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Abstract – An adaptive sliding-mode observer for speed estimation in sensorless vector controlled 
induction machine drives is proposed in this paper to balance the dilemma between the requirement of 
fast reaching transient and the chattering phenomenon reduction on the sliding-mode surface. It is well 
known that the sliding-mode observer (SMO) suffers from the chattering phenomenon. However, the 
reduction of the chattering phenomenon will lead to a slow transient process. In order to balance this 
dilemma, an adaptive exponential reaching law is introduced into SMO by optimizing the reaching 
way to the sliding-mode surface. The adaptive exponential reaching law is based on the options of an 
exponential term that adapts to the variations of the sliding-mode surface and system states. Moreover, 
the proposed sliding-mode observer considering adaptive exponential reaching law, which is called 
adaptive sliding-mode observer (ASMO), is capable for reducing the chattering phenomenon and 
decreasing the reaching time simultaneously. The stability analysis for ASMO is achieved based on 
Lyapunov stability theory. Simulation and experimental results both demonstrate the correctness and 
the effectiveness of the proposed method. 
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1. Introduction 
 
Induction machine (IM) has many advantageous 

characteristics, such as high reliability, low cost and strong 
robustness compared with DC machines. The installation 
of speed sensors increases the cost and reduces the 
reliability and the robustness of IM drives. Hence, many 
attentions have been paid to rotor speed estimation to 
achieve speed sensorless control because of the merit of 
high reliability, low cost and disturbance rejection [1, 2]. A 
lot of sensorless methods have been proposed, such as low-
frequency signal injection [3], high-frequency signal 
injection [4, 5], model reference adaptive systems (MRAS) 
[6, 7], adaptive full-order observers [8, 9], artificial neural 
network (ANN) [10], extended Kalman filters (EKF) [11, 
12], and sliding-mode observers (SMO) [13-30]. 

In [3, 4], the estimation methods for rotor speed are based 
on low-frequency signal injection and high-frequency signal 
injection respectively, and they obtain good performance. 
With signal injections, the robustness of the speed estimation 
is strong, and the speed can be set at a very low level, even 
at zero. However, they are highly sophisticated and require 
customized designs for a particular IM drive, and there are 
estimated speed delays to the rotor speed due to the filter 
[5]. [6] presents a closed-loop model reference adaptive 
system (CL-MRAS), and a speed observer is developed for 

linear induction motor (LIM) drives. A new formulation of 
the reactive-power-based MRAS, which is stable in all four 
quadrants of operation, is proposed in [7]. However, in 
these researches, with respect to sensorless IM drives, the 
rotor flux and load torque should be known to realize the 
sensorless control. Moreover, these observers usually lose 
effectiveness or give inaccurate results due to the fact that 
their observability is poor in low speed region. In [8, 9], 
the robustness of the adaptive full-order observer against 
stator resistance and inductance variations is investigated, 
and the sesorless IM drives based on the proposed adaptive 
full-order observer can operate stable even in regenerating 
mode and in flux-weakening region. In [10], a new method 
based on ANNs applied to the parameter estimation of 
induction motors using sensorless vector control is 
proposed. Results obtained with this observer are more 
efficient than the results obtained with the classical observer. 
In [11, 12], a three-order EKF and an interfacing multiple-
model EKF is used for speed and flux estimation in vector 
controlled induction motor drives, and experimental results 
have shown that the system based on EKF has good 
performance and applicable value. 

