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ABSTRACT
Large aperture space based telescopes are currently limited by the size of the fairing capsule.
Despite continuous research into stowage efficient structures and mechanisms it is widely
accepted that the next generation of large telescope will be assembled in orbit. AAReST (the
Autonomous Assembly of a Reconfigurable Space Telescope) envisages a telescope unrestricted by the fairing’s volume. Launched in multiple parts, the individual mirror segments
will rendezvous and dock autonomously forming one coherent primary aperture.
Two critical technologies are being developed for this mission. The California Institute of Technology – CalTech, are to provide electrically actuated adjustable mirror segments
– required to form one coherent aperture, while the University of Surrey – Surrey Space
Centre, is developing a novel autonomous electromagnetic docking mechanism. This report
focuses on the validation of Radia, a 3D magnetostatics software, which is used to model
the dynamics of the system and design a control algorithm for autonomous docking.
Unlike other thruster based autonomous docking techniques, where the Attitude Determination and Control System (ADCS) has reduced the relative attitude and respective
rates to zero – reducing the problem to 4DoF, slight misalignment between the magnetic
dipoles produces torque and increases the complexity of the docking procedure. The magnetic docking mechanism is also susceptible to the Earth’s magnetic field, solar panels and
any other magnetic materials on the satellite. Once these factors are understood and overcome, the benefits of developing a magnetic docking mechanism are the reduced complexity
and mass requirements and the possibility of reconfiguring the telescope.
Herein provides a review of the work previously carried out by MSc students at Surrey along with a thorough validation and discussion of the proposed software. Calling Radia
to determine the system dynamics is extremely time consuming and not suitable for flight
software. An accurate and timely method of predicting the interaction has been devised using
pre-calculated lookup tables. A 2D controller is under development, minimising both translational and rotational motion between the docking pair. Several initial conditions have been
simulated which highlight the impact of rotational motion. The controller is capable of reducing the translational error. However, during close approach the angular displacement
increases preventing capture.
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INTRODUCTION
Currently the maximum size of spacecraft structures are limited by the fairing capsule. Despite continuous research into stowage efficient structures and mechanisms it is widely
accepted that the next generation of large space structures will be assembled in orbit either
by free flying robotic arm manipulators or autonomous docking mechanisms. AAReST will
use micro-satellite technology to prove the feasibility of both an autonomous electromagnetic docking mechanism and an electrically actuated adjustable mirror. Combined, these
will enable the construction of new large scale space telescope (greater than 10m diameter
[1]) capable of producing unprecedented scientific data.

1.1

Background and Context

The Hubble telescope has provided invaluable scientific data. Larger structures such as
Hubble’s planned successor, the highly anticipated James Webb Space Telescope (JWST),
promise even higher resolution with a diameter of 6.6m, making it ~100x more powerful
compared with Hubble’s 2.4m diameter mirror [2]. Due to the size limitations imposed by
the selected European launch vehicle, the Ariane 5, the JWST’s primary mirror has been
segmented to facilitate launch in a reduced volume collapsed state (Figure 1). Once in orbit,
highly precise mechanisms will reconfigure the mirror segments into one coherent piece.
Despite rigorous testing risk can never be completely negated. Moving parts are major
causes of concern and failure of a single mechanism can cause irreversible harm. There is a
constant threat that the JWST’s mirror segments will fail to align precisely as required and
this risk essentially multiplies for larger telescope concepts, employing even more mirror
segments, intricately folded inside the fairing.
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Figure 1: JWST Collapsed State (Left), Comparison with Hubble (Right) [2]

AAReST envisages a telescope unrestricted by the volume of the fairing and which can
be launched in multiple parts using multiple launchers. The individual mirror segments rendezvous and dock autonomously reducing human error and mission cost (Figure 2). Precision
and repeatability whilst docking tens if not hundreds of individual mirror segments is paramount to the telescope’s success. This precision is achieved through the use of a kinematic
coupling. The mating pair make six points of contact constraining all Six Degrees of Freedom (6DoF) [1]. Launching hundreds of uniquely shaped mirror segments is both extremely
costly and lacks system robustness to cope with the loss of a single element, therefore
AAReST will launch identical mirror segments, electrically adjustable once assembled in
orbit [1]. Autonomous Rendezvous and Docking (ARD) technology could also be used for
large solar panels etc.

Figure 2: Individual Mirror Segments Assembling in Orbit [1]

AAReST is a joint venture primarily undertaken by the University of Surrey - Surrey
Space Centre (SSC) and the California Institute of Technology (CalTech). The mission comprises of a 15U ‘CoreSat’ and two smaller 3U ‘MirrorSats’. This report focuses on the design
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of a controller required to autonomously dock MirrorSat and CoreSat using electromagnetic
actuation. With reference to Figure 5, MirrorSat comprises four electromagnets, represented
as simple bar magnets, and CoreSat has a set of four permanent magnets. The controller will
bring the relative Y displacement to zero. Full details of the mission phases and deliverables
can be found in [1] and are outside the scope of this report.
A number of students at the University of Surrey have worked on AAReST. Of particular
relevance to this project;
Enda McKenna, MSc student, conducted initial experiments at SSC using an air-bearing
countertop and verified the existence of a capture cone (within this volume MirrorSat successfully docks with CoreSat) providing estimates of relative range and pose between the
mating pair for successful docking [3].
Radina Dikova, MSc student, produced a 2D model of the magnetic docking mechanism
using a programme called Finite Element Method Magnetics (FEMM). This Model verified
the experimental results, outlined above. Radina Dikova also looked at the influence of initial relative velocity on successful docking. The model took into account the effects of the
Earth’s magnetic field, atmospheric drag, and solar panels on successful docking [4].

Objectives

1.2

A high fidelity 3D model is required. This should include further investigation of the
Earth’s magnetic field, the solar panels, and orbital perturbations. In addition to constructing
and validating the model a controller will be designed to automate the manoeuvre. The controller will adjust relative velocity on approach, preventing high velocity impact, and prevent
false capture.
Ultimately this high fidelity three dimensional model will verify the feasibility of ARD
using a novel electromagnetic docking mechanism and the controller will aid in developing
the flight software.
There are two main objectives;


1.3

Produce a high fidelity three dimensional model of the magnetic docking mechanism.
Design a controller to automate the manoeuvre and facilitate successful docking.

Methodology

Radina Dikova suggested the use of Radia [5], a software package dedicated to 3D magnetostatics computation, as a tool for modelling the docking mechanism. The first task was
to become proficient using this software. After completing the online tutorials and becoming
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familiar with the Radia documentation a number of simple models were built. These consisted of; one or two permanent magnets, a solenoid, a current carrying wire, and an
electromagnet. The Radia solutions were then validated by comparing them with solutions
available online.
Radina Dikova validated the suitability of FEMM for conducting her simulations by comparing basic models (magnetic flux density, force and torque measurements) with analytical
solutions [4]. The second task was to construct a 3D version of Radina Dikova’s work, comparing solutions from Radia with both FEMM and analytical solutions.
Although Radina Dikova never constructed a controller to automate the rendezvous and
docking manoeuvre, the dynamic equations that are required to model the system were identified. These are the Hill-Clohessy-Wiltshire (HCW) equations. Derived from the dynamic
equations governing the three body problem (considering the movement of one small body
in relation to two larger bodies in space) the HCW equations give the relative position, velocity and acceleration of one small body in close proximity to another travelling in a circular
orbit [6]. In other words, the HCW equations govern the movement of our mating pair orbiting around the Earth. Understanding these equations and how they can be adjusted to account
for other forces, such as electromagnetic attraction, is crucial.
Using Radia to calculate the interaction forces between MirrorSat and CoreSat is a time
consuming process not suitable for flight software. Real time control requires a fast and
accurate method of predicting the dynamics and then a suitable algorithm which will autonomously reconfigure the system based on the desired goal. Once a timely method of
accurately determining the interaction forces had been devised (without the use of Radia)
work began on developing the algorithm for autonomous docking. This algorithm was then
incorporated in the design of the controller to facilitate autonomous docking.
1.4

Achievements

A 3D model of Radina Dikova’s 2D work was built inside Radia and has been validated
against FEMM and analytical solutions. The Radia solution follows a similar logarithmic
pattern as seen in the FEMM and analytical solution and therefore the Radia is deemed suitable for building a high fidelity 3D model.
A timely method of calculating the interaction forces between MirrorSat and CoreSat has
been developed which can be used in flight software. This method does not rely on Radia. It
uses pre-calculated magnetic field ‘data-cubes’ as lookup tables. These tables have been produced using different combinations of MirrorSat’s electromagnets. Using the known state of
-5-
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CoreSat and the external field produced by MirrorSat at the point in question the system
dynamics can be determined. Picture four bar magnets inside a cube, all longitudinally
aligned in the same direction and placed in a 2x2 row and column formation separated by
some small distance (MirrorSat, Figure 5). Each bar magnet has a north and south pole, so
the magnets can be arranged in a total of 2x2x2x2=16 combinations, with each combination
producing a different magnetic field. Each combination is useful in its own right - if all the
north poles were facing the same direction they would attract another perfectly aligned mating south pole cube with maximum force. If, however, the mating south pole cube was
rotated, one of the other 16 combinations would be inclined to produce a torque thus eliminating the rotational offset and allowing the mating pair to realign and dock once more.
These lookup tables will be used by the control algorithm to selectively choose the right
configuration of MirrorSat’s electromagnets to bring about alignment and docking between
the mating pair.
Aside from the reduced computational effort, the accuracy of using the pre-calculated
lookup tables to predict the dynamics and thus confidently employ a control strategy is extremely important. The percentage error between the numerically calculated dynamics
(Radia) and using the lookup tables has been analysed over a range of relative displacement
(on a single plane). The interaction forces (in both directions) strongly correlate with those
produced using Radia. Generally the torque on MirrorSat is accurately calculated, however
the percentage error becomes much larger during final approach.
A 2D controller is under development. This controller will minimise translational and
rotational displacement on a single plane. Several initial conditions have been tested in a
translational simulation, excluding the impact of torque, and important system characteristics were identified. Another simulation including torque produced a very different set of
results to that seen with pure translation, highlighting the impact and the need to control the
rotational displacement.
1.5

