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Abstract: For future large-scale CubeSat applications in orbit, the deployer must accommodate a
greater number of CubeSats and facilitate cluster releases. This paper introduces an improved A*
algorithm tailored for CubeSat in-orbit transfer path planning. Unlike the traditional A* algorithm,
this enhanced version incorporates a path coordination strategy to manage congestion caused by
the simultaneous transfer of many CubeSats, ensuring they reach their designated release positions
smoothly and thus significantly boosting the efficiency of CubeSat transfers. Additionally, the
algorithm develops a cost model for attitude disturbances on the electromagnetic conveying platform
and crafts an improved cost function. It strategically balances the reduction in attitude disturbances
caused by CubeSat transfers with the efficiency of these transfers. The primary goal is to minimize
platform disturbances while optimizing the number of steps CubeSats need to reach their intended
positions. The effectiveness of this algorithm is demonstrated through detailed case studies, which
confirm that during the CubeSat transfer process, the platform’s attitude remains stable, and the
transfer efficiency is well-managed, achieving efficient path planning for the in-orbit transfer of
numerous CubeSats.
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1. Introduction

CubeSats possess several advantages, including their compact size, being lightweight,
and rapid development cycles. When deployed in groups, they can undertake complex
tasks, such as constellation formation and formation flying, which would be challenging
for a single large satellite [1,2]. Typically launched as secondary payloads using box-
type deployers and released into orbit via internal springs, individual CubeSats reach
their designated orbits. However, to accommodate the increasing demand for large-scale
CubeSat applications, future deployers must support the deployment of a greater number
of CubeSats and enable cluster releases in orbit [3].

The current multi-satellite deployment scheme primarily utilizes box-type deployers
with compressed spring ejection mechanisms. Among the notable developments in this
area, the P-POD CubeSat deployer stands out. Developed jointly by the California Institute
of Technology and Stanford University in the United States, the P-POD is capable of
accommodating three standard 1U CubeSats. It is the earliest developed and most widely
used CubeSat release mechanism to date. To date, this deployer has successfully launched
over 150 CubeSats into orbit [4-8]. The University of Toronto in Canada has developed the
Generic Nanosatellite Bus (GNB), a deployment device specifically designed for releasing
the CanX series nanosatellites, which are each sized at 200 mm x 200 mm x 200 mm [9,10].
The GNB deployer operates on a similar principle to the U.S. P-POD, but it features an
open-sided casing that allows for the storage and deployment of nanosatellites equipped
with antennas, enhancing its functionality. The DRAGON small satellite deployment
device, pioneered by the Space Research Center of the Polish Academy of Sciences, is
designed to release nanosatellites measuring 200 mm x 200 mm x 200 mm [11]. The
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NASA WWEF deployer accommodates rectangular payloads of 10 x 23 x 35 cm and can
release 6U CubeSats. Using linear springs for propulsion, this system halts the satellite
midway to allow orbit-guidance systems to complete the trajectory [12]. Meanwhile,
the JEM Small Satellite Orbital Deployer (J-SSOD), developed by the Japan Aerospace
Exploration Agency, managed to separate 1U CubeSats weighing 1 kg from the International
Space Station in 2015, achieving separation velocities between 1.1 m/s and 1.7 m/s. This
deployer uses a box storage mechanism with compressed springs and linear guide rails to
release up to three 1U CubeSats simultaneously [13]. Although the design of CubeSat box-
type deployers is simple and well-researched, they have limitations, such as a maximum
capacity of three 1U CubeSats and a lack of reusability. To deploy a large number of
CubeSats simultaneously, the use of multiple deployers is required, which significantly
increases space occupancy. Currently, to expand deployer capacity, configurations often
involve either multi-row combinations or enlargements within a two-dimensional plane.
Essentially, these setups integrate multiple single-row deployers, equipping each CubeSat
with an independent launch window and separation mechanism. However, the constraints
imposed by the separation mechanism’s layout and operation hinder the possibility of three-
dimensional deployer combinations or the direct, large-scale storage and release of stacked
CubeSats. References [14-17] introduce a new deployment approach for large-scale, stacked
CubeSats for in-orbit transfer and release. This scheme enhances storage capacity by tightly
stacking CubeSats in three dimensions and utilizes the CubeSats in-orbit electromagnetic
transfer system to methodically push these stacked CubeSats from a three-dimensional
arrangement onto a two-dimensional transfer platform. The CubeSats are then moved to
the release window using a planar two-dimensional drive, effectively transforming a three-
dimensional transfer challenge into a two-dimensional platform issue. Due to the high
number and significant mass of the CubeSats, dynamic shifts in the system’s center of mass
occur during the transfer process within the deployer. Additionally, the actuation forces
generated during the movement can disturb the electromagnetic conveying platform’s
attitude and decrease pointing accuracy, resulting in discrepancies between the CubeSats’
actual and intended positions post-separation. To tackle this, in-orbit path planning for
CubeSats is essential to ensure the stability of the electromagnetic conveying platform’s
attitude during transfers. This strategic planning helps mitigate the effects of mass center
shifts and actuation forces, thereby enhancing both the stability of the platform’s attitude
and the precision of CubeSat deployment.

For CubeSat in-orbit transfer path planning, the objective is to minimize disturbances
to the electromagnetic conveying platform’s attitude while also reducing the number of
steps CubeSats need to reach their designated positions. This involves considering mul-
tiple factors such as transfer torque, the platform’s angular velocity, and the number of
CubeSat movement steps, making it a multi-objective path planning challenge. Researchers
have developed several solutions to address this complex problem, including well-known
algorithms like A*, ant colony optimization, and Dijkstra’s algorithm. The A* algorithm is
particularly noted for its efficiency in path optimization, as it integrates global information
while assessing each potential node along the shortest path. It creates a cost function
between the start and end points, estimates the distance from the current node to the
endpoint, and uses this estimate to assess the node’s likelihood of being on the shortest
route. This targeted approach not only speeds up the search process but also makes it
more directed [18]. Significant advancements have been made in refining the A* algo-
rithm. For instance, Baoying Li et al. [19] enhanced the algorithm to address issues like
redundant nodes, slow search speeds, and frequent abrupt turns, resulting in smoother
paths for mobile robots. Huanwei Wang et al. [20] introduced modifications like extended
distance, bidirectional search, and path smoothing methods to improve the algorithm’s
efficiency and decrease the number of sharp turns. Chenguang Liu et al. [21] tailored an
improved A* algorithm for ship route planning to balance path length with navigation
safety. Guozheng Fan et al. [22] tackled UAV path planning challenges such as computa-
tional burdens, response delays, and obstacle avoidance during missions with an improved
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A* algorithm. Yunfeng Fan et al. [23] proposed an improved A* algorithm for multi-robot
systems in warehouse logistics to ensure collision-free and optimal path planning for each
robot. Similarly, Minghao Li et al. [24] developed a version of the A* algorithm to swiftly
detect explosives in scenarios where their locations are unknown, demonstrating that this
enhanced algorithm can find the shortest path faster and more efficiently than other models.
Due to the traditional A* algorithm’s issues with excessive path turning points and slow
search speeds in spatial obstacle path planning, Yangqi Ou et al. [25] proposed an enhanced
version of the A* algorithm, which incorporates a path smoothing strategy and an adaptive
cost function into the traditional A* algorithm framework. These additions help reduce
the number of path steps turning points and increase the search efficiency. Despite their
effectiveness, these methods did not consider dynamic factors, which are crucial in the
CubeSat in-orbit electromagnetic transfer system where path planning is based on dynamic
models. Unlike other applications that prioritize shorter paths and quicker computation
times, CubeSat path planning focuses on minimizing the impact on the electromagnetic
conveying platform. The primary goal is to reduce disturbances during transfers, with
the secondary aim of achieving shorter paths and faster execution times. Thus, dynamic
parameters like transfer torque, angular velocity, and center of mass position are critical in
selecting the most suitable CubeSat transfer paths, ensuring the stability and precision of
the platform’s operations.

