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Electromagnetic Modeling of a PM Based 6-DOF
Actuator

G. Zuidema
g.zuidema@student.tue.nl

Eindhoven University of Technology
Electromechanics and Power Electronics

The Netherlands

Abstract—In this paper the equivalent charge and virtual work
modelling techniques are used to create a model of a permanent
magnet based 6-DOF actuator. The actuation is performed by
the interaction of rotating segmented stator magnet arrays with
magnets in the mover. The forces and torques are obtained by
taking the gradient of the energy which in turn is obtained using
a numerical integration of the analytically computed magnetic
scalar potential. The computed magnetic scalar potential is within
0.04% accurate in comparison to a FEM verification and the force
and torque calculations are within 0.1% of the FEM simulation
results. The model furthermore computes the result in 0.1 seconds
compared to 10 minutes in FEM and delivers a solid basis for
topology optimisation.

I. INTRODUCTION

In conventional actuators, actuation is obtained by using a
current controlled magnetic field in combination with a static
or induced magnetic field of hard-, soft-magnetic or conductive
material. The field of either the stator or the mover is altered
directly by altering the current. The actuation is then obtained
using a moving magnet, moving coil or moving iron mover.
In the actuator under study, this freedom in which the field
strength can be electrically controlled is not available, the field
is and will remain present at all times.

The system in this paper is a six degrees of freedom (DOF)
actuator, consisting of multi-axis segmented permanent magnet
arrays as a stator with a permanent magnet mover. Each of the
segmented arrays has its own rotating axis and are individually
actuated. The actuation is performed by the interaction of
permanent magnets of the stator with the permanent magnets
of the mover, creating an overexcited non-linear system. In
order to control the system, the angular positions of the stator
magnets have to be calculated for a required position of the
mover and the required force and torque components of the
mover. These calculations have to be performed in real-time
as otherwise the controller cannot determine how to actuate
the stator segments to develop a required force or torque.

Ultimately the force and torque components of the mover
have to be calculated for different angles of the stator magnets.
From the required force and torque components, the stator
angles for the next time step have to be estimated. In order to
be able to calculate the forces and torques and to perform an
accurate estimation of the stator angles, first a fast and reliable
model has to be developed. In order to do this, a modelling
technique has to be selected. Four methods are assessed in

Fig. 1. Topology of the 6-DOF permanent magnet actuator.

their possibility to yield a fast and accurate solution for force
and torque calculations.

The first method is the magnetic dipole method [1]. The
magnetic dipole method is a fast method as it relies on vector
products, and is a simple method to implement. However, the
modelling technique has shown to be inaccurate at a small
distance between two permanent magnets [2] and will not
suffice to be used in the real-time force calculations.

The finite element method (FEM) can be used as a high
accuracy method. FEM is a good modelling method to model
the non-linearities in the actuator, however it is generally slow
in 3D due to the discretization of the volumes and is better
suited for a verification tool than building a fast model which
can be used for model optimisation and ultimately can run in
real time.

A third method which is considered is the boundary element
method (BEM) or method of moments (MOM) [3]. Which are
numerical methods to solve the partial derivative equations for
electromagnetics. These methods are faster than FEM as they
rely on dicretization on the boundaries only instead of the
volumes. However, both methods are fully numerical, which
is considered slower than an analytical evaluation and hence
are not the first choice to obtain a high bandwidth for the
real-time application.

In this paper a permanent magnet (PM) based levitated ac-
tuator will be modelled using the equivalent charge and virtual
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work modelling techniques. These methods for calculating the
interaction of permanent magnets have been mainly applied
in passive devices like a gravity compensation system [4] or
magnetic springs [5]. In previous studies, models are devel-
oped in order to calculate the interaction of these permanent
magnets analytically by [6]; however, this analytical model
derivation is not suited for individually rotated magnets, as it
holds only for bar-shaped magnets for which the faces have a
parallel orientation with respect to the axes of the coordinate
system. The work of [7] extended on this by the inclusion
of the interaction of magnets with different shapes and the
interaction of permanent magnets with different magnetisation
vectors. The research of [8] extended on the research of [6]
and [7] by a force verification of two magnets with a rotation
around a single axis with a fixed arm to the first permanent
magnet. In these researches the forces and torques are obtained
using the analytical Lorenz force equations. In this paper, the
forces and torques will be obtained using the virtual work
method as the movement of the mover is free and the change
in potential energy is considered to be more intuitive.

