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Abstract – The paper contains design of the speed observer which is based on backstepping and sliding 

mode approaches. The inputs to the observer are the stator current and voltage vector components. 

Additionally, such an observer structure is extended to the integrators. The observer stabilizing functions 

contain the appropriate sliding surfaces which result from Lyapunov function. The rotor angular speed is 

obtained from the non-adaptive formula with sliding mode mechanism. It allows to improve the robustness of 

parameters uncertainties and the zero rotor speed working (near to unobservable region). In the sensorless 

control system, the classical first order sliding-mode controllers are applied with the transformation of the 

multi-scalar variable. The proposed control system structure can be named full-decoupled due to multi-scalar 

variables transformation and the feedback control law obtained from Lyapunov theorem. The theoretical 

derivations are verified in experimental waveforms. The sensorless control system robustness is verified in 

the experimental investigations by using nominal machine parameters uncertainties method. 
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NOMENCLATURE 

“^” estimated values, 

“~” error of estimated values, 

ωr rotor angular speed, 

Rr, Rs rotor and stator resistances, 

Lm mutual-flux inductance, 

Ls, Lr stator and rotor inductances, 

Te electromagnetic torque, 

TL load torque, 

J machine torque of inertia, 

isα,β stator current vector components, 

ψrα,β rotor flux vector components, 

usα,β stator voltage vector components, 

τ relative time, 

ˆ
r estimated rotor electrical speed, 

r rotor speed error, 

,r  rotor flux vector components error, 

,si   stator current vector components error, 

,Ẑ  additional observer state variables, 

vα,β speed observer stabilizing variables, 

,c  constant gains, 

x11, x12, x21, x22 multi-scalar state variables defined in [19]. 

1. INTRODUCTION
The sliding-mode approach belongs to the robust control. There 

are many papers with different control structures containing 

complicated algorithms of the proposed solutions. These 

approaches are based on the adaptive mechanism [1-2], 

backstepping techniques [3-4], fuzzy logic [5-7, 45] with 

chattering phenomena elimination [5]. Almost all of these cited 

papers provide robust on machine parameters changes especially 

[4, 7-9, 38], in which the problem was the main topic. These 

papers contain different observer structures for example: adaptive 

[10-12], disturbance observer [13], observers of permanent 

magnet machine PMSM [14-16] and with the novel sliding 

surfaces [17-18], backstepping [3-4, 22, 37]. The main 

inconvenience to put of the sliding mode control into an industrial 

application is the chattering, which consists in a high-frequency 

oscillation when the sliding mode takes place. There is a lot of 

mismatches between the actual object (mathematical model) and 

the mathematical model developed for the controller design in 

industrial applications. The control system should guarantee good 

performance and robust of parameter variations (robust on 

machine parameters uncertainties). The sliding mode controller 

consists of continuous linear/non-linear subsystems with 

discontinuous suitable switching logic. The first order sliding 

mode (FOSM) was presented in [17-18]. This approach gives 

possibilities to obtain the convergence of the finite-time error but 

introduces chattering which is an undesirable effect. The higher 

order sliding-mode algorithm is one of the solutions to soften the 

chattering [28]. In [40] the “twisting” algorithm was proposed 

which reduced the undesirable chattering effect. The supertwisting 

algorithm (STA) is a second-order sliding-mode approach, and it 

has been widely used for observation [33-34, 27, 35-37, 43-44], 

and control [28-29]. The third order sliding mode was presented in 

[41] to control satellites. The high order sliding mode observer-

based backstepping fault-tolerant control for induction motor (IM)

was presented in [42].

The sliding observers presented in literature [1-21, 24-29] are 

based on: adaptive MRAS technique [1], second order sliding 

mode approach [2, 27, 33-34] and sliding-robust [4, 7-8, 10, 27]. 

The authors of this paper propose to use the speed observer 

structure from [22] which is based on backstepping approach. To 

obtain more robust observer structure than [22], the sliding 

switching functions are introduced. The speed observer can be 

extended to the integrator form or filters [21, 3-4, 12]. The stator 

voltage components are treated as known values and the stator 

current vector components are measured. The extended observer 

structure was suitable to use in the sensorless application but was 

not “permanently” robust on machine parameters uncertainties. 

The speed observer structure should be a persistence of exciting. 