Overview of Report
Chapter 2 is a technical foundation. This chapter starts with an overview of ferromag-

netic materials and field producing current carrying wires. The analytical equations used to
quantify their strength, the magnetic field, the force of attraction/repulsion, and induced
torque are presented and these will be used to determine the accuracy of Radia later in the
report. The HCW equations, which will be used in the future development of the controller,
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are also included at the end of chapter two. The literature review of chapter 3 presents relevant work conducted by Enda McKenna and Radina Dikova. Following this is an overview
of a mission undertaken by NASA Langley looking to autonomously rendezvous and dock
two 3U CubeSats using a permanent magnet docking mechanism. The final section of the
literature review turns to Radia, the 3D magnetostatics software proposed for modelling
AAReST, addressing the suitability of this package for this project.
Chapter 4 is dedicated to Radia. This chapter presents several important functions that
will be used to propagate the system along with some important functions which have not
been fully documented online. Radia is validated using FEMM and analytical solutions and
then the accuracy of using MirrorSat’s magnetic field lookup tables to calculate the system
dynamics is compared with Radia.
Chapters 5 and 6 discuss the steps taken towards building a working controller in 2D. The
difficulties with 1D trajectory planning are discussed for a system like AAReST and a final
undocking strategy is presented. Several initial conditions have been propagated in 2D, first
using a purely translational propagation controlling only for the cross path velocity and afterward applying the same control strategy to a simulation including the impact of torque.
The report concludes with a future plan outlining the author’s recommendations of the
work required to bring the project to completion.
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2 TECHNICAL FOUNDATIONS
2.1
2.1.1

Magnetism
Permanent Magnet

Ferromagnetic materials such as iron, nickel, and cobalt, are readily magnetised in the presence
of an external magnetic field. These materials can maintain their induced magnetisation after exposure (known as remanent magnetisation or remanence) and can be used as permanent magnets.
Different grades of iron exhibit different degrees of remanence. Iron which either loses its magnetisation after exposure or it becomes greatly reduced is deemed ‘soft’ iron. Sources of these external
fields will be discussed below.
The electromagnetic docking mechanism uses a combination of electromagnets and permanent
magnets. Neodymium (herein referred to as NdFeB) has been selected for the permanent magnets.
There are various grades of NdFeB – each with a different magnetic strength. Analytically, the
strength of a permanent magnet (subscript pm), otherwise known as its magnetic dipole moment (m),
is given by [4];
1

𝒎𝒑𝒎 = 𝜇 𝐵𝑟 𝑉 with units of Am2

(eq.1)

0

Where µ0 is the permeability of free space, a constant equal to 4π*10-7N/A2, V is the volume of
material in SI units m3 and Br represents the residual flux density, an intrinsic property quantifying
the extent to which the material remains magnetised after being exposed to an external magnetic
field, similar to remanence. This dipole equation is required to form an analytical equation for the
force of attraction between two magnets.
2.1.2

Current Carrying Wire

Before deriving an analytical equation describing an electromagnet it is important to understand
the direction of the magnetic field produced by a solenoid. Shown below, Figure 3, is a current carrying wire. Using the right hand, place the thumb in the direction of the current and the curl of the
fingertips will indicate the direction of the magnetic field lines, pointing north. The strength of the
magnetic field at a point, perpendicularly displaced distance r (meters) from the wire, carrying current I (Amps) is given by [4];
𝐼

𝐻 = 2𝜋𝑟 units A/m
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Figure 3: Magnetic Field Produced by, Current Carrying Wire (Left), Solenoid (Right) [7]

2.1.3

Solenoid

A solenoid is current carrying wire shaped into multiple loops. Performing the same right hand
analysis on a single loop, with the thumb in the direction of the current, will provide the direction of
the field lines (Figure 3). Multiple loops magnifies the strength of the field and the result is similar
to that of a bar magnet. The analytical solution for the solenoid dipole (ms) or the strength of this
pseudo magnet is [4];
𝒎𝒔 = 𝑁𝐼𝐴 with units of Am2

(eq.3)

Where N is the number of turns in the solenoid, each carrying current I, measured in Amps, and
the cross sectional area is A, in SI units of m2. Note if there is no current there is zero field produced.
As mentioned ferromagnetic material will become magnetised in the presence of an external field.
Placing a ferromagnetic core inside the solenoid dramatically increases the magnetic dipole. This is
known as an electromagnet. The analytical solution for the electromagnet (subscript em) is [4];
𝒎𝒆𝒎 =

1
𝐵 𝑉 + 𝑁𝐼𝐴
𝜇0 𝑟

(eq.4)

At this point we have considered the strength of a magnet, a solenoid, and an electromagnet as a
scalar quantity. In reality this is a vector quantity pointing towards the induced north pole. To conduct
the analytical verification of the numerical analysis later on in the report it is important to have a
clear understanding of the direction of the induced field by a solenoid.
2.1.4

Core Material

Choosing the correct material for the core is extremely important. The core is an extension of the
solenoid and when the solenoid is turned off (zero current) the core should not produce any field,
likewise once energised in either polarity the core should align its magnetisation accordingly. A soft
iron core has been selected due to its low coercivity, or low resistance to changes in magnetisation.
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Figure 4: B-H curve, Demonstrating Hysteresis, Residual Flux Density (b), and Coercivity (c) [3]

The graph above (Figure 4) shows the hysteresis of a standard magnetic material. Starting at the
origin the material is exposed to an external magnetic field – H, measured on the x-axis in SI units
A/m or sometimes Gaussian units Oersted (Oe). As the field increases the material follows the dashed
line, its magnetisation increasing (B - measured on the y-axis in Tesla) until saturation (B0). Once the
field is removed (H tends to zero) the magnetisation will follow the solid blue line moving from point
a to b. Point b marks the residual flux density, or the extent to which the material maintains its
magnetisation. In order to completely bring the core’s magnetic field to zero it must be coerced by
an opposite field, shown as the graph moves from point b to c. The amount of negative field required
to coerce the magnetisation to zero is known as the coercivity. Soft iron’s low coercivity makes it
react quickly to rapid changes in the polarity of the electromagnet.

2.2

Analytical Equations

The following paragraphs present analytical solutions quantifying the magnetic flux density,
force, and torque between magnetic materials. Variables in bold are vector quantities.
2.2.1

Magnetic Flux Density

The magnetic flux density (B) produced by a single dipole moment, m, distance r from the dipole
centre is given by [4];
𝑩(𝒎, 𝒓) =

𝜇0 3𝒎 ∙ 𝒓
𝒎
( 5 𝒓 − 3)
4𝜋
𝑟
𝑟

(eq.5a)

If there are ‘n’ dipoles in the system (configuration one and two, Figure 5) the resultant magnetic
flux density at a point is simply the vector addition of all the individual contributions;

- 10 -

James O'Farrell, MSc dissertation
𝑛

𝑩 = ∑ 𝑩(𝒎𝒊 , 𝒓𝒊 )

(eq.5b)

𝑖=1

Figure 5: Permanent Magnets (1, 2, 3, and 4 - CoreSat) and Electromagnets (5, 6, 7, and 8 - MirrorSat)

2.2.2

Force

Configuration one above shows two bar magnets, each has a north pole coloured in red and a
south pole in blue. All these analytical equations assume that that the strength of the magnet, given
earlier by its dipole moment - m, is focused at the centre of the magnet, shown above as a black dot.
The interaction between dipoles is highly non-linear and these equations are best suited for use in the
far field where the distance between dipoles is much greater than the size of the magnets [4]. The
force of attraction between the two dipoles in configuration one above is given by [4];
𝑭𝟏𝟐 =

3𝜇0
((𝒎𝟏 ∙ 𝒓𝟏𝟐 )𝒎𝟐 + (𝒎𝟐 ∙ 𝒓𝟏𝟐 )𝒎𝟏 + (𝒎𝟏 ∙ 𝒎𝟐 )𝒓𝟏𝟐
4𝜋𝑟12 5
−

5(𝒎𝟏 ∙ 𝒓𝟏𝟐 )(𝒎𝟐 ∙ 𝒓𝟏𝟐 )
𝒓𝟏𝟐 )
𝑟12 2

(eq.6a)

Subscripts 1 and 2 indicate the dipole. The magnitude of m has been given earlier in this technical
section and its direction is aligned with the longitudinal axis of the bar magnet, pointing north. Variable r12 is the position vector between the two dipoles (black dots Figure 5).
Once more ‘n’ dipoles are handled by the vector addition of individual contributions. Take configuration two – representing the electromagnetic docking mechanism, to obtain the total force on
MirrorSat’s electromagnets due to CoreSat’s permanent magnets calculate the force exerted on electromagnet 5 due to all the permanent magnets and then repeat for electromagnets 6, 7, and 8 in
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succession. A final vector addition will provide the total force on MirrorSat due to CoreSat. In this
situation all the electromagnets are rigidly fixed together, therefore the force between electromagnets
is not calculated. The force on electromagnet 5 due to 6 is equal and opposite to that of the force on
6 due to 5. Upon vector addition these will cancel.
4

4

4

𝑭𝑴𝒊𝒓𝒓𝒐𝒓𝑺𝒂𝒕 = ∑ 𝑭(𝒎𝟓 , 𝒎𝒊 , 𝒓𝒊𝟓 ) + ∑ 𝑭(𝒎𝟔 , 𝒎𝒊 , 𝒓𝒊𝟔 ) + ∑ 𝑭(𝒎𝟕 , 𝒎𝒊 , 𝒓𝒊𝟕 )
𝑖=1

𝑖=1

𝑖=1

4

(eq.6b)

+ ∑ 𝑭(𝒎𝟖 , 𝒎𝒊 , 𝒓𝒊𝟖 )
𝑖=1

This analytical solution has been derived from the following formula:
𝑭 = 𝛁(𝑈) 𝑤ℎ𝑒𝑟𝑒 𝑈 = −𝒎 ∙ 𝑩

(eq.6c)

U is the potential energy of the dipole (m) in an external field (B). Equation 6b will be used to
validate Radia. This analytical solution also provides a more intuitive understanding of the interaction given a certain displacement between dipoles. Equation 6c will be used to accurately determine
the interaction forces while designing the controller. Placing CoreSat (with constant dipole and
known orientation) inside MirrorSat’s magnetic field lookup tables (referred to in 1.4 Achievements,
and explained in 4.4 Data Cube Generation) provides all the variables required to calculate the gradient of dipole potential in both directions and thus the force experienced by CoreSat. The force on
MirrorSat is simply equal and opposite that of CoreSat.
𝑭𝑀𝑖𝑟𝑟𝑜𝑟𝑆𝑎𝑡 = −𝑭𝐶𝑜𝑟𝑒𝑆𝑎𝑡

