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Abstract: Rail transit systems powered by linear induction motors have gained widespread popularity. In order
to solve the problem of no thrust in switch areas where there are no sensor boards, the motor thrust is increased
prior to entering the switch area so that the total thrust remains constant. In the two conditions,where include
and exclude secondary,not only the linear induction motor models was established, but also the simulation
models of the direct thrust control and the constant thrust control were established. Simulation studies were
conducted on the direct thrust of a single motor, and the constant thrust control of the train.Experimental results

have validated the models.
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1 Introduction

With the increasingly serious problem of urban
traffic congestion, China has entered a peak period of
urban rail transit development.Trains with single
sided linear induction motors have the advantages of
fast acceleration,high climbing ability, and small
turning radius;requiring small areas of tunnel
structures and providing more flexible choices of
subway lines. Therefore, rail transport systems
powered by linear induction motors have gained
widespreed attention[1]. Direct thrust control control
technology has simple algorithms,fast dynamic
response, robustness against parameter variations,
and is ideal for controlling traction motor[2]. A great
deal of research has been conducted on single sided
linear induction motors. The impact of the second
longitudinal edge effect on motor class
electromagnetic force is analyzed by solving the
motor air gap magnetic field distribution[3]. No unit
dimension of Q is introduced to amend the secondary
resistance and mutual inductance in the rotary
induction motors[4]. Slip-frequency scalar control
mode is widely used for linear induction motor
control in urban rail systems[5].Direct thrust control
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based on a switch table is simulated in[6]. The direct
thrust  control  of  efficiency  optimization
energy-saving control is applied to curved linear
induction motors.It is obviously illustrated that linear
induction motor trains will lose thrust in switch
areas.In spite of extensive studies, no solution has
been found to the problem of loss of thrust in switch
areas of non induction.

For the thrust loss problem, this paper creates a
model of linear induction motors without secondary
plate situation in a stationary coordinate system. The
simulation models of linear induction traction motors
and direct thrust are built in Matlab/Simulink. The
simulation of speed control and thrust control is
conducted to verify the control system. Furthermore,
the constant thrust control in switch areas is analyzed
and the future research work is discussed.

2 Mathematical model of linear

induction motor

Linear induction motors can be considered as
the rotary induction motor sectioned axially and
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expanded horizontally. The stator on the motor frame
becomes the primary on the bottom of the train, and
the rotor becomes the secondary laid in the middle of
the rails. This asymmetry causes the edge effect, and
the second longitudinal edge effect is the most
significant. Given the correction factor of the second
longitudinal edge effect Q[7].
T DR

0T L

r

(1)

Where, T, is the constant of primary time, T, is
the constant of secondary time, R, is secondary

resistance, L is the mutual inductance, L, is the

secondary leakage inductance, D is the primary
length, v is the speed.
Edge effect function is[7]:

1-e™®
Q

Eddy-current loss is equivalent to the variation
of the excitation resistance at the ends of the
secondary. The revised excitation resistance is[7]:

R, =R f(Q) 3)

The demagnetization effect of a secondary
vortex is equivalent to the variation of magnetic
inductance. The revised magnetic inductance is[7]:

L, = Lo[1- f(Q)] @)

f(Q) = 2)

L

Where is excitation inductance which

corrected, R is the excitation resistance which

corrected.

The equivalent circuit of a linear induction
motor with the second longitudinal edge effect is
shown in Fig.1, where R; is the primary resistance, L
is the primary leakage inductance, u s is the primary
voltage vector, I is the primary current vector, I, is
the secondary current vector, and I, is the mutual
inductance of the current vector.
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Fig. 1 Linear induction motor equivalent circuit
Based on the equivalent circuit of Fig.l, a
dynamic mathematical model of linear inducttion
motors in two-phase stationary aff coordinate system
is built as follows. The voltage equation is:

) . . d
usa = RSISQ + Rr (Isa +Ira)+%
. o dy,
Ugs = Ryigs + R, (i +Irﬁ)+Tﬂ
(5)
i o i d
0=Riy, +R (i, +iy, )+ 1+ 0
o dyy
O:errﬂ+Rr(|sﬂ+lrﬂ)+ dtﬁ—a)ry/m

Where, u, is the a-axis primary voltage, ug is
the B-axis primary voltage, iy, is the a-axis primary
current, i is the p-axis primary current, i, is the
a-axis secondary current, i, is the f-axis secondary
current, wso is the a-axis primary flux, y is the
B-axis primary flux; v, is the a-axis secondary flux,
wp 1s the B-axis secondary flux, and w,is the linear
induction motor equivalent angular velocity.