Given the limitations of existing path planning algorithms, this paper proposes an
improved A* algorithm to address the path planning problem for CubeSat in-orbit transfer.
The improved A* algorithm considers both the degree of disturbance to the attitude of
the electromagnetic conveying platform caused by CubeSat transfer and the efficiency of
CubeSat transfer. It aims to minimize the disturbance to the attitude of the electromagnetic
conveying platform while minimizing the number of steps required for CubeSats to reach
their expected positions. The main contributions and innovations of the paper are the
following three aspects:

(1) Establish a Cost Model for Attitude Disturbance: Develop a model considering
dynamic parameters such as transfer torque, angular velocity, and angular acceleration that
the electromagnetic conveying platform experiences. Determine the position of the center
of mass to assess the extent of attitude disturbance caused by CubeSat transfers and refine
the cost function based on these findings.

(2) Introduce Path Coordination Strategy: Adapt the traditional A* algorithm by
incorporating a path coordination strategy. This strategy addresses potential blockages
caused by other CubeSats during transfer, ensuring smooth progress to intended release
positions and avoidance of local optima.

(3) Optimize Management of the Open List: Enhance the computational speed and
search efficiency by pre-filtering node information in the open list to reduce its size.

The remainder of the paper is structured to provide a comprehensive overview of
the CubeSat in-orbit transfer system, starting with Section 2, which introduces the work-
ing principles of the system and the initial environment modeling. Section 3 delves into
the foundational principles and limitations of the traditional A* algorithm. In Section 4,
enhancements made to the A* algorithm are detailed. Section 5 presents a compara-
tive analysis of test results from the improved A* algorithm to determine the optimal
transfer path for specific CubeSat scenarios. Finally, Section 6 concludes the paper with
summarizing remarks.

2. The CubeSats In-Orbit Electromagnetic Transfer System and the Modeling of the
Initial Environment

2.1. The Working Principle and the Mechanical Structure of the Transfer System

Currently, orbital deployers for CubeSats employ a deployment mechanism that com-
bines compression spring ejection with rail guidance to facilitate the separation and release
of CubeSats in space. However, the one-time operational capability of compression springs
limits their use for the ongoing orbital transfer and release demands of CubeSats. Addition-
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ally, compression springs only provide instantaneous force, which lacks the consistency
required for controlled transfer and release operations tailored to CubeSats with varying
mass specifications. After separation, CubeSats may exhibit significant angular and lateral
velocities, posing challenges for the rapid execution of formation flying, accompanying
maneuvers, and other coordinated space missions. Due to the mechanical characteristics of
springs, compression springs are restricted to one-dimensional actuation, making them un-
suitable for the two-dimensional transfer needs of CubeSats. This limitation confines them
to release CubeSats in a single, unidirectional row, and they cannot perform counter-releases
that would minimize torque and reduce disturbances to the electromagnetic conveying
platform’s attitude. In contrast, electromagnetic actuation offers two-dimensional transfer
capabilities on the platform, provides a consistent force for separation, and supports the
precise deployment of large quantities of CubeSats. This paper describes a large-scale
CubeSats in-orbit transfer and release system that stacks CubeSats in high-density, three-
dimensional configurations. Once in orbit, electromagnetic drive units inside the deployer
facilitate multidimensional, parallel translational movement to the release window. Voice
coil electromagnetic actuators then perform the separation and release of the CubeSats,
efficiently deploying large clusters of payloads in orbit.

The CubeSats in-orbit transfer system is primarily composed of electromagnetic drive
units, CubeSat trays, and integrated push plates, as illustrated in Figure 1a. First, the
system deploys a large number of 1U, 2U, and 3U CubeSats in three columns, with the
two-dimensional transfer platform at the bottom. The initial state is empty, as shown in
Figure 1b. Upon receiving the CubeSat release command, the system uses the built-in
pusher to push the CubeSats from top to bottom onto the transfer platform below, as shown
in Figure 1c. Next, the in-orbit transfer paths for the CubeSats are developed by considering
their relative positions to the release window. This planning process evaluates both the
impact of the transfer on the electromagnetic conveying platform’s attitude and the overall
efficiency of the CubeSat transfer. Using electromagnetic drive units, the CubeSats are
maneuvered with two degrees of freedom on a plane, guided along transfer tracks to reach
the release window, as depicted in Figure 1d. The quantity and positioning of the release
devices on the transfer platform significantly affect the platform’s attitude, the efficiency of
the CubeSat transfer, and the collision risks during the large-scale, simultaneous release. To
minimize disturbances to the platform’s attitude during the CubeSats’ release, the system
counterbalances the actuation forces from the release mechanisms by aligning the combined
force of the release actuation with the platform’s center of mass. This alignment ensures that
the torque generated by these forces is minimized throughout the release process. Research
and analysis of the actual situation of the electromagnetic conveying platform suggest
that releasing four target CubeSats simultaneously poses a high collision risk. However,
releasing them individually or in a staggered manner (relative to the velocity direction of
0° and 180°) lowers this risk [26-28]. For an 8 x 8 electromagnetic conveying platform,
this paper proposes installing four release devices, releasing one pair of CubeSats first,
followed by another pair after a safe interval, thus effectively minimizing collision risks
associated with simultaneous releases. Finally, this paper discusses using a coil-type elec-
tromagnetic actuator that adjusts the separation force by controlling the current magnitude.
This allows for speed-adjusted releases tailored to target CubeSats of different mass specifi-
cations, facilitating the on-orbit cluster deployment of large batches of payloads, as shown
in Figure Te.
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Figure 1. Schematic diagram of the in-orbit transfer and deployment system for large-scale CubeSats:
(a) the physical diagram of the in-orbit transfer and deployment system for CubeSats; (b) initial state
(front view); (c) pushing the CubeSats to the tray (front view); (d) transfer to the release window
(vertical view); (e) ejection of CubeSats (vertical view).

