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ABSTRACT 

The sensitivity of speed estimators for parameter variations presents a significant challenge for sensorless 

Induction Motor (IM) drives, particularly at very low speeds. This paper examines the impact of 

parameter variations and the PI adaptation mechanism on the stator current-based Model Reference 

Adaptive System (MRAS). In contrast to the estimation of rotor flux, the MRAS method uses the observed 

stator current and the stator current estimate error within the adjustable IM model. The stability analysis 

for changes in machine parameters and PI controller gains is examined using small-signal perturbation. 

Additionally, a sensitivity analysis of stator and rotor resistance changes is included. A complete simulation 

using MATLAB/Simulink and experimental validation using a laboratory prototype based on the DSP-

DS1103 are provided. The analytical, modeling, and measurement results reveal that the suggested 

observer responds well and provides precise speed estimation in all four quadrants of operation. 

Keywords-MRAS; speed estimation; low speed; stability analysis; rotor resistance; stator resistance 

I. INTRODUCTION  

A variety of speed estimation techniques have recently been 
developed with the objective of producing high-performance 
speed-sensorless Induction Motor (IM) drives over an 
extensive range of speeds [1-5]. The Model Reference 
Adaptive System (MRAS) is regarded as one of the model-
based approaches for speed observers in sensorless IM drives. 
MRAS offers several advantages, including adaptability, rapid 
convergence, a short computing time, and ease of integration. 
MRAS estimators are classified into distinct categories based 
on the variable they produce. The most common include rotor 
flux-based MRAS, back EMF-based MRAS, reactive power-
based MRAS, and stator current-based MRAS [6, 7]. The 
presence of open integration in the Voltage Model (VM) poses 
challenges to starting conditions and drift in MRAS techniques 
that employ rotor flux as an output variable. Consequently, a 
low-pass filter can be employed as a substitute for pure 
integration; however, this results in a reduction in precision in 
the speed estimate at low speeds and the introduction of a time 
delay. Back EMF-based MRAS involves the usage of the latter 
as an alternative to rotor flux, which is susceptible to open 
integration issues. Consequently, low-pass filters, which 

restrict bandwidth, are not necessary as they are in the case of 
rotor flux-based MRAS. However, alterations to the reference 
model parameters, particularly those pertaining to stator 
resistance, may lead to inaccurate speed predictions at low 
speeds. In the case of a stator current-based MRAS observer, 
the speed estimation model employs rotor flux, which is 
described in terms of stator voltage, stator current, and motor 
characteristics [7]. This technology markedly enhances the 
functionality of sensorless drives at low speeds [6]. 

PI controllers are a commonly used adaptation mechanism 
for standard MRAS estimators due to their simple design and 
ability to provide satisfactory performance across a wide range 
of actions. However, given the inherent variability in machine 
parameters and operating circumstances, fixed-gain PI 
controllers may not be capable of delivering the requisite 
performance [8]. Recently, speed sensorless IM drives have 
adopted Artificial Neural Network (ANN)-based MRAS [8, 9] 
and Fuzzy Logic Controller-based (FLC) MRAS. In 
comparison to traditional mathematical model-based 
techniques, ANN-based methods for predicting an IM drive's 
parameters have proved to be more effective. In the case of a 
reactive power observer-based speed estimate, an FLC based 
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on MRAS has been employed, replacing the traditional 
proportional-integral (PI) adaptive mechanism with an adaptive 
fuzzy one. In order to minimize the speed tuning signal 
required for the calculation of rotor speed, a FLC has been used 
as a nonlinear optimizer. Authors in [10], introduce X-MRAC, 
a newly developed reference adaptive controller. In [11], a 
second-order sliding-mode current observer based on rotor 
flux-based MRAS is presented, along with stator resistance and 
parallel speed estimators. In [12], the MRAS approach was 
applied with two variances between electromagnetic torques 
and rotor fluxes. In [13], a novel formulation of reactive-
power-based MRAS is proposed. 

