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Abstract

By sharing a launch vehicle with multiple payloads, small satellites reduce the frequency of individual launches,
lowering costs and minimizing the environmental impact of rocket emissions. However, spacecraft performance is
often constrained by limited pointing accuracy and control authority, as mass, volume, and power restrictions prevent
the integration of reaction wheels with sufficient momentum storage and torque. A unified approach that concurrently
addresses electromagnetic and structural design objectives in reaction wheel development remains largely unexplored
but holds the potential to enhance small satellite agility and efficiency. This research presents a multiphysics-
compatible optimization framework for designing compact, high-performance reaction wheels. The developed
algorithm integrates NSGA-II with the A-Star informed search method to optimize reaction wheels based on finite
element analysis simulation results. The topology optimization algorithm is tested to evaluate its ability to eliminate
checkerboard patterns and invalid geometries. Results show its capability to produce geometries that are structurally
connected and free from zero-thickness, highlighting the potential of using global search-based optimization
algorithms combined with finite element simulations for designing reaction wheels and other aerospace components.
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Nomenclature

Vems Back electromotive force

T Torque

N, Number of magnets

N Number of conductors per phase

B, Air gap flux density

Lg; Motor stack length

R, Motor rotor outer radius

Wm Mechanical speed of motor

I,igiq Current, Current d-axis, Current g-axis

K., K; Back electromotive force constant, Torque constant
Aa,pm Rotor permanent magnet d-axis flux linkage

Lg,Lg Inductance d-axis, Inductance g-axis

IL,w Spacecraft inertia tensor, Spacecraft angular velocity
G, h,I, Reaction wheel torque, Reaction wheel angular momentum, Flywheel moment of inertia
G, Disturbance torque

0,7 Normal and shear stress

€Y Normal and shear strain

E,v Young’s modulus, Poisson’s ratio

(K], [M] Stiffness matrix, Mass matrix
Acronyms/Abbreviations

BLDC Brushless DC

FEA Finite Element Analysis

ASC A-Star Connectivity

NSGA-II Non-dominated Sorting Genetic Algorithm 11
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1. Introduction

Reaction wheels play an important role in satellite control systems by enabling precise attitude control without
expending fuel. A considerable amount of research has been dedicated to studying how reaction wheels can be used to
fulfill the requirements of attitude determination and control systems. Zhang et al. [1] developed an intelligent wheel
torque distribution algorithm to avoid reaction wheel disturbances such as stiction and resonance. Atallah et al. [2]
used a set of three reaction wheels to satisfy attitude control requirements for AlainSat-1. Similarly, Alkatheeri et al.
[3] used reaction wheels to simulate and validate sun pointing and nadir pointing operational modes for the GNSSaS6U
CubeSat.

Significant efforts have been made to control multiple reaction wheels to meet the requirements of attitude
determination and control systems; however, these approaches do not address the integration challenges associated
with the large form factors of reaction wheels. Various types of reaction wheel designs have been proposed in the
literature which have focused on the mechanical design, electromagnetic design, or electronic commutation method.
Driedger et al. [4] designed a hard drive disk-based reaction wheel to achieve two-axis attitude control in a 3U CubeSat.
Liu et al. [5] outlined the development of an ultralight radial flux brushless DC motor (BLDC) with a dual-layer rotor
consisting of an integrated Halbach magnet array for a reaction wheel. Ratheesh et al. [6] used field-oriented control
to reduce the torque ripple produced by a reaction wheel relative to traditional six-step commutation control algorithms.
Other forms of reaction wheels also exist such as fluid-dynamic actuators which use mechanically pumped fluids [7],
ferrofluid [8], or Galinstan [9].

Most reaction wheels use a BLDC motor paired with a flywheel to produce momentum and torque. These systems
typically follow one of two primary designs: the first separates the brushless motor and flywheel, while the second
integrates permanent magnets directly with the flywheel as shown in Figure 1. By merging the brushless motor rotor
and flywheel into a unified component, reaction wheels can be designed with enhanced torque and momentum storage
capacity per unit volume and mass.