2.2. The Grid-Based Method for the Transfer System

The main techniques for modeling the environment for path planning include geomet-
ric, grid-based, and topological methods. Due to its straightforward simplicity and ease of
modeling, which matches well with the geometric characteristics of the CubeSat transfer
platform, this paper utilizes the grid-based method. Based on the schematic diagram of
the CubeSat two-dimensional transfer platform structure referenced in [15] (Figure 2), a
4 x 4 electromagnetic conveying platform is constructed. This setup includes several target
CubeSats and moveable CubeSats. The start point of the target CubeSat is marked in green,
while the endpoint is in red. The blue area indicates the CubeSat launch device, which is
treated as an immovable barrier. The value of each cell on the platform corresponds to the
movement cost for a CubeSat to that cell, initially set to zero, as depicted in Figure 3.
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Figure 2. Schematic diagram of the two-dimensional transfer platform structure for CubeSats [15].
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Figure 3. Initial environmental modeling diagram of the CubeSats transfer platform.

The coordinates (x, y) corresponding to the electromagnetic conveying platform can
be represented as follows:
0<x<4
0<y<4 M)

3. Traditional A* Algorithm
3.1. Basic Principles

The A* algorithm establishes a cost function between the start point and the target
point, giving the search a sense of purpose. The cost function of the traditional A* algorithm
typically consists of two parts, formulated as follows:

fo(n) = go(n) + ho(n) )

In the formula, go(n) represents the cost for the CubeSat to move from the start point
to the current grid n; hy(n) represents the heuristic function for the CubeSat to move from
the current grid n to the endpoint; fy(n) represents the cost function for the CubeSat to
move from the start point to the endpoint.

In the traditional A* algorithm, considering the movement characteristics of the
CubeSat on the electromagnetic conveying platform, which means the CubeSat can only
move horizontally or vertically one grid at a time, the Manhattan distance is chosen as
the heuristic function. The Manhattan distance represents the sum of the horizontal and
vertical distances between two points, meaning that movement can only occur in four
directions: up, down, left, and right within the grid. The formula is as follows:

go(n) = [xn — xs| + [yn — Ys| 3)

ho(n) = [xn — Xe| + [Yn — Vel 4)
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In Equations (3) and (4), (xn, Yn) represents the coordinates of the current cell n, (xs,
ys) represents the coordinates of the starting point s, and (xe, ye) represents the coordinates
of the endpoint e.

In the traditional A* algorithm, two lists are involved: the open list, containing the
cost function values fy(n) for the four adjacent cells of the current cell, sorted in ascending
order, and the closed list, encompassing all cells visited by the CubeSat. The path formed
by connecting these cells in the closed list constitutes the final transfer path. Initially, the
open list includes the coordinates of the start cell along with its corresponding fy(n) value,
while the closed list starts empty.

3.2. Traditional A* Algorithm Logic

The traditional A* algorithm works as follows:

(1) Firstly, check if the open list is empty. If the open list is not empty, return the
coordinates of the cell with the minimum fy(n) in the open list and add this coordinate to
the closed list.

(2) Next, check if the current cell is the goal cell. If the current cell is the goal cell, the
path is found. If the current cell is not the goal cell, search for adjacent reachable cells. If an
adjacent reachable cell is not in the open list or the closed list, calculate the cost fy(n) for the
adjacent reachable cell, add the coordinates and the fy(n) of the adjacent reachable cell to
the open list, and set the current cell as the parent cell of the adjacent reachable cell.

(3) Repeat the above process. If the current cell is the goal cell, the optimal path is
found, and the path is outputted. If the open list is empty, it indicates that no path is found.

The logic of the traditional A* algorithm is summarized as shown in Figure 4.

Traditional A*
Algorithm Start
No
A

Return cell with minimum f(n) from open list
I Traditional A*
Algorithm End
8

‘Append the cell to closed list

No path found

Path found

Is adjacent cell
reachable?

Shortest path?
new f(n)? previous f

Add adjacent cell and f(n) to open list ‘

'

Calculate g(n) and h(n)
!

Set current cell as adjacent cell's parent}—

Figure 4. Flowchart of the traditional A* algorithm.
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3.3. The Limitations of the Traditional A* Algorithm

The traditional A* algorithm is a heuristic search algorithm for finding the shortest
path in a static road network, capable of quickly identifying the shortest path from a start
point to a destination on a map. However, the traditional A* algorithm is not suitable for
CubeSat in-orbit transfer path planning due to three reasons:

Firstly, the traditional A* algorithm’s cost function does not align with the application
requirements of CubeSat in-orbit transfer systems. According to the application require-
ments of CubeSat in-orbit transfer systems, the goal is to minimize the disturbance to the
attitude of the electromagnetic conveying platform during CubeSat transfer while reducing
the number of steps CubeSats take to reach their target positions as much as possible.
However, the cost function of the traditional A* algorithm only focuses on minimizing
path length and lacks cost estimation for the disturbance of the electromagnetic conveying
platform’s attitude caused by CubeSat transfer paths. Therefore, it is necessary to introduce
amodel for estimating the disturbance of the electromagnetic conveying platform’s attitude
and redesign the cost function of the improved A* algorithm to ensure that it meets the
application requirements of CubeSat in-orbit transfer systems.

Secondly, the traditional A* algorithm cannot solve path-planning problems in dy-
namic road networks and is only suitable for planning paths in static road networks.
However, the CubeSat in-orbit transfer system plans to utilize the transfer torque generated
by the movement of other CubeSats to balance some of the transfer torque of the target
CubeSat, aiming to minimize the disturbance to the attitude of the electromagnetic convey-
ing platform during the transfer process. Therefore, the path planning problem for CubeSat
in-orbit transfer is a multi-point, multi-objective path planning problem in a dynamic road
network environment, which the traditional A* algorithm cannot solve.

Thirdly, the traditional A* algorithm fails to meet the efficiency requirements of multi-
point, multi-objective path planning problems. The traditional A* algorithm stores all
the information of the cells searched in the open list and arranges them in descending
order. However, for a multi-point problem, each step corresponds to too many combina-
tions of CubeSats, resulting in a large volume of data in the open list, which reduces the
search efficiency.

In summary, the traditional A* algorithm cannot address the multi-point, multi-
objective path planning challenges inherent in CubeSat in-orbit transfer. It falls short
of meeting the application requirements, such as minimizing attitude interference and
maximizing transfer efficiency in the CubeSat in-orbit transfer system. Therefore, it is
imperative to improve the traditional A* algorithm.

