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1. Introduction

Sensorless control of induction motors is an 
attractive technology that has gained considerable 
market share in the past few years (Chen et al., 
2019). This phenomenon has prompted many 
scholars to study speed sensorless control 
technology, and put forward many practical and 
effective methods, such as sliding mode observer 
(SMO) (Saadaoui et al., 2015) adaptive full-
order observer (AFO) (Sun et al., 2016), model 
reference adaptive system (MRAS) (Cao et al., 
2018), high frequency signal injection method 
(Liu et al., 2005), extended kalman filter (EKF) 
(Hongxia et al., 2013), etc. 

The difference between sliding mode (SM) variable 
structure control and conventional control lies in the 
fact that the former is a variable structure system 
(Kim, Lee & Lee, 2016). According to the current 
state of the system, by changing the structure 
of the system, the system is forced to follow a 
predetermined trajectory in response, which is 
meant to make the system stable and robust. But 
its steady-state performance is poor, and some noise 
always exists because of the switch function. Sun 
et al. (2016) proposed some of the new rules for 
the self-adaption of proportional integral controller 
gains so as to obtain a higher performance (Bui 
et al., 2018). Chen et al. (2014) and Maksoud 
et al. (2019) focused on the robustness of AFO 
against motor parameter variations, they focused 
on solving the problem that of speed fluctuating 
more when the speed is smaller. The MRAS 
structure is simple and easy to understand, but its 

accuracy is low. Due to its pure integral link, error 
accumulation and DC- drift will occur, and the 
reference model cannot accurately reflect the state 
of the click itself (Zhang, Cheng & Zhang, 2018). 
The signal injection method is meant to calculate 
the detected stator current to obtain the information 
related to the magnetic salient pole, and the stator 
current value must be accurate, which results in 
the poor anti-noise ability of the algorithm, and 
the identification accuracy is closely related to the 
frequency range of the injected signal (Guglielmi 
et al., 2017). Therefore, the accuracy of speed 
identification is poor in practical use, and it is not 
applicable at low speed. In comparison with other 
methods, if the covariance between the measured 
noise and the noise inside the system is known, the 
EKF can optimize the noise (Hrbáč et al., 2016). 
Moreover, if the rotor speed is added to the dynamic 
model of induction motor, the nonlinear state model 
can be linearized by extended Kalman filter in order 
to make the state model available in the estimation 
process. In recent years, the induction motor drive 
system based on extended Kalman filter (EKF) 
has made great progress. Since EKF can estimate 
the state of the system accurately when the system 
contains noise, it is very suitable for motor state 
observation (Taheri, 2012). However, EKF has poor 
anti-mutation ability and anti-interference ability. 
In general, the EKF is biased by state estimation, 
and its robustness of model mismatch is very poor, 
and the state estimation problem of the nonlinear 
system is often met in practical system design 
problems. Therefore, to improve the EKF and make 
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it have a better performance has become an urgent 
research topic. Many literatures have investigated 
this problem. In Zaky (2012), EKF-based speed 
sensorless estimation algorithm is put forward for 
the stator-oriented and rotor-oriented models of 
asynchronous motor. Taheri & Zhalebaghi (2017) 
added predictive control on this basis. However, 
there are still problems such as poor robustness and 
poor anti-interference ability. In (Yin et al., 2016), a 
speed sensorless STEKF control based on the least 
square algorithm is proposed (Liu et al., 2017). A 
fading factor was added to the original algorithm, 
that is to say, more information is used for 
improving the tracking performance. Moreover, the 
noise suppression is better than the EKF (Zhang, Ma 
& Gao, 2018). In addition, in direct vector control 
system of IM, rotor flux observation is a key link to 
realize accurate magnetic field orientation, which 
directly affects the precision of the control system 
(In’kov et al., 2018). The traditional expression of 
the equation of stator current in fixed coordinate 
system method and the expression of the equation 
of stator voltage in fixed coordinate system method 
have some disadvantages (Holtz, 2002). The 
former is greatly affected by the volatility of IM 
parameters. When temperature rise or frequency 
change of the motor will affect the rotor resistance, 
the magnetic saturation degree will affect mutual 
inductance and rotor inductance, which will lead 
to the distortion of flux amplitude and position 
(Holtz, 2006). Although the latter is less affected 
by the change of motor parameters, because the 
expression of the equation of stator voltage in fixed 
coordinate system contains pure integral terms, the 
initial value of integral and the accumulated error 
all affect the calculation result (Xiao et al., 2021). 
In case of the lower speed operation, the change 
of stator resistance pressure drop also has a great 
influence (Xu et al., 2014).