Among the above rotor speed estimators, the sliding-
mode observer (SMO) for speed estimation is popular 
and has been widely used because it has many merits 
such as simplicity of implementation, strong robustness 
to parameter deviations and disturbances rejection [13-
16]. In recent years, SMO has been studied widely in the 
sensorless control of induction machines. In [17, 18], a 
sliding-mode current observer is proposed for rotor flux, 
rotor speed, and rotor time constant estimations. The rotor 
time constant update algorithm can overcome the problem 
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of rotor resistance variation, which is very important in 
indirect field-oriented vector control. In order to make the 
observer insensitive to the IM parameters, novel current 
model flux observers for speed sensorless control of IMs 
are proposed in [19, 20], by designing new structure of 
SMOs based on the dynamic model of IM, the proposed 
observers can work well over wide speed range and make 
the flux observer insensitive to the speed information or 
rotor resistance variation theoretically. In [21], two sliding-
mode current observers are used to design an adaptive 
sliding-mode flux observer, which makes the observer 
robust to motor parameter variations. In [22], the sliding-
mode observer has been applied to washing-machine drive 
applications, specifically, the proposed SMO focus on how 
to improve speed regulation, system robustness, and some 
special technical issues in washing-machine drives. By 
using a modified model of the induction motor in the 
rotating reference frame, an SMO for flux magnitude 
estimation is proposed in [23], with a certain gain selection, 
the proposed observer can be designed insensitive to the 
input speed inaccuracy. 

On the other hand, based on characteristics of the 
sliding-mode observer, some novel sliding-mode theories 
or intelligent algorithms were introduced to build observers 
with new structures or higher performance. In [24, 25], a 
fractional order integral sliding-mode flux observer is 
proposed to take the advantage of the flexibility of fractional 
orders, in which the superiority is verified by numerical 
analyses, and the proposed observer can achieve better 
performance compared with conventional observer. To 
reduce the chattering problem caused by the classical 
SMO, a Fuzzy logic algorithm is introduced in [26] to 
replace the sign function. The robustness of proposed 
improved Fuzzy SMO in tracking application was verified 
at low and high speed and its hyper stability is guaranteed 
by Lyapunov criterion. In [27], the design of a scheme 
based on a discrete-time sliding mode observer which 
provides the rotor speed estimation is proposed, and the 
conditions for the existence of a discrete-time sliding 
switching hyper plane are analyzed. In [28], a new 
approach for sensorless vector control of IM using 
singularly perturbed sliding-mode observer is proposed, 
and the new approach is based on the singular perturbation 
theory which decomposes the original system of the 
observer error dynamics into separate slow and fast 
subsystems and permits a simple design and sequential 
determination of the observer gains. The new observer 
achieves good performance especially for the robustness 
against rotor resistance variation and external load 
disturbances. 

It is well known that the sliding-mode observer (SMO) 
suffers from the chattering problem. However, the 
reduction of the chattering phenomenon will lead to a slow 
transient process. In previous studies, researches on the 
sliding-mode observer are focusing on the stability of the 
observer which ensures that the state variables can reach 
the sliding-mode surface in finite time. However, how the 
state variables reach the sliding-mode surface, i.e. the 

reaching way to the sliding-mode surface, has also the 
significant important influence on the performance of the 
observer, especially for the fast reaching transient 
performance and the chattering phenomenon reduction. 
Hence, to balance the dilemma between the requirement 
of fast reaching transient and the chattering phenomenon 
reduction on the sliding-mode surface, an adaptive 
exponential reaching law is introduced into SMO by 
optimizing the reaching way to the sliding-mode surface. 
The adaptive exponential reaching law is based on the 
options of an exponential term that adapts to the variations 
of the sliding-mode surface and system states. Besides, 
the proposed sliding-mode observer considering adaptive 
exponential reaching law, which is called adaptive sliding-
mode observer (ASMO), is able to not only reducing the 
chattering phenomenon, but also decreasing the reaching 
time. Simulation and experimental results are presented to 
demonstrate the validity of the proposed approach. 

