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This paper presents a position sensorless closed loop control of a switched reluctance linear motor. The aim of
the proposed control is to damp the position of the studied motor. Indeed, the position oscillations can harm some
applications requiring high position precision. Moreover, they can induce the linear switched reluctance motor to
an erratic working. The proposed control solution is based on back Electromotive Forces which give information
about the oscillatory behaviour of the studied motor and avoid the use of a cumbersome and expensive position
linear sensor. The determination of the designed control law parameters was based on the singular perturbation
theory. The efficiency of the proposed control solution was proven by simulations and experimental tests.

Key words: Linear switched reluctance motor, back EMF, position sensorless control, damping, large scale sys-
tem, singular perturbation, order reduction

Polukoraé¢no upravljanje pozicijom linearnog prekidacko-reluktantnog motora bez senzora bazirano na
straznjim elektromagnetskim silama. Ovaj rad predstavlja upravljanje linearnim prekidacko-reluktantnim mo-
torom u zatvorenoj petlji bez senzora. Cilj predlozenog upravljanja je prigusiti oscilacije pozicije navedenog mo-
tora. Oscilacije pozicije mogu Stetno utjecati na aplikacije koje zahtijevaju visoku preciznost pozicije. Takoder
oscilacije mogu dovesti do nepravilnog rada motora. PredloZeno rjeSenje upravljanja zasniva se na straznjim elek-
tromotornim silama koje daju informaciju o oscilatornom vladanju navedenog motora ¢ime se izbjegava potreba za
skupim i nezgrapnim linearnim senzorom pozicije. Odredivanje parametara upravljanja je bazirano na singularnoj
teoriji perturbacije. Efikasnost predloZenog sustava upravljanja dokazana je pomocu simulacijskih i eksperimental-
nih testiranja.

Kljucne rijeci: Linearni prekidacko-reluktantni motor, straznji EMF, pozicijsko upravljanje bez senzora,

prigusenje, sustav velikih razmjera, singularna perturbacija, reduciranje reda

1 INTRODUCTION

A Linear Switched Reluctance Motor (LSRM) is an ex-
cellent solution for positioning applications that need rapid
acceleration and high-speed. A LSRM is characterized by
its mechanical simplicity and simple open-loop operation.
It represents the linear counterpart of the rotary switched
reluctance motor. The linear motor is an alternative to con-
ventional rotary to linear conversion devices such as lead-
screws or belt drives which give to the motor some velocity
and acceleration limitations. With a linear motor, the force
generated by the machine is directly applied to the load
[1-3].

A LSRM can have several mechanical structures which
can be double sided, flatted or tubular. The studied actua-
tor is a LSRM characterized by four phases and having a
tubular structure. Its cylindrical mechanical geometry al-
lows simplicity of construction. In addition, it is simple
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to use and it is characterized by its accuracy of position-
ing in open-loop operation. It offers solutions to a variety
of applications requiring high linear positioning precision.
Nowadays, it is widely used in automobile industry, ma-
chine tools, robotics domains and electronic industry [4,5].

Open loop position control can be applied easily to a
LSRM so that it acts as a stepper motor. However, the po-
sition response of the LSRM is generally very oscillatory.
In application requiring accurate positioning, this poorly
damped response can be a great disadvantage [4,5]. If the
inertia of the motor raises, overshoot and oscillation in-
crease. These characteristics disturb the normal operation
of this kind of motors. At some speeds, the magnitude of
oscillatory response increases with time. As a result, the
motor can lose synchronism inducing dynamic instability
and erratic working [3].

There are numerous solutions allowing the reduction
of the LSRM oscillations which can be classified into me-
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chanical solutions and control solutions [3,4].

As a mechanical solution, it is possible to introduce ad-
ditional viscous friction. However, this solution gives to
the motor some speed and acceleration limitations and re-
duces the linear motor nominal force [3,4].

The application of a closed loop control needs the use
of some sensors. For the case of a LSRM, the position
sensor is expensive and cumbersome [6-8].