In operating circumstances at/or near zero speed, the 
primary issues with MRAS-based sensorless observers are their 
sensitivity to variations in machine parameters, faults in the 
acquisition of the stator voltages and currents, nonlinearity in 
the inverter, and pure integration of the rotor flux. The efficacy 
of any MRAS technique must be assessed based on its capacity 
to address these challenges, particularly at low and zero speeds. 
However, the majority of these techniques demonstrate a 
decline in performance as they approach or even deviate from 
zero speed, and the majority of these techniques have not been 
evaluated at zero electrical frequency [6, 14]. These factors 
render the development of a reliable speed estimation technique 
challenging in the presence of fluctuations in stator resistance. 
Accordingly, the principal objective of this paper is to present a 
novel formulation for the stator current-based MRAS speed 
observer, with the aim of enhancing its robustness to 
fluctuations in stator resistance, which have a detrimental 
impact on speed estimation at low and zero speeds. Moreover, 
to enhance the precision and resilience of the estimation to 
fluctuations in parameters, the proposed MRAS observer uses 
the observed stator current and the stator current estimation 
error in the adjustable model of the IM, rather than the rotor 
flux. This study analyzes the stability of the proposed MRAS 
observer in response to changes in machine parameters and PI 
controller gains. It presents the stability performance of the 
new MRAS observer using a pole-zero map, as the adaptive PI 
gains are varied. Furthermore, a sensitivity analysis is 
presented for modifications in rotor and stator resistance. To 
validate the proposed approach, a variety of modeling and 
experimental tests under different operating conditions are 
presented. The paper proceeds with the presentation of the 
dynamic model of the IM, the conventional stator current-based 
MRAS observer, the stability analysis and sensitivity analysis 
of the new stator current-based MRAS observer, as well as an 
examination of its stability under conditions of parameter 
deviation. The results of the simulations and experiments are 
discussed after, with regard to the various operating conditions. 

II. IM DYNAMIC MODEL 

Using the stator current and rotor flux, the IM dynamic 
model is: ��⃗�� � ��� �⃗�� � ��	
⃗�� � ��⃗��   (1) �
⃗�� � �	� �⃗�� � �		
⃗��     (2) 

The electromechanical formula can be obtained using: 

�� � � ����� � ��� � ��     (3) 

where the expression for electromagnetic torque is: �� � �	 ⋅ �	 ⋅ ���� ����� 
��� � ���� 
���     (4) 

where �⃗�� � �����    ����  "
is the stator current vector in d-q axes, 
⃗�� � �
���    
���  "

 is the rotor flux vector in d-q axes, ⃗�� �����    ���  "
is the stator voltage vector in d-q axes, Lm, Ls, and 

Lr are the magnetizing, stator, and rotor inductances, Rs and Rr 
are the stator and rotor resistances, Tr is the rotor time 

constant, �� and ��#  are the motor and slip speeds, Te and TL 

are the developed and load torques, respectively. ��� � $�%, ��	 � $	% � $����, �	� � $&%, �		 � �$'% � ���, �� � �%, $� � � ( )*+�* � ��,+�*"���- , $	 � ��+�*��"�, $� � ��+�*��, $' � �"�, $& � ��"� ,� � �+�*, % � /1 00 12, � � /0 �11 0 2,  3 � 1 � ��,�*��, �� � ��)�. 

Figure 1 shows the block diagram for the proposed 
sensorless Indirect Field-Oriented Torque Control (IFOTC) of 
IM. In this approach, the observed speed and slip speed are 
employed to ascertain the unit vector, which is essential for 

axis transformation : 4� � 56�7� � ��#89:. 

 

 
Fig. 1.  Block layout of the suggested stator current-based MRAS observer 

for sensorless IM drive IFOTC. 

In IFOC, the q-axis rotor flux is set to zero and the d-axis 
rotor flux is fixed. Consequently, the electromagnetic torque 
can be controlled exclusively by the q-axis stator current. This 
leads to the following: 
��� � 0     (5) 

�;<�*�� � 0     (6) 

;=�*�� � 0     (7) 

Then, the expression for electromagnetic torque becomes: �� � �	 ⋅ �	 ⋅ ���� ����� 
���      (8) 

Using (5)–(8) and substituting into (1)–(2) gives: 
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 ���� � 0      (9) ���� � � ���� ����      (10) 
��� � >?����      (11) 

��# � ��"�
@<**;=�* � �"�

@<**@=**     (12) 

III. STATOR CURRENT-BASED MRAS OBSERVER 

The traditional stator current-based MRAS estimator for 
sensorless IM drive, is: 
��� � ���� A56��� � B����� 89: � 3>����� C  (13) 


��� � ���� �5D��� � B����� E9: � 3>�����    (14) 

The stator current can be expressed using the rotor flux and 
motor speed as: 

���� � ��� (
��� � ����
��� � �� �;=�*�� -  (15) 

���� � ��� (
��� � ����
��� � �� �;<�*�� -  (16) 

Equations (15) and (16), along with the observed speed, 
allow us to estimate the stator current as: 

��̂�� � ��� (
��� � �7���
��� � �� �;=�*�� -  (17) 

��̂�� � ��� (
��� � �7���
��� � �� �;<�*�� -  (18) 

Note that the measured stator voltages and currents are used 

to determine the rotor fluxes ( ,  s s

qr dr
) in (17) and (18). The 

stator current difference can be calculated as: G@� � "��� 
��� G�    (19) 

G@� � � "��� 
��� G�    (20) 

where, G@� � 6���� � ��̂�� 8 , G@� � D���� � ��̂�� E , G� � 6�� � �7�8 . 

