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ABSTRACT: Position and force ripple are the major disadvantage of linear switched reluctance motor (LSRM), thing that
can reduce the integration in high precision application. The work developed in this paper is a novel method to control this
actuator in order to increase his performance. A model of the actuator is performed neglecting magnetic saturation. In order
to make a smooth motion of the motor open and speed closed loop control are detailed and tested in this paper, this paper

reports a study of speed control using a Pl controller, hysteresis controller and force distribution function (FDF).
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1. Introduction

Thelinear switched reluctance motor/actuator (L SRM/LSRA) isan interesting alternativein many industrial applicationswhere
both speed and accurate positioning are needed especially in high precision application. [3] [6].This motor have the advantage
of not having mechanical subsystems or rotary to linear motion converters to product alinear motion so decrease friction and
maintain problems and increase performance so this motor isintegrated in many applications.

Thiskind of actuator is characterized by its simple structure and low construction cost. In acontext where performance and cost
issuesarevital, it naturally followsthat linear motors must be used to their maximum performancesin terms of positioning and

forcequality.

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 iswidely used in
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open loop control. During the 1970sthe closed loop control wasintroduced in stepper motor in order to increase the positioning
accuracy and to reduce their sensitivity to disturbances load [1], [2].

Today, thanks to advancesin power electronics and in computer science applications, LSRMs are used in closed loop control
especially in robotics and in biomedical applications[8]. LSRM is subjected to disturbances and parametersvariationsand it’s
characterized by anon linear characteristic that make hiscommand isvery difficult. Also the major disadvantage of LSRM isthe
largeforceripple so solving this problem isan important objective. Inrecent years, several control strategies has been proposed
intheliteraturesin linear or rotary domain[15], [16], [17], [18], [19]. by using aforcedistribution function FDF.

The objective of thispaper isdouble. Thefirst part consists of modelling the L SRM neglecting magnetic saturation. Undesired
oscillations in force and position are observed so the second part concerns the closed loop speed control of the actuator by
controlling the current. An optimum strategy of control is present using Pl controller to control the speed and force distribution
function FDF to minimizeforceripple.

2. Linear Switched Reluctancemotor Configuration and M odelling
The proposed actuator is asingle sided linear switched reluctance motor composed by a toothed sliding part on arail namely

mover (translator) and aplurality of stator modules regularly distributed namely stator, Figure (1).

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 modul esimpose aregular 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 atranslation force.

Mover Rails

Figure 1. Structureof LSRM [7]

Notice that the actuator is composed by four phases and the mover length of the actuator is 10 cm with atooth pitch of 6 mm

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 equationsof an LSRM are, [10] [11] [12]:
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Whereuandi designate voltage and current of phases A, B, C and D, x the displacement, A thetooth pitch, L, and L jthe minimum
and the maximum inductance, v the speed, Fc the load force, mand & the mass and friction.

Electrical parameters obtained by thefinite element analysisFEA 2D are[7], [8]:
u=18V,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 various applied controls, MATLAB/ SIMULINK wasused asa

simulation tool.

3. Open Loop Control

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

u
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u
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Figure 2. Openloop control of LSRM
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Figure 3. Phases currents

Figure (3)shown the phase current when in one step just one phase is supplied for 1 second.

Thedisplacement of the mover shownin figure (4) and figure (5) demonstrates the disadvantage of this control when the motion
is characterized by great over-shoot and strong oscillations.

When aload 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 (6).

3.1 Dampingthemotion oscillations (bang-bang control)
Bang-bang control isacommand used to eliminate oscillations observed in the evol ution of the motor position. The principle of
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Figure 4. Displacement of the mover asfunction of timefor 4 steps
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Figure 5. Displacement of the mover for 1 step
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Figure 6. Displacements of the mover for different loadsforce

this method is the use of two phases to dampen these oscillations [9] [11].
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Figure (8) explains the principle of the command, where the phase B is excited until the time t1. At t1, the system switches
between the two phases B and A. the excitation of the coil B enables the eliminate the energy devel oped by the phase A. Phase
Bisexcited again and at t2, phase A isturned off to keep the final equilibrium position. The braking removesall oscillations and
mobile attained its equilibrium position without oscillations. [9].
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Figure 7. Principle of Bang-Bang control

Thedetermination of t1 and t2 isstrongly linked to various el ectrical and mechanical stepper motor parameters[12].
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Figure 8. 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 magjor disadvantage of thistechniqueisthat 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 open-loop control have the merit of simplicity and consequent low cost, its consists to supplying the motor phasesin a
fixed order according to the direction, so thereis no return and no regul ation possible and thereis no guarantee that the actuator
has responded to the command.

4. Closed L oop Control

In order to an optimum control of the motor without oscillations and to smooth the displacement of the mover, we present in this
part a speed closed loop strategies control.

