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Abstract—Induction machines (IM) have been the work-
horse of industry due to their robustness, simple and rugged
structure, low cost and reliability. Traditionally, AC machines
have been used in open-loop constant speed applications. Th
linear induction motor (LIM) is an alternative formation of
a rotational induction machine (RIM). Typically, the LIM is
designed for high force and stroke motion applications, such
as material handling and transportation systems. Often a LIM
moves along a linear rail directly, so it provides precision
positioning tracking performance and high dynamic stiffness
with a hard stop when equipped with a linear encoder and
closed-loop control methods. A variable frequency vector control
is the foundation of modern high performance AC drives for
rotary induction motors. The driving principles of the LIM are
similar to the RIM, but its control characteristics are more
complicated than the RIM. When driven by a field-oriented
controller, also known as a vector controller, LIM behaves
like a separately excited DC machine where flux and motion
dynamics are controlled independently in order to achieve high
performance from the IM drives. The vector control method
provides velocity and position control of a LIM effectively. In
this paper, a mathematical model of a linear induction motor is
presented based on the synchronoud-q reference frame. The
secondary field oriented vector control strategy is developed for
precise force control to achieve the desired speed profile for
varying load conditions. Under the developed control scheme,
the controller stabilizes the LIM effectively when the mass of
the slider is varying. The effectiveness of the proposed control
scheme is verified by simulation examples.

|. INTRODUCTION

An electric motor is an electromechanical device th
converts electrical energy into mechanical energy. The physi
principle behind the electric motor is the interactions of
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machine speed following the concepts of a DC machine.
All mechanisms involve some kind of motion [1],

d2]. Mechanical motions can be categorized into linear

motion, rotary motion, intermittent motion, oscillating motion,
reciprocating motion and irregular motion. Mechanisms can be
used to convert one form of motion into another. For instance,
a rack and pinion mechanism converts rotational motion
into linear motion. Mechanical motion conversion devices
complicate the machinery design and introduce mechanical
losses.

A linear motor (LM) is a special electrical motor designed
to produce force in a straight line. The construction of a linear
motor is close to that of a standard rotating motor, but in a
linear form. There are several key advantages of using linear
induction motors (LIM). As the stator and rotor are not in
physical contact with one another, operation is relatively silent,
and frictional wear of the motor system is reduced, which
combine to give greatly reduced maintenance costs.

The LIM is an alternative formation of a rotational induction
machine (RIM). An essential feature that distinguishes the
LIM from the traditional rotary motor is the linear motion
of the moving member, called slider. Typically, the LIM is
designed for high force and stroke motion applications, such
as material handling and transportation systems. Often a LIM
moves along a linear rail directly, so it provides precision in
position tracking performance and high dynamic stiffness with
hard stop when equipped with a linear encoder and closed-
op control methods. Primarily, a variable frequency vector
ontrol is the foundation of modern high performance AC
ives for rotary induction motors. Many control techniques

an electric current and a magnetic field. Electric moto
can be divided into two types: alternating current (AC . ) . . .
electric motors and direct current (DC) electric motors. A equency inverter is usua!ly requ_|red tp provide velocity
induction machines (IM) have been the work-horse of indust ntrql of a LI_M' A LIM equipped W'.t.h a linear enco_der can
and widely used in U.S. Navy shipboard machinery d 0 point-to-point programmable positioning when driven with
to their robustness, simple and rugged structure, low cdstrector control and motion controller [8], [9].

and reliability. Traditionally, AC machines have been used In [10], a control method for magnetic levitation vehicles
in open-loop constant speed applications. Their dynanﬁé‘s been developed using linear induction motors which
behavior becomes more Comp|ex in C|osed_|oop variable Spé@'ﬁ generate both thrust and attractive force. In this control
drives. Much research and development has been condudf&thod, voltage vectors of pulse-width modulation (PWM)
to develop comprehensive power electronic inverters aftyerters were appropriately selected and controlled with
advanced AC induction machine control methods. In recegcoupling of the thrust and attractive force.

years, many research efforts have been made to control an AGVith a modest amount of modeling effort, a feedback-

ave been developed based on this principle [3]-[7]. A variable

Distribution Statement A: Approval for Public Release; Distribution Is Unlimited.