𝑭𝐶𝑜𝑟𝑒𝑆𝑎𝑡 = 𝛁(𝑈𝐶𝑜𝑟𝑒𝑆𝑎𝑡 )

(eq.6d)

𝑤ℎ𝑒𝑟𝑒 𝑈𝐶𝑜𝑟𝑒𝑆𝑎𝑡 = −𝒎𝐶𝑜𝑟𝑒𝑆𝑎𝑡 ∙ 𝑩𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙
CoreSat has multiple permanent magnets. It should be noted that while the gradient formula calculates the force on a given dipole (ex. dipole 1 Figure 5) due to the total combined external field, it
is sufficient to use the external field produced by MirrorSat and not include the contribution of individual CoreSat magnets. CoreSat magnets 2, 3 and 4, do produce a non-zero force on dipole 1,
however this force is in fact equal and opposite that of the force experienced on the respective dipoles
and thus will cancel upon vector addition.
𝑈𝐶𝑜𝑟𝑒𝑆𝑎𝑡 = −𝒎𝐶𝑜𝑟𝑒𝑆𝑎𝑡 ∙ 𝑩𝑀𝑖𝑟𝑟𝑜𝑟𝑆𝑎𝑡

2.2.3

(eq.6e)

Torque

If two dipoles are not perfectly aligned a torque (τ) is induced. The torque is given by;
𝛕 =𝒎×𝑩

(eq.7a)
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Torque will produce an angular displacement and it is extremely important to monitor the relative
attitude of MirrorSat compared with CoreSat for successful docking. The magnetic flux density produced at the centre of electromagnet 5 due to the vector sum of the remaining electromagnets (6, 7,
and 8) is always parallel to dipole moment (m5) and thus the cross product evaluates to zero. By
symmetry none of the electromagnets create a torque on their MirrorSat counterparts. CoreSat can
be rotated relative to MirrorSat and therefore will induce a torque. Each MirrorSat dipole will be
cross multiplied with the vector sum of the magnetic flux density produced by the permanent magnets
at that dipole [4];
4

4

4

𝛕 = 𝑚5 × ∑ 𝑩(𝒎𝒊 , 𝒓𝒊𝟓 ) + 𝑚6 × ∑ 𝑩(𝒎𝒊 , 𝒓𝒊𝟔 ) + 𝑚7 × ∑ 𝑩(𝒎𝒊 , 𝒓𝒊𝟕 )
𝑖=1

𝑖=1

𝑖=1

4

(eq.7b)

+ 𝑚8 × ∑ 𝑩(𝒎𝒊 , 𝒓𝒊𝟖 )
𝑖=1

The lookup tables used in the control algorithm contain the external field produced by MirrorSat.
Equation 7 will then calculate the torque on CoreSat. The torque experienced by MirrorSat will be
found indirectly after calculating the torque on CoreSat. It is important to note that unlike force,
torque it not equal and opposite.
Below is a schematic of two similar dipoles in a plane [8]:

Figure 6: Deriving the Torque Ratio between Dipoles [8]

Angles α and β represent the offset of each north pole from the x axis (joining the dipole centres).
The analytical equations for the torque experienced on each dipole are given by [8]:
1 𝜇0 𝑚𝐴 𝑚𝐵
(2sin𝛼cos𝛽 + 𝑐𝑜𝑠𝛼𝑠𝑖𝑛𝛽)
4𝜋 𝑑3
1 𝜇0 𝑚𝐴 𝑚𝐵
(2𝑐𝑜𝑠𝛼𝑠𝑖𝑛𝛽 + 𝑠𝑖𝑛𝛼𝑐𝑜𝑠𝛽)
𝛕𝐵 = −
4𝜋 𝑑3
𝛕𝐴 = −

(eq.7c)

Given that dipole A has rotated through an angle of 90° (α=90) and dipole B is perfectly aligned with
the +X axis (β=0), dipole A experiences twice the amount of torque experienced on dipole B. Two
similar dipoles can be shown to have torque ratios of:

- 13 -

James O'Farrell, MSc dissertation
(2cos𝛽sin𝛼 + 𝑐𝑜𝑠𝛼𝑠𝑖𝑛𝛽)
τ𝐴
=
(cos𝛽𝑠𝑖𝑛𝛼 + 2𝑐𝑜𝑠𝛼𝑠𝑖𝑛𝛽)
τ𝐵

(eq.7d)

The torque experienced by MirrorSat can now be found by deriving a new torque ratio which
takes into account the difference in dipole moment between MirrorSat and CoreSat or by using the
conservation of angular momentum. In the latter, since no external forces are acting on the system,
after evaluating the force on each satellite, the following equation can be solved to find the torque
experienced by MirrorSat:
−

𝒅
𝒅
× 𝑭𝑀𝑖𝑟𝑟𝑜𝑟𝑆𝑎𝑡 + × 𝑭𝐶𝑜𝑟𝑒𝑆𝑎𝑡 + 𝛕𝑀𝑖𝑟𝑟𝑜𝑟𝑆𝑎𝑡 + 𝛕𝐶𝑜𝑟𝑒𝑆𝑎𝑡 = 0
2
2

(eq.7e)

Where d is the vector joining the centres of MirrorSat and CoreSat.
The Earth’s magnetic field will also induce a torque on both MirrorSat and CoreSat during orbit.
Models of the Earth’s magnetic field are available online and show that the field is strongest at the
poles and weakest at the magnetic equator [4]. This additional field must be modelled.

2.3
2.3.1

Model Propagation
Newton’s Second Law

To simulate the autonomous docking a set of dynamic equations are required which govern the
interaction between MirrorSat and CoreSat. Neglecting all other forces besides the magnetic force of
attraction between the mating pair a simple propagation can be performed using Newton’s second
law;
𝑭 = 𝑚𝒂

(eq.8)

Where F, and a, represent the force of attraction/repulsion and the acceleration, respectively, in
all three dimensions. With the mass (m) of the body and the force on the magnets known (calculated
using either the magnetostatics software or the gradient of the dipole potential equation 6) the acceleration can be obtained. Given an initial velocity, v, the following equations can be used to propagate
the model in each axis;
𝑣𝑓𝑖𝑛𝑎𝑙 = 𝑣0 + 𝑎𝑡
1
𝑠 = 𝑣0 𝑡 + 𝑎𝑡 2
2

(eq.9)

Where vfinal is the final velocity of MirrorSat having had an initial velocity v0 and undergone
constant acceleration, a, for t seconds. The total displacement between MirrorSat from CoreSat during the interval t seconds is s meters. After t seconds the process is repeated, finding the new forces
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and resulting acceleration, using the vfinal from the previous time step as the new initial velocity v0.
A smaller time interval will give more accurate results but result in a longer computational time. A
running total of the overall displacement is recorded.
Calculating the torque (τ) induced on both MirrorSat and CoreSat the relative attitude can be
modelled.
𝝉 = 𝐼𝜶

(eq.10)

Where α represents the angular acceleration and I, the body’s moment of inertia, can be thought
of as a quantitative representation of how difficult it is to rotate the geometry about a given axis.
Given the initial angular velocity (ω0) the system can be propagated every t seconds to monitor
the relative attitude (θ) between the mating pair using;
𝜔𝑓𝑖𝑛𝑎𝑙 = 𝜔0 + 𝛼𝑡
(eq.11)
1
𝜃 = 𝜔0 𝑡 + 𝛼𝑡 2
2
It should be noted that although MirrorSat and CoreSat both experience force and torque, CoreSat
is left unperturbed due to the fact that it has a much larger mass and moment of inertia compared
with MirrorSat. Any change in relative range and pose will be due entirely to the forces and torques
acting on MirrorSat. In addition, since the magnetic field ‘data cubes’ used to determine both force
and torque between the mating pair have been created with reference to MirrorSat’s body frame, any
displacement, both translation and rotation, experienced by MirrorSat, will be applied to CoreSat so
that MirrorSat remains fixed at the origin (Figure 7).

Figure 7: Applying MirrorSat's Rotational Offset to CoreSat

2.3.2

Hill-Clohessy-Wiltshire Equations

As mentioned, equation 8 assumes that the electromagnetic force is in the only force in the system.
In reality AAReST is under the influence of gravity and many others such as drag. Deriving from the
three body problem, governing the dynamics of a third smaller body in the presence of two much
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larger bodies orbiting around their barycentre, the Hill-Clohessy-Wiltshire (HCW) equations [6] below describe the relative motion of a small satellite in relation to a second in a circular orbit. The
equations have been altered to include external forces other than gravity, such as the electromagnetic
force. Note fi , i ϵ {x,y,z}, in the HCW equations refers to the specific force or force per unit mass.
Symbol ‘n’ refers to the mean motion (rad/sec) of the second satellite in its circular orbit, and variables x,y,z and their derivatives represent position and velocity of the satellite in question. Subscript
0 refers to initial conditions. Using these equations the model can be propagated more accurately.

𝑥 = 𝑥𝑜 (4 − 3cos(𝑛𝑡)) +

𝑥̇ 0
2𝑦̇ 0
𝑓𝑥
(1 − cos(𝑛𝑡)) + 2 (1 − cos(𝑛𝑡))
sin(𝑛𝑡) +
𝑛
𝑛
𝑛

2𝑓𝑦
+ 2 (𝑛𝑡 − sin(𝑛𝑡))
𝑛

𝑦 = 𝑦𝑜 −

𝑦̇ 0
2𝑥̇ 0
(1 − cos(𝑛𝑡))
(3(𝑛𝑡) − 4 sin(𝑛𝑡)) − 6𝑥0 (𝑛𝑡 − sin(𝑛𝑡)) −
𝑛
𝑛
2𝑓𝑦
2𝑓𝑥
3
− 2 (𝑛𝑡 − sin(𝑛𝑡)) + 2 (2 − 𝑛2 𝑡 2 − 2 cos(𝑛𝑡))
𝑛
𝑛
4

𝑧 = 𝑧𝑜 cos(𝑛𝑡) +

𝑧̇0
𝑓𝑥
sin(𝑛𝑡) + 2 (1 − cos(𝑛𝑡))
𝑛
𝑛

𝑥̇ = 3𝑥𝑜 nsin(𝑛𝑡) + 𝑥̇ 0 cos(𝑛𝑡) + 2𝑦̇ 0 sin(𝑛𝑡) +

𝑓𝑥
sin(𝑛𝑡)
𝑛

2𝑓𝑦
(1 − cos(𝑛𝑡))
+
𝑛

(eq.12a)

(eq.12b)

(eq.12c)

(eq.13a)

𝑦̇ = −𝑦̇𝑜 (3 − 4 cos(𝑛𝑡)) − 6𝑥0 𝑛(1 − cos(𝑛𝑡)) − 2𝑥̇ 0 sin(𝑛𝑡)
−

2𝑓𝑦 3
2𝑓𝑥
(1 − cos(𝑛𝑡)) −
( nt − 2 sin(𝑛𝑡))
𝑛
𝑛 2

𝑧̇ = −𝑧𝑜 nsin(𝑛𝑡) + 𝑧̇0 cos(𝑛𝑡) +

𝑓𝑧
sin(𝑛𝑡)
𝑛

- 16 -

(eq.13b)

(eq.13c)

James O'Farrell, MSc dissertation

3 LITERATURE REVIEW
Enda McKenna

3.1

Docking experiments performed at SSC, investigating the capture volume, verified the results
produced by CalTech [3]. The capture volume depends on the initial offset and pose, the influence
of relative velocity and attitude rates were not investigated. Enda McKenna has compiled a summary
of his results, useful in the design of a control algorithm for successful docking.




