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Abstract

This paper proposes a rotor speed identification method for sensorless induction motor drives
based on a model reference adaptive system (MRAS). In this scheme, the error between estimated stator
current and real stator current is regarded as the system error to estimate the rotor speed. Adaptive full-
order flux observers for estimating the rotor speed are developed using Lyapunov’s stability theory. The
stator resistance identification algorithm is developed with rotor speed estimating method in a systematic
manner. Because of the stator resistance varies with inner temperature of the motor, the influence of motor
speed estimation due to stator resistance identification error is analyzed. The error compensation method
for stator resistance estimation is also proposed. Simulation and experimental results show the good
performance for the proposed scheme in speed and robustness for sensorless induction motor drives.
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1. Introduction

In recent years sensorless induction motor drives have been widely used due to their
attractive features such as reliability, flexibility, robustness and poor cost. One of the most well-
known methods used for control of induction motor drives are the Field Oriented Control (FOC)
developed by Blaschke [1]. FOC of induction motor drives is known to have a good dynamic
performance with comparable to that of the Direct Torque Control (DTC) techniques developed
by Takahashi [2]. FOC technique has been used porpularly for sensorless control of induction
motor drives. However, when a very high accuracy is desired, the performance of speed
estimation is not good particularly at low speeds. The main reason of the speed estimation error
is imprecise of flux observer and the off-set of the stator current sensor. Besides, it is very
sensitive to the variation of motor parameters such as stator resistance. The method based on
model reference adaptive system (MRAS) is one of the major approaches for rotor speed
estimation [3, 4]. Various control algorithms based on MRAS have been proposed [5, 6]. A
scheme applied the electromagnetic torque in generalized error and obtained better effect in
static state. Stator back-EMF is used as the error to estimate the rotor speed for sensorless
induction motor drives [7,8]. These algorithms are mainly based on the rotor flux or stator
voltage estimations, which are obtained from the electrical quantities, and they are complicated
and have difficulties in low speeds or zero speeds. Besides they are sensitive to the motor
parameters variation in motor running particularly stator resistance and rotor resistance
deviation [9-11].

This paper proposes a method for both rotor speed identification and stator resistance
estimation in sensorless induction motor drives based on MRAS. The error between estimated
stator current and real stator current is regarded as the system error to estimate the rotor speed
and the stator resistance simultaneously. Adaptive full-order flux observers for estimating the
rotor speed are developed by Lyapunov’s stability theory. The sensorless induction motor drive
system of indirect FOC is composed according to the schemes above. The feasibility of speed
identification and stator resistance esitmation for sensorless induction motor drives is verified by
simulation results based on matlab. The speed and current have good performance at very low
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speeds. It also develops a sensorless induction motor driver to implement the proposed method
based on DSP and the experimental results verified its effectiveness.

2. Rotor Speed Adaptive Flux Observer

For an induction motor, if the stator currents and rotor flux are selected as the state
variables, the state equations for induction motor can be described in the stationary reference
frame as follows [12]:
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R,, R, stator and rotor resistor

0 -
J= { 0 } skew symmetric matrix

L, L, stator and rotor self inductor
L, mutual inductor
7, =L, /R, rotor time constant
oc=1-L/LL leakage coefficient
o, motor electrical angular velocity
The adaptive full-order flux observers can be written as follows:

A

di ~ NN 1 o o

d_,::A.I.lls-i_Ai2¢r+Eus+G(ls_l) (3)
dj, ~ . .

dt = A22(0r +(Lrn /Tr)ls (4)
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Where, i

respectively, and “*” signifies the estimated values. G is observer gain matrix, which decides
the stability of the system as follows:

T
G :|: 9 gz} (5)
_93 g4
Since stator current is easy to be measured, the stator current is selected as the error
feedback value. The observer is a closed loop system, which is obtained by the estimated

s and U, are measured values of stator current vector and stator voltage vector

model of the induction motor. Therefore, the error between the state currents i, and I; can be
used the system error as follows:

e=i,—i, (6)
The error € can be used to a speed adaptive control mechanism which gains and

adjusts estimated speed cf)r. At the same time, the estimated speed c?)r is introduced in the

adjustable model and the estimated stator current IAS is changed consequently. While speed
adaptive mechanism should guarantee that, the system error € would approach zero if
estimated speed a3r is asymptotic to real speed @,. Figure 1 shows the total shunt MRAS

diagram. Where @, = f (i, — IAS) is the equation of the speed estimation.