In practical applications, PI control method is 
usually employed for adjusting the current loops, 
speed loop and flux linkage loop (Schauder, 
1989). At the same time, although the vector 
control can accomplish the decoupling control 
of flux and torque, the method based on the 
mathematical model is still affected by operation 
conditions and parameter mismatch. Among the 
existing modern control methods, sliding mode 
control method, internal mode control method, 
adaptive control method, predictive control 
method and so on have made some progress in the 
research of induction motor variable frequency 
control. However, even under normal working 

conditions, the sliding mode control used the sign 
function, so it will cause large electromagnetic 
torque ripples when the induction motor is 
running at low speed. The intrinsic time of the 
internal model controller is invariable, which 
features a contradiction between robustness and 
rapidity. The adaptive control is complicated and 
this approach requires a high level of processing 
power. ADRC is a kind of controller with 
good effect in nonlinear systems. By real-time 
estimation and compensation of internal and 
external disturbances and in combination with 
nonlinear control strategy, the system can obtain 
better robustness and dynamic performance. 

Here, a new flux observer is first presented as an 
ideal flux observation model for estimating the 
flux of IM sensorless control, which has no lag or 
no attenuation and also no position error , and the 
PI controller is improved to the ADRC controller, 
which effectively reduces the system overshoot. In 
this paper, an improved speed observer based on 
SSTEKF speed estimation method is presented. 
The correctness and feasibility of this method are 
proved by the improved flux linkage stability and 
simulation of the whole motor control system. This 
paper is arranged as follows. Section 2 presents 
the SSTEKF algorithm which is applied to the 
induction motor speed sensorless control system. 
Section 3 sets forth a new flux observer used in the 
induction motor speed sensorless control system. 
Section 4 presents the simulation results for the 
proposed method. Section 5 concludes this paper.

2. Process of EKF and SSTEKF 
Observer for IM 

2.1 Process of EKF 

The dynamic electrical model of a three-phase IM 
speed sensorless control has four state variables, 
namely stator current and rotor flux (Aydogmus 
and Talu, 2012). In the speed sensorless control, 
the speed is unknown. In order to identify the 
speed, it is also regarded as a state variable. 
The corresponding augmented motor model is 
obtained as follows:



1 1 1k k k k k k k− − −= + +x A x B u G v ,                             (1)
 

kk kk = +y C x w .                                                (2)

( ), ,

T

k s k s kα β=u u u  
( ), , , , ,

T

k s k s k r k r k r ki iα β α βψ ψ ω=x  
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where M is sampling time. P is the number of 
magnetic poles. ( )

0
nω  is rotor speed. kG  is weighted 

noise matrix Q and R are the covariance matrixes 
of the noises, respectively. They are represented as:

cov( ) { , }Q v E v v= = , cov( ) { , }R w E w w= = . 
The specific process includes the following  
two processes:

1) Prediction process:

1 1 1 1k k k k k− − − −= +x A x B u ,                                     (3)

1 1
ˆ T

k k k k k− −= +P G P G Q .                                         (4)

where “~”is the predicted value, kG  is calculated 
as follows
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where “ ,r kαψ
∧

” is the estimated value of the rotor flux.

Kalman gain:
1( )T T

k k k k k k k
−= +

 

K P H H P H R                            (5)

2) Filtering process: 

Update status prediction variable:

( )k k k k k k

∧

= + −
 

x x K y H x                                    (6)

Update the error covariance matrix:

( )k k k k

∧

= −


P I K H P                                            (7)

where “^” is the updated value.

The induction motor sensorless vector control 
overall block diagram of the control system is 
shown in Figure 1. 

Figure 1. Diagram of the original speed  
sensorless system

Since kK  and kP  are fixed values, their tracking 
ability to deal with sudden changes is not strong, 
and they cannot deal with changes of external 
factors quickly. Moreover, model accuracy depends 
on the values of Q and R, but they are also fixed in 
EKF, which requires that one knows the external 
noise model accurately in order to determine it.