Themover position and speed are detected and feedback into the control unit. Consequently, we can move from astep command
to another only when the actuator responded satisfactorily to the previous command and so there is no possibility of losing
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synchronism [14].

In this section the global strategies of current controller of the actuator is study where the control of the current is done by
hysteresis controller and a Pl controller isused to control the speed. FDF is used to controlling force and reduce its ripples.

Figure (8) illustrate the current control strategies where Uj and ij are the voltage and the current of different phase A, B, C, and
D.
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Figure 9. Proposed control strategy

4.1 Speed control using PI regulator
In this strategy of control, the reference speed isintroduced into a Pl controller to generate the current reference, figure 9.

Figure 10. Speed control strategy

Figure (9) show the global strategies of current controller using aclassical Pl regulator, in this part we present the synthesis of
regulator.

Based on mechanical equation (5) the transfer function speed/current of one phase is elaborate as follow:
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Figure 11. Speed reference

Figure 11 shown the forme of speed reference, which is characterized by accel eration and decel eration zone.

4.2 Current control using SM C regulator
Current phase have a great influence on the motion and the force of the motor so having a smoothed current allowed having a
smoothed motion. In thiswork Hysteresis controllers are used to control the current and generate command signals

Ib*

Pulses

Ib

Figure 12. 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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4.3 Forcecontrol

In order to suppress force ripple and the error of positioning with force load this part is devoted to present an effective force
control method using force distribution function.

Thebasicideaof FDF isto distribute adesired forceto two adjacent phases during phase commutation interval . The phase force
isindividually regulated and varied smoothly with the position of the mover. FDF corresponds to TDF (torque distribution
function) inrotating SRM (RSRM).
P2
T L,i .

Fu= 1 isthe maximum force developed by the LSRM.

The equilibrium position is attained when the thrust force which is generated by the motor for simultaneous excitation of two
phases, equalizesthat of theload: F_=F, [12].

In the case of phase B and C, the force generated is:
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M odulation of excitation current of the adjacent phase with equations (11), (12) allowed minimising force ripple and smoothing
the motion.

5. Resultsand Discussion

The proposed strategy of closed loop speed control to smooth the motion of the motor is tested using matlab/simulik.

The performance of the control istested for various speed references (3-6-12 mm/s) with force load equalize 5N. Figure (13)
shown the displacement of the mover for these range of speed for one step . The obtained results are characterized by asmooth
motion without oscillations and without strong over-shoot.

Figures (13) and (14) show the feedback current in the two adjacent phases (B, C) for the studied range of speed. The two phases
current are modulated with equation (11) and (12) when we can see that the condition (13) is respected. Theforce and position
of the motor depend on the form and value of the current as shown figure (13) and figure (16) when we can conclude that the

control current have a strong impact on the force generated.

Figure (16) shown the load force and the force produced by the actuator whenit’s clear that the feedback force flow itsreference
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Figure 13. Position for different speed reference

and forcerippleisminimized.

The strategy of command proposed in this work provide the speed control of LSRM in different range without position

oscillations, force ripple and error something which proves efficiency of the proposed FDF and control strategy.

The performances obtained and the efficiency of thiscontrol strategy allowsintegration of L SRM into height precision application

like biomedical application.
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Figure 14. Phase B current for different speed reference
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Figure 16. Reference and feedback force

6. Conclusion

Inthis paper, we presented acontrol of linear switched rel uctance motor. A mathematical model of an L SRM neglecting magnetic

saturation is performed. This model is used to study the open loop and speed closed-loop controllers using classical PID
regulator and FDF.
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The first part of the paper is devoted to the modeling, open loop control of the actuator and to smooth the positioning of the
actuator in open loop method namely Bang-Bang control.

The proposed architecture of speed control strategy presented in the second part is a simple and optimized architecture based
on the use of conventional PID controllers, hysteresis controller and FDF.

This control techniqueis very reliable in the case of high precision application because it alowed having a smoothed motion
and decrease force ripple.

References

[1] Fredriksen, T. R. (1968). Application of the Closed-L oop Stepping Motor, |EEE Trans. on Automatic Control, V. AC-13, p.
464474, Oct.

[2] Kuo, B. C. (1974). Closed-L oop and Speed Control of Step Motors, The 3 Annual Symposium Incremental Motion Control
Systems and Devices, Urbana-Champaign, IL, May, p. 6-8.

[3] Ghislain REMY. (2007). Commande optimisée d’ un actionneur linéaire synchrone pour un axe de positionnement rapide.
These de Docteur , Ecole doctorale (432): Sciences des Métiersdel’ Ingénieur.

[4] Jufer, M. (1995). Electromécanique, Presses Polytechniques.Universitaires Romandes, Lausanne.
[5] Nicoud, J. D. (1995). Robots mobiles miniature, Techniquesdel’ Ingénieur, Traité Informatique Industrielle, R7760, p. 1-12

[6] FAVRE. E., BRUNNER.D, PRAGET, C. (2000). Principes et applications des moteurslinéaires, Revue d' automatisme, (9).
Mars.