BLDC Rotor

------ e BLDC Motor

Flywheel

BLDC Rotor/
> Flywheel
i

BLDC Stator and Bottom
Bottom Bearing Wwindings Bearing

Figure 1 — Common reaction wheel configurations showing a design with a separate flywheel and motor (left)
and an integrated flywheel and motor (right).

In contrast to the widely used BLDC motor-based reaction wheels, alternative electric motor types, such as the
internal permanent magnet motor [10] and the permanent magnet assisted synchronous reluctance motor [11], have
been used for electric vehicles. These motors integrate permanent magnets within the rotor structure, creating magnetic
saliency. By carefully optimizing the design of the flux barriers and the shape of the magnets within the rotor, key
performance metrics including average torque, torque ripple, and efficiency can be improved. Numerous researchers
have explored using topology optimization to optimize motors with internal permanent magnets. Ishikawa et al. [12]
optimized a permanent magnet synchronous motor rotor using a discrete variable based genetic algorithm. Sato et al.
[13] performed topology optimization on an interior permanent magnet motor using a metaheuristic algorithm with
normalized Gaussian networks.

A reaction wheel is an inherently electro-mechanical device, which relies on both electromagnetic and mechanical
performance for efficient operation. For electric vehicles, research devoted to simultaneously improving the
mechanical and electromagnetic performance has been performed via multiphysics topology optimization [14, 15].
Despite these efforts, there has been a lack of attention devoted to changing the basic architecture of reaction wheels
using multiphysics-based optimization methods. The stringent mass and volume requirements of small satellites
necessitates the need for smaller and lighter reaction wheels that can generate adequate torque and momentum while
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minimizing torque disturbances. To fill this gap, this study introduces a multiphysics-driven topology optimization
framework for reaction wheel devices, aiming to minimize the large form factors characteristic of the current modern
designs. The algorithm we developed in this paper serves as the basis for high fidelity topology optimization that can
accommodate multiphysics-based multi-objective functions compatible with finite element analysis (FEA)
simulations. The main contributions of this paper are listed below:

e Creation of a multiphysics optimization workflow to enhance the performance of reaction wheels based
on FEA simulation results.

e Development of a metaheuristic-based topology optimization algorithm that can produce structurally
connected geometries without zero thickness regions.

e Development of the A-Star Connectivity (ASC) algorithm to implement connectivity-based constraints
for topology optimization processes.

The structure of this paper is as follows: Section 2 explains the theory behind reaction wheel design using
multiphysics-based optimization methods. Section 3 provides an in-depth summary of the algorithm we developed to
support multiphysics-based topology optimization. Section 4 outlines and discusses the findings from the simulations
conducted using the developed algorithm. Finally, Section 5 summarizes the importance of the results, highlights their
limitations, and provides directions for future work.

2. Theory and Formulation

This section presents the fundamental equations related to the electromagnetic and structural design of a reaction
wheel. Section 2.1 presents theory related to the electromagnetic design of reaction wheels, while Section 2.2 presents
the theory related to the mechanical design of reaction wheels.

2.1 Electromagnetic Design Theory

All three-phases of a permanent magnet synchronous motor contribute to the overall torque produced by a reaction
wheel. The per-phase electromagnetic torque, T, and back electromotive force, V., produced by a brushless surface
mounted permanent magnet motor can be expressed with the following equations [16]:

Vemf = 2NmNBgLsthoO’)m = K.wp 1)
7= Lemrl _ 2N, NByLgeRyoi = K,i )
wm
K, = K, €))
Where:
e N, Number of magnets
e N: Number of conductors per phase
e B Air gap flux density
o Ly Stator stack length
e R, Rotor outer radius
o Wy Motor mechanical speed
o I Phase current
o K. Back electromotive force constant
o K;: Torque constant

The power balance considering all three-phases for any arbitrary back electromotive force and current waveforms can
be expressed as:

T wy= emf,aia + Vemf,bib + Vemf,cic (4)
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The total output torque of the reaction wheel motor varies depending on the commutation method. Using sinusoidal
currents to drive the reaction wheel the total ideal torque is [17]:

