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ABSTRACT 

Small satellites have proven to be reliable at the fraction of the price as larger spacecraft 

when it comes to design, assembly and especially launch.  As the utility and mission appli-

cations of small satellites continues to increase, the importance of proximity operations and 

formation flying in mission design and operations will also continue to increase. Specifically, 

the need for increased capability in the field of autonomous rendezvous and docking on small 

satellite class missions is needed to enable more complex and highly capable operations. 

Rendezvous and docking processes are highly complex manoeuvres that require a non-trivial 

combination of orbital mechanics, attitude determination and controls, sensor data collection 

and analysis, and controls mechanism.  

Currently, the size of a space-based telescopic aperture, is governed by the size of the launch 

vehicle [1]. With small satellites that can reconfigure in orbit, a much larger aperture can be 

assembled in orbit. One possible technology that may prove meaningful in the development 

of practical small satellite autonomous rendezvous and docking capability is a magnetic 

probe and drogue mechanism. The Autonomous Assembly of a Reconfigurable Space Tele-

scope, AAReST, mission will use visual sensing and inter-satellite links to create an 

autonomous magnetic docking system [2]. A magnetic docking system does not require pro-

pulsion, which is very advantageous for a small satellite platform, but the magnetic 

interaction can be difficult to model. 

With the help of a finite element magnetic program, the magnetic field between two space-

craft can be modelled to gain an understanding of the forces acting on the satellites. A 

computer simulation allows for a complete model of all the magnetic fields on the satellite, 

as well as the Earth’s magnetic field, which would be too difficult to compute analytically. 

An understanding of the forces created by these magnetic fields can then be used to create a 

control algorithm for a pair of electromagnets to control a spacecraft’s attitude for autono-

mous rendezvous and docking procedures.  
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1 INTRODUCTION 

The space industry is undergoing significant change, particularly in the availability, cost, and capac-

ity of the launch vehicle. Regardless, many mission applications are still bound to the “bigger is 

better” performance constraint by the laws of physics, and thus are still constrained by the payload 

mass and volume limitations of the launch vehicle [1].  Reconfigurable satellites can open the possi-

bility of larger and more complex missions than currently possible, without as much dependence on 

the launch vehicle limitations. This is especially true for optical sensing missions which require large 

apertures. A possible solution to overcome this constraint is to deploy a microsatellite, composed of 

nanosatellites each possessing a mirror, which would autonomously assemble into a large primary 

mirror for a telescope. 

A fully implemented magnetic control mechanism demonstrated in-situ on a small satellite plat-

form could prove an enabler for future mission concepts requiring more complex docking 

requirements. Such a technology demonstration could lead to increased capability of small satellites 

to perform reconfigurable and/or large node formations, allowing for autonomous on-orbit aperture 

assembly [2]. To this end, the following work describes the software development of a control mech-

anism for a magnetic rendezvous and docking system. 

1.1 Background and Context 

Small satellites describe a spacecraft whose size is less than 500kg. When discussing small satellites 

as a broad term in this work, micro- (<100kg) and nano- (<30kg) satellites [3], will be the main focus 

of this work. Another specific class of satellite discussed in this work is the CubeSat platform, which 

is classified based on volume, where a 10 cm x 10 cm cube is ‘1U’. A CubeSat can be made up of 

multiples of these units. This makes it a simple platform which can be used for testing. 

University of Surrey and CalTech have partnered to demonstrate the concept of a reconfigurable 

small satellite by developing the AAReST mission. As seen in Figure 1 [4], the AAReST spacecraft 

 

Figure 1 – Components of AAReST Satellite  
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consists of a core satellite, ‘CoreSat’, which is a 15U CubeSat as well as two detachable 3U CubeSats 

called ‘MirrorSat’. A primary mirror is divided into four 10 cm diameter circular mirrors, each at-

tached to the end of one of the CubeSats [1]. The two 3U CubeSats can detach from the main 

structure, navigate and dock independently, thus allowing for the reconfiguration of the primary mir-

ror.  The stowed launch configuration of the satellite can be seen in Figure 2.A [4]. Once the satellite 

is in orbit a boom with sensors attached to the end will be deployed (Figure 2.B). The two MirrorSats 

will undock from the main CoreSat structure, autonomously reconfigure and dock (Figure 2.C). 

 

Figure 2 – Three main AAReST configurations 

This mission will use the Surrey Space Centre (SSC) Electro-Magnetic Kelvin Clamp Docking Sys-

tem. Each MirrorSat has four dual polarity electro-magnets which are H-bridge driven and controlled 

by pulse-width modulation. The physical docking mechanism between the two satellites consists of 

three “probe and drogue” ports consisting of a 60-degree cone and a 45-degree cup (Figure 3.A). To 

achieve a rigid connection, these ports use the Kelvin Clamp principle, using three spheres to slot 

into three V-grooves arranged at 120-degrees (Figure 3.B) [4]. 

 

Figure 3 – Kelvin Clamp (a) and “probe and drogue” mechanism (b) 

CoreSat will utilize four passive Neodymium magnets. In order for MirrorSat to undock from 

(a) (b) 

(a) (b) (c) 



Radina Dikova, MSc Dissertation 

- 4 - 

CoreSat the electromagnets will need to overcome the magnetic attraction created by the passive 

magnets.  Once MirrorSat has separated it can be controlled by changing the polarity of and pulsating 

the electro-magnets. CoreSat and MirrorSat will be equipped with a LIDAR sensor and will com-

municate over a Wi-Fi link to send and receive pose and range vector information. With this 

information, MirrorSat can then manoeuvre to be within the “capture cone” (a field within which the 

MirrorSat will attach to CoreSat without needed control) of the desired docking port in order to 

reattach to CoreSat [4]. The magnetic interaction and control software are the focus of this disserta-

tion and will be discussed in depth. 

1.2 Objectives 

Several objectives need to be met for the development and demonstration of a practical magnetic 

control system for the upcoming AAReST mission. These objectives are: 

1. Determine the effects of magnetic interaction as it pertains to the control of the spacecraft 

2. Develop propagation algorithm for control of a series of electromagnets 

3. Demonstrate the ability to dock and undock to spacecraft using electromagnets  

1.3 Achievements 

In this report, a review of current autonomous rendezvous and docking technologies was given as 

well as a brief high-level overview of magnetism as it pertains to magnetic docking. A model of the 

magnetic field between MirrorSat and CoreSat was completed in a computer simulation program, 

FEMM, for distances up to 100 cm, with the help of an automated LUA script. This model was used 

to analyse the performance and characteristics of rendezvous and docking manoeuvres during the 

AAReST satellite mission. Data was generated for the performance as relates to the magnetic field 

density, torque and force with respect to distance between the two objects on orbit. The results will 

be used to better characterize the undocking, rendezvous, and docking manoeuvres during the 

AAReST mission and will lead to a better understanding of the intended magnetic ARD system on 

board. Ultimately, this work will play some role in the adaption of ARD techniques, specifically 

magnetic docking, in the advancement of reconfigurable small spacecraft via the AAReST mission.   

1.4 Overview of Report 

This report intends to give a general overview of theory as relates to ARD technology in order to 

setup an analysis of the rendezvous and docking capabilities of the AAReST mission. In the second 

chapter of this interim report, a brief history and overview of autonomous rendezvous and docking 

will be given, which sets up the basis of the possibility for reconfigurable satellite missions. A review 

of recent missions and ground tests for autonomous rendezvous and docking will be presented, which 

intends to represent the state of the art technology in this field. As well, a basic review of control 
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theory in regard to spacecraft attitude control and docking is presented followed by a discussion of 

proximity operations as they pertain to the AAReST mission. Finally, an overview of magnetic ren-

dezvous and docking and magnetic theory is also presented.  

The third chapter builds on the previously presented theory and background and is a technical section 

outlining the approach and outcome of modelling the magnetic field between the two satellites. The 

section presents an overview of the magnetic modelling process, the parameters of the docking sys-

tem, and data gathered from the model. The data presented is for the magnetic flux density, torque 

and force on the two satellites for distances up to one meter. 

In the fourth and fifth chapter, an analytical analysis and verification of the model is shown and 

multiple cases of consideration are presented. Each case given, details the effects of the model on the 

performance of the rendezvous and docking procedure.  

The final chapter presents the conclusion and summary of this work with clear goals outlined for any 

future work and is accompanied with an appendix featuring additional information and code used.   
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2 BACKGROUND THEORY AND LITERATURE REVIEW 

Autonomous rendezvous and docking (ARD) is a widely-researched topic. In the following sections 

a non-exhaustive review of the history of ARD is made, as well as current technological advance-

ments as it relates to small satellites. The advancement of ARD technology opens the possibility for 

reconfigurable satellite missions. Specifically, an electromagnetic approach to docking technology 

and its challenges towards achieving ARD in small satellites will be presented.  Thus, an overview 

of magnetic and electromagnetic fields is given.  

2.1 Autonomous Rendezvous and Docking 

Rendezvous and docking is a process between two spacecraft during which a “chaser” vehicle per-

forms a series of orbital manoeuvres to be brought closer and eventually come into contact with a 

“target” vehicle. The docking process requires high accuracy regarding the position, velocity, and 

attitude of the two spacecraft [5]. Autonomous rendezvous and docking does not require direct com-

mands from an operator, but relies on pre-determined control algorithms.   

2.1.1 Brief History 

Neil Armstrong and Dave Scott performed the first manual rendezvous and docking in a Gemini 

vehicle with an Agena vehicle in 1966. The first autonomous rendezvous and docking took place 

shortly after, in 1967, between two Soviet spacecraft, Cosmos 186 and 188. Since then, astronauts 

have performed rendezvous and docking operations between spacecraft regularly, with ISS and Space 

Shuttle making up the widest use of the technology so far. The technology has also been applied for 

a variety of missions including servicing of spacecraft such as the Hubble Space Telescope [5]. After 

discovering that the Hubble Space Telescope had an aberration on the primary mirror, astronauts used 

a robotic arm to dock with the telescope to service the mirror [6]. Other uses of the technology have 

also included spacecraft retrieval and lunar/planetary return missions [5].  

Autonomous rendezvous and docking technology is now being tested for these applications, as au-

tonomy can be more reliable, and missions can be completed faster and cheaper. In 2005, NASA 

launched the Demonstration of Autonomous Rendezvous Technology (DART) [7] mission, which 

was intended to autonomously rendezvous with a target satellite. The DART satellite, however, ran 

out of propellant during proximity operations and collided with the target spacecraft. Thus, showing 

that autonomous rendezvous and docking operations are still difficult to achieve, and testing for this 

technology is still much needed and ongoing. 

Much of the more recent research into ARD is aimed at servicing mission and orbit debris clean up, 

with missions Such as the planned DARPA Robotic Servicing of Geostationary Satellites (RSGS) 
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mission being planned. RSGS intends to rendezvous and dock with defunct satellites, which are clas-

sified as non-cooperative targets not designed for rendezvous and docking operations, to harvest their 

subsystems.  Using the harvested systems from these spacecraft, the RSGS mission will then assem-

ble a new spacecraft on-orbit [8]. Research is also being conducted into cooperative ARD 

technologies, which are developed with servicing and docking in mind [5]. These missions are also 

applicable to servicing of spacecraft and future reduction of space debris, but also open the possibility 

for satellite reconfiguration in space.  

2.2 Small Satellite ARD Missions 

Small satellite docking opens the capability for more cost-effective missions, such as those for ser-

vicing or for assembly of larger spacecraft. Thus, several missions have been launched and more are 

being planned to demonstrate state of the art Autonomous Rendezvous and Docking capabilities for 

small satellites. Since 2005, three Space Tethered Autonomous Robotic Satellite (STARS) [9], [10], 

[11] missions have been developed and launched, which use a tethered mother-daughter combination. 

Although the goal of these missions is to test a tethering system, it will also demonstrate inter-satellite 

communications which are used for attitude control necessary for docking. Several other missions 

demonstrating ARD technology are presented here. 

2.2.1 LONESTAR 

The Low Earth Orbiting Navigation Experiment for Spacecraft Testing Autonomous Rendezvous and 

Docking (LONESTAR) [12] mission, launched to the ISS in 2015, is another mission which will 

develop and demonstrate important aspects of the autonomous rendezvous and docking process. 

LONESTAR consists of two nanosatellites which will demonstrate undocking procedures and satel-

lite cross-linked communication necessary for autonomous docking. This is the second mission of 

the DRAGONSat-LONESTAR program which is planned to have a total of four missions over the 

span of eight years, with each mission building on the previous. The final mission is planned to 

demonstrate the autonomous docking of two spacecraft.  

2.2.2 SPHERES 

Since 2003, the synchronized Position Hold, Engage, Reorient Experimental Satellites (SPHERES), 

developed by MIT, has provided a test bed for multi-satellite formation flying and control on board 

the ISS [13]. Up to three satellites, which are the size of a “bowling ball”, can be used for testing on 

board the ISS at a time, which provides a representative free-flight space environment. Each satellite 

has its own power, propulsion, computers and allows for external connections with physical and 

electrical ports.  These ports allow for attachments such as the Universal Docking Port (UDP) [8], 

added in 2015. Previously to the UDP, SPHERES used Velcro pads to dock and needed to be pulled 

apart by hand [14]. The UPD allows the SPHERES test bed to address the challenges of ARD, such 
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as ridged docking and correction of misalignment at docking [8]. 

2.2.3 CPOD 

Tyvac Nano-Satellite Systems is planning the CubeSat Proximity Operations Demonstration (CPOD) 

[15] mission. This mission aims to validate several sensors to be used in the rendezvous and docking 

process, such as visible and infrared images, GPS, and radio ranging. On-board algorithms as image 

processing for range and pose calculations and manoeuvre planning will facilitate the process. Two 

identical 3U CubeSats will be used to demonstrate the rendezvous and docking as well as proximity 

operations, using a cold gas multi-thruster propulsion system and magnetic docking technology. 