First the actuation principle will be explained, after which
the derivation of the magnetic scalar potential from [6] of a
single magnet is shown. As a third, the required alterations of
this method are explained, after which a computation domain
is introduced and the system dynamics are calculated. The
method is verified by a scalar potential verification in FEM and
a force verification for a single mover magnet with one stator
segment, also in FEM. The dynamic behaviour is simulated
for a part of the system and lastly the future work for the
system is explained.

II. MAGNETIC MODELLING OF THE ACTUATOR

A. Actuator description

The system modelled in this paper is a permanent magnet
based 6-DOF levitated actuator. The system is modular, the
number of stator segments can be increased or decreased and
multiple movers can be used in the system. In this paper, a
module is modelled, consisting of 9 stator segmented Halbach
arrays in a 3 by 3 configuration as a portion of the stator
as depicted by of Fig. 1. Each stator segment can rotate
around its centre and is individually actuated. The mover has
a symmetrical magnet configuration placed with respect to its
own centre. In this paper the mover consists of four magnets
for the sake of showing the modelling method.

B. Modelling of permanent magnet interaction

To model the permanent magnets, the equivalent charge mod-
elling method is used. The equivalent charge model is derived
for current-free problems, from ∇ × ~H = 0 [9]. The scalar
potential can then be derived as [6], i.e.

ϕ =
1

4π

∫
V

ρm(~x′)

|~x− ~x′|
dV ′ +

∫
S

σm(~x′)

|~x− ~x′|
dS′, (1)

in which ~x′ is the source point and ~x is the observation
point, ρm is the volume charge density and σm is the surface
charge density. In this paper, a homogeneous magnetisation is
assumed, hence the volume charge density ρm is equal to zero

yx

z

2b 2a

2c
Mz

Fig. 2. Bar-shaped permanent magnet with dimensions in x, y and z given
as 2a, 2b and 2c, respectively. The magnetisation is indicated by Mz and the
two charged planes.

troughout the entire volume and the volume integral vanishes
from the calculation of the magnetic scalar potential. This
leaves the integration over the charged surfaces of the per-
manent magnet. The surface charge density σm is calculated
as

σm =
~Br · ~n
µ0

, (2)

in which ~n is the normal to the surface of the permanent
magnet and ~Br is the remanence due to magnetisation of
the permanent magnet. Considering the single bar magnet of
Fig. 2, the integral of (1) becomes

ϕ =
1

4π

b∫
−b

a∫
−a

σm(~x′)

|~x− ~x′|
dx′dy′. (3)

Integrating the function over the charged surfaces, denoted
by the positive and negative charge in blue and red in Fig. 2,
the scalar potential becomes

ϕ(x, y, z) =
σm
4π

1∑
i=0

1∑
j=0

1∑
k=0

(−1)i+j+k(W (arctan(
V

W
)

− arctan(
UV

WR
)) + V log(U +R) + U log(V +R)− V ),

(4)

in which the terms U , V , W and R are described as

U = x− (−1)ia, V = y − (−1)jb, (5)

W = z − (−1)kc, R =
√
U2 + V 2 +W 2. (6)

This solution is a local solution of the magnetic scalar poten-
tial. For a permanent magnet with magnetisation in the x or
y-direction, the integration boundaries change giving a slightly
altered expression which can be obtained by rewriting U , V
and W .

In order to evaluate the interaction with a secondary perma-
nent magnet, the scalar potential obtained by the integration
over the surfaces of the primary magnet is integrated over the
charged surfaces of the secondary permanent magnet, yielding
the potential energy E i.e.

E = σm2

∫
S

ϕ1(x, y, z)dS. (7)

If there is no relative rotation between the two magnets, the
integration is performed analytically over the charged surfaces
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Fig. 3. Coordinate systems used in the modelling of the actuator.

of the secondary magnet as is done by [6] and [7], as this is a
specific case in the actuator due to the principally unrestricted
movement of the mover, this analytical expression is not
expressed in this paper.

C. Coordinate Systems

To implement the modelling technique of the permanent
magnets in the 6-DOF actuator, the scalar potential of a
rotatable stator magnet has to be evaluated on the charged
surfaces of a freely-movable mover magnet. The modelling
technique explained in section II, only includes a relative
translation between two magnets, hence multiple coordinate
system transformations are necessary to be implemented in
order to incorporate the rotations. The used coordinate systems
are illustrated in Fig. 3.