3
T =ZKi (5)

Conversely, the total torque produced using six-step commutation to drive the reaction wheel is [17]:
T = 2K,i (6)

Traditionally, brushless surface-mounted permanent magnet motors have been used in reaction wheel designs.
Since these motors have uniform reluctance across all flux paths, they are non-salient. As a result, they generate
negligible reluctance torque, which is the torque produced due to a ferromagnetic rotors tendency to align itself with
the stator’s generated magnetic field. The general equation for the torque produced by an internal permanent magnet
motor, which accounts for both permanent magnet and reluctance torques is [18]:

1 . . (7
T =2 NNm(Aapmiq + (Lg —Lg)iaiy)
Where:
o Aapm: Rotor permanent magnet d-axis flux linkage
o Ly Inductance d-axis
o Ly Inductance g-axis
o iy Current d-axis
o g Current g-axis

The rotor topology governs the difference between d-axis (direct axis, reference rotor magnetic field axis) and g-
axis (quadrature axis, orthogonal to and leading the d-axis) inductances, directly influencing the total output torque.
Optimizing this topology can increase the reluctance torque; however, increasing torque often comes at the cost of
higher torque ripple [12, 13]. To achieve the optimal balance between maximizing torque and minimizing torque ripple,
multi-objective optimization methods are required to find rotor topologies consisting of both ferromagnetic and
permanent magnetic materials.

The equations outlined above are idealized representations that illustrate the relationship between the rotor's
topology and performance metrics like output torque and back electromotive force. However, electric machine design
is complex and simplified analytical equations cannot be used to design an actual motor to sufficiently high degrees of
accuracy [16]. To obtain high fidelity results for an electric machine’s speed, torque, and torque ripple performance
FEA is required.

2.2 Structural Design Theory

Reaction wheels generate torque and store momentum which can be used to control a spacecraft’s attitude according
to Euler’s equation:

Io+6G,+ w0 (Iw+h,) =G, (8)
Where:
o I Spacecraft inertia tensor
e w: Spacecraft angular velocity
e h,: Reaction wheel angular momentum
e G,. Reaction wheel torque
o Gy Disturbance torque
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Ensuring that a reaction wheel has adequate momentum storage allows for enhanced slewing capabilities and improved
three-axis stability in satellites. The energy density of a flywheel represents the amount of momentum or energy it can
safely store relative to its mass [19]. Energy density of a flywheel can be expressed using the following equation [19]:

11 9
Where:
o I,: Flywheel moment of inertia
o m: Flywheel mass
Wy Angular velocity of the flywheel

As a rotor rotates it experiences an apparent radial force due to a non-inertial (rotating) reference frame, commonly
referred to as a “centrifugal force”, which is expressed as:

F = mrw?, (10)
Stresses induced from centrifugal forces primarily act in the radial and tangential direction of a rotating disk. The stress

distribution in the axial direction can be neglected and the problem can be simplified to a 2D plane stress problem. For
a plane stress problem, the relationship between stress and strain can be expressed as follows:

Oy E 1 v 0 €x
()5 8 o)
Txy 1-v 0 0 (1 - V)/Z yxy

The von-Mises yield criterion can be used to predict when the reaction wheel rotor is expected to yield under centrifugal
loading conditions. According to the von-Mises yield stress criterion, for a 2D plane stress problem, if the von-Mises
stress a;, exceeds the yield stress of the material o,, the rotor will yield:

o, = \/0121 + 0%, — 01105, + 305 = 0, (12)

Where the stress components in Equation 11 are along the coordinate axis and the stress components in Equation 12
are along the principal axis. In addition to plastic deformation, the flywheel’s first natural frequency should be
maximized and be greater than the launch vehicle and nominal operation wheel speed frequencies. Natural frequencies
can be computed by solving the following eigenvalue problem numerically:

(K] — w?[MD{s:} = {0} (13)

When optimizing the rotor topology as outlined in Section 2.1, thin structural members may form, which can
reduce the rotor's structural integrity. Due to the complexity of the generated rotor topologies, FEA is required to
accurately determine the state of stress and natural frequencies of the rotor.