 
 

2. IM Model and Sliding-Mode Observer Design 
for Sensorless IM Drives 

 
2.1 Dynamic model of induction machine 

 
With the stator currents and rotor fluxes defined as the 

state variables, the behaviour of IM in the stationary 
reference frame system can be modelled by continuous-
time differential equations, and the IM model can be 
obtained in the matrix form as 
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The constants k1, k2, k3 and λ are defined as  
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In addition, a new matrix G is defined as 
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2.2 Preliminaries of sliding-mode observer 

 
It is noted from (1) and (2) that the matrix G appears as a 
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common term both in the current equation and in the flux 
linkage equation. Thus it can be concluded that the 
advantage of (1) and (2) is that the coupling terms between 
α and β axes are exactly the same, which means that the 
coupling terms can be replaced with the same sliding-mode 
function. Therefore, the estimation of the matrix G can be 
provided by the sliding-mode function, which can be 
described as 
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Hence, based on (1), the sliding-mode observer for 

current observation is transformed into 
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Simultaneously, based on (2), the sliding-mode 

observer for flux observation can be presented as 
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and λ0 > 0, 
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Conventionally, the sliding-mode surface is defined by 

considering the estimated error of stator currents 
 

 
T

S S Sa bé ù= ë û  (9) 
 
In this paper, the sliding-mode surface is defined by 

considering the estimated error of stator currents and the 
rate of the estimated error simultaneously. For the purpose 
of improving the accuracy of control performance, the new 
sliding-mode surface is shown as 

 

 
1 2

1 2

s sI
I

I s s

p i p i dtS
S

S p i p i dt

a aa

b b b

é ù+é ù ê ú= =ê ú ê ú+ë û ë û

ò
ò

% %

% %
  (10) 

 
where p1 > 0 and p2 > 0. The parameters p1 and p2 are the 

adjustable parameters which are used to regulate the 
proportion of the estimated error and the rate of the 
estimated error. In practical application, the value of p1 
should be designed smaller than p2 since a large value of p1 
will aggravate the chattering phenomenon. 

Traditionally, the sliding-mode surface without con-
sidering the rate of the estimated error can not guarantee 
the robustness during the reaching phase, i.e. before 
sliding-mode occurs. In this paper, for the sliding-mode 
surface defined by considering the estimated error and the 
rate of the estimated error simultaneously, the system 
trajectories can be established without a reaching phase, 
and the concept of the rate of estimated error concentrates 
on the robustness of the motion in the whole state space, 
i.e. the robustness of the system can be guaranteed 
throughout an entire response of the system starting from 
the initial time instance. 

 
 
3. Adaptive Sliding-Mode Observer Design for 

Sensorless IM Drives 
 
It is well known that the sliding-mode observer (SMO) 

suffers from the chattering problem. However, the reduction 
of the chattering phenomenon will leads to a slow transient 
process. In previous studies, researches on the sliding-
mode observer are focusing on the stability of the observer 
which ensures that the state variables can reach the sliding-
mode surface in finite time. However, the reaching way 
to the sliding-mode surface is rarely concerned. In fact, 
the reaching way to the sliding-mode surface has 
significant important influence on the performance of SMO, 
especially for the fast reaching transient performance and 
the chattering phenomenon reduction. Hence, to optimize 
the observation performance of SMO, the reaching law 
method is introduced in this paper to help designing the 
sliding-mode observer. 

 
3.1 Design of the sliding-mode observer considering 

conventional exponential reaching law 
 
In order to optimize the observation performance of 

sliding mode observer, a typical reaching law called 
exponential reaching law is introduced into SMO by 
considering the reaching way to the sliding-mode surface. 

From (2)-(6) and (10), the derivative of SI can be derived 
as  
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where 
 

r r r m sM L ia b aly wy l= - - + , 
r r r m sN L ia b bwy ly l= - + . 

 
The reaching law method is introduced to optimize the 

speed observation performance of SMO, and for the 
specific reaching law, the exponential reaching law is 
adopted as follows 
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where k > 0 and μ > 0. 

Based on (11) and (12), the relationship between sliding-
mode flux observer and the exponential reaching law can 
be derived as follows 
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From (13), the rotor flux in SMO can be observed as 

follows 
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where the sliding-mode function can be written as 
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With the current observer shown in (5), the sliding-mode 

observer with exponential reaching law is constructed by 
considering the reaching way to the sliding-mode surface. 

