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Abstract— The MRAS proposed by Schauder [8] is modified to improve robustness to the change of load torque
and/or the variation of the stator resistance. The difference between the voltage and the current model is fed
into the current model via proportional and integral gains. In order to generalize the MRAS, supposing that the
rotor speed is time varying, we add a compensating term to the current model. It does not alter the Popov’s
integral inequality condition. Also, the asymptotic stability of the modified MRAS (MMRAS) is shown with the
stability proof technique as in the original paper. By the simulation works, it is verified that the MMRAS obtains

improved performance than the original MRAS.
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I. INTRODUCTION

N order to obtain fast dynamics of induction mo-

tor, field orientation control requires the rotor speed
and/or position information. So, rotational transduc-
ers such as tachometer, resolver, and encoder need
to be installed on the motor shaft. But, it leads to
the problems of cabling, mounting, reliability, mainte-
nance, size, cost, and ruggedness of induction motors
[8]. Therefore, great advantages can be obtained with-
out installation of rotational transducers.

Recently, in sensorless control area, numerous results
[1-13] to obtain the rotor speed information of induc-
tion motors via advanced control theory have been re-
ported. The most common method of identifying the
rotor speed is to estimate the slip frequency and then
to calculate the rotor speed as the difference between
the electrical angular velocity and the slip frequency
estimate. The papers [2][4][6][14] can be classified into
this category. Unfortunately, the above schemes are
faced with the problem of pure integration of induced
voltages, which is extremely sensitive to the DC offset
in the measurement data. Hence, recently proposed
schemes on the identification of the rotor speed at-
tempt to overcome this drawback. In [14], the effect
of DC offset is minimized by subtracting the moving
average value of rotor induced voltage from its inte-
gral value periodically. Using some kinds of model
reference adaptive systems [7][8]{10][12] are proposed.
The pure integration is replaced by a low pass filter
with error compensation [8]. On the other hand, some
other authors [3]{4][10][12][13] proposed adaptive ob-
server schermes with parameter adaptation.

In this paper, we formulate the problem of identi-
fying the rotor speed of induction motors in the pres-
ence of parameter mismatch. Specifically, the effect of
the variation of the stator resistance on the MRAS are

dealt with. Since the stator resistance is utilized in the
voltage model, it is desirable to examine the effect of
its variation on the MRAS.

In the following section, the MRAS is briefly re-
viewed. The voltage and the current models are used
to estimate the rotor speed of induction motors. The
voltage model produces the rotor flux AY by using the
measurement data, the stator voltages and the stator
currents. On the other hand, the other rotor flux A¢
from the current model is calculated. Since the current
model contains the rotor speed, it is utilized as an ad-
Justable model. The rotor speed in the current model
is tuned via suitable adaptation mechanism such that
the current model tracks the voltage model in a finite
time interval.

Note that as the excitation frequency becomes lower,
the computed rotor flux from the voltage model lesser
accurate. That is to say, the effect of stator resistance
variation is more serious at low speed than at high
speed. Due to the inaccuracy of the voltage model at
low speed, the performance of the MRAS is deterio-
rated and thus an alternative method is required.

Therefore, the MRAS proposed by Schauder [8] is
modified to improve robustness to the change of load
torque and/or the variation of the stator resistance.
The difference between the voltage and the current
model is fed into the current model via proportional
and integral gains. In order to generalize the MRAS,
the rotor speed is considered to be a time varying pa-
rameter in this paper. A compensating term for the
time varying rotor speed 1s added to the current model.
However, it does not alter the Popov’s integral inequal-
ity condition. Also, the asymptotic stability of the
MMRAS is shown with the stability proof technique
as in the original paper. By the simulation works, it
is verified that the MMRAS obtains improved perfor-
mance than the original MRAS.
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II. MATHEMATICAL MODEL OF INDUCTION
MACHINES

Choosing the stator current and the rotor flux as a
state vector in the stationary reference frame, we can
describe the dynamic model of a squirrel cage induc-
tion motor as follows:
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where ¢} and i}, represent the stator d phase and
q phase current, and A} and A, denote the rotor
d phase flux and ¢ phase flux, respectively. We de-
note by L (L;), Lm, Rs(R;) and T, = L, /R, the sta-
tor(rotor) self inductance, the mutual inductance, the
stator(rotor) resistance, the rotor time constant. The
total leakage coefficient is denoted by ¢ and the electri-
cal rotor(slip) speed is denoted by wr(ws = we — wy).