2.2.4 Ground Testing 

Since launching satellites is still a costly endeavour, ground experiments have also been conducted 

to test and demonstrate new autonomous docking technologies. A ground test, using an air-bearing 

surface, was performed at the Spacecraft Robotics Laboratory of the Naval Postgraduate School to 

test a visual autonomous rendezvous and docking technology. A chaser spacecraft equipped with a 

vision sensor and CMOS camera took pictures of the target satellite equipped with three infrared 

LEDs. The LEDs are used as a reference points for the vision system, which processes the images to 

determine the relative position and attitude of the target satellite [16]. Docking was achieved with 

the use of thrusters and a linkage docking mechanism. 

Air-bearing table experiments have also been conducted for the AAReST mission using two testbeds, 

representative of the MirorSat and CoreSat structures. These tests were performed using two pairs of 

electromagnets in each satellite. The air-bearing test performed showed that an automatic ‘capture 

cone’ exists where active control is not needed for docking, and MirrorSat will automatically dock 

with CoreSat. The 45⁰ capture cone was tested, and the results of the experiment showed that at 5 

cm, 15 cm, and 30 cm distances from the docking plane, MirrorSat will automatically dock if its 

rotation is within 10⁰, 20⁰, and 30⁰ respectively [17].  

2.3 Control Theory for ARD 

A satellite’s state in orbit can be represented by Kepler’s six orbital elements: 𝑎, 𝑒, 𝛺, 𝑖, 𝜔, 𝑣. The 

semi-major axis, 𝑎, and eccentricity, 𝑒, describe the orbit size and shape.  The inclination, 𝑖, longitude 

of the ascending node, 𝛺, and argument of periapsis, w, define the orientation of the orbital plane. 

Finally, the true anomaly, 𝑣, defines the position, measured from perigee, of the spacecraft along the 

orbit at a given time. Figure 5 depicts the last four elements, which are angular values, in the I, J, K 

reference frame, where O depicts the position of the satellite [18]. 
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Figure 4 – Keplerian Orbital Elements 

 

2.3.1 State Estimation 

A common reference frame used to describe the location and velocity of two rendezvousing satellites 

in formation flying is the Hill reference frame. The Hill frame is a local-vertical/local-horizontal 

(LVLH) rotating frame centred at a target satellite. More specifically, the Hill coordinate reference 

frame makes the assumption that the target spacecraft is in a circular orbit with the �̂� direction aligned 

radially outward from the centre of the Earth, the  𝒋̂ direction pointing along the in-track velocity 

vector, and the �̂� direction pointing in the cross-track direction outward from the spacecraft orbit 

plane. The state system can thus be expressed as Figure 5 illustrates the Hill frame for two spacecraft 

in formation flight [19] .  

 

Figure 5 – Hill’s reference frame 

 

One of the most common ways to estimate the relative dynamics of the chaser satellite with respect 

to the target is by using the Hill-Clohessy-Wiltshire (HCW) equations [20]. The HCW equations, 

defined by Equations 1-3, are a set of linearized ordinary differential equations which are derived to 

approximate the nonlinear relative dynamics of the chaser satellite in formation flight.  
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�̈� − 2𝑛�̇� − 3𝑛2𝑥 =
𝐹𝑥

𝑚
 

(1) 

�̈� + 2𝑛�̇� =
𝐹𝑦

𝑚
 

(2) 

�̈� + 𝑛2𝑧 =
𝐹𝑧

𝑚
 

(3) 

Where, 𝑛 =  √𝜇/𝑎3, with 𝜇 being the graviational constant of Earth. 

In real world operations, the dynamics of two rendezvousing spacecraft is a non-linear problem. 

However, use of the HCW equations above provides a linearized method to provide a closed-form 

solution. Given that the motion in the �̂� direction is decoupled, the solution can be given in Equa-

tions 4-9 as follows [20]: 

𝑥 = 𝑥0(4 − 3 cos 𝑛𝑡) +
𝑥0̇

𝑛
sin 𝑛𝑡 +

2𝑦0̇

𝑛
 (1 − cos 𝑛𝑡) +

𝑓𝑥

𝑛2
(1 − cos 𝑛𝑡)  

+
2𝑓𝑦

𝑛2
(𝑛𝑡 − sin 𝑛𝑡) 

(4) 

𝑦 = 𝑦0 −  
𝑦0̇

𝑛
(3𝑛𝑡 − 4 sin 𝑛𝑡) − 6𝑥0(𝑛𝑡 − sin 𝑛𝑡) − 

2𝑥0̇

𝑛
 (1 − cos 𝑛𝑡)

−
2𝑓𝑥

𝑛2
(𝑛𝑡 − sin 𝑛𝑡) + 

2𝑓𝑦

𝑛2
(2 −

3

4
𝑛2𝑡2 −  2 cos 𝑛𝑡) 

(5) 

𝑧 = 𝑧0 cos 𝑛𝑡 +
𝑧0̇

𝑛
sin 𝑛𝑡 +

𝑓𝑥

𝑛2
(1 − cos 𝑛𝑡 ) (6) 

 

𝑥 ̇ = 3𝑥0𝑛 sin 𝑛𝑡 + 𝑥0̇ cos 𝑛𝑡 + 2𝑦0̇ sin 𝑛𝑡 +
𝑓𝑥

𝑛
sin 𝑛𝑡 +

2𝑓𝑦

𝑛
(1 − cos 𝑛𝑡 ) (7) 

𝑦 ̇ =  −𝑦0̇(3 − 4 cos 𝑛𝑡) − 6𝑥0𝑛(1 − cos 𝑛𝑡 ) − 2𝑥0̇ sin 𝑛𝑡 − −
2𝑓𝑥

𝑛
(1 − cos 𝑛𝑡 )  

−
2𝑓𝑦

𝑛
(
3

2
𝑛𝑡 − 2 sin 𝑛𝑡)  

(8) 

𝑧 ̇ =  −𝑧0𝑛 sin 𝑛𝑡 + 𝑧0̇ cos 𝑛𝑡 +
𝑓𝑧

𝑛
sin 𝑛𝑡 (9) 

 

When using the HCW equations a number of assumptions are given to allow a linearized close-form 

solution. In reality, additional forces are present which make the overall dynamics non-linear. These 

include gravity perturbations, drag, and solar pressure amongst others. Despite this the HCW equa-

tions are well suited for approximation of formation flying dynamics and for use in subsequent 

control theory and design [20].  
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2.3.1 Orbit State Propagation 

Orbit state propagation is a fundamental process in spacecraft orbit determination. Prediction of the 

future state of a satellite is a critical need for operations and is an important for successful proximity 

operations. Assuming conic geometry around a larger central body, a satellite state propagator can be 

designed beginning from the equation of unperturbed two body motion given in Equation 10 as [21]: 

𝑑2𝒓

𝑑𝑡2
=  −

𝜇

𝑟3
𝒓  

(10) 

A general perturbation integration of the two-body equation can provide future state information, 

however because satellite motion in reality is perturbed by many additional accelerations, the result-

ing state data would be inaccurate.  Use of general perturbation techniques can allow for an analytical 

approach to be used over a limited future time interval. Such general methods include Two Line 

Element sets and SGP4 propagation [21]. Additional acceleration perturbations must be accounted 

for in order to provide accurate state information.  

A special perturbation method can be used to model orbit state by assuming a standard Keplarian 

orbit and then adding various perturbations into the model to numerically determine more accurately 

the effects on satellite motion and, therefore, provide more accurate future state information. Cow-

ell’s propagation method is one of the most used and well-known numerical propagation methods 

and is used later in this work. Other popular methods also include Encke’s method. In Cowell’s 

method, additional accelerations from perturbing forces are included and thus modifies Equation 11 

to [21]: 

𝑑2𝒓

𝑑𝑡2
=  −

𝜇

𝑟3
𝒓 + 𝒂  

(11) 

Where a is the summation of all perturbations under consideration. Such additional perturbations can 

include atmospheric drag, solar pressure radiation, planetary bodies, and the oblateness of the Earth. 

Numerical integration in Cowell’s method is then used, such as a Runge-Kutta method, to sum the 

forces over time to determine position and velocity vectors at the next time step. A primary advantage 

of Cowell’s method is its relative simplicity in performance vs accuracy [21].   

2.4 Spacecraft Proximity Operations 

Proximity operations refer to the phase prior to docking a spacecraft. Depending on the distance from 

the spacecraft, different requirements and sensors may be needed. Thus, three operational phases are 

defined according to distance for long, medium, and short range. At long range, distance and bearing 

need to be determined (GPS), while position and motion are the most important parameters at me-

dium range (GPS and Visual Sensors). For short range, the position and attitude need to be highly 

accurate to perform final approach and to dock with the target spacecraft (Visual Sensors). When 
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discussing proximity operations for microsatellites, long range corresponds to 100m - 20m, medium 

to 20m - 2m and short to 2m - contact [22].  

The MirrorSat and CoreSat of the AAReST mission will utilize LIDAR sensors, which will give pose 

and range information and will operate in the short and medium range. Inter-satellite communication 

based on Wi-Fi will allow attitude data transfer between the two satellites. Medium and short range 

proximity operations will be considered, as the extended objective of the AAReST mission requires 

satellite the largest manoeuvring distance at 10m [2]. 

2.5 Spacecraft Electromagnetic ARD Systems 

The biggest advantage of electromagnetic docking systems for satellites is the lack of chemical pro-

pulsion requirements [23].  However, the electromagnetic force produced has inherent highly 

nonlinear and coupled dynamics and thus is difficult to model. As well, gradually decreasing relative 

distance makes force/ torque models uncertain, making the control problem of electromagnetic force 

difficult. An important characteristic of using magnets is their “self-docking capability”, where two 

magnets in a certain position relative to each other will automatically attract [24]. 

A specific technique called the Electromagnetic Formation Flight (EMFF) is being studied for for-

mation flying of satellites using electromagnetic ARD systems. MIT is currently researching EMFF 

and developing a system to using a high-temperature superconducting wire (HTS) to create EMFF 

coils [25]. This technique is being researched for proximity operations but does not look at docking 

of spacecraft.  

A magnetic docking system developed by NASA’s Johnson Space Centre uses continuous ring elec-

tromagnets with the purpose of power data and fluid transfer between satellites. This system can 

correct misalignment during docking as much as 45 degrees and a third of the diameter of the satellite 

body, which reduces the potential for impact damage while docking [26]. Thus, showing the feasi-

bility of the project. 

2.6 Brief Overview of Magnetics as Related to ARD 

In order to use magnetic forces for ARD, the magnetic field interaction between two magnetic 

sources must be understood. That is, how will the magnetic field affect the movement of a spacecraft. 

Magnetic fields are created by electric currents, such as in a wire or in the form of electrons in atomic 

orbits. As seen in Figure 6 [27], several sources for magnetic fields exist, including the Earth.   
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Figure 6 – Sources for magnetic fields 

The Lorentz Force law defines the magnetic force on a moving charge as 

𝑭 = 𝑞𝒗 𝑥 𝑩  (12) 

Where q is the charge of the particle with a velocity, 𝒗, and magnetic field, 𝑩. The magnetic force is 

perpendicular to both the velocity of the magnetic field and the velocity of the charge. Therefore, if 

the velocity and magnetic field area parallel, the force is zero [27].  

2.6.1 Electromagnetism 

Electric current in a wire induces a magnetic field, H, which is at a right angle to the direction of the 

flow of current and the radial vector based on the right-hand rule, as seen in Figure 6. The magnitude 

of H is given by Ampere’s law [28] as  

𝐻 =
𝐼

2𝜋𝑟
 

(13) 

Where I is the current of the wire and r is the radius. If the wire is bent into a loop, whose area is πr2, 

and a current, I, is introduced, then the current in the loop would create a magnetic field as seen in 

Figure 6. The magnetic field created is the same as that of a permanent magnet [28]. Thus, an elec-

tromagnet and permanent magnet would be attracted or repulsed as two bar magnets would. 

A magnetic dipole moment can be used to measure the strength of an electromagnet and depends on 

the current, I, and area of the wire loop, A. In a solenoid, a current carrying wire is wound around a 

core in a number of loops, N, and thus the final magnetic moment would be  

𝑚 = 𝑁𝐼𝐴  (14) 

The direction of the magnetic field vector depends on the direction of the field lines, while the mag-

nitude depends on how close the field lines are to each other. The number of magnetic field lines 

which pass through a given area is the magnetic flux. Looking at the density of the magnetic flux 

lines gives the magnetic induction, B, which is a way to measure the strength of the magnetic field 

[28]. The torque, τ, caused by a magnetic field is perpendicular to both the magnetic field strength, 

B, and magnetic moment, 𝒎  and thus is given by  
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𝑻 = 𝒎 𝑥 𝑩  (15) 

The torque is zero when 𝒎 and 𝑩 are parallel and maximum when the angle between the two vectors 

is 90°. 

2.6.2 Force Between Two Magnetic Dipoles 

The force between two magnetic dipoles is among the simplest models of magnetic interaction be-

tween objects as shown in Figure 7. Employing basic dipole interaction theory can provide an 

accurate theoretical model of forces between two magnetically charged objects [29].    