The main coordinate system is the global coordinate sys-
tem, x, y, z, from which all other coordinate systems are
derived. The global coordinate system is placed in the bottom
left corner of the stator of the actuator, hence all vectors to
the new coordinate systems will be in the first quadrant and
will have positive x, y and z-components.

Each stator segment has a local coordinate system, with a
displacement vector from the global coordinate system ~osn .
The stator magnet has a rotation αs around its own fixed z-
axis of the stator segment, as can be seen in Fig. 3.

The mover has its own local coordinate system with a
displacement vector to the global coordinate system ~om. The
mover coordinate system is placed at the centre of gravity
(COG) of the mover. Each magnet in the mover has its own
local coordinate system in the mover coordinate system. The
rotations of the mover are denoted by the roll, pitch and yaw
angles, θ, ξ and φ respectively as depicted in Fig. 3 around
the fixed mover coordinate system.

In order to find the potential energy, the scalar potential of
the stator magnet is evaluated in the mover magnet coordinate
system. In order to express the scalar potential of a stator
magnet on the mover plane, the vectors ~os, ~om and ~o′m are
transformed with the respective rotation matrices.

D. Rotations
The implemented rotations are performed with the arbitrary
rotation matrices, Rx, Ry and Rz as

Rx(θ) =

1 0 0
0 cos θ − sin θ
0 sin θ cos θ

 , (8)

Ry(ξ) =

 cos ξ 0 sin ξ
0 1 0

− sin ξ 0 cos ξ

 (9)

and

Rz(φ) =

cosφ − sinφ 0
sinφ cosφ 0
0 0 1

 . (10)

The full rotation matrix for the mover coordinate system, based
on the three rotation matrices then becomes

Rm(θ, ξ, φ) = Rx ·Ry ·Rz, (11)

in which the order of rotation is important. The vector o′m
points from the centre of mover coordinate system to a point
on the charged surface of the mover magnet, and will be of
the form

~o′m = Rm

umvm
wm

 , (12)

in which um, vm and wm are the points on a charged plane of
the mover magnet on the u -and v-axis in the mover coordinate
system. The vector pointing from a surface element of the
stator magnet to a surface element of the mover magnet is
then obtained as

~osm = R−1z (α)(~om + ~o′m − ~os). (13)

Substituting the individual vector components in U , V and W
from (4), the new components will look as

U = osmx
− (−1)ia, V = osmy

− (−1)jb, (14)

W = osmz − (−1)kc, R =
√
U2 + V 2 +W 2. (15)

To obtain the potential energy as a result from the interaction
of a stator segment with a mover magnet, the charged sur-
faces in the mover magnet coordinate system are integrated
numerically, resulting in

E = σm2

∫
S

ϕ1(u
′
m, v

′
m, w

′
m)dS′. (16)

For a mover magnet with magnetisation in the w′m-direction,
(16) becomes

E =

1∑
i=0

(−1)i · σm2

v′m∫
−v′m

u′
m∫

−u′
m

ϕ1(u
′
m, v

′
m, w

′
mi

)du′mdv
′
m.

(17)
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Fig. 4. Domain verification for a changing force in the z-direction due to
rotation of the corner stator segments. The rotation α is in the direction as
indicated in the figure.

In this paper Simpson’s rule [10] is applied as a numerical
method to approximate the integration on the mover magnet
charged surfaces.

E. Computation domain

In order to decrease the computation time, without reducing
accuracy of the model, a computational domain is created. This
domain is based on the decay of the magnetic field at a large
distance from the magnetic source. At a very large distance
from a magnetic source, the contribution of this source to the
total magnetic scalar potential on the evaluated plane becomes
negligible relative to the scalar potential due to the sources in
close proximity. The relative contribution of a source far away
is reduced moreover by the number sources in close proximity
to the evaluated plane, e.g. the contribution of stator segment
S3 to the scalar potential on the planes of mover magnet M3

in Fig. 4 will be dominated by the contribution of segments
S4, S6 and S7.

From the perspective of a mover magnet, the computation
domain of a mover magnet will look as a paraboloid. All
stator magnets that are not negligible in the computation of the
potential energy of this magnet lie within the bottom disc of
the paraboloid of the particular mover magnet as depicted by
the red and blue parts of a disc with radius r1 and r2 of Fig. 4.
All the paraboloids will have overlap in the stator segments
which are included to compute the energy of the considered
mover magnet. To determine the size of the domain, a sweep
is performed on the interaction of 8 stator segments with 4
mover magnets.