3. Optimization Process

This section presents the development of a topology optimization framework which can support coupled
electromagnetic and structural topology optimization. The optimization problem involves maximizing torque,
momentum storage, and rotor natural frequencies, while minimizing both mass and torque ripple. Section 3.1 describes
the overall optimization workflow. Section 3.2 provides an overview of the use of the ASC algorithm.

3.1 General Multiphysics Optimization Workflow
Figure 2 shows the overall reaction wheel multiphysics topology optimization workflow. The algorithm's first
phase initializes the design space, discretizes the rotor geometry into a finite element mesh consisting of triangular

elements, and defines elements that are within the design space. Once this is complete, the optimization problem can
be mathematically defined as:
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Minimize: fn(x) m=12,...M
Subject to: gix) <0 j=12,..,] (14)
xp = (%1, %2, X3, ., xy)7, x; €{0,1,2) p=12,..,P
i=12,..,N

Where M is the number of objective functions, J is the number of constraints, P is the population size, and N is the
number of design variables in the problem. The proposed topology optimization approach discretizes the reaction
wheel rotor into N finite elements, each of which can exist in one of three states: 1, indicating the presence of
ferromagnetic material; 2, indicating the presence of permanent magnetic material; or 0, representing the absence of
all material. A multi-objective optimization algorithm can then be used to determine the Pareto optimal solutions x;
that yield the best trade-off between the competing objective functions. To simultaneously optimize the reaction
wheel’s structural and electromagnetic characteristics the following five objectives are proposed:

o fi(x) = —Thg(x): Average Electromagnetic Torque

e folx) = Tripple(x): Torque Ripple

o fi(x) = —F(x): First Natural Frequency of the Rotor
o filx)= m(x): Rotor Mass

o fi(x)=-I(x): Rotor Moment of Inertia

The average electromagnetic torque T,,,(x) is obtained through FEA simulations. Similarly, the torque ripple

T,ippie (x) can be calculated by taking the difference between the maximum and minimum torque and dividing by the

average torque Tg,,q (x):

Tmax (x) - Tmin(x)
Tavg (x)

Tripple (x) = (15)

The first natural frequency of the rotor F,,; (x) can be computed from Equation (13). The rotor moment of inertia and
mass are physical properties that can be computed using the following equations:

16 = ) mor? (16)
m@ =Y m (a7

Constraints are used to classify solutions as valid or invalid in the optimization process. This optimization workflow
includes the following constraints:

e g (x)= o.(x): Maximum Stress Constraint
g2(x) = g,(A*"(x)): Structural Connectivity Constraint
o g:(x) = g3(t(x)): Zero Thickness Constraint

The maximum stress constraint o.(x) relates the maximum computed von-Mises stress from FEA simulations and
compares it to the yield stress of the constitutive material of the rotor considering a defined factor of safety (FS). Once
the state of stress is computed using FEA, the maximum stress constraint can be used to penalize and constrain the
solutions generated by the optimization algorithm:

1, >1
1 < !
oc(x) = b SSEs (18)
ﬂ, otherwise
1-1/FS
_ max (0,(x))
== (19)
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Figure 2 — Reaction wheel multiphysics topology optimization workflow.
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Constraints g,(x) and gs;(x) are based on structural connectivity. Certain values for x,, may produce material
distributions that are structurally disconnected or have a high degree of checkerboarding resulting in regions of zero
thickness. Thus, it is important to be able to constrain the optimization algorithm so it can learn how to produce
connected structures. Determining if a structure is disconnected or has zero thickness is done computationally and is
discussed in Section 3.2. The general mathematical description of A*(x) and t(x) are using the following equations:

. (1 structurally disconnected
AT = {—1, structurally connected (20)
(B, zero thickness detected
t®) = {—1, no zero thickness detected (1)

Where £ is the ratio of elements producing zero thickness to the total number of elements in the design space.

The convergence criteria in the overall workflow shown in Figure 2 is governed by a user defined total number of
iterations or the relative change in the objective function between successive iterations.