From 30cm the offset tolerance is +/-30 degree roll/pitch/yaw
From 15cm the offset tolerance is +/-20 degree roll/pitch/yaw
Within 5cm the offset tolerance is +/-10 degree roll/pitch/yaw

Radina Dikova

3.2

After validating FEMM, Radina Dikova conducted further analysis of the capture volume. Her
numerical analysis looked at the impact of the relative velocity on successful docking. Vertical distance and the maximum associated rotation angle are in agreement with Enda McKenna’s results.
Vertical Distance (cm)

Maximum Rotation Angle (°)

Maximum Initial Velocity (cm/s)

5

8

2.6

10

13

1.5

15

17

1.2

20

19

0.8

25

22

0.6

30

25

0.5

Table 1: Defining the Capture Volume [4]

A number of case studies were performed. These propagations included, the influence of the
Earth’s magnetic field on the magnetic docking system, the effect of the pseudo solenoid dipole moment produced from the solar panels, the effects of drag, and finally a propagation including all the
aforementioned factors [4]. Successful docking was characterised by;




Final relative velocity of MirrorSat should be less than 5cm/s.
Horizontal offset should be less than 1cm when approaching docking plane.
Final rotation angle should be less than 3°.

Radina Dikova found that, depending on the initial conditions, it was possible for MirrorSat to
hold its relative position, or perform station keeping, before approaching CoreSat. Since FEMM is a
2D software package, the Earth’s magnetic field could not be analysed in a single propagation. A
number of simulations looking at worst/best case scenarios were performed and found to influence
the maximum relative range.
The HCW equations, neglecting all external forces except gravity, give the relative position and
velocity of a chaser satellite. The equations must be modified to include thrust and drag etc. Radina
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Dikova has looked at the effect of drag over a conservative mission duration of 10 minutes using a
Cowell orbit propagator. Maximum drift of MirrorSat with respect to CoreSat was found to be;



Final drift starting at 30cm separation distance: 0.087cm
Final drift starting at 1m separation distance: 0.154cm.

With such a small impact on the relative displacement between MirrorSat and CoreSat, drag is
was deemed negligible and excluded from the propagation of the dynamic model. Radina Dikova
proposed the use of a 3D magnetostatics package called Radia to construct a high fidelity model of
the magnetic docking mechanism.

3.3

On-orbit Autonomous Assembly of Nanosatellites (OAAN)

Researchers at NASA Langley, Cornell University, and the University of Michigan are currently
working on the autonomous rendezvous and docking of two 3U CubeSats using a novel permanent
magnet docking mechanism [9]. The CubeSats will dock longitudinally along their local V-bar direction. Initially it was proposed to have one large permanent magnet on each interface. However,
after considering the torque induced by the Earth’s magnetic field, two smaller permanent magnets
of opposite polarity were positioned side by side to produce a net zero dipole moment. Unfortunately
this will reduce the capture range. After rendezvous feedback will be turned off and the docking will
take place passively. The team have assumed the ADCS system has effectively nulled any attitude
errors and rates and has reduced the radial velocity to zero. Only relative displacement and V-bar
velocity remain. A Monte Carlo simulation was performed. The docking mechanism is robust to 3σ
of the main docking parameters. A second method, analysing the potential field produced by the
mating pair, was used to verity docking (Figure 8). If rendezvous placed the chaser, at zero relative
velocity, at the correct position inside the field, docking would occur.

Figure 8: Potential Energy Field at 0.12, 0.14, and 0.16m [9]
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No units were provided but a colour scale gives the locations of highest potential energy. Placing
the chaser at [0.0, 0.0, 0.16m], robust to 3σ measurement of relative position provided by the Carrierphase Differential GPS (CDGPS), used for navigation, would guarantee docking. However, placing
the chaser, with zero velocity, at 0.16m is highly unlikely. A second Monte Carlo analysis (Figure 9)
was performed, aiming to rendezvous the chaser [0.0, 0.0, 0.16m]. The blue dots represent the dispersed kinetic energy and the red contour represents the potential energy field, as long as the chasers
kinetic energy is lower than the potential field docking will occur.

Figure 9: Potential Energy Field (red) vs. Residual Kinetic Energy (blue) after Monte Carlo Simulation [9]

3.4
3.4.1

Radia and FEMM
Boundary Conditions

Although Radia was designed to model insertion devices, such as undulators and wigglers, for
synchrotron light sources, it is also capable of modelling linear and nonlinear, isotropic and anisotropic magnetic materials, along with current carrying magnetic field sources. Analysing the
interaction between MirrorSat and CoreSat in a finite element package such as FEMM requires an
explicit boundary condition. Radina Dikova used several asymptotic boundary conditions to approximate the real world open boundary of space. Radia, unlike FEMM, does not require explicit
boundary conditions [10]. The user does not have to mesh the vacuum and this reduces the computational time of problems open to infinity. After the user has built the model, Radia iteratively solves
a matrix measuring the interaction between the objects until a given precision is reached, this precision is set by the user. More information about the computational method used by Radia can be found
on the ESRF website [10].
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3.4.2

Inputs and Outputs

FEMM requires the user to construct the model through a Graphical User Interface (GUI). Propagating the model is just not feasible using a GUI and should be automated through scripting. Radina
Dikova found a ‘largely undocumented and unused scripting tool’ called LUA [4]. Together, using
FEMM and LUA, the model was propagated. Radia is an add on package with Mathematica. Therefore there is one console which takes in the user’s inputs and outputs data. There is no need to use an
external script, such as LUA. Once the user is familiar with the Mathematica commands they can
write loops, propagating their model, and have the results displayed either in 2D or 3D on the Mathematica console.
3.4.3

Material Subdivision

Although not exhaustive, there is a reference guide available for Radia online [5]. The main Radia
functions are listed and their arguments explained. Particular emphasis is put on material subdivision.
Before solving the model the user should subdivide magnetic materials. According to the documentation [10] subdivision is not particularly important with permanent magnets, where the
magnetisation is largely uniform throughout the material. However, subdivision is extremely important for nonlinear magnetic materials, such as iron. There is currently no means of automatic
subdivision and the user should be aware that increasing the number of objects in the system, through
subdivision, will dramatically increase the computational time.

3.5

Summary

There are a number of past and present mission concepts for autonomous rendezvous and docking
of small-satellites. Unfortunately most of these missions are either solely concerned with proximity
operations and formation flying or make use of other docking techniques, such as birthing using a
robotic arm manipulator or thrusting for actuation, and therefore are not included in this report. Even
[11] conducting a preliminary investigation of autonomous rendezvous and docking in preparation
for a larger telescope demonstration has made use of thrusters for actuation and neglected the relative
attitude and respective rates assuming the ADCS will negate any offset. OAAN makes use of autonomous magnetic docking, although in this mission the CubeSats dock passively. Once again they
have complete confidence that the ADCS will negate pose offset between the mating interfaces. What
may be useful is incorporating their potential energy analysis in the design of the controller. Once
the controller is built a Monte Carlo simulation should be performed including inaccuracies in the
filed computation, navigation system etc.
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4 RADIA
4.1

Radia Functions

The Radia functions are well documented online but the reference guide is not exhaustive and it is
recommended that new users complete the online tutorials. Before presenting the results of initial
simulations some functions which caused slight confusion are explained.
4.1.1

User Defined Material

One function which was overlooked in the reference guide but included in the tutorials (Example#3: Generic Hybrid Undulator) was how to add a user defined material.
𝑟𝑎𝑑𝑀𝑎𝑡𝑆𝑎𝑡𝐼𝑠𝑜[{{𝐻1 , 𝑀1 }, {𝐻2 , 𝑀2 }, … … . . {𝐻𝑛 , 𝑀𝑛 }}]

Figure 10: Radia Code Snippet of a User Defined Material

This function defines a nonlinear isotropic material using a list of lists containing the magnetisation induced (Mi) when the material is exposed to magnetic field (Hi). Both magnetisation and
magnetic field strength are expressed in Tesla (See Figure 10 for converting H (A/m) to H (T)). The
solenoid cores’ B-H curves should be used to define the material in order to accurately model its
response. B-H curves are also available for multiple materials inside FEMM, these can be copied
into Radia.
4.1.2

‘Easy Magnetisation Vector’

Radia defines the fourth argument of the function below as the ‘easy magnetisation vector’, units
of Tesla. This function is used to construct the cylinder for both the permanent magnets and iron
cores.
𝑟𝑎𝑑𝑂𝑏𝑗𝑇ℎ𝑐𝑘𝑃𝑔𝑛[𝑥, 𝑙𝑥, {{𝑦1, 𝑧1}, {𝑦2, 𝑧2} … }, {𝑚𝑥, 𝑚𝑦, 𝑚𝑧}: {0,0,0}]
This is somewhat confusing as magnetisation (units A/m) does not have units of Tesla. Instead
the residual flux density, SI units Tesla, was used as the ‘easy magnetisation vector’. This function
creates a cylindrical shape extruded from a polygon, centred at x, and of length lx aligned with the
x-axis. The polygon is defined in the third argument.
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4.1.3

Importance of Signs in Material Definition

The user may want to change the material of an object - without completely redefining the B-H
curve shown above. This can be done by changing the material’s residual flux density. This function
was used when modelling the N40 strength NdFeB magnet, Br =1.257 [4], a weaker NdFeB magnet
was predefined in Radia.
𝑅𝑎𝑑𝑀𝑎𝑡𝑁𝑒𝐹𝑒𝐵[±𝐵𝑟]; 𝑟𝑎𝑑𝑀𝑎𝑡𝐴𝑝𝑙[𝑜𝑏𝑗, 𝑚𝑎𝑡]

Figure 11: Radia Code Snippet, Redefining the Residual Flux Density of an Existing Material

The sign, positive or negative, used with the residual flux density (Br) is important and defines a
material which is either parallel/antiparallel with the direction of magnetisation of the original object
[5]. Knowing what the direction the poles should be is crucial for validating the model.
4.1.4

Containers

To facilitate easy manipulation of MirrorSat’s four electromagnets and CoreSat’s four permanent
magnets they have been placed inside containers. A rotation/translation/material applied to a container is automatically applied to all the container’s individual objects. Similarly, to solve the model
(Figure 12), every object in the system is placed inside one container, called systemAAReST.