The following formula can be found by multiplying (19) and 
(20) by the rotor flux and adding them together: G@�
��� � G@�
��� � "��� G�6
�� 8	   (21) 

where, 6
�� 8	 � D
��� 	 � 
��� 	E . The speed error can be 

calculated and expressed using (21), as: G� � H�G@�
��� � G@�
���     (22) 

where, H � ��"� �6;�* 8,. 

The conventional block diagram of the stator current-based 
MRAS observer is presented in Figure 2. The stator current and 
rotor flux are employed in the calculation of the speed estimate 
error, as per the specifications set forth in (22). The primary 
limitation of the traditional stator current-based MRAS speed 
observer is its tendency to provide inaccurate estimates at very 
low and zero speeds. It is possible to employ a VM and Current 
Model (CM) flux observer, as the estimation of rotor flux is a 

prerequisite for the implementation of the stator-current MRAS 
technique, as shown in (15) and (16). The rotor flux calculation 
was performed using the VM approach. This model provides 
the rotor flux components in terms of the stator current 
components and the rotor speed, as can be seen in (13) and 
(14). Any reduction in the estimated speed is fed back to the 
flux observer, resulting in instability in the low-speed range. 
This is due to the fact that the estimation of rotor flux with a 
CM is dependent on the estimated speed. The use of the CM 
flux observer to estimate speed becomes unstable when the 
estimation of rotor flux deteriorates, as this impacts the 
tracking of stator current [14]. 

 

 
Fig. 2.  The configuration of the speed estimate technique with the 

traditional stator current-based MRAS observer. 

IV. NEW STATOR CURRENT-BASED MRAS 

OBSERVER 

A. Speed Estimation Law 

By applying this technique, the following equations are 
derived by multiplying (19) and (20) by the d-q components of 
the stator current: G@����� � "��� ���� 
��� G�    (23) 

G@����� � � "��� ���� 
��� G�    (24) 

The sum of (23) and (24) provides: G@����� � G@����� � � "��� G�D���� 
��� � ���� 
��� E (25) 

In accordance with the findings of (25), the speed error can 
be expressed as: G� � I"J ��G@����� � G@�����     (26) 

where, K � ��"� L"� , and L"� � �	 ⋅ �	 ⋅ ���� . Subsequently, the 

estimated speed is: �7� � H��G� � H@� 5 G� 9:   (27) 

The speed estimation error is calculated using the observed 
stator current and the stator current estimation error, as shown 
in (26). In (27), a PI controller with the optimal gains (kpω and 
kiω) is used to consistently diminish the speed estimation error 
to zero. This estimation approach allows for rapid convergence 
and precise speed estimation, as the stator current error is 
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expressed as a function of the speed estimation error's first 
degree. It is noteworthy that (27) exhibits enhanced resilience 
to fluctuations in rotor and stator resistances. Additionally, the 
flux estimation is not employed directly in the speed 
computation. 

B. Stability Analysis of the Modified MRAS Speed Observer 

By substituting the rotor fluxes of (13) and (14) into (23) 
and (24), the speed estimation signal of (26), with the use of 
Laplace transform, is: 

G� � I"J "�����, MN(O=** @=** PO<** @<** Q)*6@=** ,P@=** ,8-� R
�S3>����� 6���� 	 � ���� 	8T U V�� (28) 

The MRAS observer stability to changes of the machine 
parameters and PI controller gains can be investigated using 
small-signal-perturbation analysis. Now, the variables: ���� ����W� � V���� , ���� � ���W� � V���� , G� � G�W � VG� , and �7� �6�7�X � V�7�8. Thus, the perturbed error signal of (28) can be 
written as given in (29): VG� � Y6Z8V�7�    (29) 

The transfer function Y6Z8 can be expressed as: Y6Z8 � [�[	V���� � [�[�V����    (30) 

where, [� � I"J "�����, ,[	 � �� A��W� � 2B����W� � Z623>����W� 8C, [� � �� ���W� � 2B����W� � ZD23>����W� E . The speed estimation 

of (27) can be expressed as: 