ITII. A RoBUSTNESS IMPROVED MRAS

The stator resistance varies over wide range due to
the temperature change of induction motors. It is well
known that inaccurate stator resistance affects flux es-
timate resulted from the voltage model. The original
MRAS is affected by the variation of the stator re-
sistance. When the stator resistance changes to 300 %
from the nominal value, the performance of the MRAS
is not satisfactory. Also, estimation result becomes
poor when a sudden load torque is applied. Although
high adaptation gains are used, steady state error still
remains in the speed estimate and oscillatory behavior
due to parameter mismatch takes place in the speed es-
timate. Therefore, 1t 1s desirable to modify the original
MRAS such that the modified MRAS becomes more
robust to the variation of the motor parameter and a
sudden load torque change. In high speed range, its
effect becomes negligible. However, as the speed be-
comes lower, the effect 1s dominant and thus it has
to be compensated via suitable method. So, a com-
pensation scheme are proposed by modifying the exis-
tent MRAS [8]. In this section, a modified MRAS for
the time varying rotor speed is developed and stability
analysis 1s done based on the Popov’s hyperstability
theory. In the following, AY and A¢ represent the rotor
flux vectors produced from the voltage and the current
model, respectively.

A. Original MRAS
+ Voltage model :

L
pAL = (v, — (R + aLyp.)i,). (2)
M
o Current model :
1 . . M.,
pAL = (_Trl + @ J)A; + i (3)

where I and J are defined as

o Error model :

Il

(_TLI +wrJ)[e] = Awp JAS
= Fle]— Aw,JXC (5)

p.[e]

where [¢] = A —Af , Aw, = &p —w,, and F =
=1/ I+ Jw,.

Due to the absence of the rotor speed in the voltage
model, it is used as a target model. On the other hand,
the current model is called an adjustable model. The
rotor speed is updated via adaptation mechanism such
that the current model tracks the voltage model in a
finite time interval. The difference between two rotor
flux models may be utilized an error signal. In the
original paper, the cross product of the rotor fluxes
produced from two models is used to tune the rotor
speed. This speed update rule is found in the process
of solving the Popov’s hyperstability criterion (Popov’s
integral inequality). In other word, the rule must sat-
isfy the following inequality criterion.

t) 2

/ ({7 Awe TNt > 2 V>0 (6)
0

where v 1s a positive real number.

For a strictly positive real system with a nonlinear
time varying feedback loop, the Popov’s hyperstability
is applicable and useful.

The adaptive speed update law proposed in the orig-
inal paper is described as follows :

b= (Bt ST )
where Al and A are two rotor flux vectors calculated
from the voltage and the current models respectively.
From the above equation, it can be stated that speed
update is done such that the two rotor flux vectors be-
comes colinear. The difference of the magnitude of the
two rotor flux vectors may not be important and thus
the MRAS does not seriously affected by the varia-
tion of the mutual and the self inductance of rotor [8].
However, as stated in the previous section, the vari-
ation of the stator resistance and the change of load

torque deteriorate the performance of the MRAS.
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B. Modified MRAS

To obtain improved robustness to the variation of
the stator resistance and the change of load torque, the
current model in [8] is modified. As mentioned in the
previous section, motor parameter mismatch and an
applied load torque may cause bias and ripples in the
rotor speed estimate. To cope with these problems, the
difference between the voltage and the current model
is fed into the current model via proportional and in-
tegral gains. It does not alter the Popov’s integral
inequality condition. Therefore, these corrective feed-
back terms may force the two rotor flux vectors of the
voltage and the current models to be colinear irrespec-
tive of parameter mismatch and load torque change.

+ Voltage model :

Ly
M

¢ Modified current model :

pAﬁ = (1)3 - (Rs + ULsp')is)' (8)

pAL = (—%—I + Q)N+ -Tj‘fz + Kqle]

+ K [ Eldn+ Goon(eT NI,
(9)

where the term K,[e] moves the poles of error
model to the left half complex plane and the inte-
gral term Kz fot [e]dn is to take into account of the
effect of parameter mismatch between model and
plant. The last term is introduced to consider the
time varying rotor speed. Here ¢ = max{w,(t)} is
the maximum rotor speed and sgn(f) is defined
as follows :

f20,

F<o0 (10)

sgn(f) = {1_1

¢ Modified Error model :
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= Fle]- Wi (11)
Wi = Aw.JA; + Kqle

+ Kﬁ/o [eldn + ¢sgn([e]F TAS)TA12)

where [e] = AY ~A¢ and Kqu, Kg > 0. Here Aw, =
Wy — W,

In the following section, with the stability proof tech-
nique as in the original paper, a speed adaptive law
for the modified MRAS is derived with useful Lemmas
and the hyperstability theory for the time varying ro-
tor speed case. The modified MRAS is more general
than the original MRAS.