 

Figure 7 – Magnetic flux lines interaction between two dipoles  

To find the force between two magnets analytically, the magnets need to be thought of as two mag-

netic dipoles. The magnetic force on a dipole is found from the energy, 𝑈 

𝑭 = −𝛁𝑈 = 𝛁(𝒎 ∙ 𝑩) (16) 

Where 𝛁 is the gradient with respect to 𝒓. Also, the field of a magnetic dipole, 𝒎, at position 𝒓 is 

defined as  

𝑩(𝒎, 𝒓) =
µ0

4𝜋
(

3𝒎 ∙ 𝒓

𝑟5
𝒓 −

𝒎

𝑟3
) 

(17) 

Where µ0 is the permeability of free space. Thus, using Equations 14 and 15, we can find the force 

due to magnetic dipole 𝒎𝟏 on magnetic dipole 𝒎𝟐 as [29] 

𝑭𝟏𝟐 =
3µ0

4𝜋𝑟12
5

((𝒎𝟏 ∙ 𝒓𝟏𝟐)𝒎𝟐 + (𝒎𝟐 ∙ 𝒓𝟏𝟐)𝒎𝟏 + (𝒎𝟏 ∙ 𝒎𝟐)𝒓𝟏𝟐 −
5(𝒎𝟏 ∙ 𝒓𝟏𝟐)(𝒎𝟐 ∙ 𝒓𝟏𝟐)

𝑟12
2

𝒓𝟏𝟐) (18) 

2.7 Summary 

Research into ARD technology is still ongoing, with many missions still being planned as reviewed 

in the previous sections. Most of these technologies, however, are being specifically developed for 
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on-orbit servicing missions or debris clean-up. ARD technology, however, can also be very applica-

ble to large aperture configuration, specifically using magnetic docking technology. Thus far, the 

largest space-based telescope launched will be the James Webb Space Telescope (JWST) [30] with a 

primary mirror diameter of 6.5m. Apertures an order of magnitude larger, however, are feasible using 

reconfigurable satellites [31]. Autonomous proximity operations and docking open the possibility for 

on-orbit spacecraft reconfigurations. That is, launching an array of docked satellites, which can un-

dock in space and reconfigure to a much larger structure.  

Magnetic docking technology can be a feasible answer for reconfiguration of small satellites in close 

proximities, as it does not require propulsion which is a challenge in micro- and nano-satellites. By 

understanding the magnetic field created by the magnets, and the force and torque created, we can 

create a control algorithm. Other magnetic sources in the spacecraft, as well as the Earth are also 

considered later in this paper. 
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3 MODELING THE MAGNETIC FIELD 

The following section describes the process of modelling the magnetic field between the electromag-

nets of MirrorSat and the permanent magnets of CoreSat. A finite element program for magnetic 

modelling, FEMM, is used to model the magnetic field between the two satellites, as well as calculate 

torques and forces created due to this magnetic field. FEMM can simulate the problem in 2D, thus a 

horizontal cross section of the system is taken. When distances between the magnets are short, finite 

element modelling gives a more accurate representation of the magnetic field than theory based cal-

culations, and can be used to correct the magnetic field created in the control scripting.  

3.1 Electromagnetic Docking System Parameters 

Each MirrorSat spacecraft is equipped with four electromagnets in the form of solenoids, while the 

CoreSat docking system will utilize four passive Neodymium (NdFeB) magnets. It is important to 

note that the choice of Neodymium magnet has not been finalized and the parameters stated below 

are used for the simulation only. Although the choice may not be final, it is important to work out the 

process for modelling the magnetic field, which can then be reused. 

3.1.1 Solenoids Parameters 

A solenoid is a helically wound coil that can be used to produce a magnetic field. For AAReST each 

solenoid used on the vehicles have the following properties: 

• Iron core: 1x10 cm 

• 24AWG wire coil with approximately 900 turns 

• Current applied to coil is 650mA 

• Radius from the centre of the core is 7.2 5mm 

3.1.2 Permanent Magnet Parameters 

A set of permanent neodymium magnets are also used on the AAReST mission. These permanent 

magnets retain their magnetic field at all time and as used in the simulation have the following prop-

erties: 

• 10 mm diameter 

• 7 mm length 

• N40 strength 

3.2 Finite Element Magnetic Modelling 

In this work the software package Finite Element Method Magnetics [32], FEMM, is used to model 

the magnetic field created between MirrorSat and CoreSat in a two-dimensional space. A model of 
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the AAReST spacecraft was made to determine by finite element analysis the performance of a ren-

dezvous and docking manoeuvre. The previously described magnets found on board the spacecraft 

were added into FEMM for analysis. In addition to the magnets, the model includes a 10 cm by 10 

cm Aluminium plate representing the CubeSat structure of the two spacecraft. Due to the probe and 

drogue mechanism, the docked (shortest) distance between the two satellites, and thus the two mag-

nets, is 3 cm. A view of the FEMM interface for when building a problem is shown in Figure 8. 

 

 

Figure 8 – FEMM user interface 

In finite element analysis, a boundary must be defined for the calculations in order to determine an 

analysis solution. For a satellite in space, however, an open boundary is needed to get a correct esti-

mation of the magnetic flux density. In Figure 8, an asymptotic boundary condition is used to get a 

close approximation of the unbounded solution, by creating several circular boundaries with specific 

boundary conditions. This technique is described in detail by Edwards, et. al. [33]. The advantages 

of using this technique is that the ‘bounded’ area can be kept small, decreasing the computational 

time. Other ways of closely estimating open boundaries maybe used as well, and will be discussed 

later in this paper.  
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Each enclosed space in the problem must be identified with a corresponding material, which is de-

noted by the green marks seen in Figure 8. FEMM has a full library of magnetic and non-magnetic 

materials, including Neodymium magnets, Iron, Copper Wire, Alloys, Aluminium, etc. As well, new 

materials can be added if certain magnetic properties, such as relative permeability, electrical con-

ductivity, and coercivity are known. Once the problem is completely defined, FEMM can run an 

analysis and show the results, as shown in Figure 9. In this window, there are several options for the 

user to choose from, such as a plot of the magnetic flux density. 

 

Figure 9 – FEMM analysis result user interface 

Using the FEMM answer file, the magnetic flux density value can be obtained for any point in the 

boundary. The force and torque can also be obtained using the Weighed Stress Tensor Volume Integral 

tool [34], which integrates the force (vector) and torque values over a chosen area, such as MirrorSat. 

Knowing these values allows us to understand the physical response of the satellite due to the mag-

netic field. As well, the model can help us visualise these responses.  

3.2.1 Using Scripting 

Creating and analysing a problem using the manual FEMM interface shown in Figure 8 is very time 

consuming. Manual manipulation of the structures using the interface in the problem is also possible,  
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such as translation or rotation of a structure. When it comes to propagation based on calculated forces 

and torque, however, the user interface is not a viable option. 

There is, however, a largely undocumented and unused scripting tool based on LUA, which can be 

used with FEMM and will be explored in this paper. With the help of a LUA script, the modelling 

and analysis process can be automated and real docking manoeuvres can be simulated. This includes 

switching the polarity of the solenoids and turning the solenoids ‘On’ and ‘Off’. As well, external 

magnetic fields can be added to simulate the complete environment of the mission.  

3.3 Summary 

A complete FEMM model using LUA scripting can be used to simulate translational and rotational 

motion of MirrorSat in response to the magnetic field created between the docking system and any 

outside magnetic forces which may have an effect. As well, it can be used to test different sizes, 

strengths, or kinds of magnets as they may change in the design. A good understanding of the mag-

netic flux density, torques and forces for different positions and orientations will allow for a better 

implementation of the rendezvous and docking control system. However, the FEMM model needs to 

be analytically validated before it can be used for simulation.  
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4 VALIDATION OF FEMM MODEL 

To ensure the FEMM model can be used to accurately simulate the docking manoeuvres of MirrorSat, 

the magnetic flux density, torque and force output must be compared to an analytical solution. Due 

to the non-linearity of the magnetic field in the near field, the analytical solution and FEMM output 

will only be compared for distances greater than 10 cm. 

The analytic formulae found in Section 2.6 can be used to compute the magnetic flux density, torque, 

and force between the magnets and Equation 12 is used to find the magnetic dipole moment of the 

solenoid. However, the solenoids used in MirrorSat have iron cores and the dipole moment of this 

ferromagnetic core must also be taken into account when calculating the dipole moment of the elec-

tromagnets. The magnetic dipole moment can be estimated for far field using 

𝑚 =  
1

𝜇𝑜
𝐵𝑟𝑉. 

(19) 

Where 𝜇𝑜 is the permeability of free space, 4π*10-7 N/A2, 𝐵𝑟 is the Residual Flux Density, and 𝑉 is 

the volume of the material [35]. Thus, adding Equations 12 and 19, the magnetic dipole moment of 

a solenoid with a ferromagnetic core becomes 

𝑚𝑠 =  
1

𝜇𝑜
𝐵𝑟𝑉 + 𝑁𝐼𝐴.  

(20) 

The dipole moment calculations for the solenoids and the permanent magnets are based on the fol-

lowing parameters, equivalent to those used in FEMM.  

• Residual flux density, 𝐵𝑟, is 1.3 for Pure Iron and 1.257 for N40 strength magnet 

• Volume of permanent magnet is 0.55 cm3 and of iron core is 7.85 cm2 

• Area of solenoid is 1.65 cm2 

Thus, the data gives a dipole moment of 0.55 A∙m2 for a permanent magnet and 8.28 A∙m2 for a 

solenoid. The magnetism equations in Section 2.6, however, require the vector form of the magnetic 

moment. For a bar magnet, the direction of the magnetic dipole moment points from the south to the 

north pole. For a solenoid, the vector direction can be found using the right-hand rule with the direc-

tion of the current. The vector, thus points out of the plane of the current loop as shown in Figure 6 

[27]. For consistency with the FEMM model, the axes are defined as: positive y-direction up, and 

positive x-direction right. The given nomenclature of the magnetic dipoles can be seen in Figure 10. 
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Figure 10 – Magnetic dipoles nomenclature 

4.1 Magnetic Flux Density Calculations 

The magnetic flux density for a given point, due to a magnetic dipole can be calculated using 

Equation 17 described in Section 2.6.2. For this comparison, the magnetic flux density was calculated 

for the midpoint between MirrorSat and CoreSat. This point was chosen due to the symmetry of the 

magnets, where the x-component of the magnetic flux density should be zero, which adds an extra 

check for the accuracy of the calculations. At this point, the magnetic field depends on four magnetic 

sources, two permanent magnets and two solenoids. Thus, the total magnetic flux density is the sum-

mation of the field from these for sources, such that the total magnetic flux density at the midpoint 

is given by 

𝑩 = ∑ 𝑩(𝒎𝒊, 𝒓𝒊)
4

𝑖=1
. 

(21) 

It is important to remember the dipole estimation is at the centre of each magnet. Thus, if the 

vertical distance between two satellites is 10 cm, the vertical distance from the solenoid modelled as 

estimated as a point dipole to the midpoint between the two spacecraft is 10 cm and not 5 cm. While 

the distance for the permanent magnet is 5.35 cm. Using the magnetic dipole previously stated, the 

magnetic field density due to each magnet for a distance of 10 cm between the satellites is calculated 

using Equation 17 as follows. 

 

 

 

 

m1 

m2 m3 
 y 

 x 

m4 
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Table 1 – Magnetic flux density calculation parameters for 10 cm distance between satellites  

Dipole 
Number 

Distance      
Vector (m) 

Dipole Moment 
Vector (A∙m2) 

Calculated B Vector   
(10-3 T) 

𝒎𝟏 [0.025, 0.053] [0, 0.55] [0.316, 0.397] 

𝒎𝟏 [0.025, -0.1] [0, 8.28] [-0.5, 1.4] 

𝒎𝟑 [-0.025, -0.1] [0, 8.28] [0.5, 1.4] 

𝒎𝟒 [-0.025, 0.053] [0, 0.55] [-0.316, 0.397] 

Total - - [0, 3.6] 

 

The magnetic flux density was calculated for the midpoint of distances between 10 cm and 100 cm, 

using a MATLAB script. In FEMM, the magnetic flux density can be obtained by selecting the de-

sired point in the boundary of the answer file. In LUA script, the function mo_getpointvalues(x,y) 

(mo indicates a function for the answer/output file of FEMM) returns all known values about this 

point, of which the second and third value are 𝐵𝑥 and 𝐵𝑦  respectively. These values can then be 

written to file for comparison.  

4.1.1 Results 

The analytic solutions do give the result of zero for the x-component of the force over the desired 

distance. The FEMM output, however, shows very small results which are introduced due to the 

estimate nature of finite element analysis. This error can be decreased by increasing the “mesh size”, 

or number of nodes for computation, around the area of interest. However, increasing the mesh size, 

exponentially increases the analysis time. A mesh size of 0.3 was chosen which gave results on the 

order of 10-8, but kept the computational time reasonable. These results are assumed to be negligible 

in their effects on the manoeuvres of MirrorSat.  

The y-component comparison of the magnetic flux density vector is shown in Figure 11. Both, the 

analytical calculations and FEMM results follow a similar logarithmic pattern, with the results con-

verging together at close and far distances. On average, the FEMM values are 45% larger than the 

analytical results. 
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Figure 11 – Magnetic density flux vector y-component vs distance comparison 

4.2 Force Calculations 

The total force on MirrorSat was calculated by summing the forces on the two solenoids due to each 

of the other magnets, such that the total force on MirrorSat is 

𝑭 = ∑ 𝑭(𝒎𝒊, 𝒎𝟐, 𝒓𝒊𝟐)
𝑖=1,3,4

+ ∑ 𝑭(𝒎𝒊, 𝒎𝟑, 𝒓𝒊𝟑)
𝑖=1,2,4

. (22) 

Each of these forces can be calculated using Equation 17 described in Section 2.6.2. For these calcu-

lations, CoreSat and MirrorSat are kept parallel with their centres along the same line. Again, due to 

the symmetry of the model, the x-component of the force should be zero.  

Since the magnetic field is calculated for the location of the solenoids, the vertical distance for the 

analytical calculations will be at the centre of each solenoid. That is, when the vertical distance be-

tween the two satellites in the model is 10 cm, the distance between the dipoles is 15.35 cm. The 

calculation parameters for this case can be found in Table 2.  

Table 2 – Force vector calculation parameters for 10 cm distance between satellites 

Dipole 
Number 

Distance      
Vector (m) 

Dipole Moment 
Vector (A∙m2) 

Calculated Force     
Vector (N) 

𝒎𝟏𝟐 [0, 0.15] [0, 0.55] [0, -0.0054] 

𝒎𝟑𝟐 [-0.05, 0] [0, 8.28] [0.0024, -0.0031] 

𝒎𝟒𝟐 [-0.05, 0.15] [0, 0.55] [-3.2881, 0] 

𝒎𝟏𝟑 [0.05, 0.15] [0, 0.55] [-0.0024, -0.0031] 

𝒎𝟐𝟑 [0.05, 0] [0, 8.28] [0, -0.0054] 

𝒎𝟒𝟑 [0, 0.15] [0, 0.55] [3.2881, 0] 

Total - - [0, -0.0170] 
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In FEMM, the force is integrated over the area of the solenoids as shown in Figure 12. In LUA 

script, the functions mo_blockintegral(18) and mo_blockintegral(19) give the x and y direction of 

the force respectively.  