Figure 12: Radia Code Snippet, Creating a Container and Solving the Model

It is important to remember that if, for example, it is required to change the polarity of electromagnet 8, the user must re-initialise the solenoid with the opposite current and also re-initialise the
container for MirrorSat and systemAAReST before solving (Figure 13).

Figure 13: Radia Code Snippet, Redefining Multiple Containers before Solving

Any translations or rotations applied to electromagnet 8 must also be reproduced. Ideally, Radia
would define a function to change the direction of the solenoid current but nothing currently exists.
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There is a function to scale the current, but it is not suitable as the current changes between positive,
negative, and zero.
4.1.5

Memory

If the user wants to propagate a model, consisting of two or more elements, where at least one
element is translated/rotated between iterations, they should consider deleting Radia elements in between iterations if their system is slowing down. Radia solves the model using memory intensive
interaction matrices and if these are not deleted it can cause Radia to crash [10]. Variables should not
be deleted, only elements created by Radia. Storing range/pose variables between iterations will allow the user to re-initialise all the elements and continue their propagation from the last iteration.
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Radia Validation

4.2

Radia was validated by building a 3D version of Radina Dikova’s work. This model consisted of
two electromagnets and two permanent magnets (Table 2). The probe and drogue were not modelled.
The two sets of coplanar (XY plane) magnets (Figure 5 , permanent magnets 2 and 3, electromagnets
6 and 7) were initially offset 30mm in the Y direction, and each pair was equidistant (25mm) from
the Y-Z plane. After every iteration they were separated by a further 10mm (Y direction) until reaching 1m. The magnetic flux density (T), force (N), and torque (Nm) were measured and compared
with both Radina Dikova’s FEMM solution and an analytical solution written in MATLAB.
NdFeB N40

Pure Iron Core

Solenoid

Length (mm)

7

100

100

Diameter (mm)

10

10

14.5

Current (mA)

n/a

n/a

650

1.257

1.3

n/a

Residual Flux Density (T)

Table 2: Model Parameters

4.2.1

Magnetic Flux Density

Magnetic Flux Density By (T) vs Distance (cm)
1

Magnetic Flux Density (Tesla)

10

30

50

70

90

0.1

0.01

Radia
FEMM

0.001

MATLAB

0.0001

0.00001

Distance (cm) between pole faces

Figure 14: Validation of Radia Magnetic Flux Density (T) vs. FEMM and analytical solution

Magnetic Flux density was measured midway between the electromagnets and permanent magnets. Radina Dikova’s FEMM analysis chose a point on the y-axis, due to symmetry around the YZ
plane, competing field components in the X direction at this location cancelled out after vector addition, measuring zero field along the x-axis provided an extra degree of FEMM validation. Radia’s
flux correlates well with the analytical solution (on average 11.6% greater than Radia –Figure 14).
The disagreement between Radia and FEMM (on average 97% greater than Radia) grows over time
but both solutions show a logarithmic response. Raw data shows flux Bx and Bz are negligible, as
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expected.
4.2.2

Force

Force Fy (N) vs. Distance (cm)
1
10

30

50

70

90

0.1

Force (N)

0.01
Radia
0.001

FEMM
MATLAB

0.0001
0.00001
0.000001

Distance (cm) between pole faces

Figure 15: Validation of Radia Force (N) vs. FEMM and Analytical Solution

Figure 15, above, show the force of attraction between the two pairs of magnets and follows the
logarithmic response seen in the flux density plot. FEMM and MATLAB average 257% (neglecting
the outlier at 93cm) and 24% greater than the Radia solution, respectively. The force converges at
closer distances with FEMM almost an order of magnitude bigger than the other solutions at 1m.
Once again, due to symmetry and perfect alignment, Fy is the predominant force, Fx and Fz are negligible.
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4.2.3

Torque

Torque Tz (Nm) vs. Distance (cm)
1
10

30

50

70

90

0.1

Torque (Nm)

0.01
0.001
Radia
0.0001

FEMM

0.00001

MATLAB

0.000001
0.0000001
1E-08

Distance (cm) between pole faces

Figure 16: Validation of Radia Torque (Nm) vs. FEMM and Analytical Solution

Referring to equation 7, if perfectly aligned, neither set of magnets would experience any torque.
For this computation Radina Dikova wrote a second script offsetting CoreSat from MirrorSat a distance of 50mm (negative X direction, Figure 5) to induce a torque. Radia, including this offset, is
similar to the analytical solution (61% larger on average) and follows the same pattern as the FEMM
solution (missing raw data for the FEMM solution prevented numerical analysis, FEMM graphed by
digitising a jpeg of Radina Dikova’s solution).
4.2.4

Radia Analysis

Radia’s fluctuation at large distances (Figure 15 and 16) could be due to a rounding error during
the numerical calculation. The disparity between FEMM and Radia may lie in the definition of the
magnetic material (different residual flux densities) – most notably in the torque solution where Radia is seemingly half an order of magnitude smaller than FEMM at every data point (missing raw
data prevented a thorough analysis).
Analytical solutions are approximations, they rarely correlate with numerical analysis. Radia, although optimised for wigglers and undulators, produces the same logarithmic response for flux, force,
and torque, as seen in FEMM and analytical analysis and therefore is suitable for use in the development of a high fidelity 3D model.
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Initial Propagation

4.3

A larger model of AAReST, comprising four electromagnets and four NdFeB N40 magnets, was
constructed (Figure 5). Note, although the schematic represents the electromagnets as fixed polarity
bar magnets, they can reverse their polarity. The model was propagated using Newton’s second law,
neglecting all external forces except the force of attraction/repulsion provided by the magnetic docking system (no torque was modelled). Three propagations are shown below. The ability of MirrorSat
to successfully redock with CoreSat depends on how long the coils are energised during separation
(active separation) and at what distance the electromagnets are set in reverse polarity, attracting them
to CoreSat (active attraction). When the electromagnets are off, the field produced by the permanent
magnets interacts with the solenoid core and passively attracts MirrorSat to CoreSat.
Ex#1

Ex#2

Ex#3

Successful Docking (Yes/No)

Yes

Yes

No

Active Separation (mm)

30-35

30-35

30-40

Passive Attraction, during separation (mm)

35-45

35-50

40-50

Active Attraction (mm)

45+

50+

50+

Passive Attraction, during approach (mm)

30-45

30-50

30-50

Maximum Distance (mm)

66.8

88.1

n/a

Docking Velocity (mm/s)

36

37

n/a

Runaway Velocity (mm/s)

n/a

n/a

21

Table 3: Variables of Initial Propagation Experiments

Ex#1. Successful Docking.
0

0.04
0.5

1

1.5

2

2.5

3

3.5

4

4.5

-10

0.03

-20

0.02

-30

0.01

-40

0

-50

-0.01

-60

-0.02

-70
-80

Distance
Velocity

Time since separation (seconds)
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Velocity (m/s)

Distance (mm)

0
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Ex#2. Successful Docking.
0
1

2

3

4

5

6

7

8
0.04

-20

0.03

-30

0.02

-40

Distance (mm)

0.01

-50
0

-60

-0.01

-70

Velocity (m/s)

-10

0.05
0

-0.02

-80
-90

-0.03

Distance
Velocity

-100

-0.04

Time from separation (seconds)

Ex#3. Failed Docking.
0

0
1

2

3

4

5

6

7

8

9
-0.01

-100

-0.02

-150

-0.03

-200

-0.04

Distance (mm)

-50

-250
-300

Distance
Velocity

Time since separation (seconds)

Veolcity (m/s)

0

-0.05
-0.06

The period of active separation is extremely important for redocking MirrorSat to CoreSat. In
Ex#3 the electromagnets are energised between 30 and 40mm separation and MirrorSat reaches a
maximum velocity of 49mm/s. Active attraction is not able to adequately slow the MirrorSat down
and it approaches an asymptotic runaway velocity of 21mm/s. In Ex#1 and Ex#2, active separation
is turned off after 35mm, MirrorSat reaches a maximum velocity of 36 and 37mm/s, respectively.
Active attraction is enough to slow MirrorSat down and cause it to redock. Active attraction is turned
off once MirrorSat is within 45mm (Ex#1) and 50mm (Ex#2) of CoreSat. This distance influences
the docking velocity, not to exceed 50mm/s.
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4.4