For a short period of time to 1-2s, zero rotor speed set, machine 

loaded of the nominal torque and for machine parameters detuned 
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test (Rs to about 30% and Rr about 50% or Lm to 10% of nominal 

values) the estimation errors were smaller than 0.02 p.u. (<2%). 

As a result, the control system maintained the reference values 

(reference speed and module of rotor flux vector). After decaying 

the observer transient states (about 2s of this test) estimation, 

errors were increased, which resulted in the control system not 

maintaining the reference values. Stable work of the observer 

structure is guaranted   by backstepping law which is based on 

Lyapunov stability theory. The observer was still not excited and 

therefore it was only asymptotically stable - not exponentially. 

Taking into account this inconvenience with the observer structure 

[22], the authors of this paper propose to connect the backstepping 

(continuous) control law to the sliding approach in order to obtain 

the robust speed observer structure. In literature for example [3-4] 

authors of these papers propose the sliding – backstepping 

approach for the control system of machines but not for the 

observer structure. This is the main contribution of the proposed 

paper. Extending the observer stabilizing function to the sliding 

mode approach gives the possibility for permanent exciting of the 

structure and as a result an exponential decay of estimation errors 

to zero. The sensorless control system is then more robust on 

parameter uncertainties. In the control system of an induction 

machine and in the observer structure, the FOSM is applied. The 

sliding discontinuous nature contributes to high-frequency 

oscillations as chattering characteristic but this is desirable in this 

case. In many different applications, the chattering might be an 

undesirable effect such as current harmonics and electromagnetic 

torque pulsation [6-7], but in the speed observer structure it 

prevents internal observer stationary states (for near to zero or 

unobservable machine working points). For this working 

condition, the observer structure should be persistent exciting [24-

25], therefore the stator voltage and current vector components 

should contain the higher harmonics, which are introduced by the 

sliding approach. The sliding-backstepping approach applied to 

the observer structure causes that the observer is more robust on 

disturbances (nominal machine parameter and load torque near to 

zero changes). These statements are confirmed by experiment 

results. 

 

2. SPEED OBSERVER OF INDUCTION 

MACHINE 
 
2.1 THE SPEED OBSERVER BASED ON BACKSTEPPING 

AND SLIDING MODE APROACH  

 

The standard exponential observer structure can be extended to 

additional variables that will be treated as the state variables. Such 

an approach was proposed in [22-23]. These variables are named 

Z and determined for (αβ) as follows: 
ˆ ˆ ˆ

r rZ = ,  (1) 

ˆ ˆ ˆ
r rZ = . (2) 

The rotor angular speed can be obtained from (1)–(2) and has 

the form [22-23]: 

2 2

ˆ ˆˆ ˆ
ˆ

ˆ ˆ

r r

r

r r

Z Z   

 

 


 

+
=

+
. (3) 

Since system stay in domain D therefore it is bounded input 

bounded output state (BIBS) [10-11]. Taking into account the 

machine model [22], after transformation to (αβ) components, 

determining the derivative of the Z variables and denoting the 

estimate values by “^” the speed observer model has the following 

form: 

1 2 3 4

ˆ
ˆˆs

s r s

di
a i a a Z a u v

d


    


= − + + + + , (4) 

1 2 3 4

ˆ
ˆˆs

s r s

di
a i a a Z a u v

d



    


= − + − + + , (5) 

5 6

ˆ ˆˆr
r s

d
a Z a i v

d


   





= − − + + , (6) 

5 6

ˆ
ˆˆr

r s

d
a Z a i v

d



   





= − + + + , (7) 

6 5

ˆ ˆ ˆ ˆˆ ˆ ( )r
r r s Z

dZ d
Z a i a Z v

d d


    


 

 
= − − − + ,  (8) 

6 5

ˆ ˆ ˆ ˆˆ ˆ ( )r
r r s Z

dZ d
Z a i a Z v

d d



    


 

 
= + + − + , (9) 

where the new correction terms 
,v 

, 
,v 

, 
,Zv  

 and 

2 2

1
s r r m

r

R L R L
a

L w

+
= , 2

r m

r

R L
a

L w

= , 3
mL

a
w

= , 4
rL

a
w

= ,  (10) 

5
r

r

R
a

L
= , 6

r m

r

R L
a

L
= , 2

r s mw L L L = − . (11) 

In the theoretical investigations following assumptions are 

taken into account: the IM parameters (10)–(11) are known and 

constant, the stator current vector components isα, isβ can be 

measured, the stator voltage vector components usα, usβ are the 

control variables, rotor flux vector components ψrα, ψrβ as well as 

isα, isβ and the rotor angular speed ωr are estimated by the speed 

observer structure.  

