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STATIC AND DYNAMIC ANALYSIS OF LINEAR SWITCHED

RELUCTANCE MACHINE

This paper deals with the static and dynamic analysis of the Linear Switched Reluctance Machine (LSRM). The static parameters are
investigated by means of Finite Element Method (FEM) for real LSRM and also for its optimized construction topology, where the air gap and
mover dimensions are changed. The calculated static parameters are inputs into dynamic mathematical model of the LSRM. This model is
simulated under Matlab/Simulink. The output values of the simulation are phase currents, voltages, flux linkages and total force in air gap
of real and also optimized LSRM. The results comparison of the real and optimized LSRM is given.

1. Introduction

An optimization of electrical machines design is a topical task
from the point of view of input electrical energy consumption
(motoring mode) and production of electrical energy (generating
mode) [1]. The main aim of the optimization is to increase efficiency
of electrical machines and to decrease losses. The efficiency opti-
mization of electrical machines can be carried out during their
design. There are several methods for the design process, mainly
the analytical calculation [2], [3]. A very useful tool for the design
of electrical machines is Finite Element Method (FEM). This
method is also convenient to calculate the parameters and perfor-
mance of electrical machines [4]. The LSRM construction is very
simple. Both stator and mover have salient poles and only the stator
carries winding coils, which are suitably connected to create phases.
The magnetic flux is provided by phase current to develop a reluc-
tance force [1]. This machine can operate as a motor or a genera-
tor. The three phase basic structure of LSRM is shown in Fig. 1.

This paper is written in cooperation between the University
of Zilina and the China university of Mining and Technology in
Xuzhou, China, where the LSRM was developed and manufactured.
This LSRM is optimized from the point of view of power density,
volume and electromagnetic force maximal value. In Fig. 2 there
is shown a real prototype of the LSRM where the moving and
static parts are separated for illustration. The LSRM from Fig. 2
is analyzed by means of FEM, especially with the FEMM 4.2 soft-
ware using planar 2D system to calculate static parameters of the real
and optimized LSRM, mainly phase inductance, electromagnetic
force and flux linkage, needed for a deeper analysis of its perfor-
mances during dynamic simulation and analysis. The static para-
meters mentioned above were calculated for different phase current
and mover position.

On the base of this analysis, some construction optimizations
are carried out. It means that the air gap ¢ and mover pole height
h,, are changed (see Fig. 1). The air gap length in the real LSRM
is 2 mm and it is changed from this value to 0.5 mm with the step
0.5 mm. The mover pole height hm is changed from 39 mm (real
LSRM) to 20mm.

The calculated static parameters of the real and optimized
LSRM are input values of LSRM mathematical model to simulate
dynamic performances and parameters for constant or various
speeds.

Stator
Phase B

Phase A Xa Xu
Phase C :
er

Mov

s

1]
1

Fig. 2 The three phase LSRM prototype with separated stator
and mover
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2. Static parameters analysis of the LSRM

For the FEM magnetostatic analysis the following input data are
necessary: geometrical dimensions of the machine, current density
of one phase, material constants (winding conductivity and relative
permeability, B-H curve of LSRM ferromagnetic circuit material)
and boundary conditions. The parametric model of LSRM was
created in LUA script in the FEMM 4.2 software for more conve-
nient calculation with lower time consumption. The LUA script
also enables the LSRM model optimization (changes of the geom-
etry of the machine) during the execution of the script.

The accuracy of the result depends on the size of FEM mesh
and accuracy of the input parameters. In our model, 17.000 nodes
were used. The calculation was carried out for each individual mover
position and current under static condition. The mover position x
was moved from aligned x, to unaligned position xu with step of
0.5 mm and in each position the current was changed within its
working range from 1 to 35A. In Fig. 3a the distribution of magnetic
flux lines of LSRM for aligned position can be seen, in Fig. 3b for
unaligned mover position. The phase current was kept constant
10A.

b)

Fig. 3 The distribution of magnetic flux in the real LSRM
for phase current 10 A,
a) aligned mover position, b) unaligned mover position

2.1 Phase inductance calculation

The phase inductance L = f(/, x) versus mover position for
full current range is a static parameter which is needed in the LSRM
mathematical model for dynamic simulations. The analysis was
made for the whole working range of the real LSRM. The phase
inductance profiles are shown in Fig. 4. The origin of the position
axis is set to aligned position and the inductance decreases its
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value for each phase current until the mover and stator are not in
unaligned position (Fig. 4b). The results are obtained by means of
FEM for the LSRM in accordance with the following equation:

__/A-Jdv

L o

, (H

where A is magnetic vector potential, J is current density, V is
volume and / is the phase current.
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Fig. 4 The phase inductance for different phase currents
and mover positions
of the real LSRM: a) 3D view, b) 2D view

