appropriate discretization
for on-board applications.
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Project Plan

The following Gannt chart summarizes the planning of the work conducted during the thesis as mentioned
in Chapter 4. The chart outlines the main work packages of the project, from the literature review and
assessment of the feasibility of different control strategies for Starlab to the aerodynamic model identifica-
tion, K _, control design, and final evaluation. It gives a clear time frame for completion of the proposed
research activities while giving their relative duration.
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