In order to implement the integrator backstepping [21] approach 

the speed observer structure should be extended to the integrators: 
ˆ

ˆ
s

d
i

d







= , (12) 

ˆ
ˆ
s

d
i

d








= . (13) 

Assuming the strict output-feedback form in which the stator 

current vector components are only measured and the stator 

voltage is known, the deviations model has the form: 

2 3
s

r

di
a a Z v

d


  


= + + , (14) 

2 3

s

r

di
a a Z v

d



  


= − + , (15) 

5
r

r

d
a Z v

d


  





= − − + , (16) 

5

r

r

d
a Z v

d



  





= − + + , (17) 

6 5
ˆˆ ( )r r s Z

dZ
P Z Z Z a i a Z v

d


       


= − − − − + + , (18) 

6 5
ˆˆ ( )r r s Z

dZ
P Z Z Z a i a Z v

d



       


= + + − + + + , (19) 

s

d
i

d







= , (20) 

s

d
i

d








= , (21) 

where 

ˆr r
r r

d d
P

d d
  

 
 

 
= + , (22) 

ˆr r
r r

d d
P

d d
  

 
 

 
= + . (23) 

The first step in the backstepping procedure is to stabilize

 the observer structure by the integrators (20)–(21). The stabi

lizing function should be chosen to satisfy the Lyapunov the

orem. The Lyapunov function is determined: 
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2 2

1

1
( )

2
V   = + . (24) 

The theorem will be fulfilled if the integrator stabilizing 

function 
,  : 

c   = − , (25) 

c   = − . (26) 

The second step in the backstepping procedure is to introduce 

the deviation variables 
,z 

 which are the differences between 

si  , 
si 

 and the introduced 
,  : 

sz i c   = + , (27) 

sz i c   = + . (28) 

Using (27)–(28) the integrators (20)–(21) take the form:  

d
z c

d


  





= − , (29) 

d
z c

d



  





= − ,  (30) 

and the characteristic for backstepping method – back-step th

rough the integrator is achieved. 

In the next steps of the backstepping procedure the derivative of 

,z 
 should be determined.  Calculation of the (27)–(28)

 derivatives gives: 

2 3r sz a a Z v c i     = + + + , (31) 

2 3r sz a a Z v c i     = − + + . (32) 

The Lyapunov function is determined for the dynamics of the 

,  , 
,z 

 and 
,Z 

 variables and for the rotor flux vector 

components. Therefore, the Lyapunov function is chosen as 

follows: 

2 2 2 2 2 2 2 2

2

1
( )

2
r rV z z Z Z          = + + + + + + + . (33) 

Derivative of (33) must be negatively determined. This 

condition is satisfied if the following stabilizing functions have the 

form:  

2 r sv a c i c z       = − − − − , (34) 

2 r sv a c i c z       = − − − − , (35) 

v Z = , (36) 

v Z = − , (37) 

( )1 5 3Z Zv k a v a z P   = + − , (38) 

( )2 5 3Z Zv k a v a z P   = − − , (39) 

where the estimation errors are defined: 

, , ,
ˆ

s s si i i     = − ,  (40) 

ˆ
r r r  = − ,  (41) 

, , ,
ˆ

r r r       = − , (42) 

ˆZ Z Z  = − , (43) 

ˆZ Z Z  = − , (44) 

cα, cβ > 0 and kz > 0 are the gains introduced to (38)–(39). 

Derivative of the rotor angular speed which occurs in (8)–(9) 

can be obtained by the adaptive mechanism.  

Directly from Lyapunov theorem and taking into account 

(33) extended to 21

2
r


,the following form of the rotor speed

derivative can beobtained: 

( )1 6 6
ˆ ˆˆ ˆ( ) ( )r

s s

d
Z Z a i Z Z a i

d
     





= − − + , (45) 

where γ1 > 0 . 