 

Figure 12 - Selected area of model for force computation 

4.2.1 Results 

Similarly to the magnetic flux density results, the analytical calculation for the x-component of the 

force is retuned as zero, while FEMM shows a small error on order of 10-8. Figure 13 shows y-

component of the force the and the results are much closer to FEMM. On average, the FEMM values 

differ from the analytic results by 28%, but are almost identical at several points. In this case, only 

the magnitude has been plotted for simplicity. Both analytic and FEMM results show the direction 

of the force points in the negative vertical direction toward CoreSat.  

 

Figure 13 – Force vector y-component vs distance comparison 
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4.3 Torque Calculations 

For the validation of the torque value, the torque is calculated about the centre point of MirrorSat. To 

do this analytically, the magnetic flux density was calculated for the centre of each solenoid and used 

to find the torque of each electromagnet. The two torques were then added, with the final torque at 

the geometric centre of MirrorSat being  

𝑻 = 𝒎𝟐 𝑥 ∑ 𝑩(𝒎𝒊, 𝒓𝒊𝟐)
𝑖=1,4

+ 𝒎𝟑 𝑥 ∑ 𝑩(𝒎𝒊, 𝒓𝒊𝟑)
𝑖=1,4

 (23) 

Since we are working with a two-dimensional model, the torque is a scalar value indicating a clock-

wise (-) or counter-clockwise (+) rotation about the centre of MirrorSat. For this comparison 

MirrorSat was offset 5 cm horizontally to induce a torque. The parameters for the analytical calcula-

tion at a 10 cm distance between the spacecraft is outline in Table 3. 

Table 3 – Torque calculation parameters for 10 cm distance between satellites 

Time       
Interval (s) 

Dipole Moment 
Vector (A∙m2) 

Calculated B Vector   
(10-4 T) 

Torque                        
(10-4 N∙m) 

𝒎𝟐 [0, 8.28] [ 0.125, 0.562] -1.036 

𝒎𝟑 [0, 8.28] [0.255, 0.338] -2.112 

Total - - -3.148 

 

Using LUA script, the same area to be integrated as the force are is selected in the FEMM model as 

shown in Figure 12. The function mo_blockintegral(22) returns the torque value. An important note 

for torque calculations using FEMM, is that the torque value is always calculated about the point 

(0,0). Which means that MirrorSat must always be cantered at the origin for correct torque compu-

tations. Thus, for this comparison and any simulations, the translational motion of MirrorSat is 

applied to CoreSat in the equal and opposite direction.   

4.3.1 Results 

The results are again similar and can be seen in Figure 14. Again, the magnitude of the values were 

plotted as both, the analytical and FEMM results, show the direction of the torque to be clockwise. 

On average, the FEMM results differ from the analytical by 61%. 
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Figure 14 – Torque vs distance comparison 

4.4 Summary 

Overall, the FEMM results are greater in magnitude, but in all three cases the solutions follow a close 

logarithmic pattern. The comparisons of the magnetic flux density, force, and torque all show rea-

sonably close values, especially in regard to force. Thus, it is concluded that the FEMM model is 

valid for estimating forces and torques caused by magnetic fields and can be used for this project. 
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5 CASE STUDIES AND PROPAGATION 

In this chapter, the process of the FEMM model and simulation will be discussed. The magnetic field 

of the environment depends on several factors, including Earth’s magnetic field and magnetic fields 

of the satellite components which may interact with the docking system. As well, there are disturb-

ance such as drag that could affect the position of MirrorSat during docking managers. Thus, several 

cases will be considered when running the FEMM simulations, which are described in Table 4. 

Table 4 – Description of FEMM simulation factors 

Case 

Number 
Factors Considered Description 

1 Force/Torque 
Simple manoeuvre: undock, hold, dock       

Add torque: initial horizontal offset 

2 Earth’s Magnetic Field Consider best- and worst-case scenarios 

3 Solar Disturbances Add solar panels to model 

4 Hill’s Frame/Drag Possible effects of atmospheric drag 

5 All Add all previous factors for a complete model 

 

Several assumptions are made regarding the FEMM simulations allowing for the use of the two-

dimensional model, which are: 

• CoreSat and MirrorSat will utilize attitude control methods, such as reaction wheels, to 

keep the satellites in the same plane at all times. 

• CoreSat is stationary with respect to MirrorSat, only MirrorSat will perform manoeuvres. 

• As there are two sets of magnets for the docking mechanism, it is assumed that one set are 

responsible for “pulling” half the mass of CoreSat. 

5.1 Case One: Simple Undock and Dock FEMM Simulation 

The first case to consider is an undock and dock manoeuvre to ensure that the solenoids are strong 

enough to repel from CoreSat during the undock procedures and the permanent magnets are strong 

enough to attract MirrorSat for docking. Since the solenoids are pulse width modulated, the control 

options for MirrorSat are “On” or “Off”. As well, the current direction can be reversed, changing the 

direction of the magnetic field.  

Using the x and y components of the force, we can calculate the acceleration, 𝑎, of MirrorSat in each 

direction using Newton’s Fist Law of motion. Using Equation 24, we can compute the acceleration 

in each direction. The displacement distance, 𝑑, can be calculated using Equation 26, where the initial 

velocity, 𝑣𝑜, is zero and the time, 𝑡, is 0.5 seconds. The velocity at the end of the first time-step is 

computed using Equation 25, which then becomes the initial velocity for the next set of calculations.  
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𝐹 = 𝑚𝑎 (24) 

𝑣 = 𝑣𝑜 + 𝑎𝑡 (25) 

𝑑 = 𝑣𝑜𝑡 +
1

2
𝑎𝑡2 

(26) 

The mass of MirrorSat is assumed to be 5kg, as that is the average mass of a 3U CubeSat. Thus, the 

mass, 𝑚, used for these calculations is 2.5kg. The chosen time step for these calculations is 0.5 sec-

onds, meaning that any control change can only occur at half second intervals. A smaller interval 

between calculations also means greater accuracy. A time step of 0.5 seconds was selected as trade 

between accuracy and keeping simulation computational times reasonable.  

Since the solenoid cores are ferromagnetic, the solenoid does not need to be “On” for MirrorSat to 

dock with CoreSat within a certain distance, as the permanent magnets will attract the iron cores. 

This could be useful in saving power, but it will increase the docking time, which may increase 

manoeuvre risk. For example, at a distance 20 cm it takes MirrorSat about 50 seconds to dock from 

a resting position, at 15 cm it takes about 26 seconds, and at 10 cm it takes about 11 seconds. During 

the approach for docking, however, MirrorSat will have a velocity toward CoreSat before the elec-

tromagnets are turned off, which reduces this time significantly.  

When it comes to timing, there are several advantages and disadvantages that need to be weighed 

when considering how long manoeuvres should take. For this simulation, the electromagnets are 

turned off when the vertical displacement reaches less than 15 cm to minimize time, while still al-

lowing for enough data to be collected with the solenoids in the off position. The aim of this 

simulation, is to undock and move MirrorSat to a 20 cm to 30 cm distance and then dock. The ma-

noeuvre data is summarized in Table 5 below.  

Table 5 – Undock and dock simple manoeuvre data 

Time       
Interval (s) 

Final Vertical 
Distance (cm) 

Final Horizontal 
Distance (cm) 

Final Vertical 
Velocity (cm/s) 

Solenoid Control 
Option 

0-2.5 5.6 0.00 2.2 On - Repel 

3-9 16.5 -0.02 1.7 Off 

9.5-24.5 26.0 -0.01 0.0 On - Attract 

25-41 15.3 0.01 -1.7 On - Attract  

41.5-47 3.8 0.01 -2.5 Off 

The maximum vertical displacement occurred at 24.5 seconds where the distance was about 26 cm. 

The final relative vertical velocity at docking, -2.5 cm/s, is considered safe. For this simulation, the 

solenoids are powered on for a total of 33.5 seconds. Initially, the solenoids are used to repel from 

CoreSat and are powered off to slow the velocity while still allowing MirrorSat to gain vertical dis-

tance. The solenoids are then switched on with reversed polarity, to decelerate MirrorSat at a quicker 
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pace. Finally, MirrorSat accelerates back toward CoreSat and the solenoids are switched off to con-

serve power. Figure 15 shows the vertical distance and velocity profile throughout the manoeuvre. 

 

Figure 15 – Vertical distance and acceleration profile for MirrorSat 

The horizontal distance should be zero throughout the manoeuvre, but some displacement occurs 

due to small errors in the vertical force as discussed in Section 4.2. However, for these simulations, 

the error at docking is considered acceptable at 0.1 cm. The final horizontal distance is negligible at 

less than 0.01 cm/s and this was not included in Table 5. The complete data for this propagation can 

be found in Appendix 1. 

As mentioned earlier, FEMM can also be useful for visualizing the rendezvous and docking ma-

noeuvres. A sample of images showing the simple undock and dock manoeuvre can be seen in Figure 

16, which clearly shows the different steps and control options of the propagation. Starting with the 

first row of images, the left image shows MirrorSat undocking from CoreSat, with the electromagnets 

repelling from the solenoids. The middle image shows the solenoids turned off, and the right most 

image shows the solenoids turning back on and attracting. On the second row, the left image shows 

MirrorSat at the maximum vertical distance just before the starting to move back toward CoreSat. 

The middle image shows MirrorSat with a velocity in the negative y-direction and finally, the right 

image shows the solenoids are turned off just before docking.  
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Figure 16 – FEMM images of progression of undock/dock manoeuvre 

Due to the slow acceleration/deceleration close to the maximum vertical distance, the satellite 

“holds” this position (within 1 cm vertical displacement) for 12 seconds. This time is a product of 

the maximum vertical distance, as the satellite is decelerated and accelerated much slower than for 

manoeuvres at closer distance. For closer distances, a more active approach will need to be taken by 

“pulsing” the polarity of the electromagnets to keep the satellite at a given distance. The closer, the 

satellite is, the more difficult a hold position is.  

5.1.1 Simple Docking with Torque 

Similarly, the angular acceleration, 𝛼, can be calculated from the torque using Newton’s Second Law 

of rotation, given by Equation 27. Equation 28 and 29 are used to compute the angular velocity, 𝜔, 

and rotation angle, 𝜃, similarly to the force calculations. 

𝑇 = 𝐼𝛼 (27) 

𝜔 = 𝜔𝑜 + 𝛼𝑡 (28) 

𝜃 = 𝜔𝑜𝑡 +
1

2
𝛼𝑡2 

(29) 
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For this calculation, we need the mass moment of inertia, 𝐼, of MirrorSat. Since the analysis is work-

ing in the two-dimensional x/y plane, the need arises to calculate the rotation about the z-axis. For 

MirrorSat, the mass moment of inertia with respect to the z-axis is given by  

𝐼𝑧 =
𝑚

6
𝑎2 (30) 

Where 𝑚 is the mass and 𝑎 is the length of the satellite sides shown in Figure 17. For this case, the 

mass is 2.5kg (half of 5kg) and the length of each side is 0.1m. Thus, the mass moment of inertia for 

the z-axis of MirrorSat is 0.00417kg∙m2. Using the torque and mass moment of inertia we can then 

find the angular acceleration around the z-axis and we can use it to calculate the angular velocity and 

rotation for any given time.  

If MirrorSat rotates with respect to CoreSat, the electromagnetic control system will need to be 

used to re-align the satellite to avoid collision at docking. Thus, it is important to simulate how torque 

can be used for attitude control. For this simulation, the MirrorSat was given an initial rotation angle 

of -5⁰ about the geometric centre, as shown in Figure 17.  

 

Figure 17 – Point of rotation for MirrorSat 

The starting distance for the simulation was 10 cm, with zero initial velocity and solenoids turned 

on and attracting. The simulation behaved as expected, with MirrorSat rotating counter-clockwise 

and moving in the negative y-direction to align with CoreSat. The total approach time was 5 seconds, 

with a final horizontal distance of 0.7 cm and final rotation angle at -0.8⁰.  At this orientation, and 

within a reasonable margin of error, MirrorSat will be able to dock, as it will be “guided” into position 

by the probe and drogue mechanism discussed in Section 1.1.  

Rough sketches of the probe and drogue mechanism are added to the simulation to aid in visual 

inspection. The simulation ends when the probe reaches the docking plane (edge of drogue) as shown 

θ 

a 

a 
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in Figure 18, which shows the final position of the satellite at docking for this simulation.  

 

Figure 18 – MirrorSat final position with probe and drogue mechanism added 

Active control was not needed for this specific manoeuvre as the solenoid maintained the same con-

trol option throughout (On – Attracting). It is important to note that, although the ferromagnetic core 

is attracted to the permanent magnets without current supplied to the solenoid, the induced torque is 

not enough to align the two satellites before they collide. Thus, the power to the solenoid should only 

be turned off during close approach, as in the previous section, if the satellite has already aligned. 

5.1.1.1 Capture Cone 

In previous lab experiments with two sets of solenoids, MirrorSat automatically docked with CoreSat 

without active control within a 45° cone area extending from the docking plane. With FEMM we can 

test and understand the parameters of the area in which MirrorSat will automatically align when 

using different magnets. Several simulations need to be carried out regarding the relative velocity, 

distance, and rotation of MirrorSat, to see what effect they have on the ability to self-align.  

The following assumptions are made when considering successful docking parameters: 

• Docking occurs at a vertical distance of 5 cm and less, when the satellite docking mech-

anism reaches the docking plane. 

• Final relative velocity of MirrorSat should be less than 5 cm/s. 

• Horizontal offset should be less than 1 cm when approaching docking plane. 

• Final rotation angle should be less than 3°. 

