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ABSTRACT

In this paper a results of a static analysis of the tubular linear electromagnetic actuator is pre-
sented. The 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 with a soft ferro-
magnetic gasket. In the first part of the paper the analytical method was performed for prelimi-
nary analysis. In the second part of the paper the more detailed analysis was depicted with using
finite element method (FEM). The magnetic circuit shape and impact of selected dimensions on
static characteristics is presented. Then the axial and radial electromagnetic force as a function of
the runner dimensions were analysed.
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INTRODUCTION

The linear electromagnetic actuators are commonly used in many mecha-
tronic systems. The main advantages are the simple design structure, fast response
for to the input signal and lack of any mechanical transmission from the rotation
movement to the linear one. On the other hand there is a not enough mathematical
description and design algorithm. This is due to the nonlinearity connected with
nonlinear distribution of magnetic field in space and current dependency on the coil
inductance as well. What is more, the inductance of the coil depends on the runner
position and velocity as well. The linear mathematical model of electromagnetic
actuator is sufficient in many considerations, but not if a more accurate calculations
are needed.

Fig. 1. The scheme of the 9-coils electromagnetic linear actuator: 1 — coil, 2 — diamagnetic spacer,
3 — ferromagnetic case, 4 — holder, 5 — permanent magnet ring, 6 — ferromagnetic ring,
7 — linear bearing, 8 — fixed link

The scheme of the tubular linear actuator is presented in the fig. 1. The elec-
tromagnetic actuator consist from coils and the runner with permanent magnet rings
and soft ferromagnetic gaskets. The runner inertia will change proportionally to
the mass of the core. The coils can be supplied with different algorithm. The coil
magnetic field interacts with magnetic field from the runner permanent magnets.
The length of the runner depends from the task the actuator is to being designed. In
some application it is desired to design actuator with high static electromagnetic
force able to keep position after disconnect the source power. Maintaining a stable
position is realized by the both (stator and runner) magnetic fields interaction.
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In some application high static electromagnetic force is undesirable, when high
speed of the runner and high energy efficiency is needed. That is why, in this paper
both component of the electromagnetic forces were taken under consideration: the axial
electromagnetic force and the radial one. What is more, the smoothness of the run-
ner’s movement depends on the relationship of the both forces.

In the first part of the paper an analytic analysis is performed. This kind of
analysis is useful for the initial construction data. In the second part of the paper some
detailed analysis is presented with using finite element method (FEM). In the paper
[7] the analysis of the ferromagnetic case dimension impact on the actuator charac-
teristics are presented. While in the paper [10] the impact of coils dimensions are
analysed. In this paper the axial and radial components of the electromagnetic
force is analysed as a function of the runner dimensions. Calculation were per-
formed for discrete position of the magnetic runner.

Some assumption have been taken with eddy current and heating losses.
It was assumed that their impact on the accuracy of the model is negligibly small.

ANALYTICAL CALCULATIONS

The analytical calculations were performed for variables described in the fig. 2.
To complete the dimensional data the rest of the dimensions are included in the tab. 1.

2

N

axis of symmetry

Fig. 2. The Axial section of the motor with dimensional designations:
1 — coil, 2 — ferromagnetic case, 3 — ferromagnetic ring, 4 — permanent magnet ring
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Tab. 1. Actuator dimension descriptions

Symbol Description
drw inside diameter of the runner
drz outer diameter of the runner
g air gap between the runner and the stator
d distance between coils
Tm the length of the permanent magnet
¥ the length of the ferromagnetic gasket
deu diameter of the winding wire
Ie, he the coil dimensions
h the stator total dimension
hb, wp the stator housing dimensions

The magnetic flux from permanent magnets flowing in the air gap can be
calculated from equation:

m:Am'Bm:Ag'Bg' (1)
where:
An — surface area of the permanent magnet;
Ay — pole pieces surface area;
B, — magnetic flux density of the permanent magnets;
B; — magnetic flus density in the air gap.

Due to the Maxwell law taking under consideration the continuity of mag-
netic flux, the relation between the permanent magnet diameter and the polar
scale can be depicted [3]:

V/a 1
Bm-z-(drzz—drzw):§~Bg-ﬂ-dg~rr. (2)
The magnetic flux density in the air gap can be calculated from the equation:
2H,-g+H,_ -1, =0, (3)
where:
H, — magnetic field strength of permanent magnet;

H; — magnetic field strength in the air gap.

Then the magnetic field strength in the air gap can be calculated from equation:

(4)
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Magnetic flux density in the air gap can be calculated:

_ Myl
By="%g - (5)
Taking under consideration relations (5) and (1) the magnetic flux density
of the permanent magnets can be defined as:

q -
Bm:_fﬁ_ifﬁuHm_ (6)
2:Av g
This value can be achieved from magnetization curve:
Bm:/ur'Hm+Br; (7)

where:
B, — remanence induction;
W — magnetic permeability coefficient of the magnet.