To obtain the sliding properties the switching surfaces can be 

introduced: 

ˆ

ˆ

ˆ ˆ ˆ

ˆ ˆ ˆ

s
Z r r

Z
r r

s

s

s Z

s Z

 

 

  


 

 

 





 − 
  
 − 

= =   
−  

   −    

. (46) 

The sliding control law is introduced by the discontinuous 

function [1-3, 28-30, 35]: 

( )ν ν sasign= . (47) 

Taken into account the above control law in the stabilizing 

function of observer structure (34)–(39), one obtains: 

2 1 ( )rv a c z c sign s      
 = − − − − , (48) 

2 2 ( )rv a c z c sign s      
 = − − − − , (49) 

1 ( )zv k sign s  = , (50) 

2 ( )zv k sign s  = − , (51) 

( )1 5 1 3( )Z Z zv k a k sign s a z P    = − + − , (52) 

( )2 5 2 3( )Z Z zv k a k sign s a z P    = − − , (53) 

where values of 
,r   can be obtained from (16)–(17) and 

,P 
 

from (22)–(23) (using (45)). 

Deviation variables 
,z 

, defined in (27)–(28), can be 

determined: 

1 ( )sz i c sign s   
= + , (54) 

2 ( )sz i c sign s   
= + . (55) 

The speed observer equations are discretized using Euler’s 

method and presented in the Appendix section. 

In the next step, it will be shown that the proposed observer (4)

-(9), (29)-(30) with the stabilization functions (48)–(53), can 

exponentially converge vectors values îs
 to i s

, ψ̂ r
 to ψ r

 and 

Ẑ  to Z . The Lyapunov function can be selected as follows: 

2

2

1

2
rV V 


= + .  (56) 

Taking into account the theorems about practical stability 

presented in [10-11] and the derivative of (56), the speed observer 

will be practically stable if the observer gains are taken into 

account [10-11]: 

 1 1 1max sgn( )zk Z k s    = − + + , (57) 

 2 2 2max sgn( )zk Z k s    = − + , (58) 

 1 1max ( )sc i c sign s    
= − − + , (59) 

 2 2max ( )sc i c sign s    
= − − + , (60) 

6
1 1 1

5

max sgn( )z r s z z kz

a
k i k s

a
  

 
= − + 

 
, (61) 

6
2 2 2

5

max sgn( )z r s z z kz

a
k i k s

a
  

 
= + + 

 
, (62) 

with 
1 , 

2 , 

 , 


 , 

1kz , 
2kz  > 0 and for 

1,si    , 

2,Z   , 
3r  , 

1 2 3, , 1   are sufficient small reals, , 0c   ,  

the derivative (56) has the following form: 

2 2 2 2 2 2

5 5

1 2

1 2

( ) ( ) ( )r r

r r

kz kz

c a a Z Z

V c z c z V

Z Z

      

        

 

   

      

 

 − + − + − + +
 
 

= − − − − +  − 
 
− −  

,  (63) 

where 

1 2 1 2min( 2 , 2 , 2 , 2 , 2 , 2 )kz kz  
      = . 

The above condition implies the convergence of vectors 
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values îs
 to i s

, ψ̂ r
 to ψ r

 and Ẑ  to Z  in finite time, noted 

as t2. Consequently, for 2 2ˆ ˆ 0r r  +  , the estimated rotor angular 

speed from (3), converges exponentially to 
r  in finite time 

t>t3>t2.  

The Lyapunov function for the whole speed observer of IM 

operating range leads to conservatism of stabilizing function 

design. This problem was presented in [46]. Authors of that paper 

proposed minimization of function cost and based on this, 

feedback controller tuning gains. In this paper, to minimize the 

Lyapunov function conservatism, the authors propose the 

minimization of the estimation errors (63) and appropriate 

selection of observer gains as well as the minimization to zero of 

the vector product, defined by: 

ˆ ˆˆ ˆ 0r rZ Z    −  . (64) 

The dependence (64) is near to zero for the nominal parameters of 

IM and in the stationary state (constant rotor speed command).  

The rotor speed value should be estimated using the following 

dependence 

( )
2 2

ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ
ˆ

ˆ ˆ

r r f r r

r

r r

Z Z C Z Z       

 

   


 

+ + −
=

+
, (65) 

where 

( )
1 0

sgn
1 0

      

     
f

s
C k s

s



 




= = 

− 
 , 

where kω>0 and the switching surface is defined as follows 

ˆ ˆˆ ˆ
r rs Z Z     = + . 