[7] MAHMOUD Imed. (2011). Design and modelling of alinear switched reluctance actuator for biomedical applications,
International Journal of the Physical Sciences, 6 (22) 5171-5180, 2 October.

[8] ZAAFRANE Wajdi, MAHMOUD Imed, FATHALAH Mourad, REHAOULIA Habib. (2013). Control of linear switvched
reluctance motor for biomedical application. ICESSA.

[9] Ben saad Kamel. (1997). Modélisation et commande d’ un moteur pas a pas tubulaire a reluctance réluctance variable et a
quatres phases— A pproches conventionnelles, par logique floue, et par réseaux de neurones artificiels. Thése de doctorat, ENIT.

[20] Khidiri, J. (1986). Alimentation et commande d'un actionnaire linéaire triphasé a flux transversale, Thése de Docteur
Ingénieur, Université des Science et Technique de Lille Flandres-Artois.

[11] KANT, M. (1989). L es actionneurs é ectriques pas a pas, Edition Hermes, Paris.
[12] Chi, HP. (2005). Simplified flux-linkage model for switched-rel uctance motors. | EE Proc. Electr. Power Appl. 152 (3).

[13] Ahmed, K. (2007). A Fourier Series Generalized Geometry-Based Analytical Model of Switched Reluctance Machines. |IEEE
transactions on industry application. 43 (3).

[14] ACARNLEY, P. (2002). Stepping motors aguide to theory and practice, The Institution of Electrical Engineers, Edition | EE,
London.

[15] Fillay, P, Liu, Y., Cai, W., Sebastian, T. (1997). Multiphase operation of Switched Reluctance Motor Drives, In: Rec. of IEEE
Industry Applications Society Annual Meeting, p. 310-317.

[16] Husain, |., Ehsani, M. (1996). Torque Ripple minimization in Switched Reluctance Motor Drivesby PWM Current Control,
| EEE Transactions on Power Electronics, 11 (1) 83-88.

[17] Bag, H.K., Leg, B. S, Vijayranghavan, P, Krishnan, R. A Linear Switched Reluctance Motor: converter and control, In: |EEE
Trans. on Industry Application, 36, p. 1351 — 1359, Sept./Oct.

[18] Schramm, D.S., Williams, B.W., Green, T. C. (1992). Torquerippl e reduction of switched reluctance motorsby phase current
optimal profiling, In: Proc. IEEE Annual Power Electronics Specialists Conference, p. 857—860.

Electronic Devices Volume 2 Number 2 September 2013 69




Author Biographies

Wajdi ZAAFRANE wasborninBeja, Tunison 11 august 1986. Hereceived the M .Sc. degreein Electrical
Engineering and Power Electronics from the ESSTT (Tunis College of Sciences and techniques) in
Tunis, Tunisiain 2009 and Master degree in Electrical engineering and Systems Industrial from the
ESSTT, in 2011.Since 2012; he joined the Tunis College of Sciences and techniques, as an Assistant
Professor in the Department of Electrical Engineering. His main research interests are the modeling,
simulation and command of el ectrical machinesand power electronics.

Jalel KHEDIRI received the diplomaof engineer doctor in electrical engineering from the University of
Electric Science and Technology lillel in 1986. He is a member of SICISI (Research group on signal,
image and intelligent control of industrial process) at the Higher School of Science and Technology of
Tunis (ESSTT).Hejoined the teaching staff of higher technological institute of industries and mines of
Gafsa (ISTIM) in 1987 and ESSTT in 1994. Hisresearch isin the areas of food and control variable
reluctance machine and direct storage of electrical energy.

Habib Rehaouliareceived the B.S. degreein 1978, the M.S. degreein 1980 and the doctoral degreein
1983, all fromthe ENSET (Institute of Technical Sciences), University of Tunis, Tunisia. Hejoined the
teaching staff of the ENSET in 1978. Since 1995, heiswiththe ESSTT (Institute of sciencesand technology
of Tunis) where he obtained the Hahilitation degreein 2007.

During his career, he was on leave for several months at WEMPEC (University of Madison Wisconsin
USA), ENSIEG (University of Grenoble France), “Lab. d’ électrotechnique’ (University of ParisVI France),
and the CREA (University of Picardie France). His main research interests are analysis, modeling and
simulation of electrical machines.

Dr. Rehaoulia is a member of SICISI (Research group on signal, image and intelligent control of industrial process), ASET
(association for Tunisian electrical specialists), ATTNA (Tunisian association for numerical techniques and automatics) and
| EEE (region 8, France section).

70

Electronic Devices Volume 2 Number 2 September 2013