4. Improved A* Algorithm

To accommodate the increasing future demand for CubeSats in orbit, the enhanced
A* algorithm is pivotal for managing the simultaneous deployment of large batches of
these satellites across a variety of applications, including routine operations, emergency
services, and specialized scenarios such as space-based defense strategies. When instructed
to deploy specific CubeSats, the electromagnetic transport system utilizes its built-in pusher
to transfer them from storage to the transport platform. The enhanced A* algorithm then
activates to identify the optimal path for moving the target CubeSats in conjunction with
movable units. After the path is determined, the transport platform shifts the target
CubeSats towards the launch window following this optimal route. The deployment
concludes with the coil-type electromagnetic actuator ejecting and releasing the CubeSats
into orbit, effectively executing the task of deploying numerous satellites simultaneously.

4.1. The Improved A* Algorithm Process Introduction

Considering the limitations of the traditional A* algorithm mentioned above, im-
provements should focus on establishing an attitude interference model, designing cost
functions, introducing path coordination strategies, and optimizing the open list. The
improved A* algorithm process is summarized in Figure 5, where the blue boxes repre-
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Improved A*
Algorithm Start

No path found

sent the enhancements compared to the traditional A* algorithm. The CubeSats on the
electromagnetic conveying platform are classified into two categories: target CubeSats and
movable CubeSats. Target CubeSats are those that need to be transported to the CubeSat
release window, while movable CubeSats refer to the other CubeSats on the platform,
excluding the target CubeSats.

[ Improved A*
\ Algorithm End /

Append the
combination to
closed list

o Return the combination of target
cell and movable cell with
minimum f(n) from open list

Path
found

Is this the

> . . .
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s new movable
combination
surrounded?

Update the positions of
target cell and movable
Cell combination

Add the combination of

| dictionary

Is new combination
dictionary empty?

Is adjacent
combination in
open list?

target cell and movable Cell
and f(n) to new combination

combinations?

Attitude
disturbance model

Select the movable

combination with

minimum angular
velocity

Is adjacent
combination in closed
list?

s adjacent
combination
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____________:::::Tl
Traverse the list of S(IelecF movab 2 |
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& f(n) < old f(n) and will
movable
By not surround the target |
combination list |

cell

Is remaining
movable combination
list empty?

Optimize the management of the
number of elements in the open list |

Add the
combination and
minimum f(n) to | n) and hi
open list

Return the minimum f(n)
and its corresponding

combination of target cell
and movable cell

| Set current
combination as adjacent -~
combination's parent

Calculate

) J

Figure 5. Improved A* algorithm flowchart.

Firstly, considering the capability of the CubeSat’s in-orbit electromagnetic transfer
system to achieve large-scale deployment of payloads in orbit, there are typically a consider-
able number of CubeSats on the electromagnetic conveying platform, which can easily lead
to congestion situations, thereby affecting the efficiency of CubeSat transfer. This article
addresses this issue by introducing a check for whether the current combination of target
CubeSats is congested before obtaining adjacent target CubeSat combinations. It proposes
the introduction of a path coordination strategy to find alternative routes for congested
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target CubeSats, ensuring that they can reach their intended release positions smoothly, as
depicted in Figure 5@). If no feasible detour combination is found, the status of the target
CubeSat combination is modified to unreachable to avoid unnecessary, redundant calcula-
tions, thereby enhancing the algorithm’s operational efficiency and resource utilization.

Next, since CubeSat in-orbit transfer path planning involves a multi-point, multi-
objective problem, before placing the target CubeSat combination into the open list, it is
necessary to find the corresponding movable CubeSat combination. The newly established
electromagnetic conveying platform attitude interference model can quantify the degree of
CubeSat transfer process disturbance to the platform. This serves as the basis for filtering
movable CubeSat combinations, ensuring that the torque generated by the transfer of mov-
able CubeSat combinations can maximize the offset of the torque generated by the transfer
of target CubeSats. This achieves the objective of minimizing the attitude interference of
each step of CubeSat transfer to the electromagnetic conveying platform, as depicted in
Figure 5@2. Section 5 verifies the effectiveness of movable CubeSats combinations in reduc-
ing attitude disturbance of the electromagnetic conveying platform through comparative
case studies.

If the new combination of target CubeSat and movable CubeSats is not in the open
list (never visited before) or in the closed list but not part of the shortest path (previously
visited but not the shortest path), before calculating the new cost function f;(n), a new
judgment on whether the movable CubeSats will block the target CubeSat is added, as
shown in Figure 5. If the new movable CubeSats will block the target CubeSat, obtain the
corresponding detour combination and add the transfer cost f; (n) of the detour combination
to the transfer cost f1(n) of the movable CubeSats combination. Revisit the list of movable
CubeSats combinations, filtering for the one with the minimum cost f;(n) to avoid falling
into a local optimum and improve algorithm performance. If the new movable CubeSats do
not block the target CubeSat, then calculate the transfer cost f;(n) for the new combination,
as shown in Figure 5@). The transfer cost f;(n) needs to consider both the efficiency of
CubeSat transfer and the degree of attitude interference caused by the transfer process on
the electromagnetic conveying platform. To achieve this, a refined cost function should
be devised, integrating the attitude interference model of the electromagnetic conveying
platform into the A* algorithm’s cost function. This entails setting separate coefficients ky,
to represent CubeSat transfer efficiency and k, to denote the electromagnetic conveying
platform attitude interference. By adjusting the ratio k¢, /k;, of these coefficients, the
balance between the two factors in the cost function can be altered, thereby influencing
CubeSat’s in-orbit transfer path planning.

Finally, unlike the traditional A* algorithm, the improved A* algorithm does not
directly add the coordinates of the new target CubeSat and movable CubeSat combination,
along with the transfer cost fi(n), to the open list. Instead, they are first placed in a
new combination dictionary. After traversing the adjacent reachable cells of the current
target CubeSat and their corresponding movable CubeSat combinations, the improved
A* algorithm returns the combination with the minimum transfer cost f;(n) from the new
combination dictionary. This combination, along with its f; (n) value, is then added to the
open list. This optimization effectively manages the number of elements in the open list,
thereby enhancing the efficiency of the algorithm, as depicted in Figure 5@.

4.2. Establishing an Attitude Interference Model

The degree of attitude interference of CubeSats on the electromagnetic conveying
platform during transfer can be measured by the torque generated by CubeSat transfer, the
angular velocity and angular acceleration of the electromagnetic conveying platform, and
the variation in the center of mass of the CubeSat in the in-orbit transfer system.

4.2.1. The Calculation of CubeSat Transfer Torque and Center of Mass Position

The movement of multiple CubeSats on the electromagnetic conveying platform can
be approximated as a system of n mass points. The real-time center of gravity coordinates of
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the CubeSats in-orbit electromagnetic transfer system can be calculated using the formula
for the center of mass of a mass point system, as shown in Equation (5).

Liq mix; - Yiq miyi
Zizl T, Szl T
Zln:1 m; Z?:1 m;

In Equation (5), (X, yc) represents the center of mass coordinates of the electromagnetic
conveying platform, m; represents the mass of the ith CubeSat on the electromagnetic
conveying platform, and (x;, y;) represents the coordinates of the ith CubeSat on the
electromagnetic conveying platform.