C. Derwation of Adaptive Law

For all ¢t; > 0, to satisfy the Popov’s integral in-
equality,

2 ,),2
[z -1 (13)

the following speed update law is utilized.

1
@y = Kple]TIAS 4+ Ky / le]T T Xedr. (14)
0

Note that the speed update law is identical to the
one in the original paper. Although the same adaptive
law is used in the MMRAS, the closed loop system is
asymptotically hyperstable with respect to the hyper-
stability theory.

The objective of this section is to show that the se-
lected speed update law as above satisfies the Popov’s
integral inequality criterion. That is, it is to show that
the following integral inequality holds for the given
speed update law.

/ [A“”[elT”i + Kale)le] + Kglel” /Dt[eldn] dt

i1 2
+ [ csan(@Tax e Iz 2 -2 (15)
0
For later use, three Lemmas for integral inequality
are stated as follows :

Lemma 1. For all k > 0 and a differentiable func-
tion f(t), the following integral inequality holds.

/hk[p.f(t)] [f(t)]dtz-klgz_, Vi > 0. (16)
0

Lemma 2. Forall Ko, Kg > 0 and an integrable 2 x
1 vector function [e], the following integral inequality
holds.

/Otl [Ka[e]T[e] + Kple)T At[e]dn] dt >0, Vt; > 0.
(17)

Lemma 3. For a given { = max{w,(¢)} and for all
t; > 0, the following inequality holds.

[ (€= fsan (e e som (T Xl T > 0
(18)

Now, asymptotic stability for the modified model
reference adaptive system can be stated as the follow-
ing Theorem 1. Here, for an n x n symmetric matrix A,
A > 0 implies A is a positive definite matrix. In other
word, for an n x 1 vector ¢, 2T Az > 0 if ¢ # 0. In this
paper, the rotor speed is considered to be time varying,
while the original paper assumes it a constant. When
the rotor speed is time varying, the strictly positive real
condition for the transfer matrix G(s) = (sI — F)~!
becomes useless. Therefore, the strictly positive real
condition for G(s) must be replaced by the Lyapunov
equation i.e., P(t) + FT(t)P(t) + P()F(t) = —Q(t).
Here P(t), Q(t) are symmetric positive definite matri-
ces.
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Theorem 1. The modified MRAS (8),(9) or (11) is
asymptotically hyperstable if the following conditions
are satisfied.

(a)

There exist symmetric positive definite matrices
P(t), Q(t) such that the Lyapunov equation
P(t) + FT P(t) + P(t)F = —Q(t) is satisfied.

(b) &p = Kple]TIAE + Ky / t[e]TJ/\ﬁdr.
(¢} ¢ = max{w,(t)}.

Proof: In the original paper, the condition (a)
in Theorem 1 is described as the strictly positive real
condition for the transfer matrix G(s) with the rotor
speed constant. It is checked by the positive definite
property of G(jw) + G*(jw) for all w. Here, * denotes
the complex conjugation. However, in this case, since
the rotor speed is time varying, it must be checked by
the existence of symmetric positive definite matrices
P(t) and Q(t) such that the Lyapunov equation P(t)+
FT()P(t) + P(t)F(t) = —Q(t) is satisfied.

Choosing P(t) = kI,k > 0, we know that 3Q(t) =
QT (t) > 0. It follows that

=—x(FT()+ F(t)) = [2/0:11 2/0:/“,] > 0.
(19)
Therefore, the condition (a) in Theorem 1 is easily
checked.
It remains to show that the Popov’s integral inequal-
ity criterion holds with the condition (b) and (c) in
Theorem 1. That is, it suffices to prove that

Q(t)

/0 " [Awr[elTJ/\i + Kole]"[e] + Ks[e]T /0 ‘[6] dn} it

t1 2

Csgn([e]T IAS)[e]T TACdt > -77. (20)
0

+

With condition (b) and (¢), Lemma 1, Lemma 2,

and Lemma 3, the above inequality can be easily ver-
ified as follows :

t
> / G le]TIASdL
0

v

> =,
- 2
In the above, the last inequality is proved in the orig-
inal paper with the same speed adaptive law. There-
fore the modified MRAS is asymptotically hyperstable,
although the rotor speed is time varying.
|

D. Robustness to the Stator Resistance

With the exact stator resistance, the performance of
the two schemes, MRAS and MMRAS is almost iden-
tical. However, the variation of the stator resistance
and/or the change of load torque deteriorate the per-
formance of MRAS. However, the MMRAS 1s more
robust than the MRAS to the variation of the sta-
tor resistance and load torque. The stator resistance
depending on machine temperature varies over wide
range. So, in order to study the effect of the stator
resistance on the rotor speed estimate, it is assumed
that the stator resistance is perturbed by AR, from
the nominal value R,. For a perturbed stator resis-
tance R; + AR,, we obtain a perturbed error equation
for MRAS as follows.