For the sliding-mode observer considering conventional 
exponential reaching law, the dynamic performance is 
directly related to the value of k and μ. By integrating (12) 
with respect to time, the time required to reach sliding-
mode surface can be derived as  
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Based on (12) and (16), the required time can be derived 
as  
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It is obvious that SI(t)=0 based on the sliding-mode 

control theory, thus (17) can be rewritten as follows 
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It is noted from (18) that the reaching time t can be 

reduced by setting high values of k and μ. However, the 
high values of k and μ will directly increase the chattering 
level because of the sliding-mode inherent characteristic. 
To further improve the performance of SMO, i.e. to further 
optimize the reaching way to the sliding mode surface, an 
adaptive exponential reaching law is introduced into 
sliding-mode observer for speed estimation in sensorless 
IM drives. 

 
3.2 Design of the sliding-mode observer considering 

adaptive exponential reaching law 
 
The proposed adaptive sliding-mode observer (ASMO) 

is considering an adaptive exponential reaching law, and in 
which the adaptive exponential reaching law is realized 
based on the option of an exponential term that adapts to 
the variations of the system states and the sliding-mode 
surface. This adaptive exponential reaching law is the 
optimization of (12) which is given by 
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where 0k ¢ > , 0h > , 0 1e< <  and ˆ ˆ

s s s si i i ia b a bd = - . 
It is noted from this adaptive exponential reaching law 

that if the state variables are far away from the sliding-
mode surface, which means that | |d  increases, then the 
equation ( )sg i%  converges to /k e¢ . Thus a faster reaching 
time is obtained since /k ke¢ ¢> . In addition, if the state 
variables is close to the sliding-mode surface, which means 
that | |d  decreases, the denominator term of the equation 

( )sg i%  becomes 1 1/ | |si+ % , then ( )sg i%  converges to 

(1 )s sk i i¢ +% % , in which si%  gradually decreases to zero. 

This indicates that ( )sg i%  can suppress the chattering 
problem by decreasing to zero gradually when the state 
variable is close to the sliding-mode surface. Therefore, the 
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proposed ASMO can overcome the variations of the 
sliding-mode surface and system states dynamically since 
0 ( )sg i k e¢< <% . 

Based on (14) and (19), the rotor flux in ASMO can be 
observed as follows 
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With the current observer shown in (5), the proposed 

ASMO has been established, and the stability analysis for 
the proposed observer is presented in the Appendices.  

For the proposed adaptive sliding-mode observer, the 
decrease of the reaching time and the reduction of the 
chattering phenomenon can be satisfied simultaneously. 
According to (19), the reaching time t1 that is the required 
time for system states to reach the sliding-mode surface 
can be calculated as 
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With SI(t)=0, integrating (21) from 0 to t1 will yield 
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Since (0)1 1ISe h-- < , and the parameter η can be chosen 

such that 11 1 xh e>> + - , then (22) can be simplified as  
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It can be seen from (23) that parameter η has no 

influence on the reaching time of the adaptive exponential 
reaching law, and the smaller the value of ε is, the shorter 
the reaching time will be. Therefore, in order to achieve a 
faster tracking performance of observer, a smaller value of 
ε should be chosen. 

Then substituting t1 = t +Δt into inequality (23) yields 
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where t is the reaching time of the conventional exponential 
reaching law and Δt is the time difference between the 
conventional exponential reaching law and the adaptive 
exponential reaching law. Noticing that the flowing 
inequality (25) is always correct 

 
0 0

t t t t t t

I I I It t
S dt S dt S dt S dtm m m m

+D +D
+ < +ò ò ò ò  (25) 

 
Then the inequality (26) can be obtained 
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Therefore, according to (20) and (26), the time difference 

between t1 and t can be derived as follows if k = k ¢  
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It is noted from (27) that 1 0e- >  since 0k ¢ >  and 

0 1e< < , then (27) indicates that t - t1 > 0. This indicates 
that the proposed adaptive exponential reaching law has a 
faster reaching speed when k k ¢= . In addition, if the 
reaching times of the two reaching law are equal (i.e. t = t1 
and ∆t = 0), then the following expression can be derived 
as 

 
 k ke¢ =  (28) 

 
Hence, it can be concluded that k k¢ <  since 0 1e< < , 

which means that by using the proposed adaptive 
exponential reaching law, the chattering phenomenon of 
SMO can be reduced with the same reaching speed. 