2.2 Process of SSTEKF 

In SSTEKF, according to the orthogonality 
principle, when there is a large model mismatch, 
time-varied gain should be adjusted online so that 
the output residual sequences are orthogonal to 
each other, which also indicates that all effective 
information in the residual sequence has been 
extracted. It meets the following conditions:

ˆ̂([ ][ ] ) min

( ) 0 1,2  

T
k k k k

T
k k j

E x x x x

E jε ε +

− − =

= = …                     
(8)

where kε  is residual sequence. In equation (4), 
multiple suboptimal fading factors are introduced, 
and when different data channels are fading at 
different rates, filters with higher performance 
energy can be obtained. Then, the expression of 
the covariance matrix of the predicted state is:

                                     (9)

                                  (10)
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where kΛ  is fading matrix, (0 1)ρ ρ< ≤  is the 
forgetting factor. 1i

kλ ≡  when it is known from 
prior knowledge that some component ( i

kx ) of kx  
will not mutate, which will speed up the calculation 
of fading factors. When no prior knowledge 
is available, 1( 1, , )i i nβ = =  . To avoid the 
asymmetry and the control system divergence due 
to kΛ , the error covariance matrix is developed as:

1 1
T

kk k k k k kP G P G Q
∼ ∧

− −= Λ Λ +                               (16)

According to Cholesky’s triangular theory, the 
expression of kΛ  can be written as:

T
k k kΛ = Λ Λ                                                       (17)

1 2{ , , , }n
k k k kdiag λ λ λΛ =                                (18)

The SSTEKF is better than EKF because the residual 
sequences are  orthogonal to each other, and the gain 
matrix is tuned online by introducing the fading 
factors into the covariance matrix of the predicted 
state. With the EKF reaching steady state, the error 
covariance matrix and gain are already quite small and 
cannot be tracked in time for subsequent mutations. 
Therefore, an attenuation factor is introduced in order 
to reduce the influence of old data on the estimated 
state and estimated performance. 

3. The Proposed Flux  
Linkage Observer 

3.1 Theoretical Formulation

Stable and accurate flux linkage observations are 
especially important in induction motor speed 
sensorless speed control (Myoung-Ho et al., 
1998). However, the methods of calculating flux 
by stator voltage model and the stator current 
model commonly used in traditional induction 
motor speed regulation process are inaccurate and 
unstable (Aydogmus & Suenter, 2012).

In order to improve the accuracy and robustness 
of flux linkage estimation, the improved model 
uses a disturbance observer, which combines the 
expression of the equation of stator voltage in fixed 
coordinate system method and the expression of 
the equation of stator current in fixed coordinate 
system method. First, the stator voltage model is 
employed to estimate the flux linkage, then the 
flux is introduced into the current model which 
obtains the current estimate. The error between 
the measured current and the estimated current are 
used as a disturbance feedback to the expression of 
the equation of stator voltage in fixed coordinate 
system method to improve the accuracy and 
robustness of the estimated flux linkage. The 
equation of the current model is:

1= ( )
1r m s r r

r

L i T
T sα α βψ ω ψ−

+                             
(19)

1= ( )
1r m s r r

r

L i T
T sβ β αψ ω ψ+

+                              
(20)

where ω  is the rotor speed of the motor. The 
expression of the equation of stator voltage in 
fixed coordinate system for calculating rotor flux 
in α β−  coordinate system is written as 

= [ ( ) ]r
r s s s s s

m

L u R i dt L i
Lα α α αψ σ− −∫

                   
(21)

= [ ( ) ]r
r s s s s s

m

L u R i dt L i
Lβ β β βψ σ− −∫

                    
(22)

The expression of Laplace transform is

1= [ ( ) ]r
r s s s s s

m

L u R i L i
L sα α α αψ σ− −

                      
(23)

1= [ ( ) ]r
r s s s s s

m

L u R i L i
L sβ β β βψ σ− − .

                     
(24)

Figure 2 illustrates a block diagram of the proposed 
flux observer, where ˆ rαψ  is the rotor flux linkage 
of induction motor in α  axis. The subscripts α  
and β  of the parameters in the figure represent 
each parameter in the stationary α β−  reference 
frame. The currents estimated by the expression of 
the equation of stator voltage in fixed coordinate 
system are:

ˆ ( 1)ˆ

ˆ ( 1)ˆ

r r r r
s
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(25)

The key to solving the problem is to consider the 
errors between iαβ  and iαβ

∧

 as disturbances.
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Figure 2. Diagram of the flux observer 

In Figure 2, the adjustable parameter G  is 
introduced as linear compensation in the system. Dα  
is the feedback brought into the expression equation 
of stator voltage in fixed coordinate system. And ω  
is the revolving speed of induction motor. Therefore, 
the transfer function of flux linkage is:
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(26)