p-l€] Fle] — Aw,JA; — AR, %is

= Fle] — AwrJAL — Aey (22)
where A¢; = AR,%}i,.
On the other hand, for the modified MRAS, we ob-

tain the following error equation.

p-[e]

t
Fle] — Aw, JA; — Kale] — Kﬁ/ le]ldn
0

—Csgn([e]TTXA)TAE — Aey. (23)

The effect of Ko and Kj inserted in the modified
MRAS on the Popov’s integral inequality can be stated
as follows. In the presence of motor parameter mis-
match, the Popov’s integral inequality condition may
not be satisfied in the original MRAS. But, for the

W= t TW. 4 MMRAS, the possibility to satisfy the Popov’s inte-
= o [e]” Whdt gral inequality is larger than the MRAS due to the
t additional feedback terms. To compare the robustness
= / Op[e]T TASdt of the two schemes to the variation of the stator resis-
0 . . tance, the following notations are introduced.
+./0 [Ka[e]T[e] + Kg[e]T/ [e]dn] dt Notation.
0
ty L 11
+ / (¢ = wr/sgn((eT TN sgn((elT DO TNt @ = ARGE [ (e,
0 0
ty 1y t
> / O[T T A dt Q = / [Ka[e]T[e] + Kale]T / [e]dn] dt
0
. 0 - 0
+/ (€ = w,/sgn([e]T TA))[e]T TAS dt + AR,MT/ [e] i, dt. (24)
0 0
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The above 7 denotes the degree to which the
Popov’s integral inequality holds with respect to the
stator resistance change. In other words, it may be
called a robustness factor (degree) to the change of the
stator resistance. With this concept, it is shown that
the modified MRAS has improved robustness factor Q)2
than the original MRAS. It follows by the following in-
equality that by Lemma 2

Q- =
> 0,

/ "’ [Ka 676l + Kslel” [ t[e]dn] dt
Vi, > 0. (25)

Since @2 > @i, it can be said that the modified
MRAS is more robust than the original MRAS to the
variation of the stator resistance.

IV. SIMULATION RESULTS

In order to evaluate the performance of the modi-
fied MRAS with respect to the variation of the sta-
tor resistance and the change of load torque, computer
simulation works are done for the two MRAS schemes.

A. Robustness at 3 Hz and 30 Hz operations

It is assumed that the stator resistance is perturbed
to 300 % from its nominal value at ¢t = 3. First simula-
tion is to test the low speed operation at 3 Hz(90 rpm).
Test for the high speed operation with 30 Hz (900 rpm)
is done in second simulation. Fig. 1 shows the plot of
the rotor speed estimate at 3 Hz along with its error
and two rotor fluxe vectors of voltage and current mod-
els. When the stator resistance is changed, the results
are depicted in Fig. 2. As shown in Fig. 2, the estima-
tion results for the 300 % perturbed stator resistance
is very poor. At t = 3 seconds, oscillatory behavior
occurs in the speed estimate and steady state error ex-
ists. However, the modified MRAS reduces the settling
time of oscillation and the magnitude of steady state
error. The improved estimation results of the modified
MRAS are shown in Fig. 3.

Second simulations are to test the high speed oper-
ation at 30 Hz with the same condition as first simula-
tion except the load torque change to 20 Nm. Fig. 4,
Fig. 5, and Fig. 6 show the simulation results for these
cases. When the load torque is applied and the stator
resistance is changed at the high speed, note that the
responses of the modified MRAS to the variation of the
stator resistance are also better than that of original
one.

By these simulation works, the superiority of the
modified MRAS are verified with respect to the mag-
nitude of speed ripples in the rotor speed estimate,
steady state error, and convergence time under the sit-
uation that a load torque is applied and the stator
resistance is changed.

V. CONCLUSION

A modified MRAS so as to identify the rotor speed
was proposed. The proposed MMRAS obtained im-

proved robustness factor to the variation of the sta-
tor resistance. The difference between the voltage and
the current models was fed into the current model via
proportional and integral gains to improve the perfor-
mance of the original MRAS. The MMRAS could be
applied to identify the time varying rotor speed. The
asymptotic stability of the MMRAS was shown with
the hyperstability theory. By the simulation works,
the superiority of the modified MRAS to the original
MRAS was verified by the robustness to the variation
of the stator resistance and the change of load torque.
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