 
3.3 Speed estimation of IM based on adaptive 

sliding-mode observer 
 
According to (20), the rotor flux linkage can be 

calculated without knowing the information of the rotor 
speed, thus the system will be implemented simply. 
Moreover, the rotor speed can be obtained based on the 
above observed fluxes. From (15) and (20), the information 
of estimated speed can be obtained as 
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By multiplying row one by ˆ rby  and row two by ˆ ray , 

then (29) can be rewritten as 
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Then the row one and row two in (30) can be derived as  
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ŝi a
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Fig. 1. The structure of adaptive sliding-mode observer 

(ASMO) 
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Based on (31) and (32), the estimated speed ˆrw  can be 

calculated as 
 

 2 2

ˆ ˆˆ ˆ ˆ ˆ( )
ˆ

ˆ ˆ
r r m s r s r

r
r r

f f L i ib a a b b a a b

a b

y y l y y
w

y y

¢ ¢- - -
=

+
 (33) 

 
The structure of overall adaptive sliding-mode observer 

along with the speed estimator is shown in Fig. 1. When 
the estimation error trajectories reach the sliding surface, 
i.e. SI =[0 0]T, then the observed error between the actual 
currents and estimated currents will converge to zero, and 
the observed rotor flux will be forced to converge to the 
real rotor flux simultaneously. 

 
 

4. IM Speed Estimation Method Based on 
Adaptive Sliding-mode Observer 

 
It is the essence of the sensorless vector control that the 

rotor speed is not acquired by mechanical sensor, but rather 
by software in speed regulating system. The block diagram 
of the sensorless IM drive based on the adaptive sliding-
mode observer is shown in Fig. 2. As shown, the phase 
currents and the voltages of the IM are transformed to α-β 

coordinate system. Since the purpose of the drive system is 
to obtain a sensorless design, the rotor speed is estimated 
by the observer and fed back to PI regulator. 

 
 

5. Simulation Results 
 
In order to validate the theoretical analysis and to verify 

the performance of the proposed approach, the simulation 
is carried out by MATLAB/Simulink. The parameters of 
the tested induction machine are listed in Table 1. 

 
Table 1. IM parameters 

PN 1.1 kW 
UN 380 V 
IN 2.9 A 
fN 50 Hz 
nN 1410 rpm 
TN 7.45 N × m 

Rs 5.27 W  

Rr 5.07 W  
Lm 0.421 H 
Ls 0.423  H 
Lr 0.479  H 
P 2 

 
The simulations are presented by setting different speed 

commands ωr
*, 15 rpm, 500 rpm, 1000 rpm and 1500 rpm, 

including the whole speed range. Moreover, the simulation 
results are provided by calculating the estimation errors 
between the real speed ωr and the estimated speed ˆrw . As 
can be seen in Fig. 3, ωr

* is set as follows: the initial ωr
* is 

set as 0, and then ωr
* is set at 15 rpm at 0.1 s, 500 rpm at 

1.5 s, 1000 rpm at 3 s and 1500 rpm at 4.5 s, respectively. 
It can be seen that both SMO and ASMO have good 
tracking performance, and in which the estimation error 
of SMO is larger than ASMO. In addition, the induction 
machine is running without load disturbance in the 
beginning, and at 6 s, a step rated load is added suddenly. 
It is known that the sliding-mode surface in SMO is built 
based on the estimated current error and the rate of the 
estimated current error, and thus the waveforms of the 
sliding-mode surface are oscillating near zero since the 
amplitude of actual stator currents of IM are constantly 
changing. When the step rated load is added, the oscillation 
of the sliding-mode surface is aggravated because the stator 
current is changing suddenly, and then the estimated 
current tracks the actual current and the waveforms of the 
sliding-mode surface keeps stable after loading. It can been 
seen that the proposed ASMO can provide better steady 
property and also has faster reaching time compared to the 
conventional SMO. 