According to reference [15], the movement of CubeSats on the electromagnetic con-
veying platform relies on electromagnetic force transfer provided by the transfer platform,
where the transfer force for 1U, 2U, and 3U CubeSats can be approximately considered
as F, 2F, and 3F, respectively. The degree of attitude disturbance to the electromagnetic
conveying platform caused by CubeSat transfer can be measured by the magnitude of
the torque exerted by the electromagnetic force on the central axis of the electromagnetic
conveying platform during CubeSat transfer. The simplification of its dynamic model refers
to the moment of spatial forces about the axis, measuring the change in the rotational state
of an object around a certain axis. The calculation formula is shown in Equation (6). The
magnitude of the torque is calculated according to Formula (6), and the sign is determined
by the right-hand rule.

Xc =

(5)

M.(F) = +F-d 6)

In Equation (6), M, represents the torque exerted by the CubeSat transfer force on
the electromagnetic conveying platform, F represents the electromagnetic transfer force of
the CubeSat, and d represents the distance from the center of mass of the electromagnetic
conveying platform to the line of action of the CubeSat transfer force.

According to the movement of the CubeSat on the electromagnetic conveying plat-
form, the torque magnitude and sign generated by the CubeSat’s movement in the right,
down, left, and up directions are summarized in Table 1. In Table 1, (x, y) represents the
centroid coordinates of the CubeSat, and (x., y.) represents the centroid coordinates of the
electromagnetic conveying platform.

Table 1. CubeSat movement torque table.

Movement Direction Diagram Magnitude Polarity of Torque
of Torque
® (x;,yc)
right M, =F x (yc —y)
(x,y) &——>F +: counterclockwise,
—: clockwise
()
down ® (x.,y.) M; =F x (x; —x)
F
L (XD }’c)
left M, =Fx(y—yc)

F €—e (v,y)

up ! ® (x;,yc) M; =F x (x — xc)
(x,y)
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4.2.2. Angular Velocity and Angular Acceleration of the Electromagnetic
Conveying Platform

The magnitude of the angular velocity and angular acceleration of the electromagnetic
conveying platform can, to some extent, characterize the degree of attitude interference
of the electromagnetic conveying platform. According to the differential equation of rigid
body rotation about a fixed axis, it is known that the product of the moment of inertia of the
rigid body about the rotation axis and the angular acceleration is equal to the algebraic sum
of all the torques acting on the rigid body about the rotation axis. The formula is shown
in (7).

% :]z% :Izéb:]z“:ZMz(Ff) (7)

In Equation (7), J, represents the moment of inertia of the electromagnetic conveying
platform about its center axis, L, denotes the angular momentum of the CubeSat transfer
with respect to the center axis of the electromagnetic conveying platform, w stands for the
angular velocity of the electromagnetic conveying platform, and « represents the angular
acceleration of the electromagnetic conveying platform.

From Equation (7), it can be observed that for different rigid bodies, assuming the
same torque applied by the external force system to their axes, the larger the moment of
inertia of the body about the axis, the smaller the angular acceleration «, and thus, the
smaller the change in its rotational state; conversely, the smaller the moment of inertia of
the body about the axis, the larger the angular acceleration o, and hence, the greater the
change in its rotational state. Therefore, the moment of inertia of a rigid body is a measure
of the rotational inertia of the body, just as mass is a measure of inertia for a particle.

According to the parallel axis theorem, the moment of inertia of a rigid body about
any axis is equal to the moment of inertia about a parallel axis passing through the center
of mass plus the product of the body’s mass and the square of the distance between the
two axes, as shown in Equation (8).

J- = J.c + Md? (8)

In Formula (8), M represents the mass of the electromagnetic conveying platform,
and d represents the distance between the current center of mass position (x,, y.) and the
geometric center (Xo, Yo) of the electromagnetic conveying platform.

d =/ (xc— %)% + (e — o) ©)

In Formula (8), J,c represents the moment of inertia of the electromagnetic conveying
platform about the axis passing through the center of mass, and J, represents the moment
of inertia of the electromagnetic conveying platform about the axis passing through the
geometric center of the electromagnetic conveying platform. According to the relevant
technical manual, ], can be expressed as follows:

E=25(2+7) (10)
In Formula (10), M represents the mass of the electromagnetic conveying platform,
and a and b, respectively, represent the length and width of the electromagnetic conveying
platform.
Therefore, the angular acceleration of the electromagnetic conveying platform can be
expressed as follows:

L M:(Ff)

o %(“2 +b%) — M[(xc - x0)2 + (Ye — .‘/0)2}

(11)
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Thus, the angular velocity of the electromagnetic conveying platform can be expressed
as follows:

o (1)
/ dt / %(a2+b2)_M{(xc—xo)z—i-(yc—yo)z}

dt (12)

Combining the analysis of the application scenarios of CubeSats in-orbit electro-
magnetic transfer system, it can be inferred that the maximum angular velocity of the
electromagnetic conveying platform during the transfer process and the final angular
velocity after transfer play a crucial role in the attitude stability of the CubeSats in-orbit
electromagnetic transfer system.

" Y M:(F)

P. = kw = kw
1() wi () =1 M (g2 4 12) 7M[(xc*xo)2+ (yc*yo)z}

dt (13)

In Equation (13), P1(n) represents the attitude disturbance model of the electromagnetic
conveying platform, wj(n) denotes the real-time angular velocity of the electromagnetic
conveying platform, and k, represents the weight coefficient corresponding to the cost of
the attitude disturbance level of the electromagnetic conveying platform.

4.3. Design the Cost Function

The cost function can be expressed as a comprehensive consideration of both the
disturbance level of the CubeSat in-orbit electromagnetic transfer system to the attitude of
the electromagnetic conveying platform and the efficiency of the CubeSat in-orbit transfer.

fi(n) = ky[g1(n) +hi(n)] + Pr(n) = kp[g1(n) + hi(n)] + kow (1) (14)

In Equation (14), ky, represents the weighting coefficient of the cost associated with the
efficiency of CubeSat in-orbit transfer. By adjusting the ratio between kh and kw, the paper
can change how much CubeSat’s transfer system prioritizes efficiency versus minimizing
attitude disturbance to the electromagnetic conveying platform in the overall transfer cost.
Increasing ky, favors finding the shortest transfer path for CubeSat, somewhat overlooking
the potential disturbance to the electromagnetic conveying platform’s attitude caused by
the path. Conversely, raising k, prompts the system to prioritize minimizing attitude
disturbance to the electromagnetic conveying platform when choosing a path, potentially
overlooking CubeSat transfer efficiency and leading to locally optimal solutions. The
function g (n) represents the Manhattan distance for a CubeSat to move from the starting
point (xs, ys) to the current cell (xn, yn). It can be expressed as:

g1(n) = |xn — xs| + [yn — ys| (15)

hj(n) represents the heuristic function for the CubeSat to move from the current
position (xn, yn) to the destination (xe, ye), and it can be expressed as follows:

hi(n) = |xn — Xe| + |yn — Ye| (16)

Based on the cost function, the initial conditions for the improved A* algorithm for
CubeSat’s in-orbit transfer path planning are designed, as shown in Table 2.
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Table 2. Example of initial conditions for CubeSat’s in-orbit electromagnetic transfer system.