The data in Table 6 summarizes the maximum initial parameters observed through FEMM simulation 

which allow for a successful docking. In this case, the vertical distance refers to the distance from 

the docking plane, and the maximum rotation angle is the positive or negative rotation of MirrorSat 

as shown in Figure 17. 
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Table 6 – Parameters of automatic 45° capture cone 

Vertical      
Distance (cm) 

Maximum Rotation 
Angle (⁰) 

Maximum Initial 
Velocity (cm/s2) 

5 8 2.6 

10 13 1.5 

15 17 1.2 

20 19 0.8 

25 22 0.6 

30 25 0.5 

These values confirm that an automatic capture cone exists where MirrorSat will dock with 

CoreSat without need of active control. However, care needs to be taken with respect to the rotation 

angle and velocity as the satellite enters the capture cone as outlined in Table 6.  

5.2 Case Two: Earth’s Magnetic Field 

Depending on the inclination and altitude of the mission, the Earth’s magnetic field may affect the 

rendezvous and docking manoeuvres. For this case, the altitude of the satellite is assumed to be 

600km. During an orbit around the Earth, the strongest magnetic field occurs at the magnetic poles 

and the weakest at the magnetic equator. Using the NOAA Magnetic Field Calculator [36] we can 

calculate the best- and worst-case scenario for interactions with the satellite magnetic field. The com-

ponent for the magnetic field for each case are outlined in Table 7.  

Table 7 – Strongest and weakest magnetic field components for Earth 

Location 
North       

Component 
(+N | -S) (nT) 

East        
Component 

(+N | -S) (nT) 

Vertical        
Component  

(+D | -U) (nT) 

Total Field 
(nT) 

South Pole     
(64.26°S, 136.59°E) 

475.8 190.0 -49,712.2 49,714.9 

Magnetic Equator             
(20°S, 55°W) 

15,790.8 -4,085.9 -7,208.1 17,862.3 
1 

A uniform magnetic field can be induced in FEMM using by indicating a specific boundary property, 

the potential, A, to certain segments of the boundary. To do this, the asymptotic boundary condition 

can’t be used as the analysis needs a square boundary where the properties of the x or y segments are 

used to induce a uniform magnetic field in each direction. For example, for a uniform filed in the x-

direction, the two y-segments of the boundary will need to have the boundary properties of 𝐴 = 0 and 

𝐴 = 𝐵 ∙ 𝑤, where 𝑤 is the distance between the horizontal boundaries in meters [27].   

When using this type of boundary, it is important to maintain the “open boundary condition” for 

accuracy. This is done by using a truncation of the outer boundaries technique, ensuring that the 

boundary location from the centre is at least five times the distance as the centre to the outside of the 

modelled objects [27]. This type of boundary, greatly increases the boundary area compared to the 
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asymptotic boundary condition, and thus increases the computational time. To keep the accuracy 

high, but maintain reasonable computational time, a smaller region of interest is selected around the 

model. In this region, the mesh is kept fine at 0.3, but the mesh outside can be coarser (in this case 

0.5).  Figure 19.A shows the magnetic model with the new boundary conditions in a uniform mag-

netic field. Figure 19.B shows the magnetic flux density within the region. A larger graphic, with a 

horizontally induced magnetic field can be found in Appendix 2. 

   

Figure 19 – Model with applied uniform magnetic field (a) and magnetic field density plot (b) 

To ensure that changing the new type of boundary condition in FEMM does not itself affect the 

outcome of the simulation, the forces and torque were compared to the undock/dock manoeuvre and 

torque simulations from Section 5.1. Both the forces and torque data of the new boundary condition 

for those simulations were within 5% of the value. For our estimation purposes, this deviation is OK 

as it only has a small effect on the final profile of the manoeuvre. The model can also accurately be 

used to compare the relative effects on the forces, torque that the magnetic field will have. 

Another limitation of FEMM is that a uniform filed can only be applied in one direction over the 

boundary. That is the added in the positive x-direction and the negative y-direction, but a uniform 

field with an x- and y-component cannot be added. Thus, we will compare the worst-case and best-

case scenarios with the magnetic field applied in one direction only.  

5.2.1 Worst-Case 

The vertical component of the magnetic field over the South Pole has the largest magnitude, and thus 

will cause the most disturbance. Depending on the orientation of the satellite, the field could align 

(a) (b) 
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with the x- or y-axis. To see which direction will have a worst effect of the manoeuvring of the 

satellite, a comparison between the forces and torque was made for vertical distances between 3 cm 

and 30 cm. MirrorSat was offset 3 cm horizontally and data was collected at 1 cm intervals.  

Figure 20 and Figure 21 show the horizontal force and vertical force comparison respectively. The 

base data was collected with no induced field and compared a 49,712.2 nT (Vertical component of 

field) uniform field in horizontal and vertical direction. In both cases, the field in the vertical direction 

has a greater effect on the forces. For the polar region, the magnetic field strength of the East and 

North component are so small that the effects are negligible. 

 

 

Figure 20 – Worst-case horizontal force vs distance comparison 

 

 

Figure 21 – Worst-case vertical force vs distance comparison 

A comparison of the torque, shown in Figure 22, also shows that a uniform magnetic field in the 

vertical direction has a worse effect than a magnetic field in the horizontal direction. Thus, for the 
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worst-case scenario, the vertical field will be compared for the undock/dock manoeuvre.  

 

Figure 22 – Worst-case torque vs distance comparison  

Running the same undocking/docking simulation as in Section 5.1, we can see the comparative ef-

fects on the manoeuvre the field may have. Figure 23 shows how the vertical distance is affected 

over the manoeuvre. Since the force in the y-direction is greater when the satellites are repelling, the 

MirrorSat gains a higher velocity when it is repelling from CoreSat. Thus, it takes a much long time 

for the satellite to slow down and reverse direction when the solenoids are turned on and attracting. 

The effect of this is that MirrorSat will drift further from CoreSat, with a total distance of about 30 

cm compared to 25 cm. Thus, with the same control options, the manoeuvre is extended 22 seconds.  

 

Figure 23 – Worst-case magnetic field simulation comparison for vertical distance  

The magnetic field also affects the horizontal displacement as shown in Figure 24. The horizontal 

distance displacement is tripled; however, it is still very small at about -0.3 cm at the maximum and 

less than 0.2 cm at docking. Thus, docking will still be achieved. 
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Figure 24 – Worst-case magnetic field simulation comparison for horizontal distance 

5.2.2 Best-Case 

The best-case scenario occurs at the magnetic equator, where the magnetic field is weaker. From the 

previous case, we know that a uniform form along the y-axis will have a worse effect. Thus, for the 

two-dimensional simulation, the best-case will occur when the x and y direction of the field are 

aligned with the Vertical and East component of the field respectively.  

For this simulation, a 7,208.1nT field is induced in the x-direction, and we use the same undock/dock 

manoeuvre to compare the effects. As well, a simulation with a 4,085.9 nT uniform field in the y-

direction is performed. As shown in Figure 25, the best-case scenario due to the vertical component 

shortens the total duration of the manoeuvre by 7 seconds. This is an improvement over the time 

difference of 22 seconds for the worst-case. As well, the maximum distance achieved is only 2.5 cm 

less. The effects of the East component are minimal, with a change of only 1 second, and almost no 

maximum distance change. 

 

Figure 25 – Best-case magnetic field simulation comparison for vertical distance  
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As well, the horizontal displacement over the manoeuvre shows a significantly smaller difference, 

as shown in Figure 26. The maximum displacement is horizontal displacement is ten times smaller 

than the worst-case scenario displacement for the 7,208nT field and less than half for the 4,085nT 

field. In this case, the 4,085nT has a greater effect on the displacement. 

 

Figure 26 – Best-case magnetic field simulation comparison for horizontal distance  

 

5.3 Case Three – Solar Disturbances 

The magnetic field during the rendezvous and docking manoeuvres may also be affected the gener-

ated magnetic field from the vehicle solar panels. In missions with instrumentation or operations that 

are sensitive to magnetic interference, both the material properties in the arrays and the magnetic 

field generated by current flowing through electrical wiring can cause interference. The AAREST 

mission will use GomSpace Nanopower P110 solar arrays, of which the only magnetic material of 

concern is Kovar found in the PCB interconnects. For this case, only the current generated magnetic 

field is considered as it is assumed the magnetic induction will be more dominant than the limited 

amount of Kovar found in the arrays.    

5.3.1 Modelling the Solar Panel Magnetism 

To determine the effects of the solar panels on the rendezvous and docking, the arrays were modelled 

in the finite element software as a simple current carrying wire. For this initial assessment, a simpli-

fied model was chosen in order to determine any broad effects the current in the panels might have. 

The current running through each panel is 0.5 Amps.  Two different orientations were used and ana-

lysed – one case with the wire current on each panel flowing in the same direction and one case with 

the current flowing in opposing directions as shown in Figure 27. Red represents current coming out 

of the page and green represents current going into the page.        
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Figure 27 – Configuration of solar panel current direction (a) same and (b) opposite 

Comparing the forces when the satellites are aligned (in the x-direction) between the two configura-

tions, the second configuration with opposing currents has a much smaller effect (if almost 

negligible) compared to the first configuration. Figure 28 shows the comparison of the force in the 

y-direction for the two solar panel configurations. 

 

Figure 28 – Effect of solar panel configuration on vertical force 
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from the solar panels may be unavoidable. A comparison of the torque motion from Section 5.1 is 
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when MirrorSat reaches the docking plane are compared in Table 8. The comparison shows that when 

the solar cells come out of perfect alignment, there will be significant effects.  

Table 8 – Comparison of docking parameters of model with and without solar cells 

Case 
Total Approach 

Time (s) 
Final Angle (⁰) 

Final Horizontal 
Distance (cm) 

No Solar Panels 5 -0.8 0.7 

Offset Solar Panels 4.5 -1.9 0.3 

5.3.2 Mitigating Solar Panel Effects 

Effects of the solar panel on the magnetic field and thus performance of the rendezvous and docking 

procedure can be reduced by both operational and design approaches. First, consideration can be 

given to performing rendezvous and docking within the Earth’s shadow during eclipse. This would 

greatly reduce the charge provided from solar cells and thus limit the generated magnetic field. How-

ever, performing the manoeuvre in eclipse could be operationally risky as the available power 

generation will be limited. Another approach would be to design and orient the solar panels such that 

the resulting magnetic fields cancel to some amount. This could be done by strategic placement of 

cable harnessing as well as orienting the panels on opposite side faces in the opposing direction.   

 

5.4 Case Four – Hill’s Reference Frame and Drag 

The acceleration and displacement of MirrorSat through cases 1-3 have been calculated using equa-

tions not suited for close proximity space movement. As described in Section 2.3, a different set of 

equations need to be used to calculate the relative distance and velocity of a satellite performing 

rendezvous manoeuvres in orbit. As well, there are external forces, such as atmospheric drag, which 

may cause drift between the satellites, and thus may need to be considered when designing the control 

algorithm.  

5.4.1 Hill’s Frame 

To get the relative position and velocity of MirrorSat with respect to CoreSat in orbit, the HCW 

Equations 4-9 outlined in Section 2.3 are substituted into the LUA script. Since, this is a two-dimen-

sional model, however, Equation 6 and Equations 9 are not used, as they describe the in- and out-of- 

plane motion of the satellite.  

In the first propagation using the HCW equations, the x-axis of the model is aligned with the �̂� direc-

tion of the Hill’s frame and the y-axis with the 𝒋̂ direction. As expected, the final profile of the motion 

does change, as seen in Figure 29 and Figure 34. The change in the vertical distance over the span of 

the manoeuvre, however, is minimal. The maximum distance was shortened from 26 cm to 25.3 cm 

and the time to complete the manoeuvre is shorter by one second. 
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Figure 29 – Vertical distance of undock/dock manoeuvre propagation using Hill’s frame 

On the other hand, the profile in the x-direction of the model has changed more significantly relative 

to the first case calculations. The change is minimal and docking and undocking as the distance 

between the two satellites is small. As it can be seen in Figure 30, the offset in the x-direction has a 

maximum of nearly 0.4 cm with a final docking offset of -0.35 cm, which is still well thin the margin 

of error for the docking ports. 

 

Figure 30 – Horizontal distance of undock/dock manoeuvre propagation using Hill’s frame 
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motion is again affected, but only slightly compared to the previous alignment. This time, the ma-

noeuvre takes 0.5 seconds longer, and the maximum vertical distance is extended by 0.3cm. 

 

Figure 31 – Vertical distance of undock/dock manoeuvre propagation using Hill’s frame 

The horizontal displacement during the manoeuvre is only slightly more affected than that of the 

previous alignment, with a maximum displacement of -0.45cm and a final docking displacement of 

0.4cm. The horizontal profile of the manoeuvre can be seen in Figure 32. 

 

Figure 32 – Horizontal distance of undock/dock manoeuvre propagation using Hill’s 

frame 
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5.4.2 Drag 

During rendezvous manoeuvres, especially at large distances, atmospheric drag may need to be taken 

into account when calculating the relative position and velocity of the chaser satellite. For the 

AAReST mission, the manoeuvres controlled by the electromagnetic docking system extend to 

30cm, with an extended goal of 1m (with the help of thrusters). The Cowell orbit propagator de-

scribed in Section 2.3.2 can be used to calculate the drift due to the aerodynamic drag over a chosen 

orbital period. A cowell.m MATLAB function was used for this purpose, which uses the following 

formula to calculate the drag [37] 

𝒂𝒅(𝒓, 𝒗, 𝑡) = −
1

2
𝜌(𝒓, 𝑡)|𝒗𝒓|𝒗𝒓

𝐶𝑑𝐴

𝑚
 

(31) 

Where 𝒗𝒓 is the velocity vector of the satellite relative to the atmosphere, rho is the atmospheric 

density at a given altitude, 𝐶𝑑 is the coefficient of drag, 𝐴 is the reference area of the satellite and 𝑚 

is the mass of the satellite. 