Fig. 4 presents the rotor speed response when IM runs 
from forward to reverse. The setting speed ωr

* is set as 
follows: the initial ωr

* is set as 0, and then ωr
* is set at 

1500 rpm at 0.1 s, -1500 rpm at 2 s and 0 at 4 s, 
respectively. As can be seen in Fig. 4, both SMO and 
ASMO have good tracking performance, and the drive 
system keeps stable when the IM runs from forward to 
reverse. In addition, the ASMO can present better speed 
estimation accuracy both in steady state and in transient 
process. 

*
rw

*
di

+
-

di

+

-

*
qi

qi
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+ *
sqV

*
sdV

*
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dq

ab

dq

ab abc
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+ q
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+

*
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Fig. 2. Block diagram of the control system based on 
adaptive sliding-mode observer (ASMO) 
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Fig. 3. Simulation results with different speed commands. (a) Speed response based on SMO. (b) Speed error based on 
SMO. (c) Waveforms of the sliding-mode surface based on SMO. (d) Speed response based on ASMO. (e) Speed 
error based on ASMO. (f) Waveforms of the sliding-mode surface based on ASMO 
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Fig. 4. Simulation results when the IM runs from forward to reverse. (a) Speed response based on SMO. (b) Speed error 
based on SMO. (c) Speed response based on ASMO. (d) Speed error based on ASMO 
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Fig. 5.  Experimental platform 

 
 

6. Experimental Results 
 
Fig. 5 shows the experimental setup, in which the drive 

system hardware is consisted of an induction machine 
inverter, an induction machine and a loading system. A 
Texas Instruments TMS320F28335 digital signal processor 
(DSP) is adopted as the main processor and the loading 
system is composed of a servo inverter and a servo motor. 
In addition, the stator voltage and the stator current are 
measured by voltage sensor and current hall, respectively. 
The actual rotor speed of the drive system is measured by a 
photoelectric encoder (1024 imp/r), which is only used for 
comparison with the estimated speed. 

 
6.1 Experiments verification for speed estimation 

during different speed operation 
 
Fig. 6 shows the speed comparison based on SMO and 

ASMO under different speed command. The IM runs at 3 
stages, including 900rpm, 300rpm and 1500rpm, respectively. 
Moreover, the experimental results are presented by 
calculating the estimation errors between the real rotor 
speed ωr and the estimated rotor speed ˆrw . It can be seen 
from Fig. 6 that both SMO and ASMO have good tracking 
performance, and in which the estimation error of ASMO 
is smaller than SMO. It means that the proposed method 
can provide better estimation accuracy. Simultaneously, 
the oscillation of ASMO is also smaller than SMO when 
the speed command ωr

* changes. Therefore, it is conclude 
from Fig. 6 that the proposed ASMO can present better 
steady and dynamic properties than the conventional SMO. 

Fig. 6 shows the estimated speed response based on 
SMO and ASMO when the IM runs in full speed range, the 
corresponding waveform in low speed range is shown in 
Fig. 7, in which the command speed ωr

* is from 15 rpm to 
150 rpm. It indicates that both SMO and ASMO have good 
tracking performance, and in low speed region, the 
estimation error of ASMO is also smaller than SMO. 
Hence, it means that the proposed ASMO can decrease the 
estimation error compared with SMO. In addition, the 

 
t (1s/div) 
(a) 

 
t (1s/div) 
(b) 

Fig. 6. Experimental results in different speed commands. 
(a) Speed response based on SMO. (b) Speed 
response based on ASMO 
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Fig. 7. Experimental results when ωr
* is from 15 rpm to 