 

3. FIRST ORDER SLIDING MODE CONTROL OF 

INDUCTION MACHINE 

 

The sliding mode control of an induction machine with the 

multi-scalar transformation was presented in [19, 39]. In this paper 

the control structure was optimized. The IM state of variables 

[ , , , , ]M
T

i s s r r ri i     =  can be transformed to the multi-scalar 

form. The multi-scalar transformation was introduced in [19]. The 

multi-scalar variables take the form: 

11

12

2 2

21

22

ˆˆ

ˆ ˆˆ ˆˆ

ˆ ˆˆ

ˆ ˆˆ ˆˆ

r

r s r s

r r

r s r s

x

i ix

x

i ix

   

 

   



 

 

 

  
   −   =
   +
  

+    

. (66) 

Using the IM model (1)–(2) after transformation to the (αβ) 

reference frame components, the differential equations of the 

multi-scalar variables (66) have the following form: 

11
12

1m
L

r

Ldx
x T

d JL J
= − , (67) 

12
1 12 11 22 3 21 4 1( )

dx
a x x x a x a u

d
= − − + + , (68) 

21
5 21 6 222 2

dx
a x a x

d
= − + , (69) 

2 2

22 12 22
1 22 11 22 2 21 6 4 2

21

dx x x
a x x x a x a a u

d x

+
= − + + + + , (70) 

where ai, i=1…6 are defined in (10)–(11) and  

1 r s r su u u    = − + , (71) 

2 r s r su u u    = + , (72) 

where the control variables of the IM are ,[ ]u s s

Tu u = . 

The sliding surfaces are chosen as: 

11 11 11 11x x x xs   = + , (73) 

21 21 21 21x x x xs   = + , (74) 

where  
*

11 11 11x x x = − , (75) 

*

21 21 21x x x = − . (76) 

By using the sliding mode control theory presented in [1-3, 28] 

it yields gains 
1 2,   such that 

11 11 1 11x x xs s s −  and 

21 21 2 21x x xs s s −  where 

s φ Ψ cur= + , (77) 

 1 1
u c φ ur d

− −= − + , (78) 

 11 21s
T

x xs s= , (79) 

* *

11 11 1 11 2

* *

21 21 3 21 5 3 4

( )

( ) 2

x

N

x

x f x f

x f x a f f





 − + +
=  

− + + + 
φ , (80) 

7 4

6 4

0

0 2
cN

a a

a a

− 
=  

− 
, (81) 

1 11

2 21

( )

( )
u

x

d

x

sign s

sign s





− 
=  

− 
, (82) 

Ψ
r r

r

r r

 

 

 

 

− 
=  
 

, (83) 

and 

1 7 12

2 1 7 12 7 11 22 3 21

3 5 21 6 22

2 2

12 22
4 6 1 22 6 11 22 6 2 21 6 6

21

1
,

( ),

2 2 ,

2 2 2 2 ,

Lf a x T
J

f a a x a x x a x

f a x a x

x x
f a a x a x x a a x a a

x

= −

= + +

= − +

+
= − − −

 (84) 

for 
11 21, 0x x    and 

1 0  , 
1 11 /x J  = , cN

 and 1

r

−  matrixes 

are invertible and det( ) 0Ψr  . 

 The control structure scheme is presented in Fig. 1.  

 

M
3~

isα,isβ    

-
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-
x2

Observer
(4)-(9), (12)-

(13), (48)-(53)

x11

VSI 

abc
αβ 

usα

usβ 

x2 x22

FOSM
(73)-(84)x21

Transfor-
mation (66)

*

21x

*

r

 
Fig. 1. Control structure scheme with the Observer and FOSM blocks 
 

4. EXPERIMENTAL RESULTS 
 

The experimental tests were prepared in the 5.5 kW IM 

supplied by the voltage source inverter. The transistors impulse 

frequency was fk=3.3 kHz. The control system was implemented 

in an interface with a DSP Sharc ADSP21363 floating point signal 

processor and Altera Cyclone 2 FPGA. All the waveforms have 

been registrated by a measurement console prepared at Gdańsk 

University of Technology. In this console the frequency of the 

measurements can be changed (it is limited to 2500 sample points 

per one measurement and 5 channels by flash memory). The 

induction machine parameters are presented in Table 1.  

