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Abstract—the reluctance linear motor (RLM) has been
successfully applied in many applications. Despite of its
simplicity of command, there are lots of difficulties in building its
model. In this paper, the main simulation model of the developed
reluctance linear motor based on the MATLAB is given with the
simulation model of calculating phase current and the magnetic
force.
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I. INTRODUCTION

At the beginning of the century, several types of machines
were invented, only some of them were introduced into the
industrial applications. The synchronous machine with variable
reluctance is structurally a synchronous machine with
projecting poles deprived from excitation. Its stator is identical
to that of the ordinary machines with Alternative course. The
electromagnetic couple is made up exclusively of the couple of
saillance.

The step by step machine with variable reluctance has an
electromechanical  converter having as function the
transformation of electric information into a mechanical action
being able to be a linear displacement or more classically
angular [1], [2]. There, for a long time, exist applications with
linear motors in the Industrial field. It is appreciated for several
reasons: the robustness, its low cost of purchase and
maintenance, its specific power and the higher maximum speed
provided. The linear motors are developed through their ability
to generate levitation systems. A linear motor helps to generate
a pushing power directly without intermediate processing
system of the rotational energy into a translation one.
Reluctance Stepper motors are widely used in industry for
control of position, especially in manufacturing applications
[3] [4] [5]. These motors are designed to operate in open and
closed loop positioning systems [6] [7]. As its hame suggests,
the stepper motor runs movements when no voltage pulses are
applied to its phases. There are three types of stepper motors:
variable reluctance, permanent magnet and hybrid.

In Contrary to the traditional engines (such as the engines
with induction), the RLM's engine is intended to run in
magnetic saturation deep to increase the density of power of
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exit and the conversion ratio of energy. Consequently, because
of the effects of saturation and the magnetic variation of
reluctance, all the relevant characteristics (e.g. the flow of
connection, couple...) of the machines are strongly nonlinear
functions at the same time of the position of the rotor and
current phase [8]. These nonlinearities make the process of
modeling RLM relatively difficult. Modeling is an important
step in the process of analysis, design and control of a linear
reluctance machine.

This paper is organized as follow: in section Il we review
the description of the Linear Reluctance Motor illustrated by
the figure 1 followed by presenting a mathematical study a the
supply circuit and we end our paper by simulation of some
RLM’s parameters using Simulink/Matlab.

Fig.1 The ancient laboratory prototype

Il. LINEAR RELUCTANCE MOTOR OVERVIEW

The operation of the linear reluctance motor is based on the
principle of varying reluctance due to deformation of the
magnetic circuit. This type is characterized by a toothed
structure at the stator and the movable part. The magnetic
circuit is generally assembled from laminations of high
permeability. The windings of the electrical circuit are
generally concentrated around the stator studs and therefore
easy to achieve [9]. Each module has two blades around which
are wound coils. Each phase of the machine is formed by the
series connection of two coils of the same module.
Nonmagnetic separations are required between stator modules
to impose an offset. Indeed, if the pads of a module are aligned
with the teeth of the mobile part, the stator terminals of the


PC
Typewriter
International Conference on Control, Engineering & Information Technology (CEIT'13)

Proceedings Engineering & Technology - Vol.4, pp. 137-141, 2013

Copyright - IPCO 

PC
Typewriter
137

mailto:walid_amri_insat@yahoo.fr
mailto:mrdssrst@yahoo.fr
mailto:m.gsm@enit.rnu.tn3

other modules must be offset in order to create a moving force.
Each phase of the machine requires that the mobile part has a
balanced position that corresponds to the alignment of the teeth
with the pads of the phase stator fed. [10]

the engine, illustrated in Figure 2, has two main parts, the
stator and the rotor. the internal part, usually a moveable
element, is a solid cylindrical ferromagnetic part coaxial with
peripheral slots. the housing which is usually a fixed element,
is composed of four sets of coils (A, B, C and D) separated by
non magnetic rings.

Spacer (non-magnet)

/

Rotor

B C

Fig.2 structure of the linear variable-Reluctance stepper
Motor

. MATHEMATICAL MODELING

Precise mathematical modeling of variable reluctance step
motors requires knowledge of both the geometry of the
machine and of the ferromagnetic material characteristics.
These requirements will represent the basics to build
assumptions which are made to simplify the model to a set of
nonlinear differential equations

Assumption 1: The ferromagnetic material does not
saturate. This is a poor assumption for variable reluctance step
motors in that the motors are usually operated with a high
degree of saturation. This assumption is replaced after the
“non-saturated” model is presented. [11]

Assumption 2: The inductance for each phase varies in a
sinusoidal manner around the circumference of the air gap. The
linear switched reluctance stepping motor inductances are
supposed to be sinusoidal. For the case of a four phases LRM.
The inductance characteristics are off phased. Hence, the
studied machine inductance is given by the following relation
[11].

d
2
Ly(x) =Ly+ ) Lycos (ka)
k=a
For the case of a stepper motor with variable reluctance four
phases, stator coils are electrically phase shifted by g . During

movement of the mobile, the inductance L, (x) oscillates
around an average value equals to L.
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The following figure shows the variations of the inductance:
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Fig.3 Inductance evolutions of the RLM

The operation of variable reluctance (VR) stepper motor is
based up on the attraction of a soft magnet to an energized
electromagnet or pole. The armature in the VR actuator moves
to seek its minimum reluctance position. This position
represents the lowest energy state for the actuator in the
energized position.