The sweep is performed for three different computation
domain sizes in a gravity compensation system, in which the
field has a known symmetry as shown by the stator and mover
configuration in Fig. 4. Due to the symmetry only a force Fz
will be developed, which makes evaluation of the domains
easier.

Starting from mover magnet M3 as shown in Fig. 4, 3
computation domain sizes are considered, first the computation
of the force Fz due to interaction of all 8 stator segments.
This interaction is obtained by 8 numerical integrations of the
charged mover magnet surfaces (two per mover magnet) and a
total of 192 scalar potential evaluations on the mover magnet
surfaces. The number of evaluations are calculated as

neval = 3nstat · 2nmov, (18)

in which neval is the total number of evaluations, nstat is
the total number of stator segments and nmov is the number
of mover magnets. The values 3 and 2 denote the number of
stator magnets in a segment and the number of charged planes
per mover magnet respectively.

Secondly the force Fz is computed with a domain size
yielding a circle with radius r2 in which stator segment S3 is
excluded from the computation for mover magnet M3, stator
segment S1 for mover magnet M4, stator segment S6 for
mover magnet M2 and stator segment S8 for mover magnet
M1. This reduces the number of analytical scalar potential
evaluations by 24.

As a third, a smaller domain, denoted by the circle with
radius r1 is considered. This domain considers only the stator
segments closest to the mover magnet, computing for 3 stator
segments per mover magnet, reducing the total number of
scalar potential evaluations by 120. For mover magnet M3,
stator segments S4, S6 and S7 are included in the evaluation
of the magnetic scalar potential and this is similarly performed
for the other 3 mover magnets, computing only for the three
segments in close proximity to the respective mover magnet.

To reflect on the computation time required for these
steps, to obtain the 3 force and 3 torque components on a
single mover magnet due to a single stator segment, it takes
0.1s using the virtual work method. These force and torque
components are computed by 42 analytical scalar potential
evaluations, 14 numerical integrations and 6 numerical gradi-
ents. This time increases with the number of stator segments
and mover magnets which have to be evaluated. In comparison,
a 3D FEM simulation takes approximately 10 minutes to mesh
and solve the same application.

III. SYSTEM DYNAMICS

By evaluating the integral (16) for all mover magnets the
potential energy of the mover is obtained, as

Etot =

n∑
i=1

Ei, (19)

in which Etot is the total potential energy of the mover,
n denotes the number of mover magnets and Ei is the
potential energy of the individual mover magnet. By imposing
translations on the vector ~om from Fig. 3, the forces acting
on the mover are obtained by taking the gradient of the total
potential energy with respect to the translations, i.e.FxFy

Fz

 = ∇xyzEtot = m

axay
az

−m
00
g

 , (20)
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in which ax, ay and az are the accelerations with respect to the
global coordinate system, m is the mass of the mover and g
is the acceleration due to gravity. The force due to air friction
is neglected but will become important for full implementa-
tion. Similarly to the force derivations, to obtain the torque,
rotations on the mover coordinate system are imposed, which
in turn are used to obtain the angular accelerations by using
the inertia tensor asTxTy

Tz

 = ∇θξφEtot =

Ixx Ixy Ixz
Iyx Iyy Iyz
Izx Izy Izz

θ̈ξ̈
φ̈

 , (21)

in which Ixy , Ixz , Iyx, Iyz , Izx and Izy are the product of
Inertia terms, Ixx, Iyy and Izz are the moments of inertia and
θ̈, ξ̈ and φ̈ are the angular acceleration for the respective roll,
pitch and yaw angles of the mover. The mover is symmetrical
along its own x and y axis and rotates around its centre, hence
the product of inertia terms are zero. Due to symmetry, the
moment of inertia Ixx is equal to Iyy and hence the angular
accelerations are calculated fromTxTy

Tz

 = ∇θξφEtot =

Ixx 0 0
0 Iyy 0
0 0 Izz

θ̈ξ̈
φ̈

 . (22)

Integrating the accelerations with respect to time twice, yields
the feedback position and the rotations of the mover, resulting
in a full dynamic system.

For design optimisation, the stiffness of the system will be
an important factor. As the system is highly unstable, as also
denoted by Earnshaw’s theorem [11], there is no passive stable
point in any direction at the same time. The translation and
rotation stiffness can be obtained by taking the 3x3 Jacobian
Matrix of the force and torque vectors respectively as also
demonstrated by [7] for the translation stiffness which can be
implemented in the same way for the rotational stiffness.