Target CubeSat Movable CubeSats
Example Start Initial
Numb ar . nitia
umber Name Type Point Endpoint Color Name Type Coordinates Color
1 C1 1U (0,0) (2,3) Green Al 2U (1.5,1) Yellow
Al 2U (15,1) Yellow
2 C1 1U 0, 0) 2,3) Green A2 U (3,0) Orange
Al 2U (1.5,1) Yellow
3 C1 1U 0,0) 2,3) Green A2 1U (3,0) Orange
A3 3U (2,2) Blood orange

The release device is located at (3,3); it does not move and can be considered as the wall.

The initial conditions for each example are shown in Figure 6.

3 a 3 o | .
End Point End Point End Point
2 Release Gear 2 Release Gear 21 3U (ﬁfk;eSat
| I
. Al: Al: A2: 1 Al: A2:
2U CubeSat : 2U CubeSat  1U CubeSat 1 2U CubeSat  1U CubeSat
| \
o Cl: R Cl: \. 0 cl: \
Start Point Start Point Start Point
] 1
a 1 . 3 0 1 ] I i} 1 b 3
(a) (b) (©)
Figure 6. Initial situation diagram of the CubeSat’s in-orbit transfer system path planning example:
(a) initial condition diagram for Example 1; (b) initial condition diagram for Example 2; (c) initial
condition diagram for Example 3.
The results of the algorithm’s operational testing are shown in Figure 7. In Figure 7,
arrows point to the current cell’s parent.
6.1 6.2
3 ¥ B4 3 i 3 Cl1:
I - End Point
5.8 5/1
2 ’ 2 ’ 2
5.3 "
14 g (5.5 1] " 5_ L . (5.0 1] Arrow points Target CubeSat
Arrow points ] ) - to parent cell blocked
L .8 CubeSat to parent cell 3¢
Moving Cost Cu.beSat —
g4 Arrow points ol N 5.0 Moving Cost o Vo531
to parent cell |
1
':I| 1 Z 3 Q 1 2 3 1] 1 * 1
(a) (b) ()

Figure 7. Test results of the path planning algorithm for the CubeSat’s in-orbit transfer system:
(a) algorithm test results for Example 1; (b) algorithm test results for Example 2; (c) algorithm test
results for Example 3.
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From Figure 7¢, it can be observed that the CubeSat shown in Example 3 is surrounded
by other CubeSats during the transfer process, resulting in the interruption of the algorithm
and the failure to reach the destination. Analysis indicates that as the number of CubeSats
on the electromagnetic conveying platform increases, it is inevitable that situations where
the target CubeSat is surrounded by other CubeSats will occur. Therefore, introducing the
path coordination strategy to address this situation is necessary.

4.4. The Path Coordination Strategy

The application scenarios for path coordination strategies in CubeSat deployment
can broadly be categorized into two types: those where the deployment sequence is
known and those where it is unknown. In the first scenario, where the deployment
sequence of CubeSats is known, such as in routine deployment tasks, the CubeSats’ in-orbit
electromagnetic transfer system pushes entire layers of CubeSats simultaneously to the
transport platform. This approach means that both target and movable CubeSats are moved
to the platform together. However, as the number of CubeSats on the platform increases,
issues such as path congestion inevitably arise. Path coordination strategies are then
crucial for ensuring that target CubeSats can efficiently reach the launch window without
disruptions. In the second scenario, where the deployment sequence is unknown, the role
of path coordination strategies becomes even more critical. These strategies prevent the
transport process from getting bogged down in local optima. As shown in the operational
logic of the improved A* algorithm (illustrated in Figure 5), before implementing a transport
plan that offers the lowest transport cost for the target CubeSat and movable CubeSat at that
step, it is vital to assess whether the plan might cause path blockages. If potential blockages
are identified, path coordination strategies are employed to devise alternative plans that
circumvent these issues. This proactive integration of path coordination strategies into the
improved A* algorithm helps to avoid local optima and significantly boosts the efficiency
of CubeSat in-orbit transportation.

The path coordination strategy mainly consists of four levels. Firstly, it checks whether
the target CubeSats are blocked. If the current target CubeSats are blocked, it then identifies
which movable CubeSat is blocking it and subsequently obtains the path coordination
combination corresponding to the current target CubeSats’ associated movable CubeSats,
which is process 1. Next, it should be determined whether the path coordination com-
bination of the target CubeSats and movable CubeSats will block the path. If the path
coordination combination of the movable CubeSats does not block the path, it indicates
that the combination is feasible; otherwise, it indicates that the combination is not feasible.
If a feasible path coordination combination cannot be found, indicating that Process 1 is not
feasible, it means that the position of the movable CubeSats combination corresponding to
the current target CubeSats needs to be changed, which is Process 2. If the current target
CubeSats are still blocked after changing the position of the movable CubeSats, the path
coordination combination corresponding to the changed position of the movable CubeSats
is obtained, which is Process 3. If no path coordination combination is found corresponding
to the changed position of the movable CubeSats, it indicates that none of the movable
CubeSats combinations corresponding to the current target star are feasible. Therefore, it
is necessary to change the position of the movable CubeSats corresponding to the target
CubeSat combination’s parent, which is Process 4. The flowchart of the path coordination
strategy is shown in Figure 8.
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Figure 8. Flowchart of the path coordination strategy.

The key points of the path coordination strategy lie in how to determine if the target
CubeSat combination is blocked, by whom, and whether the new combination obstructs
the path. The specific solution is as follows:

(1) Determine if the target CubeSat combination is blocked: Firstly, obtain the coordi-
nates and accessibility of the adjacent cells from the current position of the target CubeSat
combination. If all adjacent cells are inaccessible, then the target CubeSat combination is
considered blocked; otherwise, if at least one adjacent cell is accessible, then the target
CubeSat combination is not blocked.

(2) Determine which movable CubeSat blocks the target CubeSat combination: Since
the target CubeSat combination’s transfer strategy involves traversing adjacent cell coordi-
nates, moving only one step at a time without backtracking, the adjacent cell coordinates
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of the target CubeSat combination does not include cases where all four directions (right,
down, left, up) have been visited. In other words, if all adjacent cell coordinates are already
in the closed list, it implies that the target CubeSat combination is blocked by another
CubeSat. Therefore, the key to this problem lies in determining which movable CubeSat
blocks the target CubeSat combination. Firstly, obtain the coordinates of the adjacent cells
of the target CubeSat combination and remove the visited coordinates. Obtain the current
movable CubeSat coordinate dictionary, where the movable CubeSat name serves as the key
and the list of occupied cell coordinates serves as the value. Traverse the coordinates of the
adjacent cells of the target CubeSat combination and check if they are in the movable Cube-
Sat coordinate dictionary. If found, return the corresponding key of the coordinate, which
represents the movable CubeSat name, indicating that the target CubeSat combination is
blocked by this movable CubeSat.

