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ABSTRACT
In this paper the simulation results of dynamic
properties of a linear electromagnetic actuator are
presented. The electromagnetic actuator consist of
a series of coils and a mover made from permanent
magnet rings with ferromagnetic gaskets. The dynamic
simulation models were designed into two ways: with
using the Finite Element Method (in Comsol
Multiphysics package) and the dynamic model designed
in the Matlab-Simulink package with look up table
blocks containing the results form FEM analysis. The
results of mathematical models simulation are presented
and compared with experimental measurements. The
computations enabled an investigation into and an
assessment of the control system requirements.
INTRODUCTION
Linear electromagnetic actuators with permanent
magnets are commonly used in many applications in
automation and robotics systems (Yoon and Dongwook
2017), (Szymak and Morawski 2012), (Ling and Wang,
2018), (Kondratiuk and Gosiewski 2013). It is mainly
caused by its advantages, such as: simple and compact
construction, direct implementation of the linear
movement, low cost production and the possibility to
achieve high acceleration. Moreover, a linear motion is
a natural output, so there is no need of any mechanical
transmission. A system with a linear electromagnetic
actuator has a built-in self-monitoring system compared
to traditional solutions, because by observing the power
parameters, it can be diagnosed the technical condition.
For that reason the accuracy of mathematical model is
needed to estimate the desired technical parameters of
the actuator without interrupting its exploitation. What is
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more, the fast calculation is needed for control system
algorithm implementation.
Mathematical modeling of transient processes for
computer simulation purposes requires a few various
energy streams. Also, in many cases the energy density
field is non-uniform in the 3D space, so the partial
differential equations must be applied, and they are nonlinear if a better accuracy is expected. As a rule, they
have no analytic solutions, and the finite element
paradigm is to be used. For the object under
consideration a multidisciplinary model must combine
the finite element analysis with other computational
engineering tools and applications.
In this paper a simulation results achieved from FEM
(Finite Element Method) is compared with dynamic
model with nonlinearities implement into lookup table
blocks (Tomczuk, Schröder and Waindok 2007). The
simulation model of the electromagnetic linear actuator
was built in the FEM environment (Comsol
Multiphysics). This FEM environment was chosen due
its high versatility and availability. Comsol Multiphysics
allowed for the testing of static and dynamic phenomena
in electromagnetic fields and simulating displacement of
the tested components. Although, the MES calculations
can include nonlinearities in determining the parameters
of the designed actuator, due to the time-consuming
process of the calculations are insufficient for the
analysis of extensive control algorithms (Tarnowski and
Krzyzynski 2011) or for the self-monitoring system. The
best solution seems to be a combination of calculation,
where the values determined from FEM models are
tabulated and implemented in dynamic models. This
approach allows taking into account in the model of
nonlinearity resulting from uneven magnetic field
distribution in the air gap of the actuator, while ensuring
good accuracy of the performed calculations in a
relatively short time.
The considered linear actuator consist of two parts:
a cylindrical unmovable coils surrounded by a soft
ferromagnetic case, and a runner made from sequence of
permanent magnet rings with a soft ferromagnetic
gaskets, under normal atmospheric pressure (figure 1).

The coils are supplied by a voltage impulse of finite
time with different control algorithm.
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Figure 1: The scheme of the actuator:
1 – coil, 2 – ferromagnetic casing, 3 – aluminum shield,
4 – linear bearing, 5 – permanent magnet,
6 – ferromagnetic ring, 7 – base,
8 – diamagnetic ring
In the next sections the mathematical model is depicted
with simulation results. At the end of the paper the test
stand is presented with experimental results.
THEORY - MATHEMATICAL MODEL
The coil magnetic energy and the electric energy are
coupled, and the interchange depends also on the
position of the magnets (Waindok and Tomczuk 2017).
A distribution of the magnetic field is not uniform
neither in the air gap nor in the ferromagnetic parts of
the devices so it must be modeled as a continuous in
space (Piskur and Just 2009). If the mover velocity is
not high, the air pressure resistance may be omitted. As
the motion process of the mover is short, the
temperature increase is small and the process may be
assumed as an isothermic and all material parameters to
be constant, unless the process is repetitive with high
frequency. To summarize, there are many nonlinear
phenomena, and they are strongly coupled (Gieras,
Piech and Tomczuk 2011).
Equations describing the mathematical model of a linear
actuator with permanent magnets can be written in the
form of a system of Ordinary Differential Equations
(ODE):
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where:
u – supply voltage;
R – coil resistance;
i – coil current;
 – magnetic flux,
m – the mover mass;
z – position of the mover;

Fload – loading force;
Fe – electromagnetic force;
Kd – friction coefficient;
n – number of actuator segments (coils).
In the constructed models, the non-linearity of the
magnetic field was modelled, while the influence of
eddy currents and thermal losses in the magnetic field
was omitted.