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
MAY 2012 2. REPORT TYPE 00-00-2012 to 00-00-2012
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Dynamic Model Based Vector Control Of Linear Induction Motor £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Air Warfare Center Aircraft Division,L akehur st,NJ,08733 REPORT NUMBER
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES
1/20, Presented at American Society of Naval Engineers (ASNE) Electric Machines Technology
Symposium ( EMTS) 2012, May 23-24, 2012, Philadelphia, PA

14. ABSTRACT

Induction machines (IM) have been the workhor se of industry dueto their robustness, ssimple and rugged
structure, low cost and reliability. Traditionally, AC machines have been used in open-loop constant speed
applications. Thelinear induction motor (LIM) isan alternative formation of a rotational induction
machine (RIM). Typically, the LIM isdesigned for high force and stroke motion applications, such as
material handling and transportation systems. Often aLIM movesalong a linear rail directly, so it
provides precision positioning tracking performance and high dynamic stiffnesswith a hard stop when
equipped with alinear encoder and closed-loop control methods. A variable frequency vector control isthe
foundation of modern high performance AC drivesfor rotary induction motors. The driving principles of
theLIM aresimilar tothe RIM, but its control characteristics are more complicated than the RIM. When
driven by afield-oriented controller, also known as a vector controller, LIM behaveslike a separately
excited DC machine wher e flux and motion dynamics ar e controlled independently in order to achieve high
performance from the IM drives. The vector control method provides velocity and position control of a
LIM effectively. In this paper, a mathematical model of a linear induction motor is presented based on the
synchronous d-q reference frame. The secondary field oriented vector control strategy is developed for
precise force control to achieve the desired speed profile for varying load conditions. Under the developed
control scheme,the controller stabilizesthe LIM effectively when the mass of the dlider isvarying. The
effectiveness of the proposed control schemeisverified by simulation examples.

15. SUBJECT TERMS




16. SECURITY CLASSIFICATION OF:

a REPORT
unclassified

b. ABSTRACT
unclassified

c. THISPAGE
unclassified

17. LIMITATION OF
ABSTRACT

Same as
Report (SAR)

18. NUMBER
OF PAGES

8

19a. NAME OF
RESPONSIBLE PERSON

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



feedforward control structure has been proposed for feecis ~ Fs  Primary winding resistance

motion control of a permanent magnet linear motor for R secondary resistance
applications which are inherently repetitve in terms of Lm magnetizing inductance
the motion trajectories [11]. Three separate controllers: Ls Primary inductance

a backstepping adaptive controller, a self-tuning adeptiv Lr Secondary inductance
controller and a model reference adaptive controller were 'sa  d-axis primary current
designed [12]. These controllers were implemented on a PC- 'sa  @-axis primary current
based position control system to execute several expetimen Vs d-axis primary voltage

including transient responses, load disturbance resppase Ve g-axis primary voltage .
tracking responses for performance comparison. In adgito I+ Secondary time constant; = g ,
sensorless control is critical for LIM control in some sgdci o the leakage coefficieng =1 — ,_';[‘r

case. Reference [13] introduces a direct torque and flux v, the synchronous linear velocity
control based on space-vector modulation for inductionamot v the slider linear velocity
sensorless drives. Yamamura [14] introduced a particuldre 1, pole pitch

effect phenomenon which is a crucial issue for a LIM. There ), d-axis secondary flux

have been many proposed solutions proposed that address), g-axis secondary flux
sensorless control and end effect control [15], [16]. K; the force constant; — 321;L_ern

In this paper, a mathematical model centered on the Fe the electromagnetic force
synchronousl-q reference frame is presented to analyze the F  the external force, i.e. disturbance
LIM. The velocity closed-loop method and the secondary field M  total mass of the slider
oriented vector control strategy are developed and siedlat D the viscous friction
based on the developed mathematical model. The effecgene Dynamic analysis of induction motors in conveniently done

of the proposed control scheme is verified by simulated resuin the d-q reference frame. It allows the torque and the
) . . flux in the machine to be controlled independently under
The rest of the paper is organized as follows. Section i{,,amic conditions, in contrast to analysis based onahe

presents a mathematical model based on the synchrahqusy’ hhase quantities. In this study, end effects are neglected:
reference frame. In Section Ill, the basic structure of OECliha readers are referred to [17] and [9] fig model of the

control is introduced. Proportional-Integral (PI) S:orht.ne equivalent electrical circuit with end effects. Fig. 1 slsothie
incorporated into vector control to achieve the LIM'S vétgc g o equivalent circuit representation of the rotary induction
and position control. Numerical simulation results arevated i,

to demonstrate the effectiveness of the vector controlmehe

on a LIM. Conclusions are drawn in Section V. R
o AN
_
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vsd
[I. MODELING -