The parameters used for this propagation are for the most conservative case, where the largest cross-

sectional area is used for each satellite. These parameters are: 

• Mass: 30 kg CoreSat and 5kg MirrorSat mass  

• Cross sectional area: 0.09 m2 CoreSat and 0.0 3m2 MirrorSat 

• Coefficient of drag: 2.2 (common estimate for both satellites [38]) 

The orbit was propagated for 10 minutes, for a conservative estimate of the maximum possible ren-

dezvous and docking procedures. The initial altitude of CoreSat is 600 km, with the propagation of 

MirrorSat’s orbit being completed for initial distances of 30 cm and 1 m. At the end of 10 minutes 

the maximum drift of MirrorSat with respect to CoreSat in each case is negligible, where the final 

maximum drift for each case is given below. 

• Final drift of 30 cm distance: 0.087 cm 

• Final drift at 1 m distance: 0.154 cm 

Thus, the effects of the atmospheric drag will not need to be taken into account when propagating 

the rendezvous and docking manoeuvres using the FEMM model and LUA script.  

5.5 Case Five – Complete Model 

Based on previous the previous cases, a complete model is built which takes into account forces, 

torques, the Earth’s magnetic field, solar panels, and propagates the motion for on orbit movement 

using the HCW equations. This model can be used as a first step to estimating manoeuvre paths, 

docking times, and to building a control algorithm. 

Figure 33 shows what the final model looks like in FEMM, showing both the full boundary and a 
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close view of the model. In the close view, the block labels of the material properties for each section 

of the satellite’s structure can be seen, including the solar panels on the outer most edges. However, 

it can also be clearly seen in the full view, that the model is much larger than the simple Case One 

model. This the computational time for each simulation has increased.  

      

Figure 33 – Complete FEMM model, close up (left) and full view (right) 

The undock/dock manoeuvre is simulated with this model for the best- and worst-case for Earth’s 

magnetic field. In this propagation, the x-axis of the model is aligned with the �̂� direction of the Hill’s 

frame. The manoeuvre vertical displacement for both simulations is outlined in Figure 34. The best-

case manoeuvre behaves and looks much like the manoeuvre in case one. The profile appears much 

smoother than the worst case.  The complete data for the ‘worst-case’ can be found in Appendix 3, 

and the ‘best-case’ can be found in Appendix 4. 
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Figure 34 – Best- and worst-case manoeuvre propagation of full model (y-displacement) 

 

Figure 35 shows the horizontal displacement for the manoeuvre, for both best- and worst-case sce-

narios. For the best-case scenario, the maximum x-displacement is -0.9 cm, which occurs during 

docking. Based on the successful docking assumptions made in Section 5.1, successful docking will 

still occur. Care must be taken, however, to minimize such displacement. The worst-case scenario, 

has a much smaller horizontal docking displacement of -0.4 cm, but that is most likely due to the 

magnetic short duration of the manoeuvre. As well, the time of the manoeuvre in this case may not 

be enough to perform attitude control manoeuvres for reconfiguration.  

 

Figure 35 – Best- and worst-case manoeuvre propagation of full model (x-displacement) 

As it can be seen in the complete model, using the Hill’s frame, changes in the magnetic field can 

drastically change a manoeuvre time and maximum vertical distance. Thus, it is important to compute 
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and simulate these effects using computer simulations to help with writing a control algorithm for 

the different rendezvous and docking procedures.  

5.5.1 Torque Motion Considerations 

It is also important to see how the torque compares to the first case (initial vertical distance of 10 cm 

and initial rotation of -5⁰). An outline of the comparison can be found in Table 9. With the complete 

model, we can see that the angular rotations are more significant.  

Table 9 – Comparison of torque manoeuvre of Case One 

Case 
Total Approach 

Time (s) 
Final Angle (⁰) 

Final Horizontal 
Distance (cm) 

Case One 5 -0.8 0.7 

Case Five - Best 5 -1.6 0.5 

Case Five - Worst 4.5 -2.1 -0.3 

 

Thus, with the complete model we can see that the magnetic docking system is more sensitive to 

torques and rotations. This is most likely due to the addition of the solar panels. Care will need to be 

taken when designing for these types of manoeuvres. With this compete model, more manoeuvres, 

and possibly other sizes and strengths of permanent magnets can be tested to find the optimal com-

bination for reconfiguration, rendezvous, and docking manoeuvres.   
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6 CONCLUSION 

In this work, a finite element analysis of the magnetic properties of a rendezvous and docking ma-

noeuvre between two satellites was given, specifically for the upcoming AAReST mission. A non-

exhaustive review of the AAReST mission and theory for autonomous rendezvous and docking using 

magnetic forces, as well as state estimation and propagation for formation flight was also given. A 

two-dimensional model for the AAReST CoreSat and MirrorSat was created in FEMM to analyze 

the magnetic interaction of the docking system. A simple undock/dock manoeuvre, as well as torque 

motion when docking, were propagated using LUA scripting in FEMM. Several case studies were 

then considered to study and compare their effects of the manoeuvre. Finally, a complete FEMM 

model was scripted in FEMM to include these cases. The final model includes solar panels on both 

satellites, has a uniform magnetic field representing the Earth’s magnetic field and performs state 

propagation calculations in the Hill’s frame to represent true orbital movement. 

6.1 Evaluation 

The two-dimensional FEMM magnetic model was validated using analytical computations, and con-

sidered viable for the first step of analysing the magnetics problem of the AAReST docking system. 

The model is successfully used to estimate and propagate the state of MirrorSat during ARD proce-

dures. Several simplifying assumptions had to be made, however, to make the use of the two- 

dimensional model possible.  

An assumption was made that the, since there are two sets of magnets on each satellite, one set of 

magnets will only ‘pull’ half of the mass of the satellite. In reality, however, both sets of magnets of 

the docking system will interact with each other and thus will have an effect on the forces and torques 

during the reconfiguration procedures. As well, an assumption was made that CoreSat will be sta-

tionary with respect to MirrorSat. In reality, CoreSat, will also be affected by the magnetic forces. 

Control methods can be utilized to keep CoreSat as relatively stationary as possible, but there will be 

some relative movement to MirrorSat throughout the reconfiguration. 

Using a simplified, but representative, model is nonetheless essential for initial analysis and estima-

tion. Using LUA scripting, the analysis of the FEMM model was made possible in regard to 

estimation and propagation of rendezvous and docking procedures. Using the automated script, it 

was determined that magnetic rendezvous and docking procedures between the AAReST CoreSat 

and MirrorSat were viable given real-world considerations. With this model, design choices of dif-

ferent magnets can be tested with these considerations to ensure that they are a viable option for the 

final docking system. 
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6.2 Future Work 

Future work should include modelling of the spacecraft manoeuvres in three dimensions, as well as 

creation of a higher fidelity model. A three-dimensional finite element program which can be used 

for the next step of simulations is RADIA [39], which works with Mathematica. With this model, 

both sets of magnets could be modelled on each spacecraft, increasing the accuracy of the model as 

simplifying assumptions about the ‘pull’ mass of each set of magnets do not need to be made.  

The effects of the solar panels on the rendezvous and docking manoeuvre should be analysed further 

beyond this initial simplified analysis. Material magnetic effects from the Kovar interconnects could 

be modelled as well as including a more detailed model and analysis of the effects from the current 

flowing in the wires.  

For a complete model, the Earth’s magnetic field needs to be modelled with all three of its vector 

components. As well, the Cowell propagator can be used to check if orbit perturbations, other than 

drag, may have an effect on the reconfiguration and docking manoeuvres. The sources of these per-

turbations can be lunar, due to solar pressure, J2 perturbation, etc.  

As well, an inclusion of a manoeuvre controller code for the solenoids should be developed and 

included in the higher fidelity model. Finally, a software and hardware in the loop analysis can be 

performed in a lab setting using air bearing tables to demonstrate the capability of the two satellites 

to undock, manoeuvre, and dock. The tests should also verify that the automatic capture cone exists 

for the chosen  
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APPENDIX 1 – SIMPLE MANOEUVRE DATA 

The following is the complete data of force, acceleration, velocity and distance for the first un-

dock/dock manoeuvre propagation simulated in section 5.1. 

 

Table 1 – Control Option: Solenoid On – Repel 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

0.5 -1.40E-04 2.02E-02 -0.01 0.81 0.00 0.40 0.00 3.10 

1 1.33E-04 2.06E-02 0.01 0.82 0.00 0.82 0.00 3.41 

1.5 1.74E-04 2.13E-02 0.01 0.85 0.00 1.24 0.00 3.92 

2 -2.85E-04 2.39E-02 -0.01 0.96 0.00 1.72 0.00 4.66 

2.5 3.10E-05 2.25E-02 0.00 0.90 0.00 2.17 0.00 5.63 

 

 

Table 2 – Control Option: Solenoid Off 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

3 -3.18E-06 -9.47E-03 0.00 -0.38 0.00 1.98 0.00 6.67 

3.5 7.97E-07 -6.22E-03 0.00 -0.25 0.00 1.86 0.00 7.63 

4 1.77E-07 -4.37E-03 0.00 -0.17 0.00 1.77 0.00 8.54 

4.5 -9.51E-08 -3.18E-03 0.00 -0.13 0.00 1.71 0.00 9.41 

5 3.68E-06 -2.39E-03 0.00 -0.10 0.00 1.66 -0.01 10.25 

5.5 4.38E-06 -1.84E-03 0.00 -0.07 0.00 1.62 -0.01 11.07 

6 3.23E-06 -1.45E-03 0.00 -0.06 0.00 1.59 -0.01 11.87 

6.5 5.88E-07 -1.15E-03 0.00 -0.05 0.00 1.57 -0.01 12.66 

7 1.15E-06 -9.33E-04 0.00 -0.04 0.00 1.55 -0.01 13.44 

7.5 4.34E-07 -7.61E-04 0.00 -0.03 0.00 1.54 -0.01 14.21 

8 1.48E-07 -6.27E-04 0.00 -0.03 0.00 1.52 -0.01 14.98 

8.5 4.67E-07 -5.21E-04 0.00 -0.02 0.00 1.51 -0.01 15.73 

9 2.01E-07 -4.36E-04 0.00 -0.02 0.00 1.50 -0.01 16.49 
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Table 3 – Control Option: Solenoid On - Attracting 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

9.5 7.79E-06 -4.87E-03 0.00 -0.19 0.00 1.41 -0.01 17.22 

10 6.53E-06 -4.42E-03 0.00 -0.18 0.00 1.32 -0.01 17.90 

10.5 6.30E-06 -4.04E-03 0.00 -0.16 0.00 1.24 -0.01 18.54 

11 5.78E-06 -3.73E-03 0.00 -0.15 0.00 1.16 -0.01 19.14 

11.5 5.41E-06 -3.46E-03 0.00 -0.14 0.00 1.09 -0.01 19.70 

12 4.99E-06 -3.23E-03 0.00 -0.13 0.00 1.03 -0.02 20.23 

12.5 5.21E-06 -3.04E-03 0.00 -0.12 0.00 0.97 -0.02 20.73 

13 4.80E-06 -2.87E-03 0.00 -0.11 0.00 0.91 -0.02 21.20 

13.5 4.67E-06 -2.72E-03 0.00 -0.11 0.00 0.86 -0.02 21.64 

14 4.41E-06 -2.59E-03 0.00 -0.10 0.00 0.80 -0.02 22.05 

14.5 4.27E-06 -2.47E-03 0.00 -0.10 0.00 0.75 -0.02 22.44 

15 4.01E-06 -2.37E-03 0.00 -0.09 0.00 0.71 -0.02 22.81 

15.5 3.90E-06 -2.28E-03 0.00 -0.09 0.00 0.66 -0.02 23.15 

16 3.72E-06 -2.20E-03 0.00 -0.09 0.00 0.62 -0.02 23.47 

16.5 3.58E-06 -2.13E-03 0.00 -0.09 0.00 0.58 -0.02 23.77 

17 3.39E-06 -2.06E-03 0.00 -0.08 0.00 0.53 -0.02 24.05 

17.5 3.17E-06 -2.00E-03 0.00 -0.08 0.00 0.49 -0.02 24.30 

18 3.24E-06 -1.95E-03 0.00 -0.08 0.00 0.45 -0.02 24.54 

18.5 3.12E-06 -1.91E-03 0.00 -0.08 0.00 0.42 -0.02 24.76 

19 2.91E-06 -1.87E-03 0.00 -0.07 0.00 0.38 -0.02 24.96 

19.5 2.97E-06 -1.83E-03 0.00 -0.07 0.00 0.34 -0.02 25.14 

20 2.71E-06 -1.80E-03 0.00 -0.07 0.00 0.31 -0.02 25.30 

20.5 2.67E-06 -1.77E-03 0.00 -0.07 0.00 0.27 -0.02 25.45 

21 2.64E-06 -1.74E-03 0.00 -0.07 0.00 0.24 -0.02 25.57 

21.5 2.44E-06 -1.72E-03 0.00 -0.07 0.00 0.20 -0.02 25.68 

22 2.45E-06 -1.70E-03 0.00 -0.07 0.00 0.17 -0.02 25.77 

22.5 2.29E-06 -1.69E-03 0.00 -0.07 0.00 0.13 -0.01 25.85 

23 2.25E-06 -1.68E-03 0.00 -0.07 0.00 0.10 -0.01 25.91 

23.5 2.32E-06 -1.67E-03 0.00 -0.07 0.00 0.07 -0.01 25.95 

24 2.20E-06 -1.66E-03 0.00 -0.07 0.00 0.03 -0.01 25.98 

24.5 2.13E-06 -1.66E-03 0.00 -0.07 0.00 0.00 -0.01 25.99 

25 2.05E-06 -1.66E-03 0.00 -0.07 0.00 -0.03 -0.01 25.98 

25.5 2.06E-06 -1.66E-03 0.00 -0.07 0.00 -0.07 -0.01 25.95 

26 1.89E-06 -1.66E-03 0.00 -0.07 0.00 -0.10 -0.01 25.91 

26.5 1.87E-06 -1.67E-03 0.00 -0.07 0.00 -0.13 -0.01 25.85 

27 1.72E-06 -1.68E-03 0.00 -0.07 0.00 -0.17 -0.01 25.78 

27.5 1.76E-06 -1.69E-03 0.00 -0.07 0.00 -0.20 -0.01 25.69 

28 1.57E-06 -1.70E-03 0.00 -0.07 0.00 -0.23 -0.01 25.58 

28.5 1.49E-06 -1.72E-03 0.00 -0.07 0.00 -0.27 -0.01 25.46 

29 1.40E-06 -1.74E-03 0.00 -0.07 0.00 -0.30 -0.01 25.31 

29.5 1.37E-06 -1.77E-03 0.00 -0.07 0.00 -0.34 -0.01 25.15 
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30 1.32E-06 -1.79E-03 0.00 -0.07 0.00 -0.37 -0.01 24.98 