The equivalent circuit diagram of a stepper motor with
variable reluctance, it is assumed that the mutual inductance
between phases is negligible so that it suffices to consider the
single phase motor. Then the figure will be as follows:
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Fig.4 Equivalent circuit diagram of single phase RLM

This circuit comprises a resistance of a coil winding and an
induced voltage caused by a variation of Stator inductance.
For the one phase equivalent circuit the voltage equivalent is
given by the following expression:

doy

dt

Where R is the winding resistance of a phase, and Uy and ¢y
fork = a,b,c,and d are the phase voltage and the total coil
magnetic flux, generally the expression of the flow is
expressed by:

Uk = Rsik +

@i = i Li(x, 1)

The magnetic flux of the machine depends on the mutual
position of the stator pole and the rotor tooth. In zone of the
saturation, it depends on the excitation current too.
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The period of L (x, i) is % ; where Nr is number of rotor
teeth.

Assuming that the machine is not saturated, the induced
voltage of saturation is therefore neglected and the equation of
the voltage will be given as follows:

di

. . dLg(x)dx
Uk =RS'lk+Lk(x)'E+lk' -

dt dt

dL(x)
dt

The last term i. induced

electromotive force.

represents the internal

The electrical speed of the motor is given by the change of
rotor position in time.

_dx
T odt

The time in the relation above can be replaced by a rotor position,
finally the voltage equation can be expressed as [12][13]:

dL,(x)
dt

v

. diy .
Uk = Rs- i + Lk(X).E + .

The electromagnetic force of the stepper can be calculated
from the change of fits magnetic co energy:

aw,
ax

F(x) =

We can write the expression for the force in the form:

Where i is the input current to the coil.

The linear position of the rotor satisfies the following second
order differential equation [14].

d?x 2mx

m F+Fmaxsin(7+(p) +$%+Fosign(%) =F,

Where:

F _ ﬂile
max — 2

The simulation model of the RLM drive consists of 2 modules:
The RLM module and the power converter module (see
Figure 4).

The RLMV module represents the electrical and mechanical
equations of the RLM where as the power converter module
corresponds to the power converter logic switching.

139

e—{ ] s

O warspace ‘ Aphese

Bphase Matiah Function

|
w1 # B u—'E

Integrator

I
Cotase

1
=

Phase converier Model

Fig.4. Main simulation model of the developed

In the model, “x” is the rotor position; “UA, UB, UC, UD”
is supply voltage; “FA” is A phase electromagnetic force;
“FB” is B phase electromagnetic force; “FC” is C phase
electromagnetic force;“FD” is D phase electromagnetic force;
IA is the A phase current; IB is the B phase current; IC is the
C phase current; ID is the D phase current.

The toolkit ‘‘Simulink’® provided by Matlab software
could be used to model the variable reluctance motor. The
simulation model for calculating the electromagnetic force
"FK", the current phase "IK" and the speed of the moving of
the mobile are represented in the two following figures (Fig.5
and Fig.6).
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Fig.5. Simulink diagram of an electromagnetic force and phase current
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Fig.6. Simulink diagram representing the mechanical part
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At the instant of blocking of the transistor, the quenching
IV. APOWER CONVERTER MODULE circuit, (see Figure 7), allows the dissipation of the energy
The principle of the supply of the phases of a stepping stored in the coil.
motor is based on the use of transistors operating alternately

blocked and saturated regime. This is well illustrated in the
diagram below:

E
il f oo
I R
| 18
,R.Ll £
nnr- .
i & Fig.9 Quenching circuit
1 SRz
2
K — —'..."'.. | - R LI' - - - - -
e S The current i.(t) in this case is given by the following
R A <Rl relationship:
1 G t
S pigugm P -
Al i(t) = Iye T
Fig.7 A power supply circuit of a stepping motor in four steps V. SIMULATIONS AND RESULTS
In this diagram, L represents the inductance of the phase The following figure shows a numerical simulation study to