. R

In order to understand the performance and to design a AMA

+

controller for the linear induction motor, it is necessanitst
introduce its dynamic model. The commonly used framework v
for the dynamic model of a linear induction motor is based

on the synchronous reference frame corresponding to the
frequency of the applied voltage. The method is very similar
to that used for modeling a three phase rotary induction moto  Fig. 1. d-q equivalent circuit of the LIM excluding the end effects
however with few modifications. There are few assumptions

to be made as follows:

g-axis equivalent circuit

Note that the rotor has a closed circuit with no external

1) Only stator variables are measurable applied voltage. The relations between the primary and
2) No end-effect is considered secondary fluxes and the currents in stationary refereacesr

3) No friction is considered can be written as followings:

4) Three phases of the LIM are balanced Mg = Leigg + Limirg

5) The magnetic circuit is unsaturated A = Laag + Liirg "

In the rest of the paper, the following symbols for various Arg = Ltirg+ Lmisg
parameters and variables are used: Ard = Lrirg + Limisg



The three phase voltage applied to the LIM establishes a I1l. VECTORCONTROL

magnetic field that has a synchronous translational speed,
of

W= 7—Tve 2) The driving principles of the LIM are similar to that of

h the rotary induction motor, however its control charactiss

whereh is the pole pitch, which defines the linear distancere more complicated. When driven by a field-oriented
between two consecutive poles, and is the applied controller, also known as a vector controller, LIM behaves
frequency. By induction, a voltage is induced in the sliddike a separately excited DC machine where flux and motion
which interacts with the primary magnetic field to propetlynamics are controlled independently in order to achiégie h
the slider in the same direction. Following the concepts grerformance from the LIM drives. The vector control method
induction motors, the slider speed, is always slightly less provides velocity and position control of a LIM effectively

than the synchronous speed. The slip frequency is denoted a8 is clear from equation (12) that if the secondary flux

Wy = e — W Arq can be maintained at zero, then the developed fdfge,
(3) would be directly proportional to the currenty, so that
the machine basically would behave like a DC motor. Then,
) _ o _ _ the currentigy can be controlled to generate the required
Following thed-q equivalent circuit, the dynamic equationgorce for a given load. This approach offers precise control
of the LIM are expressed in a synchronous reference framge performance, which is otherwise not possible using only

aligned to the rotor flux as: voltage or frequency control methods.

m
= H(Ve—V)

Vog = Rdigg+ E,\sd — Wi (4) The aim of the field oriented control is to maintain a
%t constant secondaraxis flux and make the secondapaxis
Voqg = Rsisgg+ —Asqg+ Ay (5) flux null, i.e., to maintaind;q = 0 and da\t'q =0 for all time.
O(ljt This can be achieved by controlling the line frequency ag wel
MO: Reirg + a)\'d — WAl (6) as by varying the applied voltage to the motor as shown below:
0 _ d
M = Rr'rq =+ a/\rq + (*HA)\rd (7) VSd _ Rslaj _ Gstelsq (14)
where wya = wslip and wy = Wsyn. Vog = Rslsg+Lstels (15)
The complete dynamic model of the LIM is then obtained W = 7_TV+ &'ﬂ (16)
by combining the above equations, and is given by [18], [19]: h Ll
dig T Ra 1-o0.. . .
s —EVe|sd - (I-l- o, )isq The complete schematic of the closed loop system is shown
S r : . .
LTt gt —" At ——Vey (8) "oz
olsLh T oL T, ol
dISd — RS 1 —9. T I, = constant
at _(O'—Ls * oT; Jisa+ EVe|sq S oL Contrallor Vy=RI,-olol, r
Lm Lmn 1 vref + K Iw 1 z
A Arg+ —— V. 9 e v, =RI,+L,ol, b
ot oLt gV ©) P i ' =
dArg Lm. T 1
dA Lm. m 1 BELAE D
dtrd = TT'sd + E(Ve—V)/\rq - ?r)\rd (11) P b

