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Abstract - In this paper, the direct thrust control of
PWM Inverter-fed Single-sided Linear Induction
Motor (hereinafter referred to as “SLIM™) s
achieved with Space Vector control and PI control
The trembling of air gap length which is occured
between the primary winding core and the secondaty
structure of the SLIM must be minimized in order to
get quick response characteristic. First, voltage
equations of SLIM are shown on the suitable d-g axis
equivalent circuits which analyze characteristics of the
thrust and the normal force. Also, modeling and
analysis of the d-q axis equivalent circuits are able to
make robust trapsiept thrust from the current
regulation in the equivalent circuits.

These results exemplified the direct drive of SLIM
with the reference speed and thrust were verified by
the experiments.

1. INTRODUCTION

A LIM, which occur linear thrust force using the
moving magnetic, has been steadily developed since a
basic principle of LIM by the Pole-by-Pole Model was
mtroduced. It is assumed that the secondary poles are
independant bul mutually coupled, the secondary winding
function for each pole of the machine is sinusoidal, and
the end-effect of it was represented analytically by
additional secondary poles by T. A. Nordahl and D.W.
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Novotny in 1979[1-3]. In the research and development of
LIM, a major purpose has been so far put on its operation
in ihe high speed range.

Recently, the LIMs have quick response to rapid
accelation and deceleration in the precise velocity and
posilioning controls by utilizing the best techniques of
power electronics and the linear sensor, and have simple
structures which enabled direct drive. So, these
applications of LIMs have enabled the development of the
new moving types of conveyance syslcms ncver realized
before, and it has contributed very much to the
improvement of production technologies. In conveyance
systems of manufacturing line, The soft start/stop of
mover is indispensable to carry out without operating
shock.

And the operation of the system has wealmess point
when the conveyer is transferring the goods to which are
subject accelerating forces. Therefore, this kind of
shortcoming ought 10 be considered during the designing a
control strategy. The trembling of air gap lengih, which is
occurred by the primary winding core and the secondary
structure, causes the thrust mipple, it is difficult {o
precisely control the speed of SLIM because of the bad
influence of this thrust ripple. So. we have studied that
the thrust control by Space Vector control[4] and PI
control on the PWM Inverter-fed system was applied to
the SLIM driving in order to obtain quick response for
mover withoul trembling in air gap. The experiment
machine has single-sided, short-primary-type, long-
secondary-type, three-phase and 4 poles.
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In conveyance SLIM, it is mnportant to make equivalent
circuits exactly lo investigate operating characleristics of
the SLIM to which ignored the end-effect in a low speed.
These equivalent circuits arc expressed d-q cquivalent
circuits to solve the thrust and the normal force
charactenistics as a function of velocity, Also, the g-axis
current is separated by vector control, and it is controlled
to obtain the quick response and the precise position
control by the PI controller, and Space Vector Modulation
is used to get the constant velocity characteristic without
thrust ripple.

These results show 1o be truth with the simulations and
the experiments.

2. ANALYSIS OF SLIM

A. Equivalent circuit

Fig. 1(2), (b) show the cross section and the experiment
of the testing device of conveyance SLIM used in the
poposed system. And the secondary made with the
Aluminium and added back iron which constructed to Fe.
This construction has been important role to restraint a
thrust reduction and an increase of the reluctance fom
the secondary.

The d-q axis equivalent circuits of convevance SLIM
proposed as the Fig. 1 are shown in as Fig. 2(a). (b).
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(b)Cross section
Fig. 1 SLIM(Single-sided Linear Induction Motor)

(b) q axis
Fig. 2 Equivalent circuit of SLIM

From the equivalent circuits of Fig. 2, the voltage
equations of the primary and the secondary of the SLIM,
and its d-q axis coordinate conversion are given as

following,
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Viq=Ry-ig+p ig
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where, the flux linkage of the primary and the secondary
are given as following,

- - -
Ad =Ling +Lmiad 2

— — —
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The voltage equation by the d-q axis is expressed as

qu = quldq +La’qidq + quldq (3)
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From Eq. (3), input power of SLIM 1is given as
following,
Pip = i Rdqida + ih,Plagiaq + 1h,Caglaq

:/D,q +'DL +/DG (4)

where, Ayg .lgg.Gag are each equivalent resistance

term, equivalent stored energy term and equivalent energy
conversion term which are separated from d-q axis

equivalent circuits and copper loss power is Fg,
excitation power is 7 , velocity em.fis 75, and these
values arc writtern as following.

2 2 2
Fr =R](Ilzq 1)+ Ra(izg +15,)
1§ :‘g(iQJLfkl'Hq)

4 S
Fo =—rLm(zdhg = ghd)

where, from the excitation power 7 , velocity em.f Fg,

we would be got the normal force and the trust force of
the SLIM.