IV. FORCE EQUILIBRIUM AND ACTUATION

The actuator is an overdetermined system with many different
solutions for the stator angles for a required force and or
torque. Although, finding a starting equilibrium position, is
not straightforward. To find a starting equilibrium position,
where the forces in the x and y-direction cancel and only a
force in the z-direction is present, the system is reduced to
8 segmented Halbach arrays, neglecting the centre segment,
as also shown in Fig. 4. The stator segments are rotated such
that the field is symmetrical with respect to the x and y-axis
of the mover. This symmetry is maintained if the four corner
segments are rotated together, making a gravity compensation
system with varying load.

Adding the centre Halbach segment will remove this sym-
metry of the field and the angles of all 9 stator segments
are significantly harder to obtain. A parametric sweep for all
the 9 stator angles to obtain these angles is not possible due
to the resolution required in the stator segments to obtain
a certain force. To solve this, a gradient based method, the
Matlab function fsolve is implemented, starting from a known
starting position of the 8 segments from Fig. 4. The starting
position of the 8 segments for a force Fz of 1N is first

TABLE I
DIMENSIONS USED IN SCALAR POTENTIAL VERIFICATION

dimension description value unit
a1 Half of magnet length 2.5 mm
a2 Half of magnet length 2.5 mm
b1 Half of magnet width 5 mm
c Half of magnet height 5 mm
omx x-component of ~om 40 mm
omy y-component of ~om 30 mm
omz z-component of ~om 30 mm
osx x-component of ~os 20 mm
osy y-component of ~os 20 mm
osz x-component of ~os 0 mm
o′mu

u-component of ~o′m 7.5 mm
o′mv

v-component of ~o′m 7.5 mm
α Yaw angle of the stator segment 40 ◦

φ Yaw angle of the mover 20 ◦

θ Roll angle of the mover 5 ◦

ξ Pitch angle of the mover 5 ◦

obtained, after which this starting position is used with the 9th
segment included to obtain all stator angles for an equilibrium
position.

As this is a static equilibrium, a sweep with the gradient
based method is performed for a constant torque around the z-
axis at different yaw angles of the mover. A polynomial curve
is fitted to this data which is used as an input to a Matlab
Simulink simulation to model the dynamic behaviour of the
mover. This pre-computation is performed due to integration
problems of the optimisation function in Simulink and hence
is only used for simulation purpose and not for final model
integration.

V. RESULTS AND VALIDATION

The model verification is performed in multiple steps. First
the scalar potential formulation of (4) on a plane in the mover
coordinate system as shown in Fig. 5 is verified using a FEM
simulation. After the scalar potential verification, the virtual
work method of (17) to obtain the forces and torques is verified
for the interaction of a stator segment with a magnet in a
rotated and translated mover.

After model verification, the system is expanded and the
domain verification is performed using the system as depicted
by Fig. 4. The 4 corner segments are rotated 360 degrees to
obtain the varying force in the z-direction for a fixed gap. This
is performed for 3 different domain sizes: 65mm, as denoted
by r1, 85mm as denoted by r2 and the full domain.

Fig. 6 and Fig. 7 show the scalar potential of a rotated stator
segment on a plane in the rotated mover coordinate system as
can be seen in Fig. 5. The resulting scalar potential from the
FEM simulation is in good agreement with the result of the
charge model, as can be seen by the discrepancy in Fig. 8.
From this discrepancy it can be seen that only numerical noise
remains and the solution of the model is correct.

The force verification is performed on the interaction of
a single stator segment with a mover magnet, magnetised in
the positive y-direction. The mover magnet is rotated 2, 2
and 20 degrees for the roll, pitch and yaw angles respectively
and the stator segment is rotated 10 degrees around its z-
axis. Fig. 9 and Fig. 10 show the force and torque graphs for
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a translation in the x-direction. As can be seen, the forces
and torques are accurately computed, though for the torque
around the magnet y-axis, Ty , the discrepancy is slightly larger
compared to the discrepancy found in the verification of the
other components. This error translates to a different torque
component when changing the magnetisation of the mover
magnet and is considered to be caused by a numerical error
in FEM.