The motion of the slider is governed by the Newton’s law

of motion, i.e., balance of various forces acting on it. Ashsu Fig. 2. Pl vector control of the LIM

it has
— dE(MV) +DV+R (13) The above control scheme uses two control currégisnd
t

Isg. In this research, the flux currehy; is assumed constant
where the first equation gives the electromagnetic fored the open loop nominal operation of the motor, however can
developed by the machine, which balances the mechaniatdo be controlled separately to maintain a desired flux leve
forces based on the Newton’s laws. Note that the externe¢fothe machine. The force currehy; is proportional to the load

in equation (13) is omitted in this papéf, = 0. which is regulated using a PI controller shown in the Fig. 3.
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Fig. 3. Pl vector control of the LIM

IV. SIMULATION

The response of a typical LIM is investigated through
Matlab simulation in three cases. Open-loop simulation was
performed in the first case to understand the operation of the
linear induction motor for a constant applied voltage at the
line frequency. For all simulations, the following parasrst
are used:

Rs=5.368%) R=3.5315Q  Lm=0.02419H
Ls=0.02846H L;=0.02846H h=0.027m
M=2.78kg D=36.0455 Vo= 180V

It is assumed that the slider is carrying a load mass which is
50 times larger than the mass of the slider. Fig. 4 depicts the
velocity of the LIM slider (without carrying any load mass)
under open loop operation with a constant voltage constant
frequency operation. Here the desired slider speed is 3cm/se
which is clearly not achieved. Fig. 5 and Fig. 6 show that the
secondary fluxed;q and Arq. Clearly the secondary fluxqq
is not equal to 0 which is desired for precise force control.
The motor primary current is shown in Fig. 7.
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The next simulation shows the response of the linear
induction motor carrying a load mass with a constant applied
voltage and the load mass is released after two seconds. As
expected, the slider and the load mass are not able to aateeler

to a reference speed within desired time period. Then-a2

Fig. 4. Slider speed profile (open-loop control)

seconds, the load mass is released, and as expected the slide
speed increases to a higher value. Transient variationigen |



current is shown in Fig. 8 and fluxes as shown in Fig. 9 and
Fig. 10. It is clear that the linear motor speed performasce i

not achieved as shown in Fig. 11. Therefore, a vector control
method needs to be applied to regulate the slider speed &s wel

a
T

as to have better response to force commands.
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Fig. 8. 15 profile with load mass released tat 2 sec (open-loop control)
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control)

Next, a PI controller is designed within the vector control
loop to regulate the force curremdy. The design requirements
are that the LIM slider carries a load mass and accelerates
in the first two second. The slider and the load mass should
reach the speed reference of 3 m/s at the end of the two
seconds. The load mass is then released from the slider. The
performed simulation is based on selected Pl control gains
of Kp =35 andK; = 75. Fig. 12 shows the simulated slider
speed profile under the appropriate Pl vector controlley. Fi
13 shows thatA,q approaches zero when the vector control
is applied. Fig. 14 also shows that the secondary Apxis
maintained at constant value. Fig. 15 and Fig. 16 show the
variations in applied voltage and the line frequency that ar
essential in vector control method. Note that the slideedpe
remains constant after the load mass is released as shown in
Fig. 12.
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Fig. 10. Aq profile with load mass releasedtat 2 sec (open-loop control) vector control)
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vector control))

In some cases, it is required to stop the slider after it
releases the load mass. To achieve such task, a zero speed
reference command can be applied at 2.25 seconds and the
slider slows down to a complete stop at six seconds under the
same PI vector control scheme. The simulated speed profile is
illustrated in Fig. 17. In summary, the speed of the LIM can be
regulated via vector control method. A control scheme, such
as the closed loop control or the trajectory following open
loop control can be developed correspondingly to effelitive
manage the performance of the LIM to satisfy the operation
requirements.
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Fig. 17. Slider speed profile with load mass released-a2 sec and stopped
att =6 sec (closed-loop vector control)

V. CONCLUSION

This paper briefly introduced the dynamic model of an AC
linear induction motor based on the model of an AC induction
rotary motor. A circuit equivalent was presented for linear
induction motor model representation. The developed model
can be further expanded to include linear motor dynamic end
effects. Simple Pl vector control was considered to achieve
the desired velocity profile with an applied constant vadtag



command input. The controller was able to stabilize thedine
motor under varying payload condition when proper PI gains
are chosen. Future work includes model development and
vector control design taking account of end effects of thedr
motor.
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