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Abstract—The work developed in this paper deals with control of
a linear switched reluctance motor (LSRM). The studied actuator
is used to motorize a syringe pump in biomedical systems. A
model of the actuator is performed neglecting magnetic
saturation. Different control and command modes using standard
controllers are detailed and tested in this paper. In order to make
a constant flow of the liquid in the syringe pump, this paper
reports a study of sensor less force and closed loop control of the
LSRM with a classical PID and hysteresis controller.
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I INTRODUCTION

Linear motors are now widely used in many industrial
applications especially in high dynamic machinery production
(machine tools, robots, etc.) they are strong candidates for
both low speed and high speed mass transit applications. [3]
[6].

In a context where performance and cost issues are vital, it
naturally follows that lincar motors must be used to their
maximum performances in terms of positioning quality and
thrust. Such this motors have the advantage of not having
transmission systems to product a linear movement.
Consequently, it will lead to decrease friction problems and to
increase performances which allows pushing the mechanical
limits in terms of acceleration and speed [6][4] .

Also, a linear switched reluctance motor (LSRM) is an
electromechanical actuator that can be used as a positioning
device because of its simplicity of manufacturing and its
reduced cost [5] [6].

In recent years, control of this actuator is attracting much
attention due to the development of control theory and
computer hardware.

This type of motor is characterized by a particular structure
similar to that of the rotary stepper motor and it is widely used
in open loop control. During the 1970s the closed loop control
was introduced in stepper motor in order to increase the
positioning accuracy and to reduce their sensitivity to
disturbances load [1], [2].

Today, thanks to advances in power electronics and in
computer science applications, LSRMs are used in closed loop

control especially in robotics and in biomedical applications.
Therefore, sensors which are necessary to measure main
parameters (force, current position ...) are expensive and
sometimes difficult to get into certain application.

The objective of this paper is double. The first part consists
of modeling the LSRM which is difficult to control because
the undesired oscillations in force and position. The second
part concerns the control of the actuator for motorization of
the pump syringe. The main contribution of this paper is the
development of a control algorithm optimized for closed-loop
control of the position and the force with classical PID
controller and hysteresis current controller without force
sensor.

1. PUMP SYRINGE

The syringe pump is an important biomedical service in
hospitals where the patient is subjected to treatment requiring
infusions at high concentrations over a long period with
adjustable flow rate and precision [7] [8].

The motorization of these biomedical systems is generally
provided by a rotating stepping motor associated to a gear
unit. This latter connecting the syringe to the rotating motor, is
bulky, expensive and frequently source of failure [8].

In order to improve the compatibility of the system and to
increase the accuracy of the mechanical transmission between
the actuator and the syringe piston, the LRSM with suitable
position control is selected [7].

Figure (1) shows the architecture of the full biomedical
system where the motorization is provide by a LSRM which
increases the system accuracy and reduces its maintenance.

Body of the syringe LSRM

Fig. 1: Architecture of the syringe pump powered by LSRM.
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The actuator proposed is a linear switched reluctance
motor composed by a toothed sliding part on a rail and a
plurality of stator modules regularly distributed, Figure (2).

The stator windings are laminated with copper and

concentrated around the cylinder heads of the stator [7]. They
are excited by DC currents.
The non-magnetic separations between the different modules
impose a regular shift. If teeth of an active module are aligned
with teeth of the mover, the other stator modules must be
unaligned in order to create a translation force.
Notice that the mover length of the actuator is 10 cm with a
tooth pitch of 6 mm.
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Fig. 2: structure of LSRM [7]

111 MODELING OF LSRM

The LSRM has a highly nonlinear characteristic due to its
nonlinear flux behavior [13]. In order to simplify equations,
the modeling is performed without taking into account
magnetic saturation, phases are considered identical and end
effect is neglected [13].
Consequently, the fundamental electrical and mechanical
equations of an LSRM are, [10] [11] [12]:
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Where © and i designate voltage and current of phases A,B,C
and D, x the displacement, A the tooth pitch, L, and L,

the minimum and the maximum inductance, V the speed, Fc
the load force, m and & the mass and friction.

Electrical parameters obtained by the finite element analysis
FEA 2D are [7]:

u=18 ,L0=225mH ,L1=50mH , R =18Q,
m=5Kg, A=6mm £=65Nm /s ,F,=0.2N

To test the developed models and to verify the
effectiveness of wvarious applied controls, MATLAB/
SIMULINK was used as a simulation tool.