The flux equation is:

Vea = LSiSa + I-'m (isa + ira)
!//sﬁ = Lsisﬂ + le (isﬁ + irﬁ)

. Co (6)
WI’O{ = Ll’ll’a + Lm (Isa +Ira)
Wep =L+ Ly (is5 +ip5)
The equation of motion is[8]:
dv
Fo—Fog =M— 7
e load dt ( )

Where, F. is the electromagnetic force, Fioag, iS
the load thrust, and m is the primary quality.
The thrust equation is:
3T p . .
Fe = Z_Z_Z(l//salsﬁ _V/sﬂlsa)
Simulink doesn’t include a

(8)

linear induction
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motor model required in the simulation. We build a
linear induction motor model using an s-function
described as follows.

In order to obtain the equation of s-fuction, we
calculate the current based on the flux equation of
the linear induction motor.

i, =L — (L + Loy JA
isﬁ = [lel//rﬂ - (Lr + le )l//sﬁ]A_l

A . L
o = [LmWsa _(Lr + Lm)V/ra]A
ir/;’ = [L‘mWsﬁ - (Lr + le )l//rﬁ]'AC1

A=L " —(L.+L )L +L.) (10)

The flux linkages state equation is obtained
from the voltage equation of the linear induction
motor.

Eﬁa:um_R¢a—mam+h»

dzl_tsﬂ =Ug, —Riig, =R, (igy +i,5) (11)
%’Tm =Ry, —R/ (i, +i,) — 0w,

d'(/j/_tfﬁ =—R/i, —R. (i +i ) + oy,

The angular velocity state equation is obtained
from the angular velocity of movement[8]:
do, =«

dt = mz (Fe - Fload) (12)

Linear induction motors don’t have thrust in a
switch area where the secondary sensor boards
cannot be laid. In reality, inertia carries the train out
of the switch area. In this case, other motors
temporarily increase the thrust to compensate for the
loss of thrust of the linear induction motors. In the
switch areas of non-induction, the mathematical
model of the linear induction motor needs to be
modified to exclude the secondary. First calculate the
mutual inductance, Ly, is calculated as[9]:
L Am, " Wk, )?2av, 1

m 2
Vs 20K K, 2p-1)° 2af
4p-3

(13)
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sin(i)sin(ﬂy 27)

kwl_ ] P (14)
SIn
9, (2m1q1)
t
K =——— 1 15
g - b /g (15)
' 5+b,/g

Where, m; is the number of phase, uo represents
the vacuum permeability, W; is each series with the
primary winding turns, kw, is the winding factor; k,
is the gap coefficient, k, is the magnetic saturation
coefficient, p, is the relative pitch of the winding; g,
is the number of slots per pole per phase, t; is the
primary pitch, and bq is the groove width.

From Equation 13, the mutual inductance is
inversely proportional to the mechanical air gap of
the linear induction motor. In the switch area of
non-induction, the mechanical air gap is g=wn[9].

The mutual inductance was 0.64mH. Far less
than the mutual inductance of linear induction motor
with secondary 4.36mH, so the mutual inductance
can be ignored. At the same time because only
contain primary, so secondary parameters are
ignored.

The flux linkages state equation is:

d(l';/—ts‘l =ugs Ri
dy, -
dt sps B

The current is calculated as:

(16)
Ri

=
| =LV @

DL
lia =L

3 Direct Thrust Control Simulation

Model

Direct Thrust Control and direct torque control
are actually equivalent. The primary and the
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secondary of linear induction motors do a relative
linear motion. At this point the electromagnetic
torque is the electromagnetic force. They can be
converted between each other, namely[10]:
pr
‘2r
Where, T, is electromagnetic torque.
The control block diagram of direct thrust based
on the principle of switching vector table is shown in
Figure 2. There are three components including the
flux and thrust observer, the flux regulator, the thrust
regulator and the switch table[11].

Switching inverter
state table o

Magnetic
chain sector

T,=F (18)

A given + Flux
magnetic chain > QD regulator
+ Thrust
regulator|

A given thrus

The
feedback

Magnetic chain and signal Linear induction
thrust observer motor

Fig.2 Direct Thrust Control Block Diagram

Compared with direct torque control,accurate
flux observation of the linear induction motor is the
key to improve the direct thrust control performance.
The stator flux is obtained using the stator voltage
and current in the rotary induction motor.

Vsa = J.[usa o Rsisa ]dt

_ (19)
Wy = [[ug — Riig, Jdt

The edge effect needs to be considered when
this stator flux model is applied to linear induction
motors.