Data Cube Generation

Referring to the Radina Dikova suggested the use of Radia [5], a software package dedi-

cated to 3D magnetostatics computation, as a tool for modelling the docking mechanism.
The first task was to become proficient using this software. After completing the online tutorials and becoming familiar with the Radia documentation a number of simple models
were built. These consisted of; one or two permanent magnets, a solenoid, a current carrying
wire, and an electromagnet. The Radia solutions were then validated by comparing them
with solutions available online.
Radina Dikova validated the suitability of FEMM for conducting her simulations by comparing basic models (magnetic flux density, force and torque measurements) with analytical
solutions [4]. The second task was to construct a 3D version of Radina Dikova’s work, comparing solutions from Radia with both FEMM and analytical solutions.
Although Radina Dikova never constructed a controller to automate the rendezvous and
docking manoeuvre, the dynamic equations that are required to model the system were identified. These are the Hill-Clohessy-Wiltshire (HCW) equations. Derived from the dynamic
equations governing the three body problem (considering the movement of one small body
in relation to two larger bodies in space) the HCW equations give the relative position, velocity and acceleration of one small body in close proximity to another travelling in a circular
orbit [6]. In other words, the HCW equations govern the movement of our mating pair orbiting around the Earth. Understanding these equations and how they can be adjusted to account
for other forces, such as electromagnetic attraction, is crucial.
Using Radia to calculate the interaction forces between MirrorSat and CoreSat is a time
consuming process not suitable for flight software. Real time control requires a fast and
accurate method of predicting the dynamics and then a suitable algorithm which will autonomously reconfigure the system based on the desired goal. Once a timely method of
accurately determining the interaction forces had been devised (without the use of Radia)
work began on developing the algorithm for autonomous docking. This algorithm was then
incorporated in the design of the controller to facilitate autonomous docking.
Achievements subsection at the beginning of this report a simplified model of MirrorSat was
presented as four bar magnets, longitudinally aligned and arranged in a 2x2 row and column formation. Reversing the polarity of one or more of the four magnets results in 16 possible combinations.
Each electromagnet actually has three states, 2 while on (dual-polarity) and 1 while off. This results
in 3x3x3x3=81 possible configurations, each creating a unique magnetic field, or data cube. Using
these lookup tables in combination with the known position and orientation of CoreSat relative to
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MirrorSat equations 6 and 7 can be solved allowing the controller to autonomously choose the optimal configuration of electromagnets to bring about alignment and docking.
A 2D controller will be designed before building a 3D controller. The 2D controller will minimise
translational offset on a single plane and rotation about an axis normal to that plane. While ‘Data
cubes’ contain 3 dimensional magnetic field information, a 2D controller only requires the magnetic
field across a single plane, or a slice of the ‘data cube’. Below is a 3D contour plot obtained from
polarising all four electromagnets in the same direction. This is presented below to illustrate the ‘data
cubes’ required for designing a 3D controller. However, as mentioned, the 2D controller only requires
‘slices’ of these cubes (shown in Figure 18). One of Radina Dikova’s 2D magnetic flux density plots
is shown in Figure 19 for field comparison.

Figure 17: 3D Contour Plot of the Magnetic Field, Axes in mm – Legend Units: Tesla

The contour plot above is not exhaustive, only 50 contours have been plotted. The positive Y and
Z axes have been plotted so the reader visualize what is happening closer to electromagnets 6 and 7
(Figure 5) – their XZ plane cross section is shown as two black dots (Figure 17). The Legend spans
less than a single order of magnitude and this was not expected. Further analysis was carried out
using 2D contour plots.
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Figure 18: 2D Slice of the Magnetic Flux Density (XY plane, Z=60mm) Legend Units: Tesla

Figure 19: 2D Contour Plot of the Magnetic Flux Density, Produced by Radina Dikova [4]

Figure 18 and 19 are 2D contour plots of MirrorSat’s magnetic field (electromagnet 6 and 7) over
the XY plane produced by Radia (x: [-500, 500] mm and y: [-1000, 1000] mm) and FEMM (no scale
given [4]), respectively. Radia’s maximum and minimum magnetic flux differs by a single order of
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magnitude, whereas FEMM’s scale represents four orders of magnitude. Further inspection found
that Mathematica was discarding some of the data. This was rectified and below is a more accurate
contour plot of the magnetic flux density. The two white rectangles (Figure 20) represent electromagnets 6 and 7 (Figure 5).

Figure 20: Closer Inspection of Magnetic Field Produced from Radia, Scale in mm.

Figure 20 shows that the flux is three orders of magnitude greater than the maximum field of
Figure 18 and five orders of magnitude greater than the minimum filed, what was expected. Combining both Radia solutions, Figure 18 and Figure 20, provides a solution which correlates well with
Radina Dikova’s FEMM output. Note that the electromagnets in Figure 19 are also under the influence of CoreSat’s permanent magnets.
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4.5

Accuracy Using the ‘Data Cubes’

This section concludes chapter 4. Before moving onto chapters 5 and 6, which discuss the controller
design, it is important to quantify the percentage error between Radia and the interaction forces calculated using the magnetic field lookup tables.
The following graphs show the percentage force and torque error between Radia’s numerical analysis and that found using the lookup tables. MirrorSat and CoreSat are coplanar. MirrorSat has been
placed at the origin (0,0) while CoreSat is translated across the XY plane (distance in mm, see Figure
5). MirrorSat and CoreSat have both been modified and comprise of only two magnets, electromagnets 6 and 7, and permanent magnets 2 and 3, respectively. MirrorSat, having two electromagnets,
each with three states, can produce a total of 3x3=9 different magnetic fields. The polarisation of
MirrorSat is displayed at the bottom of each graph. The title of each graph includes a value of theta,
the relative rotational offset. The complete set of percentage error plots (For Theta = 0° and 45°)
along with the corresponding magnitude of obtainable force and torque can be found in the AAReST
project folder.
4.5.1

Force: Fx

Theta = 0°.
When the rotational offset is 0° the maximum percentage error in Fx is 15% (Figure 22). This
maximum percentage error appears largely below a range of 30mm. The red line below (Figure 21)
occurs due to negligible Fx (this particular combination of electromagnets produces pure attraction
in the y axis at these locations where MirrorSat and CoreSat are axially separated, however, the
dominant Fy is calculated accurately, Figure 25).
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Figure 21: Minimum Percentage Error Fx, Theta = 0.

- 34 -

James O'Farrell, MSc dissertation

Figure 22: Maximum Percentage Error Fx, Theta = 0.

Theta = 45°.
Maximum and minimum percentage offsets are largely similar to those seen above. Note that
since CoreSat has been rotated by 45°, some of the numerical and calculated dynamics are uncertain
in a region close to MirrorSat. This is due to CoreSat impinging upon MirrorSat and trying to occupy
the same volume of space. On average using the lookup tables to calculate Fx correlates with Radia’s
numerical solution.
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Figure 23: Minimum Percentage Error Fx, Theta = 45.
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Figure 24: Maximum Percentage Error Fx, Theta = 45.

4.5.2

Force: Fy

Theta = 0°.
Given a rotational offset of 0°, compared with Fx, Fy is more accurately modelled having a maximum percentage error of 7.5%. This time the red line shown in Figure 26 is due to negligible Fy
where Fx is dominant (as seen and accurately calculated in Figure 22).
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Figure 25: Minimum Percentage Error Fy, Theta = 0.
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Figure 26: Maximum Percentage Error Fy, Theta = 0.

Theta = 45°.
Rotating CoreSat 45° has doubled the percentage error across every combinations of MirrorSat. Note that since CoreSat has been rotated by 45°, some of the numerical and calculated dynamics
are uncertain in a region close to MirrorSat. This is due to CoreSat impinging upon MirrorSat and
trying to occupy the same volume of space. Despite doubling the percentage error using the lookup
tables is a good approach for predicting Fy.
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Figure 27: Minimum Percentage Error Fy, Theta = 45.
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Figure 28: Maximum Percentage Error Fy, Theta = 45.

4.5.3

Torque: MirrorSat

Theta = 0°.
The torque on MirrorSat, indirectly calculated using the torque on CoreSat and the conservation
of angular momentum, deviates substantially from Radia in certain locations. Values have been
capped at 100%, but quite often the error seen in the raw data is orders of magnitude different from
that obtained using equation 7 and the lookup tables. The red line below (Figure 29), once again,
arises due to that particular combination of electromagnets. Torque at these locations is negligible
due to pure attraction along the y axis. Ideally the lookup tables should provide an accurate estimation
of the torque experienced by MirrorSat at every location. However, since this is not the case some
consolation can be taken from the fact that torque is quite accurately modelled in the most likely
areas of approach, viewed as a cone extending from MirrorSat at the origin (Figure 30).
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Figure 29: Percentage Error Torque MirrorSat, Theta = 0.
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Figure 30: Percentage Error Torque MirrorSat, Theta = 0.

Theta = 45°.
So far using the lookup tables to calculate the dynamic interaction has been deemed suitable.
Areas identified as having large percentage errors were outside the most likely approach corridor.
Figure 31 raises concern that the torque calculated on MirrorSat inside the most probable approach
corridor is orders of magnitude different from Radia, casting doubt on the accuracy of future simulation. Time limitations have prevented the author from resolving these large percentage errors and
this will be discussed in the section titled ‘Future Plan’.
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Figure 31: Percentage Error Torque MirrorSat, Theta = 45.
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Figure 32: Percentage Error Torque MirrorSat, Theta = 45.
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5 CONTROL: 1D
Ideally, MirrorSat should be capable of separating from CoreSat and following a desired trajectory.
The trajectory, explicitly defining distance, velocity, and acceleration as functions of time will depend on the initial and final conditions of MirrorSat. Unlike independent actuators which can provide
a certain level of acceleration irrespective of nearby objects, the acceleration available to MirrorSat
(herein referred to as obtainable acceleration) is dependent on magnetic interaction with CoreSat and
therefore a function of the distance between the mating pair. Successful trajectory planning should
take into consideration the limiting obtainable values at each distance.

5.1

4-3-4 Trajectory

A common method of trajectory planning is to use a 4-3-4 trajectory. This trajectory consists of
two 4th order polynomials at the beginning and end of the path which are joined by a 3rd order polynomial. Distance hi in each of the three trajectory segments below (eq. 15) is a function of normalized
time, t, t ∈ [0 1], where:
𝑡=

𝜏 − 𝜏𝑖−1
𝜏𝑖 − 𝜏𝑖−1

(eq.14)

τ, τi, and τi-1 represent real time, real time at the end of the ith and (i-1)th segment, respectively. As
t increases from 0 to 1, hi(t), starting at initial distance δi-1 travels the desired segment distance, δi.
The polynomial coefficients depend on the distance, velocity, and acceleration, of the initial, two
intermediate, and final points of the path along with the allocated real time to traverse each path
segment.[12]
ℎ1 (𝑡) = 𝑎14 𝑡 4 + 𝑎13 𝑡 3 + 𝑎12 𝑡 2 + 𝑎11 𝑡 + 𝑎10

(eq.15a)

ℎ2 (𝑡) = 𝑎23 𝑡 3 + 𝑎22 𝑡 2 + 𝑎21 𝑡 + 𝑎20

(eq.15b)

ℎ𝑛 (𝑡) = 𝑎𝑛4 𝑡 4 + 𝑎𝑛3 𝑡 3 + 𝑎𝑛2 𝑡 2 + 𝑎𝑛1 𝑡 + 𝑎𝑛0

(eq.15c)

Note: Since distance (hi) is not a function of real time (τ), differentiating eq. 15 above, with respect
to normalized time t, will not produce the correct velocity and acceleration time histories. Instead the
correct velocity and acceleration time histories with respect to real time are:
𝑣𝑖 (𝑡) =

1
1
ℎ𝑖̇ (𝑡), 𝑎𝑖 (𝑡) = 2 ℎ𝑖̈ (𝑡) 𝑖 = 1,2, 𝑛
𝑡𝑖
𝑡𝑖

Where: ti is the real time required to travel through the ith segment.
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5.2

Example: Trajectory along a single axis.

