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Abstract—In this paper, a novel rotor speed estimation method
using model reference adaptive system (MRAS) is proposed to im-
prove the performance of a sensorless vector control in the very low
and zero speed regions. In the classical MRAS method, the rotor
flux of the adaptive model is compared with that of the reference
model. The rotor speed is estimated from the fluxes difference of
the two models using adequate adaptive mechanism. However, the
performance of this technique at low speed remains uncertain and
the MRAS loses its efficiency, but in the new MRAS method, two
differences are used at the same time. The first is between rotor
fluxes and the second between electromagnetic torques. The adap-
tive mechanism used in this new structure contains two parallel
loops having Proportional-integral controller and low-pass filter.
The first and the second loops are used to adjust the rotor flux and
electromagnetic torque. To ensure good performance, a robust vec-
tor control using sliding mode control is proposed. The controllers
are designed using the Lyapunov approach. Simulation and ex-
perimental results show the effectiveness of the proposed speed
estimation method at low and zero speed regions, and good robust-
ness with respect to parameter variations, measurement errors,
and noise is obtained.

Index Terms—Induction motor, Lyapunov function, model refer-
ence adaptive system (MRAS), sensorless control, speed estimation,
vector control.

NOMENCLATURE

s, r Rotor and stator indices.
d, q Direct and quadrate indices for orthogonal compo-

nents.
x̄ Variable complex such as: x̄ = �e [x̄] + j.�m [x̄]

with j2 = −1.
x̄ It can be a voltage as ū, a current as ī or a flux as ϕ̄.
x̄∗ Complex conjugate.
Rs,Rr Stator and rotor resistances.
Ls, Lr Stator and rotor inductances.
Ts ,Tr Stator and rotor time-constants (Tsr = Ls,r /Rs,r ).
σ Leakage flux total coefficient (σ = 1 − M 2/LrLs ).
M Mutual inductance.
P Number of pole pairs.
ω Mechanical rotor frequency (rd/s).
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Ω Rotor speed (rd/s).
ωs Stator current frequency (rd/s).
ωr Induced rotor current frequency (rd/s).
ωc Injected rotor current frequency (rd/s).
Jin Inertia.
f Coefficient of viscous.
Γ Unknown torque.
Γe ,Γmax Electromagnetic torque and maximal torque.
� Symbol indicating measured value.
� Symbol indicating the estimated value.
∗ Symbol indicating the command value.
IM Induction motor.
MRAS Model reference adaptive system.

I. INTRODUCTION

S PEED INFORMATION is mandatory for the operation of
vector-controlled induction motor (IM) drive. The rotor

speed can be measured through a sensor or may be estimated us-
ing voltage, current signals, and machine parameters. The use of
speed sensor is associated with problems, such as, reduction of
mechanical robustness of the drive, need of shaft extension, re-
liability reduction, and cost increase. Therefore, a speed sensor-
less drive has a clear edge over the traditional vector-controlled
drive.

Several speed estimators for sensorless vector control of in-
duction motor have been proposed as summarized recently in
[1]. They can be divided into two groups, the model-based es-
timators and signal injection-based estimators. Among the first
group, the MRAS, the adaptive Luenberger observers and the
extended Kalman-filter. The main drawback of these model-
based estimators is their insufficient performance at low speeds
and parameters machine sensitivity. In order to overcome these
problems, signal injection-based methods [2], [3] were devel-
oped. Although these methods perform well at low and zero
speed regions, they suffers from, computational complexity, the
need of external hardware for signal injection and the adverse ef-
fect of injecting signal on the machine performance. Therefore,
due to their simplicity, model-based methods and especially
MRAS-based methods are, until now, the most widely used.