From the verified forces and torques, the system is ex-
panded to a stator with 8 segmented Halbach arrays and a
mover with 4 permanent magnets, magnetised in the negative
z-direction. Within this system, a domain sweep is performed
to find the influence of the domain size denoted by the
distances r1 and r2 in Fig. 4 on the force Fz . The 4 corner
segments are rotated such that at any position, the field is
symmetrical and only a force in the z-direction is developed.
From Fig. 11, it can be seen that if a domain of 85mm is
used, the force is within 0.1% of the force found using the
full domain. Hence for a mover magnet as seen in Fig. 4 from
which the size of the domain is r2 is smaller or equal than
85mm is included in the computation of the forces and torques.
The smaller domain of 65mm increases the absolute error of
by up to 4% but reduces the number of computation steps by
more than 50% and can therefore be a good trade-off.

After domain verification, the system is expanded to find
the stator magnet angles to develop a constant torque of
0.1Nm around the z-axis, a constant force Fz of 0.981N while
eliminating all other force and torque components. The stator
angles are obtained using Matlab fsolve for different mover
positions, following the flow as shown in Fig. 12. The last
step in the flow is pre-computed and is fed to the model as
a polynomial curve for each stator segment to simulate the
open-loop response.

The starting position is determined for a height of 20mm,
as shown in Fig. 14. The stator angles are all positioned to
develop a force to maintain the gap and to develop a torque
Tz of 0.1Nm to rotate the mover anti-clockwise.

The mover starts to rotate from standstill and the new
orientation of the mover is obtained by integrating the force
and torque components twice with respect to time. This new
orientation is then used to find the new stator angles required

x y

z

~om

~os

vm

um

wm

~o′m

2a1
2a2

2a1

2b

2c

2c
2a2

φ

ξ

θ

α

vsus

ws

Fig. 5. Model used in the scalar potential verification, the dimensions and
angles are listed in Table I.
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Fig. 6. Scalar potential of a stator segment computed with the equivalent
charge model.
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Fig. 7. Scalar potential of a stator segment computed with the FEM model

Fig. 8. Absolute discrepancy between the scalar potential computed by the
equivalent charge model and the scalar potential computed by the FEM model.
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Fig. 9. Force verification on a single rotated magnet magnetised in the positive
y-direction.
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Fig. 10. Torque of a single rotated magnet magnetised in the positive y-
direction with respect to the centre of the magnet.

to develop the required torque and force, resulting in the stator
angles as shown in Fig. 13.

Continuing the flow from Fig. 12, the mover ends in the
final mover position as displayed by Fig. 15. As shown in
Fig. 13, the change of the stator angles is gradually changing
over the span of the rotation of the mover, which is important
for control and a lower power consumption of the system.

Considering the force Fz on the mover as shown in Fig. 16,
a small variation in the force is seen, up to 0.3% of the
set force of 0.981N. This small error is obtained as in the
Simulink simulation a real scenario is simulated where there
is no domain as all stator magnets in space are relevant. The

0 100 200 300

-3

-2

-1

0

1

2

3

Fig. 11. Domain sweep for 3 different computation domain sizes.

Initialize the stator with a known
symmetry equilibrium position

fsolve for all segments to obtain the
stator angles for a constant force Fz

fsolve for all segments to find the
stator angles for a constant torque

Tz and force Fz

Compute the mover orientation in
the next time step

αn;m

~om
Rm(θ; ξ;φ)

~om
Rm(θ; ξ;φ)

~osn;m

αn;m

~om
Rm(θ; ξ;φ)

Fig. 12. The computation flow used in the dynamic system as simulated in
Simulink.

stator angles are initialised using a domain and hence a small
error is expected.

Looking at the torque Tz of the mover, this error is
significantly smaller compared to the force Fz at maximum of
0.08% of the set torque as can be seen in Fig. 17. Considering
the remaining force and torque components and the fact a full
domain is used in the Simulink simulation and the use of the
numerical gradient to obtain the forces and torques, a small
displacement and rotation error will be present as can be seen
in Fig. 18 and Fig. 19. As the model is simulated in open-loop,
the mover drifts out of position by 3µm in the x-direction and
less than 1µm in the z and y-direction for the 22 degrees of
rotation of the mover, which will result in increasing errors
in the force and torque computation and which is why the
displacement error from Fig. 18 and Fig. 19 is increasing as
is expected in open-loop simulation.
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Fig. 13. Polynomial fits of the optimised stator angles for a yaw rotation of
the mover for a constant torque Tz and a constant force Fz .