L . - S - describe the stepping linear motor operation. The engine tests
W|:1d|ng, R.'IS thehre5|sta$che of the phase winding ?nd E ";.the considered in this study are characterized by the principal
voltage coils phases. The proper sequence of switching parameters indicate in Tablel:

transistors must be generated for damping oscillations that

may appear at the end of the execution of a step. TABLEI

STEPPER MOTOR PARAMETERS

in Unload friction force F, 0.1N
Mrr. R Stator coil resistance R 23.4Q
Mean inductance term L, 437 mH

First harmonic inductance term Ll 71 mH

Mass of moving part m | 2.46 kg

. ) o Loading force F ON
Fig.8 Modeling of the supply circuit £

Dynamic viscous coefficient £ | 70Nm/s

The current i,(t) in phase supply (see Figure 6) is a The figure 10 presents the current forms of three phases of the
solution of the following differential equation. transistors.

di = phase A
E=Ri+La , —pZaseg
- - . . Z _— shaseD
i (t) isgiven by the following relation: = 7 ~
AV ERVER
, E L £
i,(t) ==(1— ev) 5 / \ )
R 0 \ l
. _ L. A
Where: T, = R . \__ _ I
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Fig.10 The phase current waveform
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The following figure shows the evolution of the dynamic
parameters of a variable reluctance stepper motor four
fragments with not null force load.

Simulation results illustrated by Fig.11 and 12 show from
the speed and strength, the behaviour of the engine for four

stepper movement of non-empty load, half load and rated load.
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Fig.12 electromagnetic force waveform
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V1. CONCLUSIONS

In the present paper there was shown a mathematical
method for analytical calculus of the phase current, speed and
the electromagnetic force of the reluctance stepper motor. The
simulation results show that the reluctance linear machine can
be commanded while varying one of the parameters used in
the simulation.

(1]

[2

(31

(4]

(5]

(6]
[71
(8]
[9]

[10]

[11]

[12]

[13]

[14]

REFERENCES

M. ABIGNOLI, “Evaluation du comportement dynamique d’un
actionneur incrémental a partir des seules caractéristiques externes de la
charge et du moteur,” Revue Générale d’Electricité. N°6. pp. 51-53,
1991.

H. Sahraoui, M.S Boucherit and L. Zebrowskil “Etude de I’influence du

type d’alimentation sur le comportement dynamique d’un moteur pas a
pas a réluctance variable, ” Proceedings of the Maghrebin Conference
on Automatics and Industrial Electronics.pp. 258-267. Algeria 1993.

P. P. Acarnley, “Stepping motors: a guide to modern theory and
practice. Peter Peregrinus LTD, 1982.

M. K. Jenkins, D. Howe, and T. S. Birch, “An improved design
procedure for hybrid stepper motors” IEEE Transactions on Magnetics,
vol. 26, pp. 2535-2537, 1990.

N. Matsui, M. Nakamura, and T. Kosaka, “Instantaneous torque analysis
of hybrid stepping motor” IEEE Transactions on Industry Applications,
vol. 32, pp. 1176-1182, 1996.

T. Kenjo, A. Sugawara, “Stepping Motors and Their Microprocessor
Controls” 2nd Edition, Oxford University Press, Oxford, 2003.

P. Acarnley, “Stepping Motors - A guide to theory and practice”, 4th
Edition, The Institution of Electrical Engineers, London, 2002

T.J.E. Miller, “Optimal design of switched reluctance motors”, IEEE
Trans. On Ind. Elec., Vol. 49, Issue 1, Feb. 2002 pp: 15 - 27.

LEE B.S, BAE H.K, VIJAYRAGHAVAN P. and KRISHNAN R.
“ Design of a linear switched reluctance machine ”, IEEE Trasactions on
Industry Applications, vol.36, N°36, 2000.

Lilia El Amraoui, “conception Electromécanique d’une gamme
d’actionneurs linéaires tubulaires a reluctance variable”, thése de
doctorat, université de Lille .2002.

K. Ben Saad, Ahlem Mbarek, Mohamed Ben rejab * Determination of
the Switching Times of the Bang-Bang Control for linear Stepping
Motor by lyapunov Functions ” Studies in Informaties and control, vol.
17, N°04, December 2008.

BEN AMOR Abdessattar, BEN HADJ BRAIEK Ennaceur,
BENREJEB Mohamed. “Identification Parametrique Expirimentale d’un
Moteur Pas a Pas Liniaire”. CIFA’2000,

Lilia EI Amraoui, L, BEN SALAH, B, BENRJEB M, GILON, F,
BROCHET, P. “Dynamic modelling of a qwitched linear step motor”,
the 4th International Symposium on Linear Drives for Industry
Applictions, LDIA, 2003, UK, Birmingham.

BEN AMOR Abdessattar. “Experimental Identification of a Linear
Tubular Four Phase Stepping Motor”


PC
Typewriter
141