One solution consists into a position sensorless control.
Several research works proposed the use of back EMF as
feedback information for rotary motors control to avoid the
use of a position or a speed sensor. In [9], a position sen-
sorless closed loop control of brushless DC motors with
low inductance and weak back EMF is proposed. In [10],
a position observer based on back EMF estimation is de-
veloped for permanent synchronous rotary motors.

Sensorless control solutions based on back EMF were
also applied for linear motors and especially for permanent
magnet linear motors. In [11] and in [12], the authors de-
signed a control strategy using back EMF for linear hybrid
stepper motors speed control. In [13], a sensorless control
method of a tubular linear permanent magnet motor based
on a linear observer is developed.

As in [14-17], several position estimation methods
based on back EMF have been reported for rotary switched
reluctance motors. But for LSRMs, there are few litera-
tures referring to position estimation based on back EMF
so far. Rotary and linear switched reluctance motors are
similar in term of principle of operation. But they have
different mechanical structures. Thus, an accurate estima-
tion of LSRM position is a difficult challenge because of
this kind of linear machines specificities.

We propose, in this paper, a specific position sensorless
closed loop half step control solution for a LSRM based
on the motor back EMF. The main contribution of the pro-
posed control solution is that it increases the friction to re-
duce the plunger oscillations without the estimation of the
plunger position or speed. An analytical study based on
singular perturbation theory and allowing the control law
parameters determination, is proposed.

This paper is organized as follows; the studied motor
structure and mathematical model are presented in section
2. Section 3 is reserved to the problem statement. The
proposed control law is explained in section 4 and its effi-
ciency is proven, by simulation and experimental tests, in
section 5.

2 STUDIED
MODEL

MACHINE MATHEMATICAL

The studied LSRM, presented in Fig.1, has four electri-
cally identical phases, denoted by A, B, C and D, separated
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by a non-magnetic material. The linear motor moving el-
ement is called forcer or plunger, and the stationary one
is called stator. The stator and the plunger are regularly
toothed. A LSRM operates on the same electromagnetic
principles as a rotary switched reluctance machine. When
a current passes through one phase winding the plunger
tooth tends to align the stator tooth; that is, it produces a
force that tends to move the plunger to a minimum reluc-
tance position.

non-magnetic

separation Stator

plunger

a

Fig. 1. Studied Linear stepping motor structure

The mathematical model the LTSRSM was elaborated
by neglecting the mutual inductances because of the non-
magnetic separation between the four phases and by sup-
posing that the four phase inductances and the generated
forces are sinusoidal. Thus, it is given by the following
nonlinear differential equations [18,19]:

di
wa = Ria+ La(2) 2 + e (1)
di

up = Rip + Lp(x) = + enp )

. dic
uc = Ric + LC(ZU)E + emc (3)

) dip
up = RZD + LD(J:)E + eémbD (4)
m%}ZFA($)+FB($>+FC($)+FD(37) 5)

—Fysgn (v) — v — F,
dx

E =7 (6)

14, 1B, tc and i¢p are the phase currents, u4, up, uc and
up are the phase voltages. x is the plunger position. v is
the plunger speed. F, is the load force. €4, €mB, €mc
and e,,p are the back EMF of the phases A, B, C and D
defined as follows:

2 2
s = %L1 sin(%)vm 0
2w . 2 om, .
émB = 7L1 sm(T — 5)1}23 8
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2 2

eme = %Ll sin(—zx — mic 9)
2 . 2mx 3w, .

emD = 7[41 Sln(T — ?)/U'LD (10)

Fa (z), Fp (), Fo (z) and Fp (x) are the forces gener-
ated by excitation of the phases A, B, C and D respectively.
They are expressed as follows:

Fa (o) = T4k g, (2;””) (an
Fg () = —mz’f\Ll sin (27;\37 - g) (12)
Fe(z) = —mafiLl sin (27;“3 - 7r> (13)

Fp (@) = -0 (27;:” - 3;) (14)

L(z), Lp(x), Lo(x) and Lp(x) are the inductances of
the phases A, B, C and D, respectively. They are given by
the following expressions:

2
La(z) = Lo+ L cos(%) (15)
2rx T
Lp(x) = Lo+ Lycos( — — 5) (16)
2mx
Le(x) = Lo + Ly cos( -~ ) (17
2 3
Lp(z) = Lo + Ly cos( % - 7”) (18)
sgn is the signum function defined as follows:
1 ifx>0
sgn(z) =< 0 ifx=0 (19)
-1 ifz<0

The mathematical model described by the differential
equations (1), (2), (3), (4), (5) and (6) was simulated by
using Matlab software and resolved by the Runge Kutta
algorithm.