3.2 A-Star Connectivity Algorithm for Topology Optimization

The A-Star Connectivity (ASC) algorithm introduced in this work adapts A-Star informed search algorithms,
originally designed for robotic path planning [20], to address and eliminate the “checkerboard” patterns often observed
in topology optimization from prior research in the literature [12, 13]. Figure 3 graphically shows how the ASC
algorithm works to allow metaheuristic optimization algorithms to produce structures that are connected and valid.

A-Star is a node traversal algorithm. In this research a node n is defined as the centroid of an individual element
(design variable). Once preserved regions and the design vector are defined, the first step of ASC is to determine if a
valid path exists between each of the preserved regions. If a path exists, the structure is classified as globally connected,
otherwise it is classified as globally disconnected. ASC confirms the existence of a path and optimally finds this path
by minimizing the following equation [20]:

f(m) =g +h(n) (22)
Where:
e f(n): F-Score (ASC cost function)
e gn): G-Score (known cost to travel to a valid neighbouring element)
e h(n) H-Score (heuristic cost to travel from a neighbouring element to the target)

The heuristic score h(n) is used to prioritize the exploration of potential paths. The ASC algorithm we developed uses
the Euclidean distance:

h(n) = \/(xtarget - xn)z = (Veargee = yn)Z &)

During topology optimization, regions can exist which produce zero thickness. This occurs when two voided elements
join at a node without any other voided elements connecting them. This will cause the part to have an infinite stress
concentration and will also be impossible to manufacture. This research implements the following two checks to ensure
that zero thickness will not occur in the optimized parts:

e Check #1: Ensure that any voided element sharing a vertex with another voided element also shares a neighbouring
element that is voided.

e Check #2: Ensure that all edge elements with a vertex on the boundary of the geometry (green elements in Figure
3b) have at least one neighboring edge element that is also voided.
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These checks can overestimate the actual number of voided elements that produce zero thickness. This overestimation
arises because, with triangular mesh elements, two voided elements connected at a vertex can be joined by multiple
neighboring void edge elements. This is later discussed in Section 4.

Referring to Figure 3, Part (a) shows two distinct preserved regions (blue), one region near the shaft location and
the other region at the outer edge of the rotor. All other elements are a part of x,, with the black elements being void
and grey elements being solid. Part (b) shows how edge elements are classified. Part (c) shows global connectivity of
the rotor. The optimal path is shown using the purple line with voids shown as red circles. Part (d) shows regions that
are connected (green) and disconnected (red). During the optimization process any disconnected elements are removed
from the geometry before FEA simulations are conducted. This process is acceptable since the process of determining
connectivity is deterministic and does not affect the metaheuristic algorithm. Part (e) shows the voided elements that
are producing zero thickness according to the checks above. Part (f) shows how the rotor from the quarter scale model
is reflected to produce an entire rotor geometry.

Figure 3 — The ASC algorithm graphical flow diagram. Part (a) shows an example candidate solution with
preserved regions (blue), solid elements (grey, 1), and void elements (black, 0). Part (b) shows how edges are
identified. Part (c) shows the optimal path (purple) between each preserved region in the presence of voids (red). Part
(d) shows connected (green) and disconnected (red) elements after running the ASC algorithm. Part (e) shows
classified elements (yellow) which contribute to zero thickness. Note some elements are not causing zero thickness
due to limitations discussed previously. Part (f) shows the full rotor generated from the sectioned model using
mirroring.
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4. Results and Discussion

This section presents the preliminary simulation results from the implementation of the algorithm outlined in
Section 3. The scope of the optimization algorithm involves evaluating the optimization algorithm’s ability to eliminate
structural connectivity requirements, g,(x), and zero-thickness constraint violations, g;(x), while simultaneously
minimizing mass and maximizing rotor moment of inertia. FEA simulations are not performed, as the focus is solely
on assessing the algorithm’s ability to handle the aforementioned constraints. Section 4.1 summarizes the simulation
and optimization parameters used. Section 4.2 provides a summary of the simulation results and a discussion of their
implications.

4.1 Optimization Scope and Simulation Parameters

Table 1 provides a summary of the simulation parameters used in the optimization scenario. Each variable in
population member x,, is constrained to be 0 or 1. A 45-degree angle of symmetry was chosen for simplicity to define
the rotor geometry. For reaction wheel rotors incorporating embedded magnets, the angle of symmetry can be
determined by the number of poles and windings per phase when conducting full-scale multiphysics simulations.