Numerous MRAS-based on rotor flux, back electromotive
force, reactive power, and outer product of stator voltage–
current (v̄∗

s ⊗ ī∗s)[4]–[10] have been proposed. However, rotor
flux MRAS first introduced by Schauder [11], [5], remain the
most popular MRAS strategy, and a lot of effort has been fo-
cused on improving its performance [1]. Indeed, the drawbacks
of this technique are parameter sensitivity, especially to stator
resistance, and pure integration problems [6], [12]–[14], which
limit its performance at low and zero speed regions of operation.
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Many solutions have been proposed to improve the perfor-
mance at and around zero speed, among them, online adaptation
of the stator resistance [15], simultaneous MRAS estimation of
speed, and stator resistance [16]. Also, to overcome pure in-
tegration problems, low-pass filters (LPF) [17], [18] with low
cutoff frequency and a programmable cascaded LPF [19] were
used.

This paper proposes a field-oriented control (FOC) induction
motor drive based on a new MRAS method. First, the modeling
of the induction machine is described. Then, a sliding-mode
controller is designed to ensure good and robust performance
with respect to parameters variations, and a new MRAS rotor
speed observer is proposed. Finally, experimental results are
discussed.

II. THE IM MODEL

The Induction machine dynamic model expressed in the syn-
chronous reference frame is given by voltage equations

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ūs = RsĪs + σLs
dĪs

dt
+

M

Lr

dφ̄r

dt
+ jσLsωs Īs

+ j
M

Lr
ωsφ̄r

0 =
1
Tr

φ̄r −
M

Tr
Īs +

dφ̄r

dt
+ jωr φ̄r

. (1)

The motion equation is

Γe − Γl = Jin
dΩ
dt

+ fΩ. (2)

where the electromagnetic torque is

Γe =
PM
Lr

(Isqφrd − Isdφrq ). (3)

If we assume that the torque load and the viscous coefficient
are unknown, we can write

Γe − Γ = Jin
dΩ
dt

, (4)

where Γ = Γl + fΩ.

III. VECTOR CONTROL STRATEGY

A. Rotor Flux Orientation

The objective of flux rotor orientation or vector control is
to decouple the stator current into flux and torque producing
components, regulated separately, to obtain a good performance
IM drive [20], [21]. Then

{
φrq = 0
φrd = ϕr

. (5)

Using (5), the developed torque given by (3) can be rewritten
as follows:

Γe = kcφrIsq (6)

where kc = PM
Lr

, and Isq appears as the input command of the
active power or simply of the developed torque, while Isd ap-
pears as the input command of the reactive power.

B. Robust Control Law Design

Separating the real and the imaginary part of (1), we can write
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

dIs d

dt = h1 + γ1usd

dIs q

dt = h2 + γ1usq

dΩ
dt = h3 + γ2uT

(7)

where h1 , h2 , and h3 are done as follows:
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

h1 = γ1

(

−RsIsd − M

Lr

dφrd

dt
+ σLsωsIsq +

M

Lr
ωsφrq

)

h2 = γ1

(

−RsIsq −
M

Lr

dφ̄r

dt
+ σLsωsIsd − M

Lr
ωsφrd

)

h3 = − 1
Jin

(

Γ + P
M

L
φrq Isd

)

(8)
with γ1 = 1

σLs
, γ2 = kc φr d

J in
and the virtual control uT = I∗sq .

The functions h1 , h2 , and h3 involved in the model of in-
duction motor (IM) are strongly affected by the temperature,
the saturation, and the skin effect in addition of the different
nonlinearities related to harmonic pollution due to supplying
converters and to noise measurements. In this section, our ob-
jective is to design a robust control law, which can take into
account all these effects and guarantee a good performance. In
general, we can write

⎧
⎪⎪⎨

⎪⎪⎩

h1 = ĥ1 + Δh1

h2 = ĥ2 + Δh2

h3 = ĥ3 + Δh3

(9)

where ĥ1,2,3 : nominal functions, h1,2,3 : actual functions,
Δh1,2,3 : variations around nominal functions.

In this case, the load torque Γ is unknown but limited i.e.,
|Γ| ≤ Γmax and magnetizing flux φrd is nonzero (remanence
flux).