4 - -

Displacement (m)

|
I T
| | Equilibrium
o - L __ ____L positions o
| | | |
| | | |
| | | | | | |
1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4
Temps(s)

Fig.3: Displacement of the mover as function of time for
4 steps.
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deplacement(m)

Fig. 4: displacements of the mover for different loads force .

Figure (3) illustrates the operating cycle for 4 steps, where
it is shown that the displacement is accompanied by strong
oscillations and large overruns. These phenomena affect the
position accuracy and may cause loss of synchronization at
high speed. To overcome such problems, improvements can be
achieved by control techniques in open or closed loop.

V. LSRM CONTROL IN OPEN-LOOP

The open-loop control have the merit of simplicity and
consequent low cost, its consists to supplying the motor phases
in a fixed order according to the direction, so there is no return
and no regulation possible and there is no guarantee that the
actuator has responded to the command.

This control mode can be positioned with great passing and
a strong oscillation as shown in figure (4).

When a load force is applied, the equilibrium position of the
LSRM and the force are affected by an error due to the load
force which opposes the motion of mover, figure (5) [9].

1I1.1. Solving the problem positioning with load force

To solve the problem of error in load mod, we will exploit
the evolution curve of force versus time shown in figure (5).

osition attained with load

/ : . Fe

Equilibrium position *

Fig. 5: Positioning difference due to the charge load

p is the position deviation due to the loading force
expressed by equation (7) [9].

A . Fc
M =—arcsin(—) (6)
2r W
.2
With F, = i £ is the maximum force developed by the
LSRM.

To solve the problem of positioning with loads, the
solution is that in the presence of load characterized by the
resistive force (Fc). The equilibrium position is attained when
the thrust force which is generated by the motor for
simultaneous excitation of two phases, equalizes that of the
load: F, =F ,[12].

In the case of phase B and C, the force generated is:
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Fig. 6: Movement of the mobile as a function of time to 3N and 6N In
the case of phase B and C
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Fig. 7: Supply current for phases to 3N and 6N

Figure (6) illustrate the displacement of the mover when it
is shown that the mobile reach its equilibrium position without
error. With this method and by the modulation of phase
currents with the equations (9) we can eliminate the error in
load mode with any value of load force but without damping
the oscillations.

II1.2. Damping the oscillations of movement (Bang-Bang
control)

Bang-bang control is a command used to eliminate
oscillations observed in the evolution of the motor position.
The principle of this method is the use of two phases to dampen
these oscillations [9] [11].

Figure (8) explains the principle of the command, where the
phase B is excited until the time t1. At tl, the system switches
between the two phases B and A. the excitation of the coil B
enables the eliminate the energy developed by the phase A.
Phase B is excited again and at t2, phase A is turned off to keep
the final equilibrium position. The braking removes all
oscillations and mobile attained its equilibrium position
without oscillations. [9].

UA A

».
t1 t2 t

Fig.8: Principle of Bang-Bang control

The determination of tl and t2 is strongly linked to various
electrical and mechanical stepper motor parameters [12].
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Figure 9: Evolution of the position with Bang-Bang correction

Figure (9) shown the evolution of position of the motor
when the phase A is considered as a braking phase. We can see
that the Bang-Bang control allowed minimizing overshoot and
damping the oscillations.

The major disadvantage of this technique is that its
switching moments control are strongly related to electrical and
mechanical actuator parameters so any change requires
dynamic adjustment of the switching times [9][11].

The two correction methods (bang-bang and correction in
load) eliminate the oscillations and the positioning error in load
mod. However, the translation of the mobile is governed by a
discontinuous incremental movement accompanied by stopping
zones.

The motorization of the syringe pump requires a continuous
movement to have a constant flow which leads to the closed
loop control.

V. CLOSED LOOP CONTROL OF LSRM

In the strategies of stepper motors control in a closed loop
mod, the mobile position is detected and fed back into the
control unit. Consequently, we can move from a step
command to another only when the actuator responded
satisfactorily to the previous command and so there is no
possibility of losing synchronism [14]. The position sensor is
used in two roles:

-Detection of equilibrium positions: the detection of
equilibrium is very important to generate the next step
command so follow the excitation sequence without missing
excited phases (for operation at high speed)

-Detection of the position of the mobile: knowledge of the
position of the mobile throughout its travel allows us to work
in closed loop. So correction of the position using controllers
solves the problems of overshoot and oscillations.