A \
£, 1)

Figure 1. The block diagram of MRAS

3. Adaptive Scheme for Rotor Speed and Stator Resistance
3.1. Speed Adaptive Estimation Scheme

The error equation is defined by subtracting reference model from adjustable model as
follows:

A

%:d(isdt_h) :Ai-l(is_i,\s)_'_G(is_i\s)-i_(AiZ_A.I.Z)(ﬁr (7)
that is,
& = (A +B)(L 1)+, /(LG ©
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the above (8) can be simplified as:

de

&= AerANX, ©

where:

A=A +G AWM =[L, /(cLL)l(@ - @), X, =J9,

A Lyapunov’s function is selected as:
V =e"Pe+t[A (F (DA 1] (10)

where P and F are both positive symmetric matrixes. Get the derivative of V to time as
follows:

=& (ATP+PAJe+ 2L {A (O[Pex, —F A, M)} (11)

If it makes A, be Gourvatz matrix by configuring matrix G, matrix P can be gained by
Lyapunov’s equation:

A,JP+PA, =-Q 12)

where Q is arbitrary positively definite matrix.
Then it is chosen to make V be negative definite as follows:

Pex,” —Fd (A (1) /dt=0 (13)

An adaptive control law [13] about A, (t) is obtained by equation:

A1) = | FPex,"dz+ A (0) (1)

that is, we can obtain as follows:

{L, 1 (OLL)H®, - &) = [, FPL4,,(iyy ~ip) ~ By iy, ~ L )ld7+ A ) (15)

obviously, equation (15) can be equivalent as follows by a Pl control equation:
é)r = (kPl + kll / s)[ém(isﬂ - isﬂ) - érﬂ(isa - isa )] (16)

where K, and Kk,; are Pl parameters of speed adaptive estimator and 1/ is the integral
operator.

Therefore, according to Lyapunov's theory we can conclude that a right matrix P is
gained from equation (12) if a random positive matrix Q is given. So, global asymptotic stability

of the system is guaranteed if adaptive gain F is positive matrix and input us is random parted
continuous function. Equation (16) can be used to estimate rotor speed conveniently.
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3.2. Stator Resisitance Adaptive Estimation Scheme
In accordance with the same principle of above speed adaptive estimation, if rotor
speed is regarded as be invariable, it can be described as follows:

A

R L e YRUNCEVARCIUS (17)
according to (1), we have

YO0) i)+ Ao, ) (18)
that is,

0, = =Py Py, (i 1) (19)

substituting (19) into (17) gives

A2~ (- a1~ (R -RY L 20

so, the above (20) can be simplified as:

d
£=%H&®m 1)

where:

A, =G-A, AN, A =(R-R)/ (L)), X, =l
Therefore, according to the same Lyapunov’s theory as above speed adaptive scheme,
stator resistance can be identificated by another Pl control equation as follows:

Ry = (Kp, + K5 19, (i, —1,) +i, (15 —15)] (22)
where K, and Kk, , are Pl parameters of speed adaptive estimator.

3.3. Error Compensation for Stator Resistance

The stator resistance varied with inner temperature of motor influences the stator
currents and rotor flux estimation [14], so it is necessary to compensate the stator resistance
error for accurate speed estimation.

According to induction motor model, the « stator voltage can be calculated in the
stator reference frame.

u,, = Ri,, +oLdi, /dt+(L, /L)L, /7)i, -1/ 7,)p, - 00,,] (23)

where, it is assumed that only the stator resistance R is varied with inner temperature of the

induction motor. Then, the o stator voltage equation including R51=(5m and @rﬂ is represented
as follows:

uy, = Fislisa +oldiy, /dt+(L, /L)L, /)i, -/ 7.)9,, — 0,0,,] (24)
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where, Iisl is given by FAQS - ﬁsl =AR_and AR is the actual variation of the stator resistance.
The subtraction of (24) from (23) yields the following.

ARS = (Lm / Lr)[a)r (@rﬁ - ¢rﬂ) + (1/ z'r)(([)m = Pra )] / isa (25)

thus, the actual value of the stator resistance R, is compensated by

~

Ry =R —AR =R, — (L, /L)@, (6,5 —¢.5) + U 7,)(B,, — 0,1, (26)

So, it can be utilized to update the actual value of the stator resistance.

4. Simulation and Experimental Results

Some simulation results are presented to emphasize the estimated scheme capability to
compensate for the stator resistance error on estimated stator resistance and therefore on the
speed estimated accuracy. The proposed sensorless control algorithm for induction motor
drives has been applied to the indirect FOC of an induction motor drive. Figure 2 shows an
overall control diagram of the sensorless induction motor drive system based on slip frequency
FOC based on matlab.
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Figure 2. Control diagram of sensorless control system for induction motor drives

The simulation is performed for the verification of the above control scheme. Figure 3
shows the system component for sensorless induction motor drives based on MRAS. It is
simulated by a sampling period of 25us. the motor parameters for simulation are as Table 1.