(3) Determine whether the given combination of the target CubeSats and movable
CubeSats will block the path: Firstly, obtain the coordinates of the adjacent cells of the
target CubeSats and remove the coordinates that have been visited. Then, obtain the list
of cell coordinates occupied by the movable CubeSat combination. Finally, traverse the
adjacent cell coordinates of the target CubeSats. If there are adjacent cell coordinates that
are not in the list of movable CubeSat coordinates, it indicates that this combination will
not block the path. Conversely, if all adjacent cell coordinates are in the list of movable
CubeSat coordinates, it indicates that this combination will block the path.

Following the implementation of the path coordination strategy, the test results for
Example 3 are depicted in Figure 9 (with k¢, /ky, = 1).

5.2

5.1

5.3

5.3
3 54 55

5.2

5.1

2

3 0 1 2 3 0 1 2 3
Figure 9. Transfer path for Example 3 after implementation of path coordination strategy.

4.5. Optimize the Open List

During the algorithm testing process, it was observed that as the number of CubeSats
increased, the algorithm runtime also increased, failing to meet the requirement for quick
response. Optimization of the algorithm is necessary. During the execution of the tradi-
tional A* algorithm, expanding a node involves computing the transfer cost fy(n) for all
adjacent nodes and sorting them in the open list in descending order. Due to the numerous
combinations of target CubeSats and movable CubeSats, the size of the open list is large.
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Consequently, the computation time required to return the combination with the minimum
fo(n) value from the open list also increases, thus reducing the speed of open list expansion.
In the improved A* algorithm, this paper optimizes the management of the number of
nodes in the open list by introducing a new combination dictionary. The positions and
corresponding transfer costs f;(n) obtained from traversing the target CubeSat combina-
tions at each step are first placed into the new combination dictionary. This allows for
the comparison of f;(n) values before placing them into the open list, ensuring that only
the combination with the minimum f;(n) and its corresponding f;(n) are placed into the
open list. This reduces the number of nodes in the open list and effectively improves the
efficiency of the algorithm.

5. Test of the Improved A* Algorithm

To highlight the advantages of using the improved A* algorithm for optimizing trans-
fer paths in reducing disturbances to the electromagnetic conveying platform’s attitude,
this paper presents a comparative analysis. This analysis focuses on how the inclusion
of movable CubeSats affects the stability of the platform during the transfer of target
CubeSats. The paper explores two case studies: Case Study 1, which involves only tar-
get CubeSats on the transport platform, and Case Study 2, which replicates the setup of
Case Study 1 but includes a specific number of movable CubeSats. By comparing the
impact of the optimal transfer paths from both cases on the platform’s attitude disturbance,
the paper demonstrates the effectiveness of the improved A* algorithm in maintaining
platform stability.

5.1. Design Test Cases

Considering the physical and structural parameters of the CubeSats in-orbit electro-
magnetic transfer system, the size of the electromagnetic conveying platform has been
expanded to an 8 x 8 configuration. In Case 1, only four target CubeSats (C1, C2, C3, and
C4) are placed on the platform, whereas Case 2 also includes five movable CubeSats (Al,
A2, A3, A4, and A5). Detailed parameters for these configurations are listed in Table 3. The
initial setups for Case 1 and Case 2 are depicted in Figure 10.

7 7 -
6 6 4
End Point End Point
5 4 5 o
4 3 4Cl1 C4 C2
3 3 - C3
21 Release Gear 2 4 Release Gear
1
1 A4 fJCIfAS | C2

Figure 10. Initial situation of the test case for the improved A* algorithm: (a) Case 1; (b) Case 2.



Aerospace 2024, 11, 394

19 of 25

Table 3. Initial conditions for testing the improved A* algorithm in CubeSat’s in-orbit electromagnetic
transfer system.

Target CubeSat Movable CubeSats
. . Initial
Name Type  Start Point Endpoint Color Name Type Coordinates Color
C1 1U 4,1) 0, 4) Forest Green Al 3U (1,0) Yellow
C2 2U (6.5,1) (5.5,4) Sage Green A2 1U 3,0) Orange
C3 30 (6,0) (6, 3) Fern Green A3 1U (4,0) Goldenrod
A4 2U (2.5,1) Gold

C4 2U 0.5,1) (1.5, 4) Camouflage Green A5 U 5.1) Burlywood

The release device is located at the geometric center of the electromagnetic conveying platform, occupying a total
of 4 grid cells, namely (3,3), (3,4), (4,3), and (4,4), marked in blue. The release device remains stationary and can
be treated as the wall.

5.2. Improved A* Algorithm Test Results

Based on the initial conditions described, the improved A* algorithm was tested
to optimize the selection of target and movable CubeSats using the cost function f;(n).
Here, k¢, /ky, plays a crucial role as it represents the ratio between the degree of attitude
disturbance caused by the CubeSat transfer to the electromagnetic conveying platform
and the efficiency of the CubeSat transfer path, measured by the number of steps. These
performance indicators proportionally influence the CubeSat on-orbit transfer path scheme.

The goal of this study is to find the most suitable in-orbit transfer paths for CubeSats
that minimize attitude disturbances to the electromagnetic conveying platform while also
reducing the number of movement steps needed for CubeSats to reach their designated
positions. The paper evaluated the ratios of k, /ky, from 0 to 50, generating 51 potential
transfer scenarios across two case studies. The ratio k, /ky, impacts the transfer cost f;(n)
for each path segment, influencing path selection at each step. If an increase in k, /k, does
not adequately compensate for the efficiency cost differences among transfer paths, the
CubeSat transfer plan remains unchanged, which leads to duplicate scenarios among the
51 paths. After removing duplicates, the analysis yielded one feasible transfer path for the
first case study and seven for the second. Detailed parameters for these scenarios in the
second case study are listed in Table 4.

Table 4. Parameters of transfer path schemes for CubeSats in-orbit for Case 2.

Maximum Transfer Final Angular Final Angular
Scheme Number K/l Steps Torque/Nm Velocity /r§d-s*1 Acceleration§rad-5*2
1 0 35 109.9998 —0.0178 0.0171
2 0.8 45 50.6619 —0.0040 —0.0019
3 1.8 73 64.0225 —0.0034 0.0011
4 2.3 38 64.1408 —0.0785 0.0050
5 27 47 50.6470 —0.0026 0.0009
6 3.0 81 72.0000 —0.0231 —0.0576
7 3.8 40 50.6619 —0.0069 0.0000

Considering both the efficiency of CubeSat’s transfer and the degree of disturbance to
the electromagnetic conveying platform caused by this transfer, Scheme 5 is chosen as the
ultimate transfer path scheme for Case 2 study.