Figure (10) shows the general architecture of control.
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Fig.10: General architecture of closed loop control.

Initially, the system is stopped and the target position is
loaded into the control unit, which in turn passes immediately
to step command sequence generator phase. Therefore, there is
a change in the excitation and motor begins accelerating at a
rhythm dictated by the load parameters. The movement of the
mobile is regulated throughout the step to dampen oscillations
and eliminate overshoot [14].

As the first step has been completed the position detector
generates a pulse which is sent to the control unit. That unit
contains then the position of the load relative to the target.

The proposed architecture of the closed loop control is
detailed in figure (11).

Fig. 11: General architecture of the proposed control.

The general architecture of the control shown in figure (11)
is based on the use of conventional PID controllers, a hysteresis
current regulator, a position sensor and current sensors [15].

The transfer equations are developed from the mechanical
equation (eq.11), where we consider initially the load force
equal to zero (Fc = 0) and the mover is in advance movement
so sign (V)> 0.

d’x
d*

dx
m =F —-&— 11
ms”dt (11)

The transfer function between the position (x) and force (Fm)
is given by [14]
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Fig.12: Loop of speed control and position control.

The reference position is compared with the real position of
the mover then adjusts with a proportional controller which
gives us the reference speed as a picture. The loop of speed
control with a PI controller gives the reference force [15].
The force developed by a phase is expressed by [14]

m

F :—iAZngsin(%x) (16)

The displacement to a step is given by: X = " + Ax

sin(ZE 1) =sinZZ (A + Avy) =sinE+ 2 Ax)
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with K =L, %
A
The control loop of the force is given by Figure 13
I(i)ref
Correction [——»
with load
charge ——p
I(i+1)ref

Fig 13: Force control loop
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The regulation of the force developed by the actuator is a
very important stage in the system operation. If the force is
more stable the flow is more constant.

The use of a control loop with conventional PID regulators
requires the use of the force sensor which is difficult to insert
in our application. The idea of using the error correction
method already studied in the section of open loop control
(section III.1) is simpler and allows us to overcome the force
sensor problems.

The reference currents generated are introduced into a
hysteresis current controller to generate command signal,
figure.14.

Pulses
_»

Ic

Fig.14: Hysteresis controller for generating command signals.

Hysteresis controllers are built with Simulink blocks. The
currents of the four phases are provided by measure and
compared with the reference current. The error of the current
then passes through a hysteresis controller to produce the

pulses of the control circuit power.
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Fig. 15 : Simulation results for classical incrementally functioning

(Fc=6N).
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Fig.16: Force developed (Fc=6N).
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Fig.17: Simulation result for linear displacement.

The evolution of the position for incremental motion
(figure.15) and the continuous movement for a load of 6N
(figure 17) shows the efficiency of this control method where
the actual position of the machine follows the command value
without oscillation and without error.

The major advantage of this technique of control is that can
use for a classical stepper displacement (fig.15) and linear
displacement (fig.17) for only changing the type of position
reference.

To have a constant flow it is important to motorizing the
pump-syringe with a linear and continuous displacement of the
mover that can be obtained by the proposed control.

The use of the correction technique studied in section
(IV.1) has allowed us to have a force developed by the actuator
oscillating around its reference without using force sensors.

VI CONCLUSION
In this paper, we presented a control of linear switched
reluctance motor for biomedical application (syringe-pump). A
mathematical model of an LSRM neglecting magnetic
saturation is performed. This model is used to study the open
loop and closed-loop controllers using classical PID regulator
and hysteresis controller.



International Conference on Electrical Engineering and Software Applications (ICEESA2013)

The first part of the paper is devoted to smooth the
positioning of the actuator in open loop method namely Bang-
Bang method and positioning error correction with load.

The proposed architecture of the control strategy presented
in the second part is a simple and optimized architecture based
on the use of conventional PID controllers and hysteretic
regulators without using a force sensor.

This control technique is very reliable in the case of the
syringe pump application because it allowed having a constant
and adjustable flow.
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