We assume that all Δh1,2,3 are bounded as follows:
⎧
⎪⎨

⎪⎩

|Δh1 | < ζ1

|Δh2 | < ζ2

|Δh3 | < ζ3

. (10)

Replacing (9) in (7), we obtain
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

dIsd

dt
= ĥ1 + Δh1 + γ1usd

dIsq

dt
= ĥ2 + Δh2 + γ1usq

dΩ
dt

= ĥ3 + Δh3 + γ2uT

. (11)

We can formulate the Lyapunov function as follows [22]–
[24]:

V =
1
2
e2
d +

1
2
e2
q +

1
2
e2
ω > 0 (12)

where ed = (Isd − I∗sd), eq = (Isq − I∗sq ), and eω = (Ω − Ω∗).
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The derivative of the Lyapunov function (12) becomes

V̇ = ėded + ėq eq + ėω eω . (13)

Substituting (7) in (13), it results

V̇ = (ĥ1 + Δh1 + γ1usd − İ∗sd)ed

+ (ĥ2 + Δh2 + γ1usq − İ∗sq )eq

+ (ĥ3 + Δh3 + γ2u
∗
T − Ω̇∗)eω . (14)

Let us define the following law control as:

usd = −α1 ĥ1 + α1 İ
∗
sd − α1K1ed − α1K11sgn(ed)

usq = −α1 ĥ2 + α1 İ
∗
sq − α1K2eq − α1K22sgn(eq )

uT = −α2Ω̇ − α2K3eω − α2K33sgn(eω ) (15)

where α1 = 1
γ1

, α2 = 1
γ2

.
Hence, (15) replaced in (14) gives

V̇ = −K1e
2
d − K2e

2
q − K3e

2
ω

+ (Δh1 − K11sgn(ed))ed

+ (Δh2 − K22sgn(ed))eq

+ (ĥ3 + Δh3 − K33sgn(eω ))eω . (16)

Hence, the Δh1,2,3variations can be absorbed if we take

K11 > |Δh1 |
K22 > |Δh2 |

K33 >
∣
∣
∣ĥ3 + Δh3

∣
∣
∣ .

(17)

The latter inequalities are satisfied since K1,2,3 > 0 and

|Δh1 | < ζ1 < K11

|Δh2 | < ζ2 < K22
∣
∣
∣ĥ3 + Δh3

∣
∣
∣ < |Γ| + |ζ3 | < K33 .

(18)

Finally, we can write

V̇ < 0. (19)

Hence, using the Lyapunov theorem [22]–[24], we conclude
that

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

lim ed
t→+∞

= 0

lim eq
t→+∞

= 0

lim eω
t→+∞

= 0

. (20)

IV. MRAS SPEED OBSERVER

The MRAS approach uses two models. The model that does
not involve the quantity to be estimated (the rotor speed) is con-
sidered as the reference model. The model that has the quantity
to be estimated involved is considered as the adaptive model (or
adjustable model). The outputs obtained with the two models are
compared, and the difference is used to derive a suitable adap-
tive mechanism whose output is the quantity to be estimated

Fig. 1. Classical rotor flux MRAS speed observer.

(rotor speed in our case). The adaptive mechanism should be
designed to ensure the stability of the controlled system. Fig. 1
illustrates the basic structure of MRAS [20], [25], [21].

The induction motor model can be represented in the stator
reference frame as follows:

⎧
⎨

⎩

ūs = Rsīs + σLs
dīs

dt + M
Lr

dφ̄r

dt

0 = 1
Tr

φ̄r − M
Tr

īs + dφ̄r

dt − jPΩφ̄r

. (21)

A. Classical MRAS Speed Observer

The MRAS speed observer analyzed two independent equa-
tions for the derivative time of rotor flux vector, obtained from
(1) in the stationary reference frame (α, β). They are usually
referred to as the “voltage model” and “current model,” and they
are given, respectively, by