The electrical and mechanical characteristics of the
studied LSRM are given in Table 1 [20-22].

3 PROBLEM STATEMENT

Half step position control mode is a classical open loop
control that improves the resolution of stepper motors. It
consists into the simultaneous excitation of two phases fol-
lowed by the excitation of one phase. We propose in the
following to apply this control technique to the studied
LSRM.
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Table 1. Studied machine characteristics

Nominal voltage U,=18V
Phase resistance R =180
Phase inductance Lo =22bmH
Amplitude of the phase inductance | L; = 50mH
Nominal current 1A

Maximum current 1,5A

Air gap Imm

Total course length 100mm
Plunger weight m =>5Kg
Maximum force 15.5N

Tooth size A =10,16mm
Maximal speed 1 m/s
Dynamic viscosity coefficient E=065N.m/s
Dry friction force Fy=0.1N

For the case of the studied actuator, half step control
voltage sequence is presented in Fig. 2. Let us consider
that initially the phase A is excited, and that the initial
equilibrium position is x = 0 mm, Fig. 3. The excitation
of the phases A and B drives the plunger to an intermedi-
ate equilibrium position resulting from the equality of the
two opposite forces F'jand F'; generated by the phases A
and B, respectively. Thus, the obtained equilibrium posi-
tionis z = % = 1,27 mm, Fig.4. The excitation of the
phase B df\ags the plunger to the natural equilibrium posi-

tion r = 4 = 2,54 mm obtained by the alignment of the

plunger and the stator teeth, Fig.5.

Figure 6 presents the simulated position evolution ob-
tained by application of the half step voltage sequence. For
both full step and half step positions, we can observe some
oscillations and overshoots. Moreover, half step position
responses present more oscillations and a larger overshoot
than those obtained for natural equilibrium positions.

We propose in the following section a closed loop con-
trol to damp the half step position responses of the studied
LSRM.

4 PROPOSED CONTROL LAW

4.1 Basic Idea of the proposed control law

Our aim is to design a closed loop control law allowing
the elimination of the studied actuator position oscillations
without the use of a position sensor. Thus, we propose to
use the back EMF as feedback information of the oscilla-
tory behaviour of the studied motor.

Let us consider the case of a half step position evolu-
tion. Figure 7 and Figure 8 present the position evolution
and the back EMF of the phase B respectively. We can
notice that back EMF gives information about the oscilla-
tory behaviour of the studied actuator. Indeed, when the
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Phase D _ —
| | |

T 2T 3T 471

Un— —

5T 6T 7T 8T

Fig. 2. Half step voltage sequence

Phase A | | Phase B | | Phase C

Phase D

E Phase A

Fig. 5. Position of the Position of the LISRM by excitation
of the phase C
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Fig. 6. Open loop half Step Position evolution

plunger oscillates the back EMF oscillates as well. When
the plunger attends the equilibrium position, back EMF be-
comes null [19-21].

Our objective is to increase the motor friction by the
application of a specific control law based on the half step
control technique described in section 3.