In the figure 2 the model of the three-segment actuator
with a plotted magnetic flux distribution is presented. If
the coil are not powered, then the runner is in the neutral
position, which means that the symmetry centers of the
movable and stationary parts overlap. The magnetic
field strength lines are the result of permanent magnets
with ferromagnetic parts of the magnetic circuit. The
magnetic field distribution between the left and right
side of the motor can be observed, therefore the
resultant force acting on the runner is close to zero.
In this model a few physical phenomena is solved
simultaneously. It can be useful to observe much output
information in specific points of the device as a function
of input construction data. Because of the model
symmetry and the long simulation computation time
only half of the electromagnetic device has been taken
under consideration.
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Figure 2: Magnetic flux density distribution for the
runner neutral position
In the figure 3 the distribution of magnetic flux in the
three-segment actuator is presented, while supplying
the central coil with a voltage 20 Volts (the coil current

F = f(i,z)
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is 8 Amperes). In the calculations, the non-linear
characteristics of B (H) of the ferromagnetic elements
of the actuator were adopted, allowing a realistic
representation of the effect of local magnetic saturation
of the material. The magnetic field of the coil is
subtracted from the field produced by the permanent
magnet, then the coil case near the air gap is most
saturated. After moving the permanent magnet from the
center of the coil to the position between the coils
(figure 3), the highest saturation occurs in the coil case
of the powered stator segment.
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Figure 4: The electromagnetic force as a function of the
coil current and the runner displacement
phi = f(i,z)
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Figure 5: The magnetic flux as a function of the coil
current and the runner displacement
dphi/dz = f(i,z)
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Figure 6: Partial differential of the magnetic flux as
a function of the coil current and the runner
displacement
dphi/di = f(i,z)
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Figure 3: Magnetic flux density distribution for the
runner displacement
The electromagnetic force were calculated for the runner
displacement from 0 to 36 mm, with 1 mm step and for
the coil current varies from 1 to 12 A. The results of
electromagnetic force Fe=f(i,z) simulation with using the
FEM package were depicted in the figure 4. For the
same values of displacement and the coil current the
electromagnetic flux density Ψ=f(i,z) were calculated
and presented in the figure 5. In the figure 6 and 7 the
two coefficients: dΨ(i,z)/di and dΨ(i,z)/dz were
presented. The two coefficient calculated with FEM are
to be used in dynamic model.
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Figure 7: Partial differential of the magnetic flux as
a function of the coil current and the runner
displacement
DYNAMIC SIMULATION RESULTS
The nonlinear function of Ψ=f(i,z) and F=f(i,z) achieved
from nonlinear static model were implemented in the
dynamic simulation model with using two dimensional
„look-up table” blocks. The whole system were
designed according to the equations (1). This method of
design makes it possible to take into account magnetic
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non-linearity resulting from uneven magnetic field
distribution in the air gap of the motor, so it is more
accurate than modeling based on analytical
dependencies. In the figure 8 the simulation model is
depicted with three coil subsystems, while in the figure 9
the one subsystem is presented with look-up table
blocks, with magnetic field values evaluated from partial
differential equations (resolved in Comsol Mutiphysics).
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Figure 8: The three coils actuator model in the Matlab
Simulink package
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Figure 9 The coil subsystem in simulation model
The control algorithm
The actuator was supplied with voltage in the form of
rectangular pulses (figure 10) with an amplitude of
20 Volts and a single pulse width 0.05 second. Applying
voltage to individual coils causes exponential rise of
current to the maximum value of 8 Ampere. This is due
to the coil inductance and power supply unit
performance (Chojnacki, Falkowski and Henzel 2013).
The simulation results were achieved from Matlab
Simulink model taking under consideration electric
circuit. If the permanent magnet movements and
nonlinearities of the magnetic part of the model is taken
under consideration then the differences between two
methods of modelling can be seen (figures 10-11).
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Figure 12: The control and self-induction (EMF) voltage
comparison
The final comparison between the both methods are
presented in the figure 13, where the mover velocity is
depicted as a function of time. Although the power
supply was sequential, differences in the charts are
probably caused by the redistribution of FEM mesh.
There are some methods of generation FEM mesh for
moving objects (Gosiewski and Henzel 2013): reference
configuration (ALE); Lagrangian approach; Eulerian
approach and these methods will be analysed in the next
step of investigation focusing on the remeshing impact
on simulation accuracy.
0.6
Matlab Simulink