30.5 1.42E-06 -1.83E-03 0.00 -0.07 0.00 -0.41 -0.01 24.78 

31 1.16E-06 -1.86E-03 0.00 -0.07 0.00 -0.45 -0.01 24.57 

31.5 9.92E-07 -1.90E-03 0.00 -0.08 0.00 -0.49 -0.01 24.33 

32 9.99E-07 -1.95E-03 0.00 -0.08 0.00 -0.52 0.00 24.08 

32.5 9.70E-07 -2.00E-03 0.00 -0.08 0.00 -0.56 0.00 23.81 

33 7.44E-07 -2.05E-03 0.00 -0.08 0.00 -0.61 0.00 23.52 

33.5 6.68E-07 -2.12E-03 0.00 -0.08 0.00 -0.65 0.00 23.20 

34 5.94E-07 -2.19E-03 0.00 -0.09 0.00 -0.69 0.00 22.87 

34.5 5.00E-07 -2.27E-03 0.00 -0.09 0.00 -0.74 0.00 22.51 

35 3.18E-07 -2.35E-03 0.00 -0.09 0.00 -0.78 0.00 22.13 

35.5 1.58E-07 -2.45E-03 0.00 -0.10 0.00 -0.83 0.00 21.73 

36 -2.41E-07 -2.56E-03 0.00 -0.10 0.00 -0.88 0.00 21.30 

36.5 -2.50E-07 -2.69E-03 0.00 -0.11 0.00 -0.94 0.00 20.84 

37 -6.93E-07 -2.83E-03 0.00 -0.11 0.00 -0.99 0.00 20.36 

37.5 -1.18E-06 -2.99E-03 0.00 -0.12 0.00 -1.05 0.00 19.85 

38 -1.27E-06 -3.18E-03 0.00 -0.13 0.00 -1.12 0.00 19.30 

38.5 -1.72E-06 -3.39E-03 0.00 -0.14 0.00 -1.19 0.00 18.73 

39 -1.96E-06 -3.64E-03 0.00 -0.15 0.00 -1.26 0.00 18.12 

39.5 -2.38E-06 -3.93E-03 0.00 -0.16 0.00 -1.34 0.01 17.47 

40 -2.94E-06 -4.27E-03 0.00 -0.17 0.00 -1.42 0.01 16.78 

40.5 -3.53E-06 -4.68E-03 0.00 -0.19 0.00 -1.52 0.01 16.04 

41 -4.25E-06 -5.18E-03 0.00 -0.21 0.00 -1.62 0.01 15.26 

 

Table 4 – Control Option: Solenoid On – Attracting 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

41.5 -4.86E-06 -5.78E-03 0.00 -0.23 0.00 -1.74 0.01 14.42 

42 -2.41E-07 -5.95E-04 0.00 -0.02 0.00 -1.75 0.01 13.55 

42.5 -4.15E-07 -7.41E-04 0.00 -0.03 0.00 -1.76 0.01 12.67 

43 -1.58E-06 -9.29E-04 0.00 -0.04 0.00 -1.78 0.01 11.79 

43.5 1.08E-06 -1.18E-03 0.00 -0.05 0.00 -1.80 0.01 10.89 

44 -3.25E-06 -1.52E-03 0.00 -0.06 0.00 -1.83 0.01 9.98 

44.5 -5.55E-07 -2.00E-03 0.00 -0.08 0.00 -1.87 0.01 9.05 

45 -5.43E-06 -2.68E-03 0.00 -0.11 0.00 -1.93 0.01 8.10 

45.5 9.80E-07 -3.69E-03 0.00 -0.15 0.00 -2.00 0.01 7.12 

46 -1.91E-05 -5.27E-03 0.00 -0.21 0.00 -2.11 0.01 6.09 

46.5 -4.22E-06 -7.81E-03 0.00 -0.31 0.00 -2.26 0.01 5.00 

47 -3.74E-05 -1.27E-02 0.00 -0.51 0.00 -2.52 0.01 3.80 
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APPENDIX 2 – GRAPHIC OF UNIFORM MAGNETIC FIELD 

The following graphic shows the magnetic an induced magnetic field in the x-direction, as well as a 

more detailed view of the model. The finer mesh effects in the square outlining the area of interest 

can be seen in this view. 
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APPENDIX 3 – CASE FIVE ‘WORST-CASE’ DATA 

The following tables outline the force, accelerations, velocities, and total distance for the Case Five 

(Complete) model using worst-case Earth’s magnetic field scenario. Each table is selected based on 

the control option implemented. 

Table 1 – Control Option: Solenoid On – Repel 

Time (s) Fx (N) Fy (N) 
ax 

(cm/s2) 
ay 

(cm/s2) 
vx  

(cm/s) 
vy  

(cm/s) x (cm) y (cm) 

0.5 7.34E-04 2.45E-02 0.03 0.98 0.01 0.49 0.00 3.12 

1 3.19E-05 2.55E-02 0.00 1.02 0.02 1.00 0.01 3.50 

1.5 3.34E-04 2.61E-02 0.01 1.05 0.02 1.52 0.02 4.13 

2 1.59E-04 2.49E-02 0.01 1.00 0.03 2.02 0.04 5.01 

 

 

Table 2 – Control Option: Solenoid Off 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

2.5 -6.68E-05 -1.21E-02 0.00 -0.48 0.03 1.78 0.05 5.96 

3 -4.76E-05 -7.74E-03 0.00 -0.31 0.03 1.62 0.07 6.81 

3.5 -3.92E-05 -5.46E-03 0.00 -0.22 0.03 1.52 0.08 7.60 

4 -3.35E-05 -4.05E-03 0.00 -0.16 0.03 1.43 0.10 8.34 

4.5 -3.00E-05 -3.11E-03 0.00 -0.12 0.03 1.37 0.11 9.04 

5 -2.85E-05 -2.45E-03 0.00 -0.10 0.03 1.32 0.13 9.71 

5.5 -2.62E-05 -1.96E-03 0.00 -0.08 0.04 1.28 0.15 10.36 

6 -2.38E-05 -1.59E-03 0.00 -0.06 0.04 1.25 0.17 11.00 

6.5 -2.16E-05 -1.31E-03 0.00 -0.05 0.04 1.23 0.19 11.62 

7 -2.00E-05 -1.09E-03 0.00 -0.04 0.04 1.20 0.20 12.22 

7.5 -1.83E-05 -9.15E-04 0.00 -0.04 0.04 1.19 0.22 12.82 

8 -1.68E-05 -7.73E-04 0.00 -0.03 0.04 1.17 0.24 13.41 

8.5 -1.55E-05 -6.57E-04 0.00 -0.03 0.04 1.16 0.26 13.99 

9 -1.42E-05 -5.62E-04 0.00 -0.02 0.04 1.15 0.29 14.57 

9.5 -1.30E-05 -4.83E-04 0.00 -0.02 0.04 1.14 0.31 15.14 

10 -2.54E-04 -5.74E-03 -0.01 -0.23 0.04 1.02 0.33 15.67 

 

 

Table 3 – Control Option: Solenoid On – Attract 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

10.5 -2.41E-04 -5.30E-03 -0.01 -0.21 0.04 0.91 0.35 16.16 

11 -2.33E-04 -4.96E-03 -0.01 -0.20 0.03 0.82 0.36 16.59 
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11.5 -2.27E-04 -4.68E-03 -0.01 -0.19 0.03 0.72 0.38 16.98 

12 -2.22E-04 -4.43E-03 -0.01 -0.18 0.02 0.63 0.39 17.31 

12.5 -2.19E-04 -4.24E-03 -0.01 -0.17 0.02 0.55 0.40 17.61 

13 -2.22E-04 -4.08E-03 -0.01 -0.16 0.02 0.47 0.41 17.86 

13.5 -2.18E-04 -3.94E-03 -0.01 -0.16 0.01 0.39 0.42 18.08 

14 -2.14E-04 -3.84E-03 -0.01 -0.15 0.01 0.31 0.42 18.25 

14.5 -2.11E-04 -3.75E-03 -0.01 -0.15 0.01 0.24 0.43 18.39 

15 -2.09E-04 -3.69E-03 -0.01 -0.15 0.00 0.16 0.43 18.49 

15.5 -2.07E-04 -3.64E-03 -0.01 -0.15 0.00 0.09 0.43 18.55 

16 -2.04E-04 -3.61E-03 -0.01 -0.14 -0.01 0.02 0.43 18.58 

16.5 -2.03E-04 -3.60E-03 -0.01 -0.14 -0.01 -0.05 0.42 18.57 

17 -2.01E-04 -3.60E-03 -0.01 -0.14 -0.02 -0.13 0.42 18.52 

17.5 -2.00E-04 -3.62E-03 -0.01 -0.14 -0.02 -0.20 0.41 18.44 

18 -1.98E-04 -3.66E-03 -0.01 -0.15 -0.02 -0.27 0.40 18.32 

18.5 -1.97E-04 -3.72E-03 -0.01 -0.15 -0.03 -0.35 0.38 18.17 

19 -1.96E-04 -3.79E-03 -0.01 -0.15 -0.03 -0.42 0.37 17.98 

19.5 -1.94E-04 -3.89E-03 -0.01 -0.16 -0.04 -0.50 0.35 17.75 

20 -1.93E-04 -4.01E-03 -0.01 -0.16 -0.04 -0.58 0.33 17.48 

20.5 -1.83E-04 -4.15E-03 -0.01 -0.17 -0.05 -0.66 0.31 17.17 

21 -1.79E-04 -4.33E-03 -0.01 -0.17 -0.05 -0.75 0.29 16.81 

21.5 -1.89E-04 -4.53E-03 -0.01 -0.18 -0.05 -0.84 0.26 16.41 

22 -1.64E-04 -4.77E-03 -0.01 -0.19 -0.06 -0.94 0.23 15.97 

22.5 -1.66E-04 -5.10E-03 -0.01 -0.20 -0.06 -1.04 0.20 15.48 

 

Table 4 – Control Option: Solenoid Off 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

23 -1.64E-04 -5.47E-03 -0.01 -0.22 -0.07 -1.15 0.17 14.93 

23.5 -7.03E-06 -4.40E-04 0.00 -0.02 -0.07 -1.16 0.14 14.36 

24 -6.62E-06 -5.11E-04 0.00 -0.02 -0.07 -1.17 0.10 13.78 

24.5 -5.85E-06 -5.96E-04 0.00 -0.02 -0.07 -1.18 0.07 13.19 

25 -4.54E-06 -6.98E-04 0.00 -0.03 -0.07 -1.19 0.03 12.60 

25.5 -2.65E-06 -8.23E-04 0.00 -0.03 -0.07 -1.21 -0.01 12.00 

26 3.91E-07 -9.76E-04 0.00 -0.04 -0.08 -1.23 -0.04 11.39 

26.5 4.95E-06 -1.17E-03 0.00 -0.05 -0.08 -1.25 -0.08 10.77 

27 1.12E-05 -1.41E-03 0.00 -0.06 -0.08 -1.28 -0.12 10.14 

27.5 2.00E-05 -1.71E-03 0.00 -0.07 -0.08 -1.31 -0.16 9.49 

28 3.25E-05 -2.11E-03 0.00 -0.08 -0.08 -1.35 -0.20 8.82 

28.5 4.98E-05 -2.63E-03 0.00 -0.11 -0.08 -1.41 -0.24 8.13 

29 7.70E-05 -3.34E-03 0.00 -0.13 -0.08 -1.47 -0.28 7.41 

29.5 1.19E-04 -4.33E-03 0.00 -0.17 -0.08 -1.56 -0.32 6.65 

30 1.95E-04 -5.80E-03 0.01 -0.23 -0.08 -1.68 -0.36 5.84 

30.5 3.41E-04 -8.11E-03 0.01 -0.32 -0.07 -1.84 -0.40 4.97 

31 7.32E-04 -1.22E-02 0.03 -0.49 -0.06 -2.08 -0.43 3.99 
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APPENDIX 4 - CASE FIVE ‘BEST-CASE’ DATA 

The following tables outline the force, accelerations, velocities, and total distance for the Case Five 

(Complete) model using worst-case Earth’s magnetic field scenario. Each table is selected based on 

the control option implemented. 