For the case of a LSRM, the force developed when a
phase is proportional to the square of the current. Thus,
we propose to impose in phases A and B the currents i 4 (v)
and i (v) having the following expressions:

Un 2 €mA
ia(v) = \/ (3) +E 2 20)

U, 2 e
z'B(u)z\/(ﬁj‘> +KmiLBB 1)

which can be rewritten as follows:

2
ia(v) = \/(U;) + Km 27%1 sin(zﬂTx)v (22)

R A2
By replacing the current expressions (22) and (23) in (5)
we obtain:

2 . :
me = — Tk K(%) + Km 2Ly s1n(2”TI)v) sin( 252
2 3 s s
(%) Ko s )
—Fysigne(v) — &v — Feo

2
ip(v) = \/(UL) + Km Q%Ll sin(27m ~ Ty 23

S
2}
=
=}
—
g
[
[SIE
—
—_—

Equation (24) can be rewritten as follows:
m‘é—: = Fn(z) -2 (§ L1)2 Km v — Fysigne(v)

—&v — Fe
(25)
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where F,(x) is the force developed by excitation of the
phases B and A. It is defined as follows:

w12 <s' (27r:c C 2mx 0w
— i

Fr(x) = 5 n(=—>=) +sin(—= — =)

A A 2
(26)
We notice from (25) that the friction is increased by the
term 2 (§ L1)2 K.
Thus, it is possible to increase the friction by generat-

ing the currents in the motor phases having the form de-
scribed by (20) and (21).

%10

251

Position (m)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Fig. 7. Half step position evolution

Voltage (V)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Fig. 8. Phase B Back EMF evolution

4.2 Principle of the proposed control law

The proposed control law is an extension of the clas-
sical half step control. In fact, two phases are excited for
both full step and half step equilibrium positions. Dur-
ing the transient regime, the first phase is used to drag the
plunger to the equilibrium position. The second one is the
braking phase. It is used to absorb the kinetic energy de-
veloped when the pull phase is excited. The pull phase and
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Table 2. Pull and braking phases definition

Step order | Pull phase | Braking phase
1%thalf step B A
15% step B A
27 half step C B
277 step C B
377 half step D C
37 step D C
4R half step A D
4thstep A D

the braking one are defined in Table 2 for one electrical
cycle.

For a half step position, the pull and the braking phases
must be excited with the voltages u;ef , where j denotes
the corresponding phase. To obtain a full step position, the
pull phase must be excited with the voltage u;ef and the

. . ref
braking one with the voltage v, .

u;ef and v;ef are defined as follows:
ufl = (ir;(v) = ij) Ki + Un 27)
U;ef = (igj (U) - ij) KZ (28)

i1,;(v) and ig;(v)are the currents that we have to im-
pose and to regulate in the motor phases. They are ex-
pressed as follows:

Un\? €mi
i1j(v) = (;) +Km% (29)
J

inj (V) = [ K <22 (30)
i

i1,(v) and 5, (v) oscillate around zero during the posi-
tion transient regime. However, when the plunger attends
its equilibrium position (v = 0), we have i1;(v) = [fg =
In and igj (’U) =0.

Figure 9 and Figure 10 present the closed loop regula-
tion principle of the currents 41 ;(v) and 425 (v) respectively.

v

ilj( v) j
®_> phase j

Fig. 9. Current i1;(v) regulation loop
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i (v) vr_rtf l
sz_) K; L phase j /

Y

Fig. 10. Current iz;(v) regulation loop

Table 3. Phase order excitation

Equilibrium C C C C

Step order position uz ug ug up
1°*half step 2 uzej: ug; 0 0
15¢ step 2 B TS 0 0

1 A B

2"? half step 33 0 [u7 Jug’ | o
274 step % 0 vgef uTCEf 0

3" half ste 23 0 0 ol [ up’
P ] c Up

37 step 32 0 0 oreT | st

4th }half step eN u;\e; 0 0 u},e;
t re Te
4™ step A Uy 0 0 v

Table 3 defines, for one electrical cycle, the control
voltages for each equilibrium position. The proposed
closed loop control is presented in Fig.11. It consists into
measuring the voltages and the currents of the studied ac-
tuator phases to estimate the generated back EMF. Once
the control voltages calculated, they are transformed into
PWM signals with duty cycles 7; defined as follows:

uy
7= 31)
m
- Back EMF
emc estimation
ens le—
emd
Ik
Currsﬂt Iegullal\ifn
step KKANAL]

Control | order
logic

Phase D
regulator| |

="]| Phase C
regulator

“"1| Phase B
regulator|

so|| Phase A [#—
regulator *l

Power borad
u, Hb’ u,.lu

g

g

g

<

<
<
<

Phase D

(11

Phase A
Phase B
Phase C

[[TT]

Fig. 11. Block diagram of the proposed control
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In the following, we will propose a method allowing
the determination of the parameters K, and K.