B. Normal force
The cffective magnetizing power P, and the normal

power Py was derived from the excitation power 7 .
And the effective magnetizing power P, is expressed as
Eq. (6).

P =Py +Py (5)

2 .2 2 2 i -
Pu =2y +igp) + La(3g + 15 )+ Ln(iging +haiza)) (6)

According to the fluctuation of the instantaneous air gap

widih, the normal power £y alternate with the normal
force Fy, by the differential air gap dg, /dr .

where, the normal force 7y 1s the sum of the attraction
force £, and the repulsion force 7, as following,

Fy =Fog+ Fyr (7)

The attraction force F,, and the repulsion force 7

that occurred by the linear motor are given as [ollowing,

A4 | .2 ALy,
= UL e WY ) + (i M+ o gt Ly (®)
19 B, ha &, 1g 76] 52 2d1d a2,
Ay Ly Ly
(I%q % +1.,d ) +(11q12q§‘+’2d’1a’ @9) (%)

where, the air gap lcakage induction is Ly ,

C. Thrust force
The moving velocity of the primary carrier is u, , the
instantaneous thrust force is £y, and 7, 15 Pg/u,. The
velocity em.fterm A5 is rewritten as following,
Fg = U,-Lm (A gizg — hateg ) (10}
Accordingly, the thrust force 7, of SLIM is rewritien as
following,

Fo =Ll hgia~halq) (1

where, the secondary flux leakage must be agreed on d-
axis to control the g-axis with a thrust component as
following,

Azq =0, Aoy = const. (12)

The thrust force of SLIM from the Eq. (12) is given as
following,

A2d = Lmha (13)
Fe==3ELmhalg (14)
Fo==3Ehpaizq (15)

In order to control thrust force of SLIM directly, the
prmary current 4o is writtern as following,

2ris

— (16)
B3ogly ©

hg =

From equation (16), The reference 1y is gotten from
the /4, which controlled by the PI controller, and it has

gotten the control pattern for the direct thrust force control
by the Space Vector modulation.

3. RESULTS

The SLIM used in this experiment has the specification
as following. 58.5[cm] in width, 37[cm] in length, 8.5[cm]
in height, 110[kg] in weight. The experimental results
with it show a step Tesponse to the reference speed
2|m/sec|.

A. Control system of SLIM
The block diagram for the direct thrust control of SLIM
in conveyance system is shown by Fig. 3.
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Fig. 3 The thrust control of SLIM in convevance system

B. Thrust force and normal force

Fig. 4 shows the results of the thrust and the normal
force by the direct thrust control system of SLIM. In the
Fig. 4, the thrust waveform shows the stable result
without the thrust ripple afler .5{sec], which is converged
to the nearest O[N] and the normal force shows the stable
result afler .5[sec] also.

C. iy4. iy and air gap

The waveform characteristics of the d-q axis current
which inclued the thrust and the flux component show as
Fig. 5. The thrust current g as following the thrust

reference il*q tracks the reference and shows the stable

result after .5[sec]. The flux current 5, shows the stable

result after .5[sec].
Also,

component for movement of a high efficiency and use of a

Space Vector control restrained harmonic
voltage is used for the direct thrust control, and il is
keeping up constantly a vibration of the air gap which

caused of the thrust ripple.

D. Current and PWM

The PWM waveform has made bv the Space Vector
Modulation for the current control shown Fig. 6. When
SLIM starts as shown from Fig. 6(a), the PWM waveform
changes about during .7[sec] and after this, it is being
stability. When SLIM brakes, the PWM waveform and the
current show as Fig. 6(b).

F. Velocity and current
Fig. 7(a), (b) show the results of the velocity and the
current characteristic, which show a step response to the

reference velocity 2[m/sec). It took about .5[sec] to reach

the reference value and about .5[sec] to brake.

Fig. 7 shows a response without the thrust ripple by the

Space Vector control. Therefore, we are able to control a

direct thrust of SLIM based on these results.
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Fig. 4 Thrust force and normal force
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Fig. 6 PWM waveform and current
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(a)Simulation

_48_



-]{1}
(2)
[=] % 3 Alxec] -
{b)Experiment

Fig. 7 Current and velocity

4. CONCLUSIONS

In this paper, the direct thrust control of SLIM in
conveyance system is proposed.
(1)The ¢ axis equivalent circuit is obtained from the
voltage equation by SLIM and we got the thrust
component as a function of velocity, could the direct
thrust contrel by ﬂ gentroller.
(2)Fhe thrust ripple due to the air gap vibration is reduced
by the Spap;:: Vector control and the stable results are
obtaincd.

These results offer the possibility of the direct drive and
the precisc position conmtrol of SLIM in conveyance
SyEiem.
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