The above formulas are modified as:

Vsa = J[usa - Rsisa - Rr (isa + ira )]dt

L (20)
Vo = [y = Riigy =R iy +i,) 10t

Take Guangzhou Metro Line FOUR as an
example. The train had four motor train units. Each
unit had an inverter and two linear induction motors.
Each inverter drove a motor as a simplified
simulation model, totaling four motors. The
amplitude of the primary current in the stationary
coordinate system increases. The amplitude variation
of the current is checked to decide when the motor is
detached from the secondary sensor board, which is
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the timing of increasing the thrust before entering the
switch area. Matlab/Simulink was used to build the
model as shown in Fig.3.
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Fig.3 Simulation Model of Constant Thrust Control
The direct thrust control of a single linear
induction motor model is shown in Fig.4.
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Fig.4 Direct thrust control model of a linear induction
motor

4 Simulation Analysis

First, the direct thrust control of a single linear
induction motor was simulated, where R, was
0.045Q, R, was 0.126Q, Ly was 1.21mH, L, was
0.35mH, L, was 4.36mH, p was 6, ¢ was 0.288, m
was 500kg, and D was 1.732m. The speed PI
regulator parameters Kp was 5000, and K; was 175.
The given flux value was 0.8Whb. The hysteresis flux
linkage regulator loop width was 0.002Wh, and the
thrust hysteresis regulator loop width was 0.05N. We
used the simulation algorithm ode4, and simulation
step was 107s.
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The speed step simulation conditions are that
the speed at the beginning (0 second) was 8m/s, the
speed at 2.5seconds was 10m/s, and the thrust load
was 1000N. The speed response curve of the linear
induction motor is shown in Figure 5. The
three-phase current curve of the linear induction
motor is shown in Figure 6. It is noted that with a
constant speed the amplitude of the current increased
as the speed increased. This is because the current
needs to be increased to compensate the loss caused
by the edge effect.

15

Speed(m/s)

03 1 L3 ) 2 3 13 1

Time(s)

Fig.5 Speed waveform of a linear induction motor
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Fig.6 Tthree-phase current of a linear induction
motor
The thrust step simulation conditions are that
the load thrust was 1000N at the beginning and
2000N at 2.5 seconds, and the given speed was 8m/s.
The wave of electromagnetic wave is shown in Fig.7,
which can track the thrust.
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Fig.7 Electromagnetic thrust with edge effect
The simulation conditions of the linear
induction motor without the secondary are that the
given speed was 8m / s, and the load thrust was
1500N. Assume that the secondary was dispatched
from the linear induction motor at 2.5seconds. The
mutual inductance was 0.64m
H. The three-phase current waveform is shown in
Fig.8. It was noted that the frequency of the

three-phase current in the first linear induction motor
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dramatically increased in the time period from
2.5seconds to 3.5seconds. The a-axis three-phase
current of the linear induction motor is shown in
Fig.9, where the current amplitude rose to 440A
which led to a 300% overload.

RS

Three phase current(A)

[t} [ 1 L3 2
Time(s)

Fig.8 Three-phase current of the first linear
induction motor
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Fig.9 a-axis current amplitude of the first
linear induction motor

Next, the constant thrust control of the model in
Figure 3 was simulated. The o-axis current of the
linear induction motor was investigated. When the
current is 200% higher than normal, we increased the
thrust of the other three motors by one third. The
thrust of the first motor is shown in Fig.10. There
were no sensor boards between 2.5 seconds and 3.5
seconds. The thrust of the second motor is shown in
Fig.11. The thrust increased by one third between
2.5seconds to 3.5 seconds. The total thrust of the four
motors is shown in Figure 12, which was a constant
of 6000N between 2.5seconds to 3.5seconds. The
slight drop after 2.5 seconds was due to the delay of
the thrust boost of other three motors (second to
fourth). There was one second speed loss when there
was a thrust loss in the first motor, which caused the
slight rise of the total thrust after 3.5seconds. After
3.5 seconds, the first motor operated normally
producing full thrust and the train regained the given
speed.
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Fig.10
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Thrust of the first linear induction motor
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Fig.11 Thrust of the second linear induction motor

15004

10000

SO0

Thrust(N)

[1]3

Soool i I i i i i I J
1] 0.5 1 L2 2 15 3 3z 4
Time(s)

Fig.12 Total thrust of four linear induction motor

5 Conclusion

This paper established a mathematical model of
linear induction motor in the two-phase stationary
coordinate system using s-fuction.The direct thrust
control strategy of linear induction motors was
studied and simulated using Matlab/Simulink
software.

The simulation results suggested the following:

The thrust of motors in the non-induction area
dropped to zero. Constant total thrust was achieved
by increasing the thrust of other motors. The timing
for compensating thrust was determined by the
variation of the a-axis primary current amplitude in
the of coordinate system. The overload of the
a-axisprimary current amplitude of the motor in a
non-induction area was around 300%. The simulation
was conducted of the thrust loss of one motor in the
switch area. The strategy should be modified for
practical situations, including the timing of thrust
compensation and the overloading capability of each
motor.
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