8

Fig. 14. Starting position of the stator and mover for a constant torque Tz
of 0.1Nm and force Fz of 0.981N, simulated in Simulink 3D.

Fig. 15. Final position of the stator and mover for a constant torque Tz of
0.1Nm and force Fz of 0.981N, simulated in Simulink 3D
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Fig. 16. Absolute error for computed force Fz of the mover using the stator
angles of Fig. 13 as an input.
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Fig. 17. Absolute error for computed yaw torque Tz of the mover using the
stator angles of Fig. 13 as an input.
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Fig. 18. Displacement error due to a polynomial stator angle input and
simulated in open loop.
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Fig. 19. Roll and pitch error due to a polynomial polynomial stator angle
input and simulated in open loop.

VI. DISCUSSION

The created model for a 6-DOF actuator is based on a ran-
domly chosen design. The pitch between the stator magnets,
the mover magnets and the stator topology are not yet sub-
jected to any particular design optimisation. The model is an
initial basis for later implementation and design optimisation
for given specifications as well as to be used to created a
control algorithm for this type of actuator.

Throughout the modelling, the magnets are assumed to
have a homogeneous magnetisation and linear material, with
µr = 1. To further extend on the model, the permeability of
the permanent magnets can be added as in [12]. as well as the
effect of non-homogeneous magnetisation on the forces and
torques of the system have to be investigated, even though the
additional integration over the volumes of the magnets might
be too computationally intensive, the effect is important as the
system is always unstable by itself and the caused disturbance
by neglecting the magnetisation angle will make it harder to



9

control the system, hence the result of this inclusion might be
added as a known disturbance signal.

In the current model, the numerical gradient of the energy is
used to obtain the forces and torques on the mover. The forces
can also be directly obtained by integrating the magnetic
~B-field components and applying the Lorenz force equations.
Similarly, the torques can be derived as is done by [7]. This
is not used in this paper as the virtual work method and the
obtained potential energy is chosen to be more intuitive. The
analytical gradient of the scalar potential is however preferred
and is seen as future work.

Although Simpson’s rule is used for numerical integration
to compute the potential energy of the mover, no interest is
taken in the number of elements. The force and torque verifica-
tion are performed with 10 and 5 elements and the difference
in accuracy was not noticeable. For model optimisation, the
number of elements should be investigated to improve the
speed of the model.

The domain computation can be extended to a hybrid
modelling technique, where the charge modelling is used in
the ranges where the permanent magnets are in relative close
proximity and a dipole model is used for magnets further
away, hence creating two domains. To implement the magnetic
dipole model, research should be invested in the accuracy of a
dipole model compared to charge modelling. It is important to
find the range of the inner domain used for charge modelling
and the boundary from where the magnetic dipole model can
be implemented.

In the force and torque equations (20) and (22), no friction
is included hence there currently is no damping in the system.
The modelled rotation of the mover, with a constant torque
of 0.1Nm would this way have a constant acceleration and
the angular velocity will keep increasing indefinitely. For
final model optimisation, friction models for magnetic and
mechanical friction should be added.

The accuracy of the model and the absolute errors shown in
Fig. 18 and Fig. 19 are directly subjected to the optimisation
tolerances used in the non linear optimisation fsolve of the
stator angles and the use of a full domain in Simulink where
the angles are computed for a limited domain as well as the
use of a numerical gradient. For future model optimisation,
the numerical gradient can be replaced with the analytical
gradient.

The computation time is susceptible to the implementation
of parallel computing. In the current model, only the forces and
torques are evaluated in parallel, however a great performance
boost can be obtained if scalar potential evaluations of the
stator magnets are computed in parallel as well.

VII. CONCLUSION

The use of the charge modelling technique and virtual work
method are fast and accurate. The modelling methods are in
close agreement to the FEM simulations and are a factor 6000
faster than FEM.

The model can be expanded to function with the perme-
ability of the magnetic material as well as different remanent
flux densities of the various permanent magnets in the system.

A computational domain is implemented to save compu-
tation time while keeping a chosen degree of accuracy. The
computation domain furthermore allows the expansion of the
number of stator segments to an in theoretically infinitely
large system without adding additional computation time (for
a system beyond the domain boundaries).

The system is capable of functioning with multiple movers,
by simply implementing 6 more inputs to the model and the
model can run directly in Simulink, allowing controller design
and implementation for the actuator as well as accurately
modelling the dynamic behaviour of the system.
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