At the point of separation MirrorSat’s initial conditions (position, velocity, and acceleration) are
all zero. MirrorSat is required to travel a distance of 0.5m, split between the three path segments
arbitrarily: 0.1m (δ1), 0.3m (δ2), and 0.1m (δn). The time constraints for the 1st, 2nd, and nth segment
are set to 50, 50, and 40 seconds respectively. Final conditions are set so that MirrorSat arrives at
zero velocity and acceleration. The desired 4-3-4 trajectory is shown below.

Figure 33: Desired 4-3-4 Distance vs. Time

Figure 34: Desired 4-3-4 Velocity vs. Time
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Figure 35: Desired 4-3-4 Acceleration vs. Time

Provided that MirrorSat can reproduce the acceleration vs. time history, both the velocity and
distance time histories will also be satisfied and MirrorSat will arrive at the desired location with the
desired states.

5.3

Following the calculated trajectory

MirrorSat’s obtainable acceleration/deceleration is strictly dependent on the distance between the
mating pair. Although the affect can be considered negligible, the acceleration/deceleration vs. distance profiles also rely on the orientation of the permanent magnets on CoreSat. One orientation
might act to reinforce the magnetic field produced by MirrorSat and thus reinforce the acceleration
profile and vice versa. The graphs below show both acceleration and deceleration vs. distance on a
logarithmic scale.

Figure 36: Obtainable Acceleration vs. Distance
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Figure 37: Obtainable Deceleration vs. Distance

The initial desired acceleration of the 4-3-4 trajectory is orders of magnitude less than what can
be obtained using MirrorSat’s electromagnets. Pulsing the electromagnets on and off using Pulse
Width Modulation (PWM) can approximate the desired continuous acceleration vs. time trajectory.
As separation continues and the distance between the pair increases, the reduction in obtainable acceleration/deceleration will cause the PWM duty cycle (percentage of time left ON) to increase. The
trajectory should be designed with the obtainable acceleration limits in mind so that at no point along
the path does the desired acceleration/deceleration exceed the obtainable values provided by the electromagnets operating at s*100% duty cycle (where s is a safety factor < 1).
The graph below shows MirrorSat (indicated by actual distance) following the 4-3-4 trajectory up
until approximately 103 seconds at which point even at 100% duty cycle it fails to produce the desired
deceleration.

Figure 38: Following 4-3-4 trajectory, MirrorSat Fails to Follow at Approx. 103 Seconds
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Figure 39: Following 4-3-4 trajectory, MirrorSat Fails to Follow at Approx. 103 Seconds

Figure 40: MirrorSat Acceleration vs. Time, Unfeasible 10^-6 % Duty Cycle (Left)
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Figure 41: 100% PWM Failing to Follow Desired Acceleration at Approx. 103 Seconds

The trajectory must be replanned. MirrorSat fails to produce the deceleration required to bring
itself to rest at 0.5m. Even if the electromagnets were left on continuously from this point onwards,
due to the rapidly diminishing obtainable deceleration, MirrorSat would never be brought to rest and
would reach a runaway velocity.
The PWM Acceleration vs. Time shows that due to the large acceleration/deceleration available
to MirrorSat upon undocking, approximating the 4-3-4 acceleration trajectory requires an unfeasible
duty cycle of 10-6 %. Values of obtainable acceleration in the near field are uncertain and therefore
the trajectory planning (PWM control) should begin after some time has elapsed and MirrorSat has
been separated 1/2cm.
The trajectory defines the state of MirrorSat at every point from the docked configuration until
the final distance, 0.5m. The desired velocity profile gradually increases and decreases at both the
start and end of the planned path. In reality undocking will produce severe acceleration and an initial
velocity of approximately 0.05-0.1m/s. The trajectory above failed to bring MirrorSat to rest at 0.5m.
This is likely because of the time constraint (140 seconds) placed on the 4-3-4 trajectory. The trajectory accelerated MirrorSat, in the region of highest obtainable acceleration, and then decelerated
MirrorSat in the region of lowest obtainable deceleration. However if MirrorSat is undocked at higher
velocities, mentioned above, then appropriate constant deceleration will bring it to its desired state
at 0.5m without ever being accelerated.
4-3-4 trajectory planning assumes unlimited acceleration and is therefore unsuitable for this case
of autonomous docking.
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5.4

Time Optimal Trajectory

To undock MirrorSat and move it to its final desired state, in a time optimal manner, requires a
velocity vs. distance curve which aims to maximise velocity at every point along the path subject to
the acceleration/deceleration constraints. This has been investigated in [13] where, starting from zero
initial velocity, the system accelerates to some small steady state velocity (trajectory segment 1), it
then maintains this steady state velocity for each of the ‘n-2’ trajectory segments before reaching the
final segment and decelerating to rest. The path planner must be sure the system can bring the steady
state velocity to rest given the desired range. The trajectory is then made time optimal by revising
and maximising the velocity vs. distance profile in each segment in succession, while adhering to the
acceleration/deceleration available to the adjacent trajectory segments.
Time optimal trajectories aim to maximise velocity at every point and therefore minimise travel
time. Maximising velocity increases the risk of losing MirrorSat to a runaway velocity and therefore
time optimal trajectories will not be considered in this report.

5.5

Revised trajectory

Given the final state of MirrorSat, including the range (R) travelled from CoreSat, final velocity,
and acceleration, ‘reverse propagation’ ,starting at R, under constant maximum deceleration, results
in a crude approximation of the maximum velocity (Vmax) at which MirrorSat can undock and still
arrive at R with the desired final state. This will produce a time optimal maximum velocity vs. distance graph (Vmax=f(x)). This graph will not be used as the intended trajectory, instead it will be used
to ensure that at no point is MirrorSat travelling at a velocity which is greater than the maximum
recoverable velocity at that particular distance.
Since a time optimal trajectory is not required once MirrorSat has undocked it should undergo
maximum deceleration bringing it to some small steady state velocity, Vss. This steady state velocity
is chosen by considering distance x=R-dx, the point at which MirrorSat begins to decelerate to rest,
and evaluating Vmax=f(x).
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Figure 42: Successful Separation, MirrorSat Reaches 0.5 with Desired Final State
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6 CONTROL: 2D
Chapter 5 discussed control in a single dimension. This Chapter will investigate and develop a solution to dock the mating pair in 2 dimensions, minimising both translational and rotational
displacement.
MirrorSat will remain fixed at the origin and its displacement will be applied to CoreSat (2.3
Model Propagation). The control algorithm will be designed to minimise CoreSat’s X axis displacement and relative rotation as it approaches MirrorSat along the Y axis (Figure 43).

Figure 43: Initial Condition, CoreSat Approaches along MirrorSat's Y Axis, DisX Brought to Zero.

The control algorithm must select the most suitable combination of electromagnets. At each time
step the viable combinations, capable of producing the desired Fx (Figure 43) are shortlisted. This
list is then filtered, leaving the combinations which produce negative Fy. If multiple feasible combinations exist, minimum absolute Fy is chosen.
Note: As mentioned in 4.3, due to the diminishing obtainable acceleration CoreSat can reach a
runaway velocity. The algorithm selects a negative Fy, irrespective of the current state of CoreSat, to
prevent a runaway velocity. Future work should consider the velocity and range of CoreSat before
determining desired Fy (important for initial condition 1, Figure 45, discussed later). The reason for
choosing the minimum value of absolute Fy was to impede the approach velocity (Vy) while the X
displacement is reduced.

6.1

Propagation Time
Evaluating equations 6 and 7 through the use of the pre-calculated lookup tables drastically

reduces the computational time (compared with Radia). However, there is a single combination (both
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electromagnets OFF) which produces zero magnetic field. Despite turning OFF MirrorSat’s solenoids, the iron cores will still interact CoreSat, resulting in passive attraction. Solving MirrorSat’s
induced magnetisation depends on their relative range and orientation. Therefore to model the interaction would require pre-calculated knowledge of MirrorSat’s induced magnetisation at every
possible relative range and orientation, an infinite amount of possible answers. When the electromagnets are turned OFF the interaction cannot be modelled using the lookup tables.
This only impacts the simulation run time and does not interfere with the flight software.
The flight software concerns itself with selecting the correct combination of electromagnets to actuate. Every combination other than both electromagnets OFF produces larger interaction forces and
therefore the control algorithm will never opt to select both electromagnets OFF. Even if CoreSat
requires minimal force, provided by passive attraction (both electromagnets OFF), after the flight
software has chosen the most suitable combination from lookup tables the output (or PWM) can be
set to zero, and passive attraction can take place.
In order to simulate the response of the system Radia must be called when the PWM is not
100% (i.e. when both electromagnets are turned OFF). This drastically increases the simulation run
time. To try and overcome this limitation the propagation time step can be increased however this
reduces the accuracy of the simulation. The following simulations use;
Table 4: Propagation Parameters

6.2

Controller Decision Making

Propagation Time

Output Rounding for PWM

1 second

0.2 seconds

20%

Velocity Limits

Velocity: X
Irrespective of the electromagnet combination, outside a range of 0.1m along MirrorSat’s Y axis
the obtainable Fx, and thus MirrorSat’s ability to impede CoreSat’s cross path velocity (Vx) is negligible (See Magnitude plots in the project folder). A strategy must be designed to increase CoreSat’s
cross path velocity, starting from rest or other initial condition, to minimise the relative X offset, and
then ensure Vx is reduced to zero upon reaching the approach Y axis.
At this time an optimal solution is not required and a steady state cross path velocity (Vxss) of
2mm/s has been selected. Once the absolute X offset is less than 20mm, Vx is brought from Vxss to
zero following Figure 44.
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Figure 44: Vx Reduction as Displacement X goes to Zero

Velocity: Y
The relative approach velocity along the Y axis should not exceed 50mm/s.