2.2 Electromagnetic force calculation

The electromagnetic force was also calculated by means of
FEM. The static force characteristics were obtained for the whole
working range. Maxwell’s stress tensor prescribes the force per unit
area produced by the magnetic field on a surface. The differential
force produced at line | between mover and stator is:

Fzm%ﬂm—HML 2)
1

where n denotes the direction normal to the surface at the point of
interest, B is flux density and H is intensity of magnetic field.
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The calculated values of electromagnetic force in x direction
are shown in Fig. 5a. For more complex analysis the average force
F,, is necessary to be known. So the average force is given as:

_ 1
Fo= 5[ Fax. (3)

where 4x is defined as 4x = x, — x,, and it is the difference between
aligned mover position x, and unaligned mover position x,,. In
this case the difference is 45 mm. The phase current was kept
constant / = 5, 10, 15, 20, 25, 30, 35 and average electromagnetic
force for LSRM is shown in Fig. 5b, calculated for interval Ax.

2.3 Optimization of the LSRM construction

As it has been mentioned above, optimization of the LSRM
construction was carried out. In the first step, the air gap J was

1000,

=104 ' ' \ '

FN)

changed between stator and mover (see Fig.1) from real size 2 mm
to 0.5 mm. The phase current was kept constant / = 25 A, which
is the rated value. The static parameters were calculated by means
of FEM, mainly phase inductance and electromagnetic force in the
air gap, which are needed for the dynamic mathematical model.
These static parameters can be seen in Fig.6.

In the second step, the mover pole height hm (see Fig.1) was
changed from its real size of 39 mm up to 20 mm. The phase current
was kept constant / = 25 A and air gap was also constant 0.5 mm.
The phase inductance and electromagnetic force were also calcu-
lated by means of FEM. These static parameters can be seen in
Fig. 7.

For comparison, in Fig. 8 are shown behaviors of average elec-
tromagnetic force values Fav for both of optimizations: different
air gap lengths (see Fig. 8a) and different mover pole heights (see
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Fig. 5 The LSRM electromagnetic force of the real LSRM: a) static curves, b) average forces
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Fig. 6 The LSRM static parameters obtained by means of FEM for various air gap lengths, a) phase inductance, b) electromagnetic force
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Fig. 7 The LSRM static parameters obtained by means of FEM for various mover pole heights, a) phase inductance, b) electromagnetic force
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Fig. 8. The LSRM average electromagnetic force, a) for various air gap lengths, b) for various mover pole heights

Fig. 8b). As it can be seen from these figures, the maximal average
electromagnetic force 375 N occurs for air gap 0.5 mm and mover
pole height 28 mm. In opposite, the lowest value of average elec-
tromagnetic force 235 N is for the real LSRM (see Fig. 2).

3. Dynamic Analysis of the LSRM

For the dynamic analysis, the nonlinear mathematical model
was used [8]. The phase current was calculated from the next equa-
tion:

dL(x,i

u—(R-i— ( )dx)z u—(R-I—
di _ dx di) @

dt L(x,i) L(x,i)
where the input voltage u was changed in accordance with the
current regulator, R is the phase resistance obtained from measure-
ment, L is phase inductance obtained from FEM and v is speed of
the mover. The instantaneous force of one phase f'was calculated
from the 2D look up table by means of linear interpolation, because

dL(x,i) v)l_

dx

it is faster than to calculate it from equation. The values of 2D
force table were obtained from FEM. The total instantaneous force
of all phases is calculated as:

f=2A(x) )

The real speed of the mover can be calculated from the equa-
tion:

dv 1(< ;
&= (St 1) ©
where J is the moment of inertia and fload is load force. Finally,
the mover position is given as:

x= [vdr @)

This mathematical model was simulated under Matlab/Simu-
link. The input parameters as phase inductance and force were taken
from the static analysis for real LSRM and optimized LSRM (air
gap 0.5 mm and mover pole height 28 mm). In accordance with the
equation (7), the mover speed v started from 0 m/s to 1.5 m/s. From
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Fig. 9 The LSRM phase current waveforms, a) real, b) optimized
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Fig. 11 The LSRM flux linkage waveforms, a) real, b) optimized
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Fig. 12 The LSRM total electromagnetic force waveforms, a) real, b) optimized

this mathematical model and simulation system next waveforms
were calculated: phase currents, phase voltage, flux linkage and in-
stantaneous force. These waveforms were calculated for different
speeds from 0 m/s to 1.5 m/s. The phase current was kept on ref-
erence current 25 A by the current regulator. The phase current
waveforms, phase voltage waveforms, flux linkage and total force
of the real and optimized LSRM can be seen in Figs. 9, 10, 11 and
12 respectively.

As it can be seen from Fig.12, the maximal value of optimized
LSRM total force is higher than in the real original LSRM. In
opposite, the force ripple of optimized LSRM is higher than in the
real LSRM, which can be decreased by a next construction or
control LSRM optimization.

4. Conclusion
The static parameters of the real and optimized LSRM were

investigated by means of FEM. The phase inductance and force of
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