4.3 Determination of the parameters K, and K;

The proposed control method depends on the two gains
K, and K;. The gain K; involved in the current regulation
loops. The gain K, affects the viscosity friction of the
studied motor.

The studied motor model is nonlinear. So to determine
the control parameters, we propose, as a first simplifica-
tion, to linearise the controlled model. Let us consider the
case of a half step position evolution obtained by the si-
multaneous excitation of the phases A and B respectively
by application of the voltages u§ and u$ defined in the
table 2 and by (27) and (29). For this case, the equilib-
rium position, in steady regime, is defined by iy = 1 A,

ip = 1A, v = 0m.s"'and z = 2. By considering

<
) ) T .
the state space vector X = ( ia I UV T ) , the lin-

earization of the studied motor model around the equilib-

rium position Xo = (1 1 0 2 )7 leads to the fol-

8
lowing state space representation:

= All A12 ~
X = X 32
(A21 A22> 32)

where X, Ai1, Aja, Aoy and Ayy are defined as follows:
X=(ia iz = ) =X-X,

___R+K; 0
A = Lo+§L1
11 — 0 _ _R+K;
72
Lo+-~5=L1
V2rL K;Km
S ()
Ao = LoJrng
12 — V2rLy ( KiKm
(1) 0

L0+§L1

27l V2rL,
Ao = 2mA 2mA
0

0
" _£
22—( 1

V)

As a second simplification, we propose to reduce the
order of the studied system by considering only the me-
chanical state variables x and v.

As an electromechanical system, the studied actuator is
a two time scale system characterized by a fast subsystem
and a slow one [23]. For the case of an electrical motor, the
currents can be considered as the fast variables the position
and the speed can be regarded as the slow ones.

We propose in the following to apply the singular per-
turbation theory to separate the fast and the slow dynamics
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of the studied motor in order to determine the parameters
K; and K,,.

Singular perturbation technique allows the order reduc-
tion of a large scale system to a smaller one. It lowers the
model order by first neglecting the fast phenomenon [23-
26].

Ay is associated to the currents ¢ 4 and ig. Ass is re-
lated to T and ©. Block diagonal matrix, A;; and Aoy have
an influence on the fast and slow dynamics respectively.
Indeed, the fast eigenvalues of Ajjand Asy approach the
fast and the slow eigenvalues of the large system, respec-
tively [26]. However, we cannot reduce the scale large sys-
tem by neglecting the fast dynamic and by considering Ao
as the reduced model state matrix.

To reduce the order of the studied system, some con-
ditions must be fulfilled. Indeed, the system described by

(32) is singularly perturbed, if the following condition is
satisfied [23,26]:

_ _ _ 1
[T ] ([[A22 = A2 A Avo| + [ A2 Ay | [ As2]l) < 3
(33)

where ||.|| denotes a matrix norm.
For such case, the slow dynamics can be studied sep-

arately from the fast one and it is given by the following
relation [26]:

o1 = (Agz — Ag1 AT Arg) 2oy (34)
where z9; = ( 0 7 )Twith 7 and © are estimates of T
and v.