150 rpm. (a) Speed response based on SMO. (b) 
Speed response based on ASMO 

[300 ]rpm div

[30 / ]rpm div

ˆrw

rwD

[300 ]rpm div

[30 / ]rpm div

ˆrw

rwD

ˆrw

rwD

[75 ]rpm div

[15 / ]rpm div

ˆrw

rwD

[75 ]rpm div

[15 / ]rpm div



Design and Implementation of an Adaptive Sliding-Mode Observer for Sensorless Vector Controlled Induction Machine Drives 

 1312 │ J Electr Eng Technol.2018; 13(3): 1304-1316 

 
t (1s/div) 
(a) 

 

 
t (1s/div) 
(b) 

Fig. 8. Experimental results when ωr
* is from +60rpm to -

60rpm. (a) Stator current and speed response based 
on SMO. (b) Stator current and speed response 
based on ASMO 

 
oscillation of ASMO is smaller than SMO when ωr

* changes. 
Therefore, it can be seen from Fig. 7 that the proposed 
ASMO can present better properties both in steady state 
and in transient state. 

Fig. 8 shows the stator current and rotor speed response 
based on SMO and ASMO when ωr

* is from +60 rpm to -
60 rpm. It presents that both SMO and ASMO have good 
tracking performance in low speed region. In the process 
of IM speed reversal, the stator current waveform based 
on SMO has a larger oscillation than the stator current 
waveform based on ASMO. Simultaneously, it is noted 
from Fig. 8 that the estimated speed based on ASMO is 
smoother than SMO on the zero-crossing position, in 
addition, the speed estimation error based on ASMO is also 
smaller than SMO both in steady state and in transient state. 
Hence, it can be conclude from Fig. 8 that the proposed 
ASMO can present better steady and dynamic properties 
when IM runs from forward to reversal. 

 
6.2 Experiments of speed estimation under load 

variation and IM parameters change in low speed 
range 

 
It can be summarized that the proposed ASMO performs  

 

 
t (2s/div) 
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t (2s/div) 
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Fig. 9. Experimental results of transient response under 
step load change in low speed range. (a) SMO. (b) 
ASMO 

 
better in different speed stage. Moreover, the proposed 
ASMO also has better performance under load variations. 
Fig. 9 shows the comparison of stator current, estimated 
speed, speed estimation error and sliding-mode surface 
with SMO and ASMO for step load variation in low speed 
range (30 rpm). The step load steps up from 0 to rated load, 
and then steps down from rated load to 0. As shown, the 
speed estimation error of ASMO is smaller than SMO 
when the step load occurs. In addition, it is known that 
the sliding-mode surface in SMO is built based on the 
estimated current error and the rate of the estimated current 
error, and thus the waveforms of the sliding-mode surface 
are oscillating near zero since the amplitude of actual stator 
currents of IM are constantly changing. When the step 
load occurs, the oscillation of the sliding-mode surface is 
aggravated because the stator current is changing, and then 
the estimated current tracks the actual current and the 
waveforms of the sliding-mode surface keeps stable after 
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loading. It can be seen from Fig. 9 that both the transient 
response and the steady accuracy with ASMO are better 
than the conventional SMO under load variation. 

It can be summarized from Fig. 9 that the robustness 
performance against load disturbance based on the 
proposed ASMO is better than SMO. Besides, in order to 
validate the robustness against IM parameters deviation 
based on the proposed approach, Fig. 10 shows the 
experimental result with stator resistance deviation |ΔRs|= 
50%. In this experiment, the command speed ωr

* is set at 
30 rpm. When the stator resistance changes by 50%, then 
larger fluctuations for the estimated speeds occur, in which 
the largest fluctuations for SMO and ASMO are 11 rpm 
and 8 rpm, respectively. In addition, for the method of 
SMO, the oscillations and transitions have occurred into 
the stator current. However, the stator current based on 
ASMO keeps smooth. It can be summarized that both 
two observers can keep stable when the stator resistance 
changes, however, the robustness of ASMO against stator 
resistance deviation is stronger. 