φ̄r =
σLsLr

M
īs +

Lr

M

∫

(ūs − Rsīs)dt (22)

and

φ̄r =
∫ (

M

Tr
īs −

(
1
Tr

− jP.Ω
)

φ̄r

)

dt. (23)

For the same input īs , (23) can be written in an estimated
form

ˆ̄φr =
∫ (

M

Tr
īs −

(
1
Tr

− jP.Ω̂
)

ˆ̄φr

)

dt. (24)

The dynamic equation of the estimation error ēφ = (φ̄r − ˆ̄φr )
is obtained by subtracting (23) and (24)

˙̄eφ = −
(

1
Tr

− jP.Ω
)

ēφ + jP (Ω − Ω̂)ˆ̄φr . (25)

It is important to ensure that the system (25) is stable, which
naturally requires the error (eφ ) to be close to zero. As noted
in [11], the stability of this algorithm is studied, using the hy-
perstability Popov criterion. Indeed, the derivation of the error
is composed of two terms. The first is linear and the second is
nonlinear.

In matrix form, this differential equation is written as

˙̄eφ = Aēφ − W (26)

where

A = − 1
Tr

I + J.PΩ; W = J.P (Ω − Ω̂)ˆ̄φr = J.PΔΩˆ̄φr
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ēφ =
[

φrα − φ̂rα

φrβ − φ̂rβ

]

; and I =
[

1 0
0 1

]

; J =
[

0 −1
1 0

]

.

A is a Hurwitz matrix (stable). According to the Lyapunov
function of the linear part ˙̄eφ = Aēφ , we get

V = ēT
φ ēφ > 0. (27)

The derivative of the Lyapunov function becomes

V̇ = ˙̄eT
φ ēφ + ēT

φ
˙̄eφ = ēT

φ (AT + A)ēφ = − 2
Tr

ēT
φ ēφ . (28)

The function given in (28) is globally negative definite.Thus,
V̇ < 0 ∀Ω.

We can obtain the adaptive mechanism by Lyapunov, but it is
simpler to be extracted from Popov’s criterion

t∫

0

eT
φ Wdτ =

t∫

0

(PΔΩ[ eφα eφβ ]J ˆ̄φr )dτ ≥ −δ2
o . (29)

Assuming the speed changes very slowly with the same the-
orem of parameter analysis mentioned above, we can write

Ω̂ = δ0P

∫

[ eφα eφβ ]J ˆ̄φrdt

= δ0P

∫

(eφβ φ̂rα − eφα φ̂rβ )dt. (30)

The adaptation law has open-loop integration (offset prob-
lem). To improve the estimation response, an LPF was proposed
by many authors [26] and [27]. Then, (30) becomes

Ω̂ = kp(φ̄r ⊗ ˆ̄φr ) + ki

∫

(φ̄r ⊗ ˆ̄φr )dt (31)

where kp and ki are positive gains.
However, the main problem of the classical MRAS observer

is its poor estimation at low speeds [1]. That is why we present
a new MRAS speed observer in the following paragraph.

B. New MRAS Speed Observer

In the new MRAS method, two differences are used on the
same time. The first is between rotor fluxes, and the second is
between electromagnetic torques.

Indeed, the electromagnetic torque can be expressed as

Γe = P
M

Lr
(̄is ⊗ φ̄r ) (32)

where φ̄r is given by (23).
The estimated electromagnetic torque can be expressed as

Γ̂e = P
M

Lr
(̄is ⊗ ˆ̄φr ) (33)

where ˆ̄φr is given by (24).
It is well established that the motion equation (2) governs the

mechanical dynamics part of the machine, then a variation of the
load results in a variation of the speed until the electromagnetic
torque becomes equal to the load torque.

Fig. 2. Block diagram of the new MRAS observer.

Fig. 3. Block diagram of sensorless field-oriented control system.

Based on the same principle, a variation in the estimated
torque results in a variation of the estimated speed until the
estimated torque becomes equal to the electromagnetic torque.