For the studied LSRM motor, if K; and K, satisfy the
condition (33), the slow system dynamic can be approxi-
mated by the following second order differential equation:

KiKm
@y 1 (e Al (T o)) an
dt2 m A2 R+K; dt (35)

From (35) we can identify the undamped natural fre-

quency w,, and the damping ratio zof the reduced system
which are defined respectively as follows:

™ Q\ﬁLl
Wp = 7
A \/ m

so b e (B ) (37)

 2muw, V2 R+ K;
From (37) we can notice that the two parameters have an
influence on the damping ratio of the reduced system. To
get a damped response, we can impose z = 1. Thus, the
conditions that allow the reduction of the system order and

(36)
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the damping of the position response of the studied motor
are given by the following system:

z=1
T — A A v+ A2 ) <
The condition z = 1 leads to the following expression:

K, K;—1 V2 (1 13 )

K, +R - Liw, - 2muwy,

Sowi-

)

(39)

By using the infinity norm, we can establish that:

o] (o - st ] v
_ Lo+ (¢

KmK; L
) KmK; _
K, IR (H twn (1 +2v2L K21-+R )) <3

+

N

(40)
By using (39), the inequality (40) can be expressed as fol-
lows:

3 (Lo + ‘fL1> <4wn _ £ +w§) ~R< K; (41)

m

To determine the parameters K,, and K; the nonlin-
ear model of the studied actuator was linearized and re-
duced. The reduced model presenting the slow dynamic
of the LSRM is described by (34). If K,,, and K satisfy
the conditions (38), the slow dynamic of the motor, repre-
sented by the position and the speed, can be separated from
the fast one, represented by the currents. For such case
the position responses obtained from the reduced model,
represented by (34), and the nonlinear large scale model,
represented by (1), (2), (3) and (4), must be comparable.

Figure 12 presents the simulated position responses ob-
tained from the nonlinear and entire studied model and the
reduced one by application of the proposed control law for
K,, = 0.95and K; = 2500. For such case, K,,, and K;
satisfy the conditions (34). We can observe from Fig.12
that the two curves have nearly the same rate and appear-
ance during the transient regime.

However, if K, and K;not satisfy the separability con-
dition (K, = 0.95 and K; = 1000) the obtained simula-
tion results presented in Fig.13 show that, during the tran-
sient regime, the position responses dynamics are differ-
ent. This result is quite normal because the reduced model
is not valid.

4.4 Back EMF voltage estimation
Back EMF voltage is defined as follows:
di;
dt

The inductances of the LSRM motor, expressed by (15),
(16), (17) and (18), depend on the motor position. Such
characteristic makes the determination of e,,; difficult.

emj = uj — Rij — L(z) (42)

AUTOMATIKA 57(2016) 3, 660-671
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x10°

-—--—--Linear and reduced model
25+ g

Nonlinear model

Position (m)
n
|

0.5F b

0
0 0.05 0.1 0.15 0.2 0.25 03 035 04 045 0.5
Time (s)

Fig. 12. Half step position evolutions (K,, = 0.95, K; =
2500)

------- Linear and reduced model

2.5¢F B
Nonlinear model

Position (m)
n
|

0.5 ;

0
0 0.05 0.1 0.15 0.2_ 0.25 0.3 0.35 0.4 0.45 0.5
Time (s)

Fig. 13. Half step position evolutions (K,, = 0.95, K; =
1000)

As a solution, we suppose that the motor inductance is con-
stant by neglecting the terms L cos(%T‘” —...)in (7), (8),
(9) and (10). The estimation of the back EMF can be per-
formed, in practice, by measuring the currents and the volt-

ages of the motor phases and estimated as follows:

di;

0 (43)

é\mj:Uj—R’L'j—L

Figure 14 presents the phase B back EMF and esti-
mated back EMF. By considering the assumption that the
inductance is constant the estimated back EMF, obtained
from (27) is close to the real one, obtained from (28).
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— — — - Estimated back EMF
back EMF

0 01 02 03 04 05 06 07 08 09 1
Time (s)

Fig. 14. Phase B back EMF and estimated back EMF evo-
lutions

5 SIMULATION AND EXPERIMENTAL RE-
SULTS

5.1 Simulation results

In the following, all the simulations were performed by
using the nonlinear motor model represented by (1), (2),
(3), (4), (5) and (6).

Figure 15 presents the open loop half step position evo-
lution obtained by excitation of the phases A and B. We
can notice that the half step position evolution is poorly
damped.

Figures 16 present the currents of the phases A and B
and the half step position by application of the proposed
control law. For this simulation, the control law was ap-
plied with K, = 0.95 and K; = 2500.