6.3
6.3.1

Translation
PD Controller: Constant Gains
Initial simulations propagate CoreSat using pure translation, no rotation is modelled. The

selection algorithm picks the most suitable combination of MirrorSat and using equation 8 the system
is propagated in time. The simulation results obtained from including rotational motion will probably
be significantly different from the graphs below. Six initial conditions of CoreSat were trialled using
a Proportional Derivative (PD) controller (constant gains, kp:100,000 kd:10,000). The controller
aims to maintain a steady state Vxss, which is then brought to zero as the X displacement tends to
zero (Figure 44). Approach velocity Vy is not controlled.
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Figure 45: Outcome of Initial PD controller. Rotational Displacement not Included

Four of the six initial conditions show positive results. The PD controller has managed to sufficiently reduce the X axis displacement so that a more precise controller can achieve successful
docking during close approach. The magnetic interaction is highly non-linear and as expected, the
control action becomes more aggressive as CoreSat approaches MirrorSat (see Figure 46, Vx vs.
DisY). Section 6.3.2 aims to avoid this aggressive control action by limiting the controller output on
close approach.

Figure 46: Constant PD Gains lead to Aggressive Vx Spikes as CoreSat Approaches MirrorSat
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Condition 1 (Figure 45) failed. As discussed, an obvious drawback of the initial algorithm is that
it selects negative Fy regardless of the current state of CoreSat. A more appropriate solution for condition 1 would be to alternate between negative and positive Fy, trying to maintain the Y offset while
minimising the X offset. This should be addressed in future algorithms.
Conditions 2 and 3 are very interesting and counterintuitive. CoreSat, starting at position 3, successfully reduces its X offset (200mm) before reaching MirrorSat. Intuitively, since both 2 and 3
approach from Y=200mm, reducing the initial X offset, as seen in condition 2 (150mm), should result
in a positive outcome. In fact, at position 2, CoreSat experiences less Fx preventing it from travelling
the required X offset before reaching the docking plane, Y=0. The selection algorithm, as desired,
has chosen the minimum absolute Fy, however another feasible combination could have produced a
positive result. This will be discussed in section 6.3.3.
6.3.2

PD Controller: Constant Gains, Constrained Output.
As CoreSat approaches the actuation becomes very aggressive and unpredictable (Figure 45

and 46). In Figure 47 the PD controller has been turned OFF below 90mm (conditions 3, 4, 5, and 6
have minimal X offset at this distance). This is to investigate whether passive attraction is sufficient
to produce successful docking. Conditions 3 and 5 show an improved response, this is due to both
having negligible Vx at the point the controller is turned OFF. Conditions 4 and 6 however are both
travelling at approximately -3mm/s which produces a large overshoot.
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Figure 47: PD Controller, Zero Output below DisY=90, Rotational Displacement not Included

Turning the controller OFF below 90mm (or some other close range distance) reduces the velocity
fluctuation seen in Figure 46. To be effective the cross path velocity should be negligible. In reality,
measurement noise makes accurately determining the cross path velocity (especially when the two
satellites are axially separated) extremely difficult. Instead the controller gains should be continuously reduced during close approach to prevent aggressive actuation.

Figure 48: Turning the PD Controller OFF below DisY=90mm
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6.3.3

PD Controller: New Selection Algorithm

Initially, suitable combinations of MirrorSat’s electromagnets, producing the desired interaction
forces, were shortlisted and the minimum absolute Fy was chosen. After analysing the results of
initial condition 2 (Figure 45), the algorithm was rewritten to filter the feasible combinations based
on the highest ratio of absolute Fx/Fy. Condition 2, which previously failed to dock, now manages
to nullify the initial X offset before approaching on the Y axis. The other conditions are not adversely
affected by the new algorithm.

Figure 49: Employing a New Selection Algorithm Results in Condition 2 Docking

6.3.4

Discussion: Translation

The above simulations do not take into account the impact of rotation on the docking procedure.
They have provided some insight into the complexity of the controller design. As CoreSat approaches
it will likely experience aggressive actuation (in both the Vx and Vy) unless the controller gains are
continuously reduced. Further tuning of the translational PD controller has not been carried out as it
does not accurately model the system dynamics. Translation and rotation will be simulated in section
6.4.
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6.4

Translation & Rotation

Initial conditions 1 to 6 are more accurately represented below in a simulation which includes rotational displacement. The PD controller (constant gains) is only concerned with minimising the X
offset. The dimensions of the red rectangle (CoreSat) are not representative of CoreSat’s plan view.
Each figure includes a label with the final rotational offset. The docking plane is Y=0 and MirrorSat
is centred at the origin (0,0).

Figure 50: Condition 1 (100,100), Theta Not Controlled
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Figure 51: Condition 2 (150,200), Theta Not Controlled

Figure 52: Condition 3 (-200,200), Theta Not Controlled
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Figure 53: Condition 4 (200,300), Theta Not Controlled

Figure 54: Condition 5 (250,400), Theta Not Controlled
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Figure 55: Condition 6 (-250,500), Theta Not Controlled

CoreSat follows a completely different trajectory compared with that seen in Figure 49. After examining the raw data the author is concerned with the accuracy of the propagation. Condition 3 takes
only 10 seconds to traverse the 200mm X offset, this is not possible given that Vxss never exceeds
2mm/s. The issue could be due to coordinate rotations. CoreSat’s position, velocity and rotation are
all transformed to keep MirrorSat fixed at the origin. Unfortunately due to time constraints this has
not been resolved. It is difficult to extract system characteristics as in 6.3 which can be used in the
design of a control algorithm due to the inaccuracy of the propagation.
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7 FUTURE PLAN
The control strategy needs to be redesigned to monitor and control the cross path velocity,
the approach velocity and the rotational displacement between MirrorSat and CoreSat. Once
satisfied with the performance in 2D a number of initial conditions should be fully propagated inside Radia.
While the 2D controller is being finalised work should begin on collecting the 3D
‘data cubes’. Producing these lookup tables is extremely time consuming and this work
should start as soon as possible. The Earth’s magnetic field and the influence of MirrorSat’s
solar panels should be included in 3D propagation. Once this high fidelity model has been
constructed it should be propagated in the HCW reference frame.
Subdivision of non-linear magnetic materials, such as iron, is extremely important in
Radia. The models presented thus far do not have any subdivision, the author has tried to
subdivide the iron cores but the model failed to run, this should be investigated further.
Propagation of the system is completely independent of the previous state of the electromagnets. In the event that the output is zero (i.e. electromagnets OFF) Radia is called to
propagate the system and determines MirrorSat’s magnetisation based on the relative displacement of CoreSat. Any remanent magnetisation in the core from the previous non-zero
output state is not considered and thus the interaction between MirrorSat and CoreSat may
not be accurate. The coercivity of iron was discussed in the technical section. Although soft
iron has a small coercivity, meaning it can be easily influenced by an external magnetic field,
it is not known at what distance CoreSat loses its ability to influence MirrorSat’s iron cores.
This should be investigated further.
The percentage torque error between Radia and that calculated using the lookup tables
is, in some cases, extremely large. For complete confidence in the controller design and
simulation results this should be addressed. The author has investigated the problem but due
to time constraints, this remains unresolved. Torque on MirrorSat is found indirectly using
the conservation of angular momentum (2.2.3). Calculated Interaction forces correspond
with those produced by Radia, so the author has investigated CoreSat’s torque calculation.
Torque on CoreSat (equation 7) is a function of the external field produced by MirrorSat and
the particular dipole in question (constant magnitude and aligned with CoreSat). Perhaps
during close approach, due to the strong electromagnetic field, CoreSat’s dipoles change in
either magnitude or direction. Results show a minor change in both magnitude and direction
but not enough to account for the large percentage errors. A second experiment considered
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the 7mm permanent magnet as seven separate magnets, each 1mm in length, with a dipole
strength equivalent to 1/7th the original dipole. The field was then found at the centre of each
individual magnet, equation 7 was solved, and all the individual torques were summed. Further experiments should be carried out to determine if the accuracy improves using this
method.
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8 CONCLUSION
Although Radia was designed to model insertion devices, such as undulators and wigglers, for synchrotron light sources, it is capable of modelling linear and nonlinear, isotropic
and anisotropic magnetic materials, along with current carrying magnetic field sources. The
main Radia functions are documented online, however the reference guide is not exhaustive.
A detailed description of the main Radia functions has been presented and it is hoped that
this might help future users.
Radia has been validated as a suitable tool for modelling 3D magnetostatics problems.
The dynamics calculated from the lookup tables correlate with those produced by Radia
(with some exceptions). This instils confidence that the controller can accurately predict the
interaction forces, and then using an appropriate control algorithm, can autonomously select
the most suitable combination of MirrorSat’s electromagnets to dock the mating pair. There
is still a lot of work to be done to bring the project to completion. The 2D algorithm must be
fine-tuned before work begins on the 3D controller. However, having produced the lookup
tables suitable for flight software and written the simulation scripts there is clear direction
as to what needs to be done moving forward.
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APPENDIX 1 - WORK PLAN
1)
2)
3)
4)
5)

Download Radia and Mathematica on a highly capable computer.
Learn how to use Mathematica - different syntax to MATLAB.
Learn how to use Radia package - identify important functions.
Build MirrorSat and CoreSat geometry in Radia.
Validate magnetic flux density, force and torque vectors against an analytical solution.
6) Run a Cowell propagation of the magnetic docking system in the dynamic environment.
7) Introduce all three components of the Earth’s magnetic field into the propagation.
8) Analyse the impact of the solar panels on the magnetic docking mechanism.
9) Include other ferromagnetic materials that may influence the docking.
10) Complete the high fidelity model including all influencing factors.
11) Build a controller.
Task

Febru-

March

April

May

June

July

ary
Lit Review

30%

August

50%

20%

20%

80%

1
2
3
4
5
6
7
8
9
10
Interim
Report
11

20%

Exams
11

20%

Final Re-

60%
50%

port
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APPENDIX 2 – TRAINING SUMMARY
Completed:


Learn how to use Radia – main functions, user define materials etc.



Learn how to use Mathematica - data processing, displaying results in both 2D and 3D



Completed Advanced Guidance, Navigation, and Control – controller design
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