By substituting (25) into (26), the following can 
be obtained

ˆ ( 1)1ˆ = { [ ( )] }

ˆ ( 1)1ˆ = { [ ( )] }

r r r rr
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m m
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By rearranging (27), the transfer function between 
the estimated flux and the respective variable 
signals could be written as: 

2

2

( )
ˆ =

( )

( )
ˆ =

( )

m s s s s s s r r
r

m
r

r

m s s s s s s r r
r

m
r

r

L u R i L i s Gi G T
L GT s G
L

L u R i L i s Gi G T
L GT s G
L

α α α α β
α

β β β β α
β

σ ω ψ
ψ

σ ω ψ
ψ

− − + −

 + +

 − − + +


+ +
        

(28)

The transfer function of G  is:

( ) i
p

k
G s k

s
= +

                                                  
(29)

Let us set p c mk Lω=  and 2
i c mk Lω= ,then the 

Laplace expressions of the estimated rotor flux 
equations of the IM in the stationary α β−  
coordinate system are  given as:
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(30)

The cut-off frequency of the new flux linkage 
observer is denoted by cω . Using (19), (20), (23) 
and (24), the estimated flux function (30) becomes 
(31) as it is shown below

ˆ
ˆ

r r

r r

α α

β β

ψ ψ
ψ ψ

=
 =                                                       

(31)

It’s not hard to derive the conclusion that the 
estimated flux linkages error is zero in equation 
(31). If the jamming signals (such as su α , su β , si α ,  

si β , rL , mL , rR , sR  and θ ) exist, the improved 
flux observer will be more steady. By the Laplace 
transform, it is obvious that the transfer functions 
are structurally similar to low-pass filters and 
bandpass filters. That is to say, the new flux linkage 
model has the resistance to high-frequency noises 
and low-frequency noises. Hence, the improved 
flux linkage model is adopted to improve the 
performance of speed sensorless vector control.

3.2 Stability Analysis

To carry out the stability analysis at steady state for 
flux linkages, the flux linkages transfer functions 
in stationary reference frame can be expressed as:

ˆ
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r r

r r
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where Errα  and Errβ  are the errors between the 
actual flux and estimated flux. It is necessary to 
prove that if Errα  and Errβ  are steady, then the 
proposed observer is steady. 

The stability analysis of Errα  and Errβ  for 
sensorless control of IM drive by using Routh-
Hurwitz Criterion ensures the stability of the 
scheme as the ( )D s  are found to be positive in 
this case.

When su α  or su β  encounters interferences
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The closed loop transfer function of equation 
(33) is:

2 2 2
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The characteristic equation is:

2 2 2( ) ( ) ( )m
c r c c r c

r

L
D s T s T s

L
ω ω ω ω= + + + +

          
(35)

The Routh array table is given as:
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0s 2
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where the parameters rT , mL  and rL  are 
considered as positive constants in a sampling 
period. So, the coefficients of the polynomial 

( )D s  are all positive. It is known from Routh 
criterion that if the coefficients in the first column 
of Routh array table are all positive, the system is 
stable, and the global asymptotic stability of the 
observer with voltage interferences is guaranteed. 
Secondly, when iαβ  encounters changes, the 
transfer functions of Errα  and Errβ  are:
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The closed loop transfer function is:
2 2

2 2 2
( )

( ) ( )

s c m c m

m
c r c c r c

r

L s L s L
G s

LT s T s
L

σ ω ω

ω ω ω ω

− + +
=

+ + + +
          

(37)

where the parameters rT , mL  and rL  are 
considered as positive constants in a sampling 
period. The characteristic equation of the control 
system is as follows:
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The equation (38) is identical to the equation (35). 
Also, they are both based on the Routh Criterion. 
So the global asymptotic stability of the observer 
with current interferences is guaranteed. When the 
stator inductance sL  has disturbances, the Errα  
and Errβ  can be expressed as follows:
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The closed loop transfer function is:
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When the rotor resistance sR  changes, the transfer 
functions of Errα  and Errβ  are:
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The transfer function of equation (41) is
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When the estimated θ  has deviation, the transfer 
functions of Errα  and Errβ  are:
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Considering sinθ θ∆  or cosθ θ∆  as a variate, the 
transfer function of equation(43) is as follows:
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The parameters iαβ  in (40) and (42) and the 
parameter fψ  in (44) are treated as constant over a 
sampling period, which will not influence the stability 
performance of the control model. Therefore, the 
characteristic equation of these systems is:
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As it is indicated above, the characteristic equation 
( )D s  (45) is identical to equation (35), so they 

are both based on the Routh Criterion. Hence, 
the global asymptotic stability of the improved 
observer  is guaranteed.

