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Speed Identification of Speed Sensorless Linear
Induction Motor Based on MRAS

Xuan Tu, Xinguo Hou, Jinghong Zhao, Sinian Yan, and Yiyong Xiong

Abstract—In the linear induction motor control system,
the optical grating speed transducer is susceptible to strong
magnetic field interference. What’s more, it may reduce
motor integration and raise device costs. Therefore a speed
identification method to replace grating speed transducer is
studied in this article. This speed identification method for
linear induction motor mainly adopts Model Reference
Adaptive Method (Abbreviated as MRAS) and Popov
Hyperstability Theory. The research content of this paper
can be divided into four parts. First, the mathematical
model of the motor based on the model reference adaptive
system structure is deduced. Second, the adaptive law of the
estimated speed is solved by Popov hyper-stability theory,
which ensures the stability of the system. Third, the
simulation model of the linear induction motor speed
identification control system based on model reference
adaptation is built in the MATLAB environment. Finally,
the simulation test and analysis are carried out. The
simulation results show that the speed identification control
system can track the actual speed of the linear induction
motor well in the no-load operation and the load operation,
and the stability of the system is guaranteed in the full
speed range.

Index Terms—Linear induction motor, Model reference
adaptive system, Speed sensorless, Popov hyperstability.

I. INTRODUCTION

HE high-performance linear induction motor speed

regulation process relies on speed feedback to form a
closed-loop control system. The acquisition of its speed signal
generally comes from an external grating sensor. However, in a
strong magnetic field environment, the grating sensor is
susceptible to electromagnetic interference and fails, thereby
reducing the reliability of the device. In addition, this method
also has disadvantages such as high cost and low device
integration [1]. Therefore, the study of the linear motor system
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without speed sensor is a hotspot in the field of motor control
[2].

Speed sensorless induction motor control methods can be
divided into three categories, which are based on mathematical
model of motor ontology, modern control theory and intelligent
control technology. The first type of method directly uses the
mathematical formula of the motor speed to estimate in the
open-loop system. The calculation process is simple and the
response speed is fast, but it lacks error correction links, and the
estimation effect is poor [3], the second type of method is
commonly used in model reference adaptation, Kalman filter
and synovial control method [4]-[7]. A scholar uses the current
model to carry out model reference adaptive control for rotating
induction motors to achieve better speed accuracy under
no-load and loaded conditions, and the speed accuracy of
high-speed operation is better than that of low-speed
operation[8]. The third type of methods are neural networks,
genetic algorithms, etc [9]. This type of method is less
dependent on the parameters of the motor itself, but the
disadvantage is that it requires high computing power, and the
calculation speed of the algorithm is difficult to keep up with
the control cycle of the motor, resulting in a lack of real-time
motor control.

On the premise of considering the special edge effects of
linear motors, starting from the stability of the motor system,
the accuracy of velocity estimation results and the realizability,
this paper adopts the parallel model reference adaptive method
to study the control system of the linear induction motor.

II. MATHEMATICAL MODEL OF LINEAR INDUCTION MOTOR

Due to the disconnection of the iron core of the linear motor,
there are various additional interference magnetic fields at the
disconnecting port. The impact of these interference magnetic
fields on the system performance is called the side effect [10].
In the mathematical model, the influence of the side effect is
reflected in the attenuation law of the excitation inductance.
The three-phase linear induction motor is equivalent to that in
the two-phase « -f static coordinate system, and its flux linkage
voltage equation and flux linkage current equation are shown in
equations (1) and (2).
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Where ¥, and ¥,5is a. P axis secondary flux linkage, u, and
ugp is a, B axis primary voltage, is, and i is a, f axis primary
current, R is primary equivalent resistance, L. is Excitation
inductance, Ljs is primary equivalent leakage inductance and Lj
is secondary equivalent leakage inductance.

d l//ra LmeRr . Rr )
dt Llr + Lme Sa Llr + Lme l//ra rl//rﬂ (2)
d l/lrﬂ _ LmeRr . R

=V, TOYV,,
dt Llr + Lme v Llr + Lme g
Where R; is secondary equivalent resistance and w, is
secondary angular frequency.
And L, =L K, , where Lyis mutual inductance and K, is

the attenuation coefficient of excitation inductance. The
calculation method of K. adopts the same calculation method as
the reduction coefficient of the magnetizing inductance derived
by HAN'Y in six-phase induction motor [11].

III. MODEL REFERENCE ADAPTIVE SYSTEM FOR LINEAR
INDUCTION MOTOR

As shown in Fig. 1, the model reference adaptive control
system consists of four parts, adjustable model, reference
model, controller and adaptive law. The flux linkage current
model containing the speed parameters to be identified is taken
as the actual system, and the flux linkage voltage model without
unknown parameters is taken as the reference system. Then use
the generalized error between the two models to dynamically
update and adjust the parameters in the actual system according
to a certain adaptive law, and finally achieve the purpose of
instruction tracking [12].