The plunger moved with no oscillation and no over-
shoot was observed. As the phase B is the pull phase and
the phase A is the braking one ¢4 increases and ip de-
creases during the position response transient regime.

In order to generalize the proposed control law to all
the motor phases, it was applied by simulation for an en-
tire one electrical cycle. Figure 17 presents the position
evolution. We can notice that the obtained half step posi-
tions are damped.

5.2 Experimental tests

5.2.1 Test bench presentation

The proposed control law was validated experimen-
tally. The test bench structure is presented in Fig. 18. It is

built essentially around:

e a power supply unit,
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Fig. 15. Open loop half step position evolution

e a compact RIO controller,

e a power board connected to the four motor phases,

the studied LTSRSM,

a LVDT position linear sensor.

The test bench photo is given in Fig.19. The LVDT
sensor is used to monitor the studied linear motor position
evolution.

A compactRIO (cRIO) is a reconfigurable embedded
control and acquisition system. It includes analog and dig-
ital I/O modules, a reconfigurable FPGA and a processor.
This real-time controller was programmed with Labview
graphical language. For the proposed control law, we used
4 digital outputs for the PWM control signals and two ana-
log modules to convert the motor phase voltages and cur-
rents. Each module contains four independent analog to
digital converters.

As illustrated in Fig. 20, the estimation of the four back
EMF is performed by the FPGA. The control voltages and
the duty cycles are computed by the processor.

The structure of the power board is represented in Fig
21. It is composed essentially by four transistors controlled
in ON OFF mode through four 10 kHz frequency PWM
signals generated by the cRIO controller. The four control
signals were applied to the control board through optocou-
plers. The currents are measured, from each phase of the
motor, by Hall effect sensors. The voltages were adapted
and converted by the cRIO ADC modules. V;,, is deliv-
ered by the supply voltage. For the experiments, we used
Vin =22V.
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Fig. 16. Application of the proposed control for a half step
position evolution
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Fig. 17. Application of the proposed control law for an

electrical cycle
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Fig. 19. Photo of the test bench

5.2.2 Experimental results

Figure 22 presents the experimental half step open loop
position evolution obtained for one electrical cycle. We
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Fig. 21. Power board structure

can notice that the position response is poorly damped.
Moreover, the half steps are different. This can be ex-
plained by the specificities of the studied LSRM. Indeed,
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a linear motor phases are not identical because of its me-
chanical geometry.

Figure 23 presents the experimental position evolution
obtained by the application of the proposed control law.
We can observe that the oscillations and the overshoot were
eliminated from the half steps position responses.

0.012

0.01r

0.008

0.006

Position (m)

0.0041

0.002

Fig. 22. Open loop half step position evolution for one
electrical cycle
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0.01f

0.008

0.006

Position (m)

0.004F

0.002

Fig. 23. Application of the proposed control law for one
electrical cycle

6 CONCLUSION

In this paper, we presented a closed loop control based
on back EMF. The aim of the proposed control is to damp
the studied LSRM position evolution. It uses the motor
back EMF to avoid the use of a linear position sensor which
is cumbersome and expensive. Indeed, back EMF gives
information about the motor plunger oscillations.
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For the proposed control, we have no need to estimate
or to observe the position and the speed of the motor. Back
EMF is used to extract the information about the oscilla-
tory behaviour of the plunger. The control strategy uses
this information to increase the friction in order to elimi-
nate the oscillations and to damp the overshoot. The pro-
posed control law is an extension of the classical half step
control of stepper motors.

To determine the proposed control parameters, the sin-
gular perturbation technique was applied to reduce the or-
der of the studied system after the linearization of the non-
linear studied motor mathematical model. Two analytical
conditions were determined. The first condition is relative
to the separation between the slow and fast motor dynam-
ics. The second one is relative to the damping ratio.

For the case of speed control of the LSRM, the oscil-
lations can induce erratic working. The proposed control
law can be easily applied especially during the acceleration
phase from a starting speed to a desired target speed.
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