For testing the robustness against rotor resistance 
deviation |ΔRr|=50% in low speed range, Fig. 11 shows the 
experimental result when the speed command ωr

* is set 
at 30 rpm. When the rotor resistance changes by 50%, then 
larger fluctuations for the estimated speeds occur, in which 
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Fig. 10. Experimental results of robustness against Rs 
deviation in low speed range. (a) SMO. (b) ASMO 
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Fig. 11. Experimental results of robustness against Rr 
deviation in low speed range. (a) SMO. (b) ASMO 
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Fig. 12. Experimental results of robustness against Lm 
deviation in low speed range. (a) SMO. (b) ASMO 
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the largest fluctuations for SMO and ASMO are 9 rpm and 
6 rpm, respectively. Moreover, the stator current for ASMO 
has a much smaller fluctuation than SMO because of the 
optimization algorithm. It is concluded from Fig. 11 that 
when the rotor resistance changes, both two observers can 
remain steady, nevertheless, the proposed ASMO is more 
robust against rotor resistance deviation. 

Fig. 12 shows the experimental result with mutual 
inductance deviation |ΔLm|=50% when the speed command 
ωr

* is set at 30 rpm. When the mutual inductance changes 
by 50%, then larger fluctuations for the estimated speeds 
occur, in which the largest fluctuations for SMO and 
ASMO are 14 rpm and 11 rpm, respectively. In addition, 
for the method of SMO, the oscillations and transitions 
have occurred into the stator current. However, the stator 
current based on ASMO keeps smooth. It is concluded that 
when the mutual inductance changes, both two observers 
can keep stable, however, the robustness of ASMO against 
mutual inductance deviation is stronger. 

 
 

7. Conclusion 
 
This paper has proposed a novel adaptive sliding-mode 

observer for speed estimation in sensorless induction 
machine drives. The proposed method is aiming to balance 
the dilemma between the requirement of fast reaching 
transient and the chattering phenomenon reduction which 
is a well-known problem in sliding-mode observer. By 
optimizing the reaching way to the sliding-mode surface, 
an adaptive exponential reaching law is introduced when 
designing the sliding-mode observer. The adaptive 
exponential reaching law is based on the options of an 
exponential term that adapts to the variations of the 
sliding-mode surface and system states, and the dynamic 
performance of the adaptive exponential reaching law is 
analyzed in details. Moreover, the SMO considering the 
adaptive exponential reaching law, which is called adaptive 
sliding-mode observer (ASMO), is capable for suppressing 
the chattering phenomenon and decreasing the reaching 
time simultaneously. The stability analysis for ASMO is 
achieved based on Lyapunov stability theory. Simulation 
and experimental results both demonstrate the validity of 
the proposed approach. 

 
 

Appendices 
 

A.1 Stability analysis for adaptive sliding-mode 
observer based on Lyapunov stability theory 

 
In this paper, the Lyapunov function is selected as 

follows 
 

 1
2

T
I IV S S=  (A-1) 

From (A-1), it is easy to know that Lyapunov function V 
is positive definite. Then V& becomes  
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It is easy to know that ( ) ( ) 0I I I IS sign S S sign Sa a b b× + >  

and 0I I I IS S S Sa a b b× + × > . Based on (19) and (A-2), it 
can be concluded that μ > 0 and 0 ( )sg i k e¢< <% , then 

0V <&  can be satisfied, i.e. the derivative of the Lyapunov 
function V is negative definite, which means that the 
observer is asymptotically stable based on Lyapunov 
stability theory. 

 
 

Nomenclature 
 
is, us Stator current and stator voltage 
ψs, ψr Stator and rotor flux 
Rs, Rr Stator and rotor resistance 
ωr, ωsl Rotor speed and slip speed 
ωs (=ωr +ωsl) Angular rotor flux speed 
Ls, Lr, Lm Stator, rotor and mutual inductances 
s (=1-(Lm

2/LsLr)) Leakage coefficient 
* Denotes commanded values 
^ Denotes estimated values 
~ Denotes the error between estimated 
 values and the actual values 
[ ]α , [ ]β

 Suffixes denoting quantities on 
 stationary reference frame 
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