The experimental investigation has been divided into three 

scenarios: 1) Machine starts up and reverse to 1.0 p.u. (with 

nominal IM parameters condition) – Fig. 2; 2) Very low or zero of 

rotor speed tests with a load torque injections – Fig. 3 and 4a; 3) 

Parameters uncertainties tests – Fig. 4b, 5.  In the figures 

presented in this section the following state of variables are 

shown: x11, x12, x21, x22 – multi-scalar variables defined in (66), im 
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- stator current vector module, 
r  - rotor speed error defined in 

(41), usα – stator voltage component (the control variable). 

Fig. 2a presents the waveforms while the IM starts-up from 0.1 to 

nominal speed 1.0 p.u. Fig. 2b presents IM revers from -1.0 to 1.0 

p.u. IM is not loaded in these tests. The square of rotor flux 

command is about 0.92 p.u. In both cases the electromagnetic 

torque responses very quickly to the rotor speed command. The 

electromagnetic and electromechanic subsystems are full 

decoupled which proves a good quality of proposed sensoress 

control system. In Fig. 3a machine revers from 0.005 to -0.005 

p.u. is presented (about 7.1 rpm and IM is not loaded). The 

accuracy of the speed encoder has influence on the speed error 

transient. Nevertheless, the rotor speed error of estimation is 

smaller than 0.02 p.u. and near to zero speed, the control system is 

stable what is the most important advantage of the proposed 

sliding mode control system. It results from the persistence of 

excitation of the observer system through the sliding controllers 

and it affects the robustness of the control system. In Fig. 3b, after 

1.5 s IM is loaded to about 0.55 p.u. and after 4.7 s the rotor speed 

command is equal to zero. After these changes, the sensorless 

control system is still stable. 
Fig. 4a presents the waveforms while the zero rotor speed is set 

and after 1 s the load torque of about 0.85 p.u. is injected. The 

drive works stable even when zero rotor speed and disturbance in 

the form of the load torque are applied. These testes confirm that 

the control system is robust on load torque changes even when 

zero rotor speed was set. In Fig. 4b the parameters uncertainties 

test is shown. In fig. 4b the rotor resistance is changed to about 

130% (Rr=2.28RrN). In the IM is loaded to about 0.6 p.u. These 

tests show that the sensorless control system is stable but the 

estimation errors occurred.  
 

0

1

x
1

1

0

1

0.85

0.95

0

1

0 500 1000
Time[ms]

0

1

x
1

2
x

2
1

x
2

2
i m

-1

0

1

-1

0

1

0.85

0.95

0

1

0 1000 2000
Time[ms]

0

1

a) b)

 
Fig. 2. a) Machine is starting up to 1.0 p.u., b) Machine is reversing from -

1.0 to 1.0 p.u. 
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Fig. 3. a) Very low speed machine reverse from 0.005 to -0.005 p.u. (~7.2 

rpm) without load torque command, b) after 4.7 s zero speed command 

and 0.85 p.u. load torque are applied 
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Fig. 4. a) Zero rotor speed and load torque injection about 0.85 p.u., 

b) Load torque about 0.6 p.u. and after 1.0 s rotor resistance is changed to 

about 185% of nominal (Rr=2.85RrN) 

  

In Fig. 5a the stator resistance Rs is changed by about 185% of 

nominal value. The reference speed is 0.1 p.u. The load torque is 

about 0.45 p.u. In Fig. 5b the rotor speed command is 0.005 p.u. 

(7.2 rpm) and IM is loaded to about 0.6 p.u. The main inductance, 

stator and rotor inductances respectively are changed by about 5 

%. 

Experimental results presented in this section confirm the 

advantageus properties of the sensorless control system with 

sliding mode actions than classical PI controllers structure [22, 

23]. The control system is robust on nominal parameter 

uncertainties.  While the IM parameters are detuned, the 

sensorless control system is stable but the properties are not 

sufficient (the estimation errors occur). However, the proposed 

speed observer structure with backstepping and sliding mode 

action has good properties when the rotor speed is very small 

(near to zero) and the load torque is injected. In this case, the IM 

working points can achieve the unstable (unobservable) region [8, 

10-11]. Therefore, the modified formula for the rotor speed 

estimation is proposed (65) which allows to obtain the stable 

electrical drive working even if the zero speed and almost nominal 

load torque are applied (Fig. 3a, 4a).  
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Fig. 5. a) After 3 s the stator resistance is changed from (Rs=2.28RsN) to 

nominal value, b) After 1.0 s the main inductance value is changed from 

1.95 to 1.85 p.u. (5%),  

 