From the equations (6) and (7) the relation for magnetic flux density for
permanent magnet can be presented as:
B, - ‘o AB (®)
ZluofumAng+:u0Ag 'Im
From the equation (8) the magnetic flux from the permanent magnet can be
written as:

luo'Ag'An'Im'Br
Z'NO'ﬂm'An'g+/'lo'Ag'lm

l//m:Bm'Am: (9

The radial section areas of the stator teeth and pole in the air gap can be
determined from the equation:

A =7z-(dg +g)-wZ

. (10)
A =7z-(dg +g+2-hz)~wb
The dimension of the ferromagnetic coil housing can be expressed [5]:
h, - A | (11)
7-(d,+2-h+2-g+2-h +h,)
And the radial dimension of the coil can be calculated:
1
hcZE.(DSZ_(drz+2'ht)_2'g_2'hb)' (12)
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The preliminary parameters of magnetic circuit were taken from analytical
calculation and from literature [1, 8]. The assumption needed when model is con-
sidered as a discrete in space with linear dependencies. This is sufficient for prelimi-
nary analysis but not if more accurate model is needed. In the paper [4] there was
shown that the dimension of the ferromagnetic case should be from 4 to 8 mm.
The movement is more smoothly if permanent magnets length 7, to the runner
circuit length 7, ratio is from 0.45 to 0.65 [1, 9]. All the dimension achieved from
literature and from analytical analysis are presented in the tab. 2.

Tab. 2. Initial dimensions and parameters of the actuator model adopted for consideration

Symbol Value [unit]
drw 12 [mm]
drz 24 [mm]

g 1 [mm]

d 4 [mm]
Tm 8 [mm]
Br 1.23 [T]

Tf 10 [mm]
Tr 18 [mm]
deu 0.85 [mm]
N 300 [-]

Ic 12 [mm]
he 24 [mm]

h 30 [mm]
We 14 [mm]
Wee 22 [mm]
wz 6 [mm]
hz [mm]
wp 4 [mm]
hp 4 [mm]
De, 86 [mm]

SIMULATION MODEL WITH FEM

Two-dimensional, axisymmetric model of the actuator was designed for calcu-
lations and simulation tests (fig. 2) using an environment based on the finite element
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method. 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 [6]. The model was created in the few steps presented in the fig. 3.
Firstly, the geometry was created in the CAD package [2]. Then imported geometry
to the FEM package was divided by the net of the nodes and the boundary and initial
conditions were implemented. As a result of simulation the distribution of magnetic
field is presented as well as the total magnetic force with the radial and axial com-
ponents. Having done the simulation model, the basic optimization process was
performed. The complete review method was choose for optimization process.
The runner’s permanent magnets dimensions were choose as a decision variables,
while the optimization criteria was minimal the axial electromagnetic force to the radial
electromagnetic force ratio.

graphical visualization
of results

‘ crossed

‘ (e 3l @EEriEy ‘ discretization grid

Fig. 3. Steps in the linear actuator magnetic field calculation

RESULTS OF SIMULATION

The volume of permanent magnets strongly affects the properties of the actua-
tor, because it is closely related to the energy of the magnetic field. In the work,
an analysis was made to determine the impact of dimensions of permanent magnets
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(thickness and width) on the average and maximum value of both the radial force
presented as F1 in the fig. 4 (derived from permanent magnets) and axial force
presented as F2 in the fig. 4 (when powering the windings). The following stator
dimensions were adopted for the calculations (obtained from a separate analysis):
height of coils h. = 30 mm, the width of the coils I. = 12 mm, thickness of the housing
hj =4 mm.

The thickness of permanent magnets was changed in the range from 1 to
11.5 mm, with 0.5 mm increments, while maintaining a constant external radius
(12 mm). The magnetic runner with thin walls (1 mm) is characterized by a negli-
gible value of axial electromagnetic force (1.9 N). Unfortunately, at the same time
its thrust is more than 3 times lower (30 N) than the force generated in the base
model of the motor (fig. 5 and 6). Increasing the thickness of permanent magnets to
11.5 mm results in a significant increase in the axial component of the magnetic
force. The largest increase in energy was observed when the thickness of the mag-
nets changed to 6 mm, further increase of thickness only slightly affects the increase
of energy, but increases the weight of the runner.
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Fig. 4. Electromagnetic force (F1 — axial component, F2 — radial component) as a function
of runner displacement

The largest increases in both forces occur in the range of the thickness of
magnets from 4 to 6 mm. The greater the thickness of the magnets, the more energy
absorbs the thrust and the thrust increases the radial component force increases
as well as the weight of the runner, which is undesirable.
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F[N]

Fig. 5. Radial electromagnetic force as a function of runner displacement (z) and as a function
of the runner radial dimension hpm

Fig. 6. Axial electromagnetic force as a function of runner displacement (z) and as a function
of the runner radial dimension hpm

The design of permanent magnets aims to maximize axial component of
the electromagnetic force and minimalize the radial component of the electromag-
netic force. To estimate this condition, an indicator k was introduced in the calcula-
tions determining the measure of the both electromagnetic force components ratio:

k= Fzmx 30005, (13)

emax

where:
F:max — maximal value of the radial component of the electromagnetic force;
Femax — maximal value of the axial component of the electromagnetic force.
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Tab. 3 presents a comparison of the results of calculations of the electro-
magnetic forces achieve from analytical calculation and after optimization process
of the permanent magnets runner.