In modern control theory, there are two stability theories.
They are Lyapunov stability criterion and Popov stability
criterion. Because the number of input variables and output
variables of flux linkage voltage equation is not equal, it can't
be expressed in the form of state equation. Therefore, according
to Lyapunov stability theory, the generalized error vector can't
be directly obtained by subtracting formula (1) and formula (2).
Therefore, popov's stability theory is used to deduce the error
equation and solve this equation in this paper.
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Fig. 1. Adaptive system topology.

There is a speed parameter to be identified in the above
formula (2), so the adjustable model of the linear induction
motor is obtained from the formula (3).

dl/;ra LmeRr . Rr o C/(\) ~
dt Llr + Lme Sa Llr +Lme l//ra rl//rﬂ (3)
dl/;’”ﬂ _ LmeRr . R

lxﬂ - - l/;rﬂ + é)rl/}ro(
dt Llr + Lme Llr + Lme

Simultaneous equation (2) and equation (3) can obtain the state
equation of flux linkage error as
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The feedback system constructed by the flux linkage error
state equation (4) is shown in Fig. 2. In an adaptive mechanism
v=De, in order to simplify the calculation, take the linear
compensator D =Ithen v=e.

:_ Linear time-invariant |
I feedforward system :
I - e e | v
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I+ |
! |
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Fig. 2. The feedback system of flux linkage vector error equation.

Since the feedback link is a nonlinear time-varying feedback
system, in order to make the adjustable model approach the
reference model and ensure the stability of the system, the
Popov hyperstability theory is used to solve the adaptive law.

According to Popov's hyperstability theory, if the system
satisfies conditions (1) and (2), the system is stable, and
}iﬁrge(t) =0[13].

1) The nonlinear time-varying link satisfies the Popov
integral inequality.

Vi, 20, 7(0.4,)= [V odi > —; ®)

2) Linear invariant systems are strictly positive real, that is,
the forward transfer matrix is a positive definite matrix.

Takev=e, 0 =(d —w,)Jy into inequality (5), then in
equation (5) can be transformed into
1(0,2,) = L“ e’ (&, —o,)Jydt = -y, (6)

The self-adaptive mechanism should include the integral
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action of the memory function, so @, can be expressed in the
form of proportional integral, and the estimation formula of the
motor angular velocity can be obtained by solving the
inequality (6),

@, = foki(w,ﬂl/?m ~v, 0, Atk W —w,,,) (T

When  given a  positive definite symmetric

10
matrix Q:[O lj , there is a unique positive definite

symmetric matrix,
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established. Therefore, the linear stationary system in this

ée=Ae. .
system, ‘" is asymptotically stable.
v=De
Therefore,
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condition (1) and condition (2) at the same time. Therefore, the
adjustable model using the adaptive law can converges to the
reference model, and the feedback system is asymptotically
stable. It can achieve the purpose that the speed identification
value converges to the real value.

IV. SIMULATION AND ANALYSIS OF CONTROL SYSTEM

In order to verify the correctness of the above speed
estimation method, the simulation model of the linear induction
motor speed sensorless control system based on MRAS is built
in the Simulink tool of Matlab software. The three-phase linear
induction motor control simulation topology based on model
reference adaptive speed identification is shown in Fig. 3. The
system performance is compared with that of the linear
induction motor vector control system.

The motor parameters used are shown in Table I.

When the given thrust is F=6000 N, the trajectory of the
primary flux linkage is shown in Fig. 4. It can be seen that the
trajectory of the primary flux linkage a-f coordinate system is
close to the unit circle, and it is presumed that the motor is
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running well.

The speed estimation simulation module based on the
adaptive law of equation (7) is shown in Fig. 5. And the vector
control simulation system based on speed observer is shown in
the Fig. 6.

TABLE I
THREE-PHASE INDUCTION MOTOR PARAMETERS
Motor parameters Sign Value/Unit
Primary resistance R, 0.138 Q
Secondary resistance R, 0.576 Q
Primary leakage inductance Ly 6.688 mH
Secondary leakage inductance Ly 2.091 mH
Mutual inductance Ly, 26.477 mH
Number of pole pairs N, 4
Mover coupling length D 2476 m
10/
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Fig. 5. Speed estimation simulation module.
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Fig. 3. Three-phase induction linear motor model reference adaptive control topology.
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.

Fig. 6. The vector control simulation system based on speed observer.

B

The low-speed performance of the motor control system is a
key indicator of the good performance of the speed sensorless
control system. Therefore, this paper conducts low-speed
simulation verification on the linear induction motor speed
sensorless control system.

Fig. 7, Fig. 8 and Fig. 9 show the simulation results of the
system when the reference speed v =11.1m/s is given when the

system starts with no load.
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Fig. 9. Estimated speed error and FOC system's speed error from expected
speed.