Figure 4 — Initialized design environment with preserved regions (blue) and the design space (grey). The
depicted rotor is reflected about the axis of rotation every 45 degrees to create the full rotor geometry.

Table 1 summarizes the information related to the metaheuristic optimization method. Non-dominated Sorting
Genetic Algorithm Il (NSGA-II), as implemented in “pymoo” [21], was used as the metaheuristic for the algorithm
outlined in Section 3. NSGA-II was selected due to its capability of handling multi-objective optimization problems
in binary design spaces [21, 22]. The default two-point crossover operator was chosen for the crossover method, while
the default bit-flip operator was utilized for mutation [21]. Both crossover and mutation rates were set to values similar
to those reported previously in the literature [22]. Each population member is comprised of 605 binary variables, as
illustrated in Figure 4. Binary random sampling was used to initialize the first population, with a 70% probability
assigned to binary variables being 1 (solid). A total of 30,000 simulations were performed using a population size of
100 individuals, with termination criteria set to a maximum of 300 generations. The number of total simulations was
selected on the basis of available computational resources.

Table 1 — Simulation parameters related to the reaction wheel rotor and operational environment.

Simulation Parameter Value
Rotor Outer Diameter 270 mm
Rotor Inner Diameter 30 mm
Symmetry Angle 45 degrees
Optimization Parameter Specification
Algorithm NSGA-II [21]
Crossover Method Standard Four-Point Crossover [21]
Mutation Method Standard Bit Flip Mutation [21]
Population Size 100
Number of Generations 300
Number of Variables 605
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4.2 Optimization Results

Figure 5 illustrates the convergence history of the optimization algorithm. During the first three generations, high
average constraint violation values indicate widespread violations of the two constraints: connectivity and zero
thickness. As the optimization progresses, both the average and minimum constraint violation values steadily decrease,
approaching 0. By the 57th generation, the minimum constraint violation reaches zero, signifying that the algorithm
has successfully generated rotor topologies that satisfy structural connectivity and zero thickness constraints. This
phase of the convergence plot, driven by the ASC algorithm, is referred to as the "connectivity learning zone." Within
six additional generations, the average constraint violation also drops to zero. The results suggest that the developed
ASC algorithm can effectively eliminate checkerboard patterns prevalent in previously reported topology optimization
algorithms for structural and electromagnetic design problems. The results in Figure 5 shows that after the initial
connectivity learning zone, there is a low number of constraint violations suggesting that other global minima locations
could be unexplored due to a lack of exploration later in the optimization process. Future work should also be dedicated
to using other metaheuristic algorithms which use more exploration later in the optimization process.
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Figure 5 — Optimization convergence history. Combined with the ASC algorithm, the implemented version of
NSGA-I1I took approximately 5700 simulations to learn how to produce structurally connected parts with no zero-
thickness geometry.

5. Conclusions and Future Research Directions

This study presents a multiphysics-based topology optimization framework that can be used to design reaction
wheels with enhanced mechanical and electromagnetic performance. We developed a modular optimization algorithm
that uses the ASC algorithm in combination with NSGA-I1 to facilitate metaheuristic-based topology optimization with
FEA-based objectives. We assessed the algorithm's performance using a test scenario to determine its ability to
eliminate structural connectivity and zero-thickness constraint violations. Results show that the topology optimization
algorithm is able to produce structurally connected structures with no zero thickness regions. These results open new
possibilities for leveraging global search-based optimization algorithms in conjunction with commercial FEA
simulation software for custom multiphysics-driven topology optimization problems. Currently the zero thickness
detection rules are more stringent than necessary. Future work will focus on enhancing the ASC algorithm to identify
zero-thickness geometries and incorporate additive manufacturing constraints. Additionally, integrating artificial
intelligence could accelerate the detection of structural connectivity and zero-thickness regions. Further research will
also explore full-scale electromagnetic and structural topology optimization, incorporating torque and resonance
frequency-based objective functions.
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