Table 1 – Control Option: Solenoid On – Repel 

Time (s) Fx (N) Fy (N) 
ax 

(cm/s2) 
ay 

(cm/s2) 
vx  

(cm/s) 
vy  

(cm/s) x (cm) y (cm) 

0.5 7.48E-04 2.36E-02 0.03 0.94 0.02 0.47 0.00 3.12 

1 5.29E-05 2.45E-02 0.00 0.98 0.02 0.96 0.01 3.48 

1.5 4.39E-04 2.55E-02 0.02 1.02 0.03 1.47 0.02 4.08 

2 3.57E-04 2.43E-02 0.01 0.97 0.04 1.96 0.04 4.94 

2.5 2.89E-04 2.14E-02 0.01 0.85 0.04 2.38 0.06 6.03 

 

Table 2 – Control Option: Solenoid Off 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

3 -5.60E-05 -8.05E-03 0.00 -0.32 0.05 2.22 0.08 7.18 

3.5 -4.16E-05 -5.14E-03 0.00 -0.21 0.05 2.12 0.10 8.26 

4 -3.63E-05 -3.51E-03 0.00 -0.14 0.05 2.05 0.13 9.31 

4.5 -3.21E-05 -2.50E-03 0.00 -0.10 0.05 2.00 0.15 10.32 

5 -2.84E-05 -1.83E-03 0.00 -0.07 0.05 1.96 0.18 11.31 

5.5 -2.46E-05 -1.38E-03 0.00 -0.06 0.05 1.94 0.21 12.29 

6 -2.16E-05 -1.05E-03 0.00 -0.04 0.06 1.92 0.23 13.25 

6.5 -1.88E-05 -8.19E-04 0.00 -0.03 0.06 1.90 0.26 14.20 

7 -1.63E-05 -6.47E-04 0.00 -0.03 0.06 1.89 0.29 15.15 

 

Table 3 – Control Option: Solenoid On – Attract 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

7.5 -2.36E-04 -5.91E-03 -0.01 -0.24 0.06 1.77 0.32 16.06 

8 -2.24E-04 -5.22E-03 -0.01 -0.21 0.05 1.66 0.34 16.92 

8.5 -2.09E-04 -4.62E-03 -0.01 -0.18 0.05 1.57 0.37 17.73 

9 -2.08E-04 -4.18E-03 -0.01 -0.17 0.05 1.49 0.40 18.49 

9.5 -1.98E-04 -3.78E-03 -0.01 -0.15 0.05 1.41 0.42 19.22 

10 -1.88E-04 -3.46E-03 -0.01 -0.14 0.04 1.34 0.44 19.91 

10.5 -1.79E-04 -3.19E-03 -0.01 -0.13 0.04 1.28 0.46 20.56 

11 -1.72E-04 -2.96E-03 -0.01 -0.12 0.04 1.22 0.48 21.19 

11.5 -1.64E-04 -2.76E-03 -0.01 -0.11 0.04 1.16 0.50 21.78 

12 -1.46E-04 -2.58E-03 -0.01 -0.10 0.04 1.11 0.52 22.35 

12.5 -1.44E-04 -2.42E-03 -0.01 -0.10 0.03 1.06 0.54 22.89 
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13 -1.38E-04 -2.29E-03 -0.01 -0.09 0.03 1.02 0.55 23.41 

13.5 -1.33E-04 -2.17E-03 -0.01 -0.09 0.03 0.97 0.57 23.91 

14 -1.27E-04 -2.07E-03 -0.01 -0.08 0.03 0.93 0.59 24.39 

14.5 -1.23E-04 -1.97E-03 0.00 -0.08 0.03 0.89 0.60 24.85 

15 -1.18E-04 -1.88E-03 0.00 -0.08 0.03 0.86 0.61 25.28 

15.5 -1.15E-04 -1.80E-03 0.00 -0.07 0.02 0.82 0.63 25.70 

16 -1.12E-04 -1.73E-03 0.00 -0.07 0.02 0.78 0.64 26.10 

16.5 -1.08E-04 -1.67E-03 0.00 -0.07 0.02 0.75 0.65 26.49 

17 -1.06E-04 -1.61E-03 0.00 -0.06 0.02 0.72 0.66 26.85 

17.5 -1.03E-04 -1.56E-03 0.00 -0.06 0.02 0.69 0.67 27.21 

18 -1.01E-04 -1.51E-03 0.00 -0.06 0.02 0.66 0.68 27.54 

18.5 -9.82E-05 -1.46E-03 0.00 -0.06 0.02 0.63 0.69 27.86 

19 -9.59E-05 -1.42E-03 0.00 -0.06 0.02 0.60 0.70 28.17 

19.5 -9.40E-05 -1.39E-03 0.00 -0.06 0.01 0.57 0.70 28.46 

20 -9.19E-05 -1.35E-03 0.00 -0.05 0.01 0.55 0.71 28.74 

20.5 -9.02E-05 -1.32E-03 0.00 -0.05 0.01 0.52 0.72 29.01 

21 -8.75E-05 -1.29E-03 0.00 -0.05 0.01 0.49 0.72 29.26 

21.5 -8.62E-05 -1.26E-03 0.00 -0.05 0.01 0.47 0.73 29.50 

22 -8.47E-05 -1.23E-03 0.00 -0.05 0.01 0.44 0.73 29.73 

22.5 -8.34E-05 -1.21E-03 0.00 -0.05 0.01 0.42 0.74 29.95 

23 -8.20E-05 -1.19E-03 0.00 -0.05 0.01 0.40 0.74 30.15 

23.5 -8.08E-05 -1.17E-03 0.00 -0.05 0.00 0.37 0.74 30.34 

24 -7.94E-05 -1.15E-03 0.00 -0.05 0.00 0.35 0.75 30.52 

24.5 -7.84E-05 -1.14E-03 0.00 -0.05 0.00 0.33 0.75 30.69 

25 -7.72E-05 -1.12E-03 0.00 -0.04 0.00 0.30 0.75 30.85 

25.5 -7.61E-05 -1.11E-03 0.00 -0.04 0.00 0.28 0.75 31.00 

26 -7.51E-05 -1.09E-03 0.00 -0.04 0.00 0.26 0.75 31.13 

26.5 -7.43E-05 -1.08E-03 0.00 -0.04 0.00 0.24 0.75 31.25 

27 -7.33E-05 -1.07E-03 0.00 -0.04 0.00 0.22 0.75 31.37 

27.5 -7.27E-05 -1.06E-03 0.00 -0.04 0.00 0.20 0.74 31.47 

28 -7.15E-05 -1.05E-03 0.00 -0.04 -0.01 0.17 0.74 31.56 

28.5 -7.09E-05 -1.04E-03 0.00 -0.04 -0.01 0.15 0.74 31.65 

29 -7.01E-05 -1.04E-03 0.00 -0.04 -0.01 0.13 0.74 31.72 

29.5 -6.92E-05 -1.03E-03 0.00 -0.04 -0.01 0.11 0.73 31.78 

30 -6.84E-05 -1.03E-03 0.00 -0.04 -0.01 0.09 0.73 31.83 

30.5 -7.53E-05 -1.03E-03 0.00 -0.04 -0.01 0.07 0.72 31.87 

31 -7.45E-05 -1.02E-03 0.00 -0.04 -0.01 0.05 0.71 31.90 

31.5 -7.39E-05 -1.02E-03 0.00 -0.04 -0.02 0.03 0.71 31.92 

32 -7.32E-05 -1.02E-03 0.00 -0.04 -0.02 0.01 0.70 31.93 

32.5 -7.25E-05 -1.02E-03 0.00 -0.04 -0.02 -0.01 0.69 31.93 

33 -7.19E-05 -1.02E-03 0.00 -0.04 -0.02 -0.03 0.68 31.92 

33.5 -7.12E-05 -1.02E-03 0.00 -0.04 -0.02 -0.05 0.67 31.90 

34 -7.05E-05 -1.02E-03 0.00 -0.04 -0.02 -0.07 0.66 31.87 

34.5 -6.98E-05 -1.02E-03 0.00 -0.04 -0.02 -0.09 0.65 31.83 



Radina Dikova, MSc Dissertation 

- 60 - 

35 -7.02E-05 -1.03E-03 0.00 -0.04 -0.03 -0.11 0.63 31.78 

35.5 -6.08E-05 -1.03E-03 0.00 -0.04 -0.03 -0.13 0.62 31.72 

36 -5.98E-05 -1.03E-03 0.00 -0.04 -0.03 -0.15 0.61 31.65 

36.5 -5.94E-05 -1.04E-03 0.00 -0.04 -0.03 -0.17 0.59 31.56 

37 -5.87E-05 -1.05E-03 0.00 -0.04 -0.03 -0.20 0.58 31.47 

37.5 -5.78E-05 -1.05E-03 0.00 -0.04 -0.03 -0.22 0.56 31.37 

38 -5.70E-05 -1.06E-03 0.00 -0.04 -0.03 -0.24 0.55 31.26 

38.5 -5.64E-05 -1.07E-03 0.00 -0.04 -0.04 -0.26 0.53 31.13 

39 -5.49E-05 -1.08E-03 0.00 -0.04 -0.04 -0.28 0.51 31.00 

39.5 -5.41E-05 -1.09E-03 0.00 -0.04 -0.04 -0.30 0.49 30.85 

40 -5.34E-05 -1.10E-03 0.00 -0.04 -0.04 -0.32 0.47 30.69 

40.5 -6.31E-05 -1.12E-03 0.00 -0.04 -0.04 -0.35 0.45 30.53 

41 -6.14E-05 -1.14E-03 0.00 -0.05 -0.04 -0.37 0.43 30.35 

41.5 -6.10E-05 -1.16E-03 0.00 -0.05 -0.04 -0.39 0.41 30.16 

42 -5.92E-05 -1.17E-03 0.00 -0.05 -0.05 -0.42 0.39 29.96 

42.5 -5.76E-05 -1.19E-03 0.00 -0.05 -0.05 -0.44 0.36 29.74 

43 -5.64E-05 -1.21E-03 0.00 -0.05 -0.05 -0.46 0.34 29.52 

43.5 -5.48E-05 -1.24E-03 0.00 -0.05 -0.05 -0.49 0.32 29.28 

44 -5.34E-05 -1.26E-03 0.00 -0.05 -0.05 -0.51 0.29 29.03 

44.5 -5.15E-05 -1.29E-03 0.00 -0.05 -0.05 -0.54 0.26 28.76 

45 -4.95E-05 -1.32E-03 0.00 -0.05 -0.06 -0.57 0.24 28.49 

45.5 -4.77E-05 -1.35E-03 0.00 -0.05 -0.06 -0.59 0.21 28.20 

46 -4.49E-05 -1.39E-03 0.00 -0.06 -0.06 -0.62 0.18 27.89 

46.5 -4.24E-05 -1.42E-03 0.00 -0.06 -0.06 -0.65 0.15 27.58 

47 -3.92E-05 -1.46E-03 0.00 -0.06 -0.06 -0.68 0.12 27.25 

47.5 -3.62E-05 -1.51E-03 0.00 -0.06 -0.06 -0.71 0.09 26.90 

48 -3.25E-05 -1.56E-03 0.00 -0.06 -0.06 -0.74 0.06 26.54 

48.5 -2.85E-05 -1.61E-03 0.00 -0.06 -0.07 -0.77 0.02 26.16 

49 -2.37E-05 -1.67E-03 0.00 -0.07 -0.07 -0.80 -0.01 25.77 

49.5 -4.48E-06 -1.74E-03 0.00 -0.07 -0.07 -0.84 -0.04 25.36 

50 -1.29E-05 -1.80E-03 0.00 -0.07 -0.07 -0.88 -0.08 24.93 

50.5 -6.05E-06 -1.88E-03 0.00 -0.08 -0.07 -0.91 -0.11 24.48 

51 6.48E-07 -1.97E-03 0.00 -0.08 -0.07 -0.95 -0.15 24.01 

51.5 1.95E-05 -2.06E-03 0.00 -0.08 -0.07 -0.99 -0.18 23.53 

52 2.91E-05 -2.16E-03 0.00 -0.09 -0.07 -1.04 -0.22 23.02 

52.5 2.83E-05 -2.27E-03 0.00 -0.09 -0.07 -1.08 -0.26 22.49 

53 4.13E-05 -2.40E-03 0.00 -0.10 -0.07 -1.13 -0.29 21.94 

53.5 5.55E-05 -2.55E-03 0.00 -0.10 -0.07 -1.18 -0.33 21.36 

54 7.64E-05 -2.71E-03 0.00 -0.11 -0.07 -1.23 -0.37 20.76 

54.5 9.67E-05 -2.90E-03 0.00 -0.12 -0.07 -1.29 -0.40 20.12 

55 1.22E-04 -3.12E-03 0.00 -0.12 -0.07 -1.35 -0.44 19.46 

55.5 1.50E-04 -3.37E-03 0.01 -0.13 -0.07 -1.42 -0.48 18.77 

56 1.85E-04 -3.66E-03 0.01 -0.15 -0.07 -1.50 -0.51 18.04 

56.5 2.25E-04 -4.00E-03 0.01 -0.16 -0.07 -1.58 -0.54 17.27 
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57 2.68E-04 -4.41E-03 0.01 -0.18 -0.06 -1.66 -0.58 16.46 

57.5 3.41E-04 -4.91E-03 0.01 -0.20 -0.06 -1.76 -0.61 15.61 

58 4.20E-04 -5.53E-03 0.02 -0.22 -0.05 -1.87 -0.63 14.70 

 

 

Table 4 – Control Option: Solenoid Off 

Time (s) Fx (N) Fy (N) 

ax 

(cm/s2) 

ay 
(cm/s2) 

vx  
(cm/s) 

vy  

(cm/s) x (cm) y (cm) 

58.5 3.73E-05 -5.72E-04 0.00 -0.02 -0.05 -1.88 -0.66 13.76 

59 4.94E-05 -7.17E-04 0.00 -0.03 -0.05 -1.90 -0.68 12.81 

59.5 6.60E-05 -9.11E-04 0.00 -0.04 -0.05 -1.92 -0.71 11.86 

60 8.84E-05 -1.17E-03 0.00 -0.05 -0.05 -1.94 -0.74 10.89 

60.5 1.21E-04 -1.54E-03 0.00 -0.06 -0.05 -1.97 -0.76 9.92 

61 1.66E-04 -2.05E-03 0.01 -0.08 -0.05 -2.01 -0.79 8.92 

61.5 2.32E-04 -2.79E-03 0.01 -0.11 -0.05 -2.07 -0.82 7.90 

62 3.37E-04 -3.92E-03 0.01 -0.16 -0.05 -2.15 -0.84 6.85 

62.5 5.29E-04 -5.71E-03 0.02 -0.23 -0.04 -2.26 -0.86 5.75 

63 9.55E-04 -8.80E-03 0.04 -0.35 -0.02 -2.44 -0.88 4.57 

63.5 2.33E-03 -1.49E-02 0.09 -0.60 0.02 -2.73 -0.88 3.28 

 