Fig. 7 shows the estimated value and actual value of the
secondary angular frequency, it can be seen that the system can
run stably. The estimated secondary angular frequency is
slightly lower than the actual angular frequency in the rising
stage. After entering the steady state, the estimated curve
basically fits the actual curve, and the steady-state speed error is
0.3 rad/s. Fig. 8 shows the estimated speed, expected speed and
the speed of pure vector control system. It can be seen that the
estimated speed enters the steady state slightly later than the
speed of the vector control system, the overshoot is 9.9%, and
the steady-state error is 1.27%, the difference between the two
curves in Fig. 9 are the estimated speed error and the speed
error of the vector control system. The speed error of the vector
control system in steady state is -0.05m/s, and the estimated
speed error is -0.06m/s. Therefore, the error of the estimated
speed during no-load operation is slightly larger than that of the
vector control system. The results show that both the secondary
electrical angular velocity and the output linear velocity
estimated by the speed identification control system can track
the output value of the actual system during no-load starting.

Figures 10-14 are the simulation results with load, given the
reference speed is v=11.1 m/s, and add the given load
FLOAD=1000 N at 0.6 s.

Fig. 10 shows that the steady-state error of the secondary
electrical angle frequency tracking after the system is loaded is
0.3 rad/s. Fig. 11 shows that the steady-state error of the linear
velocity tracking is 1.32%. Fig. 12 shows that the estimated
speed error under load is 0.08 m/s, and the speed error of the
vector control system is 0.05 m/s. It can be seen that the
estimated speed under load has better steady-state accuracy
than the vector control speed. Fig. 13 shows that in the start-up
phase, the thrust continues to rise, and when the motor runs in a
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Fig. 10. Estimated/actual secondary angular frequency with 1000N load.
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Fig. 11. Estimate/ expect/ vector control secondary speed with 1000 N load.
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Fig. 12. Estimated speed error and FOC system's speed error from expected
speed with 1000 N load.
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Fig. 14. A-phase, B-phase, C-phase current waveform with 1000 N load.

steady state, the thrust waveform also stabilizes near the value
of 1000 N load force. The steady-state error of the thrust output
by the speed identification control system is 145.7 N. Therefore,
the big load simulation results show that the speed
identification effect and system performance of the system are
good.

Figures 15-19 are the simulation results with another load,
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Fig. 16. Estimate/ expect/ vector control secondary speed with 500 N load.
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Fig. 17. Estimated speed error and FOC system's speed error from expected
speed with 500 N load.

given the reference speed is v=11.1m/s, and add the given
load FLOAD= 500 N at 0.6 s.
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Fig. 19. A-phase, B-phase, C-phase current waveform with 500 N load.

Fig. 15 shows that the steady-state error of the secondary
electrical angle frequency tracking after the system is loaded is
1.32 rad/s, Fig. 16 and Fig. 17 show that the estimated speed
error under 500N load is 0.06m/s, and the speed error of the
vector control system is -0.02m/s. It can be seen that the
estimated speed under 500N load has better steady-state
accuracy than the vector control speed. Fig. 18 shows that in the
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start-up phase, the thrust continues to rise, and when the motor
runs in a steady state, the thrust waveform also stabilizes near
S00N. Thrust’s error is about 134.6 N. Therefore, the half load
simulation results show that the speed identification effect and
system performance of the system are good too.

The speed identification system performance indicators
under three load conditions are shown in the Table II.

Table II shows that this speed identification system has good
speed performance indicators in three different load cases. As
the load increases, the steady-state error of the estimated
secondary angular frequency increases, and the overshoot and
steady-state error of the velocity curve also increases, but they
are still in the good speed error range. The steady-state error of
the system output thrust also increases with the increase of the
load, but it is still within a reasonable margin of error.

TABLE II
SPEED ESTIMATES SYSTEM'S PERFORMANCE METRICS FOR DIFFERENT LOADS
Load or_est v_est v_este v_foce Fe
value e() % () () ()
ON 0.3rad/s 9.9% -0.06m/s -0.05m/s ON
500 N 1.3rad/s 10.6% 0.06m/s -0.02m/s 134.6N
1000 N 4.1rad/s 10.7% 0.08m/s 0.05m/s 145.7N

V. CONCLUSION

To replace the grating speed sensor which is susceptible to
magnetic field interference and low integration, an adaptive
speed identification method for linear induction motor is
studied and applied to the vector control system. On the basis of
vector control system, the speed observer, which is constructed
by model reference adaptive method and Popov super stability
theory, achieved the system stability control. The theoretical
derivation results show that the velocity observer with model

reference adaptive law can achieve stable error tracking control.

The simulation results show that the speed observation control
system can track the actual speed of the motor secondary well
in both no-load operation and full-load operation, and ensure
the stability of the system in the full speed range.
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