Tab. 3. The results of force calculations for the modification of the magnetic circuit
(the thickness and width of the permanent magnets changes)

thi;'l‘:l‘]’ss Fomax[N] | Fravg[N] | Fomin [N] | Fonax [N] | Fnin [N]| Fave [N] | K [%]
Preliminary 6 32,30 1,01 -29,58 | 106,21 | -12,01 | 4598 | 3042
values
Optimized 55 2928 | -011 | -29,73 | 14555 | -4,09 | 64,59 | 20,12
values
Changes [%] | -8,33 930 | -8890 | +0,550 | +37,05 | -65,97 | +40,46 | -10,20
‘["’1:1‘:;1]‘ FamaxIN] | FoavgIN] | Fomin [N] | Fanax [N] | Finin [N]| Favg [N] | K [%]
Preliminary 9 32,30 1,01 2958 | 106,21 | -12,01 | 4598 | 30,42
values
Optimized 5 17,53 6,43 0,53 170,48 | -0,29 | 56,65 | 10,29
values
Changes [%] | -444 | -4573 |+539,29 | +9822 | +60,51 | +97,58 | +23,18 | -66,17

The width of permanent magnets was changed in the range from 2 to 16 mm,
while maintaining a constant distance between the centres of permanent magnets.

The use of narrow magnets is characterized by the presence of a small radial
electromagnetic force. As the width of the magnets increases, the axial component
of the force increases, but over the width of 12 mm the changes decreases (fig. 7).
The thrust force changes due to simultaneous changes in the width of the elements
of the runner. Its value reaches the maximum for the width of 4-6 mm, and then
decreases with the change of dimension. The greatest changes in the ratio of both
forces occur for width 6-14 mm, the maximum value is reached for the widest

magnets.
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Fig. 7. Radial electromagnetic force (left) and axial electromagnetic force (right) as a function
of runner displacement (z) and as a function of the runner axial dimension Ipm
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Fig. 8. Cogging and electromagnetic force as a function of runner displacement

The obtained results of the calculations allow to conclude that the increase
in the width of the elements of the runner affects the increase of force only to a certain
value, beyond which the force begins to decrease significantly.

The analysis showed it is difficult to determine the optimal values of the dimen-
sions of the runner, it is only possible to estimate their range of variation, which is
in the range of 4-8 mm for thickness and 3-9 mm for the widths of magnets.

CONCLUSIONS

The paper presents an analytical model for basic parameters and main dimen-
sions calculations of the linear stepper motor with permanent magnets. The analytical
model was used as an initial model for calculation the effect of dimension changes
in the magnetic circuit of the runner on static characteristics made in the FEM envi-
ronment (field model). The static characteristics as a function of geometric dimensions
changes of the runner magnetic circuit of the linear stepper actuator with permanent
magnets is presented.

Conducted multi-variant analysis of the impact of geometric dimensions of
the runner on the static characteristics allowed to investigate which dimensions have
the greatest impact on the electromagnetic force components. Increasing the thickness of
permanent magnets causes a significant increase in the thrust force, but at the same
time the value of the cogging coefficient and the mass of the runner increases. The large
mass increases the inertia of the system, which is disadvantageous. Looking for the op-
timal solution, i.e. obtaining a high axial component of the electromagnetic force with
the smallest weight of the runner elements, the range of the thickness of magnets from
4 to 6 mm was taken for further calculations. The simultaneous change of the per-
manent magnets and ferromagnetic inserts width have great impact on the value of
the cogging coefficient and the axial component of the electromagnetic force.
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The analysis provided to the simulation model with better parameters com-

pared to the initial model from analytical calculations (fig. 8). It has a greater thrust

force, while reducing the cogging coefficient, which is advantageous from the point

of view of the correct operation of the drive.
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ANALIZA STATYCZNA ELEKTROMAGNETYCZNEGO
TUBOWEGO SILNIKA LINIOWEGO
Z MAGNESAMI TRWALYMI

STRESZCZENIE

W artykule przedstawiono obliczenia obwodu magnetycznego napedu liniowego z magnesami
trwalymi z zastosowaniem dwoéch metod. Pierwsza metoda przedstawia analityczny sposob
wyznaczania podstawowych warto$ci obwodu magnetycznego. W drugiej wykorzystano metode
elementéw skonczonych do wyznaczania wplywu wymiaréw geometrycznych biegnika na charak-
terystyki statyczne napedu liniowego. Szczeg6lng uwage zwrécono na sktadowe osiowe i promie-
niowe sity elektromagnetycznej, ktérych wzajemna relacja wptywa na ptynnos¢ ruchu biegnika.
Przedstawiony model silnika liniowego moze zosta¢ wykorzystany do optymalizacji zaréwno
konstrukgji, jak i sterowania.

Stowa kluczowe:

naped elektromagnetyczny, liniowy silnik tubowy z magnesami trwatymi, metoda elementéw
skonczonych, optymalizacja konstrukc;ji.
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