In Scheme 5, with kg, /ky, = 2.7, Case 2’s transfer path includes 47 steps to reach the
designated launch area and is completed in 14.7 s of algorithm operation, as depicted in
Figure 11. To provide a clearer visual representation of this complex path, the steps are
detailed in Figure 12. This paper sets the parameters for each cell on the electromagnetic
conveying platform, noting the side length as 1 = 10 cm, and establishes the average transfer
speed of CubeSats as v = 0.2 m/s. Given the movement characteristics of CubeSats on this
platform, they are limited to moving horizontally or vertically, one cell at a time. Therefore,
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the total distance s =1 x path that CubeSats travel during transport and the necessary time
for transport can be determined using Equation (17). In Case 2, the transfer path consists of
47 steps. By inputting this value into Equation (17), the total time needed for the transport
in Case 21is 23.5s.

s I xpath
v v

t= (17)

61 C1 Path C2 Path

P
L L

C3 Path

3 4 5

T

7

i.

7 1 7
6 6
5 5

Figure 12. Stepwise representation of the improved A* algorithm Case 2 transfer path (Scheme 5):
(a) steps 1~8; (b) steps 9~16; (c) steps 17~24; (d) steps 25~32; (e) steps 33~40; () steps 41~47.
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The curves for the angular velocity and angular acceleration of the electromagnetic
conveying platform are depicted in Figure 13. During the transfer process of the target
CubeSats, the maximum torque experienced by the electromagnetic conveying platform is
approximately 50.6740 Nm, occurring around the 12th step of the target CubeSats trans-
fer path. Upon comparison with Figure 14, it becomes apparent that the peak angular
velocity and maximum angular acceleration of the electromagnetic conveying platform
similarly manifest near the 12th step of the transfer path. The analysis suggests that the
substantial combined torque arising from the movement of the target CubeSats and the
mobile CubeSats combination at the 12th step leads to an escalation in both the angular
velocity and angular acceleration of the electromagnetic conveying platform, aligning with
the qualitative analysis outcomes of the electromagnetic conveying platform’s attitude
disturbance model. The final angular acceleration of the electromagnetic conveying plat-
form is 0.0009 rad-s~2, and the final angular velocity is —0.0026 rad-s~!. Throughout the
transfer process, the maximum angular velocity of the electromagnetic conveying platform
is approximately —0.029 rad-s~!. Following the 23rd step, the electromagnetic conveying
platform experiences consistent transfer torque. The curves depicting the angular velocity
and angular acceleration of the electromagnetic conveying platform remain steady, with
final values relatively small. This stability indicates that the electromagnetic conveying plat-
form maintains a consistent attitude. Moreover, the number of transfer steps is moderate.
Therefore, for the Case 2, Scheme 5 is selected as the final transfer path.

(11.90, 50.6470 ® Max Transform Moment
40 ® Last Transform Moment
20
0 _— —47-00,—1.0000),
=20 A
40
0 10 20 30 40

Path

Figure 13. Improved A* algorithm Test Case 2 transfer torque graph (Scheme 5).

In Case 1, a single feasible transfer path was identified. Utilizing the improved A*
algorithm, the target CubeSats were successfully navigated to the launch window in eight
steps, with the algorithm completing in roughly 2.11 s, as depicted in Figure 15. During
this process, the electromagnetic conveying platform exhibited a torque curve, shown in
Figure 16, where the maximum torque reached 102.5814 Nm and concluded at —30 Nm. A
comparison of the torque profiles between Case 1 and Case 2, illustrated in Figure 13, shows
that both the maximum and final torques in Case 1 are substantially higher than those in
Case 2. Additionally, the torque curve for Case 1 exhibits significant fluctuations, indicating
pronounced disturbances to the platform’s attitude. Further examination of the dynamics
of the platform in Case 1, presented in Figure 17, shows the maximum angular velocity
was —0.2253 rad-s~!, and the final angular velocity was —0.2106 rad-s~!. In comparison,
the data from Case 2, shown in Figure 14, reveal that the maximum angular velocity in
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Angular Velocity (rad/s)

Case 1 is about seven times higher and the final angular velocity approximately 77 times
higher than those in Case 2. Moreover, while Case 2 displays stable angular velocities
and accelerations toward the end of the transfer, Case 1 experiences ongoing significant
fluctuations. This analysis highlights the essential role of movable CubeSats in balancing
the torque generated by the target CubeSats, which crucially contributes to maintaining the

stability of the platform’s attitude.
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Figure 17. Curve graph of angular velocity and angular acceleration of the electromagnetic conveying
platform in the improved A* algorithm Test Case 1.

6. Conclusions

The paper introduces an improved A* algorithm tailored for path planning within
the CubeSats in-orbit electromagnetic transfer system, aimed at minimizing disturbances
to the platform’s attitude caused by CubeSat transfers while also reducing the number of
steps required for CubeSats to reach their designated positions.

The enhancement of the A* algorithm involves four key improvements: developing
an attitude disturbance model, crafting a refined cost function, implementing a path coordi-
nation strategy, and optimizing the management of the open list. The first step involves
creating a model to quantify the level of attitude disturbance on the electromagnetic con-
veying platform during CubeSat transfers and integrating this model into the cost function
to better reflect the trade-offs between transfer efficiency and disturbance. In response to
potential blockages caused by the high number of CubeSats on the platform, a path coordi-
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nation strategy is introduced to effectively manage and plan the transfer route, ensuring
smooth delivery of CubeSats to their target locations. To improve the efficiency of the
algorithm, this study also refines how the elements in the open list are managed, enhancing
the overall execution speed of the algorithm. Ultimately, the comparative analysis of the
optimal transport paths demonstrates the crucial role of movable CubeSats in maintaining
the stability of the platform’s attitude. The improved A* algorithm plays a key role in
optimizing these paths, significantly mitigating disturbances.

On the 8 x 8 electromagnetic conveying platform, Case 1 only involves the transfer
of target CubeSats, whereas Case 2 includes both target and movable CubeSats, moving
four and nine CubeSats, respectively, to the launch window. In Case 2, the platform’s final
angular acceleration is 0.0009 rad-s~?2, its final angular velocity is —0.0026 rad-s~!, and
its maximum angular velocity reaches —0.029 rad-s~!. In contrast, Case 1’s final angular
acceleration is approximately 80 times, the final angular velocity is about 77 times, and the
maximum angular velocity is about 7 times that of those observed in Case 2. This stark
contrast underscores the indispensable role of movable CubeSats in reducing disturbances
to the platform’s attitude. The improved A* algorithm specifically tailors transport path
planning for the joint movement of target and movable CubeSats, ensuring a stable platform
attitude and balanced transport efficiency, thereby enabling effective large-scale CubeSat
in-orbit transfer path planning.
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