4. CONCLUSIONS 
  

 Presented results of experimental tests show that the sensorless 

control system is robust on machine parameters detuned up to 
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above 100% of nominal value and under load torque injection (of 

course within the accepted scope of investigations). Obtained 

results can be compared to the sensorless control system with the 

PI controllers and the backstepping speed observer [22] but 

without the sliding mode features. Backstepping-sliding approach 

causes that the speed observer structure has more oscillation 

nature than the linear form [22] due to chattering. However, it 

allows better robustness of whole control system, especially near 

to zero speed tests, nominal machine parameters variation and the 

control system perturbation (load torque injection). This results 

from the precipitation of the observer structure from the stationary 

state and permanent of excitation condition through the high 

frequency switching. The speed observer structure is stable even if 

permanent zero speed and almost nominal load torque are set. 

Increasing the speed observer robustness does not eliminate 

unobservable machine working points in which the estimation 

process is not established [10]. The subject presented in this paper 

can be further developed in the direction of introducing the higher 

order sliding-mode actions to Observer-Controller structure (to 

chattering effect reduction). These problems still remain and will 

be studied in future papers. 

 

APPENDIX 

 

The discrete form of the proposed speed observer is as 

follows: 

1 2 3

4

ˆˆ( 1) ( 1) ( 1)
ˆ ˆ( ) ( 1)

( 1) ( 1)

s r

s s s

s

a i k a k a Z k
i k i k T

a u k v k

  

 

 

 − − + − + − +
= − +  

 + − + − 

, (85)  

1 2 3

4

ˆˆ( 1) ( 1) ( 1)
ˆ ˆ( ) ( 1)

( 1) ( 1)

s r

s s s

s

a i k a k a Z k
i k i k T

a u k v k

  

 

 

 − − + − − − +
 = − +
 + − + − 

, (86) 

5 6
ˆˆ ( 1) ( 1) ( 1)

ˆ ˆ( ) ( 1)
( 1)

r s

r r s

a k Z k a i k
k k T

v k

  

 




 

 − − − − + − +
 = − +
 + − 

, (87) 

5 6
ˆˆ ( 1) ( 1) ( 1)

ˆ ˆ( ) ( 1)
( 1)

r s

r r s

a k Z k a i k
k k T

v k

  

 




 

 − − + − + − +
 = − +
 + − 

, (88) 

6

5

ˆˆ ( 1)( ( 1) ( 1))
ˆ ˆ( ) ( 1)

ˆ ( 1) ( 1)

r s

s

Z

k Z k a i k
Z k Z k T

a Z k v k

 

 

 

 − − − − − +
 = − +
 − − + − 

, (89)  

6

5

ˆˆ ( 1)( ( 1) ( 1))
ˆ ˆ( ) ( 1)

ˆ ( 1) ( 1)

r s

s

Z

k Z k a i k
Z k Z k T

a Z k v k

 

 

 

 − − + − +
 = − +
 − − + − 

, (90) 

where 

( ) ( 1) ( 1)s sk k T i k   = − + − , 

( ) ( 1) ( 1)s sk k T i k   = − + − , 

( )2 1( 1) ( 1) ( 1) ( 1) ( 1)rv k a k c z k k c sign s k      
 − = − − − − − − − − ,  

( )2 2( 1) ( 1) ( 1) ( 1) ( 1)rv k a k c z k k c sign s k      
 − = − − − − − − − − ,  

1( 1) ( ( 1))zv k k sign s k  − = − ,  

( )2( 1) ( 1)zv k k sign s k  − = − − ,  

( )( )1 5 1 3( 1) ( 1) ( 1) ( 1)Z Z z zv k k a k sign s k a z s k P k     − = − − + − − − ,  

( )( )2 5 2 3( 1) ( 1) ( 1) ( 1)Z Z zv k k a k sign s k a z k P k    − = − − − − − ,  

Ts is discretization time, Ts= 0.00015 s. 

 
Table 1. Induction machine parameters 

Name SI Per unit/base 

Pn 5.5 kW 7.6 kW 

Un 400 V Ub=400 V 

In 10.8 A Ib=18.9 V 

n 1420 rpm 1.0 p.u. 

Rs 0.98 Ω 0.046 p.u. 

Rr 0.96 Ω 0.046 p.u 

Lm 0.142 H 1.95 p.u. 

Ls, Lr 0.148 H 2.05 p.u. 
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