The PI gains of the speed adaptive scheme are: k,, =0.02, k,; =500. The PI gains of the

speed adaptive scheme are: k,, =0.05, k;, =50.

Figure 4(a) is simulation results of estimated and real rotor speed based on proposed
MRAS method. Figure 4(b) shows the rotor speed response in the case where the stator
resistance of the model is increased by 50% above the nominal value. Obviously, the estimated
speed fluctuates. However, Figure 5(a) is the simulation result of rotor speed after adding stator
resistance compensation according to equation (26). Comparing with Figure 4(b), Figure 5(a)
indicates that estimated speed can trace the real speed by adding stator resistance offset.
Figure 5(b) shows the estimated and real current waveforms with stator resistance estimation
and error compensation for stator resistance. Figure 6 show the electromagnetic torque and
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estimated current waveforms in the case of sensorless induction motor drives with speed close
control based on indirect FOC.
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Figure 3. Simulation diagram of sensorless induction drives based on MRAS using matlab

Table 1. Constructed Motor Specification

Variable Value
Rated voltage 380(V)
Rated frequency 50(Hz)
Number of pole 4
Rated speed 1450(rpm)
Stator resistance 1.48(Q)
Rotor resistance 2.62(Q)
Stator incuctance 210(mH)
Rotor inductance 210(mH)
Mutual inductance 200(mH)
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Figure 4. Rotor speed waveforms: (a) No change of stator resistance, (b) Without stator
resistance compensation on condition of 50% increasing Simulation diagram of sensorless
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Figure 5. Simulation waveforms of adding stator resistance compensation on condition of 50%
increasing Rotor speed waveforms: (a) Rotor speed waveform, (b) Estimated and real current
waveforms
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Figure 6. Simulation waveforms of proposed sensorless control drives: (a) Electromagnetic
torque waveform, (b) Estimated current waveform

Hardware implementation for the proposed scheme has been configurated by
sensorless induction motor drivers based TMS320LF2407A DSP processor. The currents are
measured by current sensors. The voltage and current signals are adjusted and sampled
simultaneously with 10-bit A/D converters in DSP. The configuration of the proposed sensorless
induction motor drive system built for experimental research is shown in Figure 7.
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Figure 7. The configuration of experimental system based on DSP
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Table 2 shows the motor parameters to examine the performance of the developed
sensorless induction motor drive technique based on MRAS. The PI gains of the speed adaptive

scheme are: k,, =0.02, k,;, =500 . The PI gains of the speed adaptive scheme are:
ke, =0.05, k,; =50.

Table 2. Motor Parameters

Variable Value
Rated voltage 380(V)
Rated frequency 50(Hz)
Number of pole 4
Rated speed 1460(rpm)
Rated power 13(KW)
Rated current 25.4(A)
Stator resistance 1.56(Q)
Rotor resistance 1.22(Q)
Stator incuctance 250(mH)
Rotor inductance 250(mH)
Mutual inductance 240(mH)
250 250
200 Alan i iﬁﬂun ﬂmuﬂ
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Figure 8. Experimental waveforms for proposed sensorless induction motor drives: (a) Real
rotor speed, (b) Estimated rotor speed
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Figure 9. Experimental waveforms for proposed sensorless induction motor drives: (a) Real
current, (b) Estimated current
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Rotor speed and phase current waveforms with stator resistance identification based on
proposed compensation method are respectively shown in Figure 8 and Figure 9. It can be seen
from the figure that the estimated and real rotor speed can track each other in both steady state
and dynamic operation. Just like rotor speed, Figure 9 shows that the estimated stator current
soincides with the real one and current waveform has been significantly improved adding stator
resistance error compensation. Experimental results verified the proposed sensorless induction
motor drives schmem with rotor speed and stator resistance identification based on MRAS.

5. Conclusion

This paper has proposed a method for both rotor speed estimation and stator resistance
identification based on MRAS. Error compensation for stator resistance in sensorless induction
motor drives is also presented. The algorithm is given to compensate the stator resistance
deviation, which results in the speed estimation error. The proposed scheme is proved by the
Lyapunov’s criterion and applied to a indirect oriented induction motor control without rotor
speed sensors. The performance of the proposed scheme is verified by simulation results and
the validity of the proposed control strategy using indirect FOC is successfully verified from the
experimental results.
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