Then, by using the mechanical equation (2) and by replacing
the electromagnetic torque and the speed by their estimated
values, we can write

Γ̂e − Γl = Jin
dΩ̂
dt

+ fΩ̂. (34)

By subtracting (34) from (2), we obtain the following equa-
tion:

eΓ = Γe − Γ̂e = Jin
d(Ω − Ω̂)

dt
+ f(Ω − Ω̂). (35)

Then, for good speed estimation, we must take into account
the two following conditions:

⎧
⎨

⎩

˙̄eφ = −
(

1
Tr

− jPΩ
)

ēφ + jP (Ω − Ω̂)ˆ̄φr

eΓ = Γe − Γ̂e = Jin
d(Ω−Ω̂)

dt + f(Ω − Ω̂)
. (36)

With the same way that we determinate the adaptation law
previously and with taking into account the error of torque the
adaptation becomes

Ω̂ =
(

Kp +
Ki

p

)

(φ̄r ⊗ ˆ̄φr ) + KΓ
eΓ

τp + 1
(37)

where τ is chosen to be close to the mechanical time constant.
In this scheme, the electromagnetic torque error eΓ = (Γe −

Γ̂e), is filtered by the LPF and added to the classical adaptation
law loop. The new MRAS observer block diagram is given in
Fig. 2.

Fig. 3 illustrates a general block diagram of the suggested IM
control scheme.
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TABLE I
GAINS OF CONTROLLERS

Controller Gains

Is d -Controller K 1 = 300; K 11 = 25
Is q -Controller K 2 = 750; K 22 = 50
Speed-Controller K 3 = 500; K 33 = 10
PI-Observer kp = 1000; ki = 10000
New-MRAS Filter KΓ = 333, τ = 1.63

Fig. 4. Load torque variation.

Fig. 5. Speed of induction motor.

V. SIMULATION AND EXPERIMENTAL IMPLEMENTATION

In this section, the performance of the proposed observer
structure is presented via simulation and experimental results.
First, the performances of the proposed observer are analyzed
and compared with the classical MRAS observer by simulation.
Second, to validate the simulation results, extensive experimen-
tations are conducted by using dSPACE DS1104. The rating and
parameters of the induction motor are given in the appendix, the
values of all controllers gains are given in Table I.

A. Simulation Results

A sensorless FOC induction motor drive, shown in Fig. 3,
is used where the actual speed feedback signal is replaced by
the estimated one. Fig. 5 shows reference, actual, and estimated
speed. We can see in Figs. 6 and 7 that the speed estimation error
(error between actual and estimated speed) and tracking speed
error (error between reference and estimated speed) are small
even at zero speed regions and converge quickly to zero. To test
the robustness toward load torque variation at a constant speed
reference, a step load variation of 10 Nm (see Fig. 4) is applied
between t = 5 s and t = 7 s. As we can see, after small varia-
tions, the estimation and tracking speed errors converge to zero.
All these results confirm the efficiency of our speed observer

Fig. 6. Speed estimation error.

Fig. 7. Speed tracking error.

Fig. 8. Rotor flux.

Fig. 9. Load torque and Rs variations.

and control. Also, in order to confirm the field orientation, d-
and q-axis flux are separately shown in Fig. 8. We can see that
the q-axis flux is maintained at zero value.

The sensitivity to stator resistance mismatch and load torque
variation of the proposed new MRAS method and the classical
MRAS is shown in Figs. 9–11 for +20% Rs variations and 10-
Nm load variation at low speeds. As can be observed, while the
tracking performance of the two methods seems to be satisfac-
tory (see Fig. 10), the accuracy of the new MRAS observer is
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Fig. 10. Classical MRAS observer: Reference, actual, and estimated speed
for load torque and Rs variations.

Fig. 11. Classical MRAS observer: Zoom of Reference, actual, and estimated
speed for load torque and Rs variations.

Fig. 12. Structure of the laboratory setup.

much better than this of the classical one especially at low speed
(see Fig. 11).