4. Simulation 

In this section, the performance of the proposed 
model is verified in MATLAB/Simulink and its 
anti-interference performance is correlated with 
that of the improved model  under the test cases 
bellow. The induction motor sensorless vector 
control overall block diagram of the new system 
is illustrated in Figure 3. The improvements 
are outlined with a dotted line. When the IM is 
powered by the three-phase voltage, the stator 
flux amplitude of the motor is constant, the space 
vector rotates at a constant speed, and the motion 
trajectory at the top of the flux vector is circular.

Figure 4 shows the flux circle changes from 0s 
to 0.4s before and after the improvement of the 
induction motor vector control model. It is not 
difficult to see that the improved model can 
quickly reach the stationary flux circle. This 
indicates that the control system can operate very 
well, which verifies the feasibility of the modified 
speed sensorless control system. 

Figure 5 illustrates the speed tracking before and 
after the implementation of the improved model 
if a 10N.m load is applied suddenly. It fluctuates 
by about 1rad/s when the load is suddenly added 
before improvement, but only fluctuates by about 
0.5rad/s after improvement, which indicates that the 
improved model has a high anti-interference ability. 

Similarly, as it is shown in Figure 6, when a stator 
current of 2A is suddenly applied to external 
elements at a certain moment, the tracked speed 
before and after the improvement is significantly 
different. The improved model featured a higher 
tracking performance when it encountered current 
mutation. In particular, according to a partial 
enlargement, in case of a single-phase current 
mutation, the peak value for the model before 

the improvement has reached 87rad/s, but only 
84rad/s after the improvement, which will reduce 
the loss for the motor in emergencies and improve 
the anti-interference ability of the system.

In addition, when the motor parameters change 
( rL , rR  and sR ), as it is shown in Figures 7-9, 
the speed estimation of the improved model also 
features a higher tracking performance, that is, the 
improved model successfully solves the problem 
of low robustness in the sensorless control of IM.

To sum up, the simulation results ensure 
effectiveness of the improved model.

Table 1 lists the percentage of overshoot amount 
and settling time before and after the model 
improvement in the case of various parameter 
mutations. It can be seen from the table that 
the improved system features a strong anti-
interference performance.

Figure 3. The structure of the improved induction 
motor sensorless vector control model

Figure. 4. The flux circle before and after the 
implementation of the improbed induction motor 

sensorless vector control model

Table 1. Comparison of results before and after improvement

model Overshoot(%) Settling time(s)

si α mL rR sR load si α mL rR sR load

before 8.75 87.6 7.5 10.1 1.00 0.022 ∞ 0.03 0.017 0.03
after 3.75 76.5 1.3 0.25 0.69 0.014 0.02 0.012 0 0.05
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Figure 5. The estimated speed and actual speed when 
a 10N.m load is applied suddenly

Figure 6. The estimated speed and actual speed when 
a 2A current is applied suddenly

Figure 7. The estimated speed and actual speed when 
rR  mutates to 2 rR

Figure 8. The estimated speed and actual speed when   
mutates to  when rL  mutates to 2 rL
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Figure 9. The estimated speed and actual speed when 
sR  mutates to 2 sR

5. Conclusion

This paper puts forward a new flux observer of IM 
based on SSTEKF and the ADRC controllers are 
employed for replacing all PI controllers of the speed 
sensorless control system. The correctness, stability 
and validity of the proposed method are verified 
by simulation on sensorless driver. Simulation 
results show that the new model is able to improve 
estimation accuracy, and reduce the modeling error. 
In comparison with the traditional voltage model 
method, this new flux linkage observer reduces the 
influence of estimated speed error and the variation 
of motor parameters, and improves the steady-
state and transient performance of the system. 
Compared with the traditional model, this model 
has a better dynamic property and a lower overshoot 
at low speed under sudden loading. The results as 
depicted in Figures 5 to 8 confirm that the scheme 
preserves stability even under varying parameters. 
The problem of instability at impact load and 
parameter disturbance can be solved. However, as 
the accuracy of calculation is improved, the amount 
of calculation must be improved. The complexity of 
the system has increased to some extent. Due to the 
limitations of speed observation method, the effect 
of rotational speed may be not ideal at very low 
speed or zero speed.
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