0.5

Comsol Multiphysics

0.4

v [m/s]

25

U [V]; i [A]

t [s]

-20

2
i=(1/dphi/di)*(u-Ri-(dphi/dz)*v) voltage

0.3
0.2
0.1
0

5

-0.1

0

U1 [V]
U2 [V]
U3 [V]
i1 [A]
i2 [A]
i3 [A]

-5
-10
-15
-20
-25
0

0.125 0.15 0.175

U1 [V]
U2 [V]
U3 [V]
EMF1 [V]
EMF2 [V]
EMF3 [V]

20

dphidi
U

0.1

25

u [V]; EMF [V]

magnetic flux

0.025 0.05 0.075

Figure 11: Control voltage u, coil current – i
The differences are mainly caused by taking into
account in the FEM model the phenomenon of magnetic
hysteresis and the self-induction of voltage in the coils
due to the permanent magnet movements. If only selfinduction voltage is taken under consideration then it
can be seen strong electromagnetic interaction between
coils. In the figure 12 the self-induction voltage
achieved from Comsol Mutiphyscis package is
presented with comparison to the supply voltage.
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Figure 10: Control voltage – u, coil current – i
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Figure 13: The mover velocity (v) as a function of time
achieved from the two simulation methods
EXPERIMENTAL RESULTS
The validation process was carried out on the laboratory
test stand presented in the figure 14. The coil was made
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Figure 14: The laboratory test stand:
1- three coils stator, 2 - linear bearing,
3 – runner (permanent magnet rings with ferromagnetic
gaskets), 4 - position sensor, 5 - specialize current
sensor
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Figure 15: The speed of the runner as a function of time
The characteristic of the mover velocity as a function of
time is presented in the figure 15. It can be seen that the
velocity achieved during the experiment and from the
simulation is up to 0.45 metr per second after the power
supplied the first coil. Then, after the voltage impulse
supplied to the next coils, some differences can be seen,
mainly caused by the friction in the laboratory model
which is difficult to define in simulation model.
The impact of the supplied voltage frequency on the
mover displacement is shown in the figure 16. Taking
under consideration the mover inertia the movement is
more smooth for short time duration between the next
voltage impulses and the oscillations become smaller
until the maximum supply frequency. Above the
frequency of 13.3 Hertz of the voltage power supplied,
the coil current is not able to achieved nominal value
and the mover does not increase its velocity.
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from 300 copper wires with the diameter of
1 millimeter. The coil resistance R was equal 2.1 Ohm,
and the inductance L was 5.5 milli Henr. The coil was
supplied from the brushless PWM servo amplifier from
the Advance Motion Control Company (AMC). The
displacement of the core was measured with linear
position potentiometer and the core velocity was
calculated. For the current measurements the specialized
current sensors were used. The real time system was
used for control algorithm, measurements and gathering
data.
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Figure 16: The displacement of the mover as a function
of time for different frequencies powered of the coil
CONCLUSION
The simulation model is presented, with a careful
consideration of the hysteresis of ferromagnetic parts,
and nonlinear distribution of the magnetic field.
A combination of the two method packages (Comsol
Multiphysics and Matlab) gives the powerful
opportunity to analyze the object without building the
prototype. The MES environment allows for more
accurate mapping of physical phenomena and
nonlinearities of the magnetic field distribution
occurring in the actuator. Discrete models, on the other
hand, require the use of simplifications and do not take
into account losses and couplings occurring in the
magnetic circuit, until the mutual interactions are
implemented.
Dynamic model implemented in Matlab-Simulink with
nonuniformly distributed magnetic field achieved from
Comsol Multiphysics gives better results than simulation
only in FEM package. What is more, simulation time is
shorter for presented method than in FEM package.
For the verification process the laboratory test stand was
designed and some result were depicted.
The designed laboratory test stand will be used for
further analysis of the control algorithm optimization as
well as for diagnosis purposes.
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