B. Description of the Laboratory Setup

The basic structure of the laboratory setup is depicted in
Fig. 12. The DC machine is used as a load. The IM stator is fed
by a SEMIKRON converter (4 kW, IGBT modules) controlled
directly by the DS1104 board. The dSPACE DS1104 PPC is
plugged in the host PC. The encoder is used to measure the
mechanical speed. The sensors are used for the currents and
voltages measures are, respectively, LA-55NP and LV-25P. The
Interface is used to provide galvanic isolation to all signals
connected to the DS1104 PPC controller.

Fig. 13. Speed of induction motor.

Fig. 14. Speed zoom.

Fig. 15. Speed estimation error.

Fig. 16. Speed tracking error.

C. Experimental Results

Fig. 13 shows the reference, measured (actual), and estimated
speed and also the speed reference of the proposed sensorless
control. We can see that the measured and estimated speed are
close to each other and converge to the speed reference. In Figs.
14–16, we show that the measured and tracking speed errors
are small and converge quickly to zero even at zero speed.
These experimental results prove the efficiency of our proposed
observer and control and confirm the simulation results. In order
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Fig. 17. Isd and Isq stator currents.

Fig. 18. Rotor flux.

Fig. 19. Classical MRAS: Reference, actual, and estimated speed.

to experimentally test the robustness of our proposed control
scheme, a torque load variations of 10 Nm is applied between
5 and 7 s. We can see the effect of variation load on the Isq

current in Fig. 17. The results show that no significant changes
have affected either the speed or direct current Isd of the machine
[see Fig. 17]. All these tests show the robustness of the proposed
observer controller scheme. Also, in Fig. 18, we can see that
the d- and q-axis fluxes are decoupled and the q-axis flux is
maintained at zero value.

To show the advantage of the proposed observer compared
to the classic one, the systems responses in the first and second
cases were performed. Figs. 15 and 20 show clearly that the
estimated error is smallest for our proposed observer than this
obtained for the classical one (Fig. 19).

To confirm the efficiency of our proposed observer at low
speed regions, different speed trajectories are applied. Fig. 21
shows the reference, measured, and estimated. It is clear from
this figure that the estimated and measured speeds converge to
the speed reference at the same time. In Fig. 22, we can see
that the estimation error is small, which proves the efficiency
of the proposed MRAS even at low and zero speed regions. All

Fig. 20. Classical MRAS: Speed estimation error.

Fig. 21. Reference, actual, and estimated speed.

Fig. 22. Speed estimation error.

These experimental results confirm the simulation results. (In
this case, 10-Nm load charge was applied between 5 and 12 s).

Our control strategy has been successfully tested
on dSPACE1104, which contains the Texas Instrument
TMS320F240 DSP. This constructor has developed a number of
DSP for industrial applications. Then, it will be easy to apply
our control strategy in industry by generating C code or rewrite
our algorithm in assembly language.

VI. CONCLUSION

In this paper, a new MRAS rotor speed observer was pro-
posed to improve the performance of sensorless vector con-
troller of induction machine. The control robustness is achieved
by a sliding-mode controller and its stability is proved using
a Lyapunov approach. Simulation and experimental results for
different speed profiles had shown, on the one hand, that the
proposed new MRAS observer was able to estimate accurately
the actual speed at low and zero speed when the conventional
MRAS observer is limited. On the other hand, the robustness
of the proposed observer regarding load torque and stator re-
sistance variations, especially at low and zero speed, is much
better than the classical observer.
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APPENDIX

Machine Parameters

Rs = 5.72Ω, Rr = 4.2Ω, Ls = 462 mH, Lr = 462 mH,
M = 440.2 mH, J = 0.0049 kg·m2, f = 0.003 mN·s/rd.

Rate values

P = 1.5 kW; Ω = 1430 r/min; I = 3.5 A; cosϕ = 0.82; pole
pairs number p = 2; 50 Hz; load torque = 10 Nm.
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