  ˆ ( ) ( )r pi rG s G s     (31) 

where, Y�@6Z8 � H�� � ]^_� is the transfer function of the PI 

controller. The closed loop transfer function of the new 
MRAS-based speed observer was: �6Z8 � �7 ��� � `6�8`a^6�8�P`6�8`a^6�8   (32) 

The block diagram of a closed-loop MRAS speed observer 
used for the stability analysis is presented in Figure 3. In order 
to conduct a stability analysis, a small-signal perturbation is 
applied to the estimated speed. Assuming that the actual motor 
speed (ωr) is constant, it is determined that both the variation of 
ωr and Δωr are equal to zero. The estimated speed is subjected 
to a perturbation, V�7�. If the system is stable, then the variation 
in the estimated speed, V�7�, will diminish over time, allowing 
the estimated speed to revert to its previous stable state. 
Therefore, according to Fig. 3, �� � �7�X as �� � �7� � �� �6�7�X � V�7�8 � �V�7� at the stable operating point around 
which the system is perturbed. The closed-loop transfer 
function of MRAS observer is derived as described in (33): 

�6Z8 � 6bcQ�8�,Pbd�Pbebc�,Pbd�Pbe V���� �
6bfQ�8�,Pbg�Pbhbf�,Pbg�Pbh V���� i   (33) 

where, [' � �1 � 2[�3>����W� H�� , [& � �[���W� H�� �2[�B����W� H�� � 2[�3>����W� H@� , [j � A[���W� H@� �

2[�B����W� H@�C, [k � �1 � 2[�3>����W� H�� , [l ��[���W� H�� � 2[�B����W� H�� � 2[�3>����W� H@� , [m ��[���W� H@� � 2[�B����W� H@� . 
 

 

Fig. 3.  Block diagram of closed-loop new MRAS speed observer used for 

stability analysis. 

As shown in (33), the transfer function T(s) of the novel 
MRAS speed observer is contingent upon the IM parameters 

and the PI controller gains (kp, ki). Figure 4(a) shows the 
stability performance of the new MRAS observer using a pole-

zero map in response to changes in the ki  parameter (ranging 
from 0.1 to 1000). While the MRAS observer is stable with 

respect to variations in ki , its stability is compromised when 

ki  is low (0.1 to 100), resulting in a decline in performance. 

This suggests that the variation of ki  has a significant impact 
on the stability of the MRAS. The pole-zero map of the MRAS 

observer was also examined for kp  variations (0.1 to 1000), as 

presented in Figure 4(b). It was observed that kp  variations in 
the range (0.1 to50) resulted in a good performance and 
stability of the MRAS observer. Further increases, led to the 
dominant pole and zero moving towards the imaginary axis, 
resulting in a deterioration in stability. 

C. Robustness to Parameter Variation 

In order to analyze the new MRAS performance and 
stability, the frequency response is employed, as the phase 
margin provides an appropriate measure of the MRAS stability 
margin. This study examines the performance of the novel 
MRAS observer in terms of the Phase Margin (PM) when 
subjected to variations in Rs and Rr, as presented in the results 
shown in Figure 5. As previously stated, the proposed new 
MRAS exhibits minimal alteration in response to variations in 
Rs and Rr. Despite the impact of Rs and Rr on the PM, the 
system remains stable, with a PM that is high and well above 
the critical stability limit. It is evident that the proposed new 
MRAS observer exhibits high performance and robust stability 
in the presence of variations in machine parameters. 

V. EXPERIMENTAL SETUP 

The proposed sensorless IM drive, which employs a novel 
stator current-based MRAS observer with PI in the adaptation 
mechanism, was subjected to experimental implementation in 
real-time using a dSPACE DSP-DS1103 control board for a 
laboratory 5.5 kW IM, as shown in Figure 6. The machine 
under test was operated in a sensorless torque-controlled mode. 
The speed of the drive is controlled by the speed-controlled 
load dynamometer. The IM is supplied with a three-phase 
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voltage-source pulse width modulation (PWM) inverter, 
comprising six IGBTs and a gate driver board. 

 

(a) 

 

(b) 

 

Fig. 4.  Stability performance of the new MRAS observer using Pole-Zero 

Map under variation of the adaptive PI gains, (a) change of ki, and (b) change 

of kp. (zooming in the dominant poles and zeros locations). 

 

Fig. 5.  Stability performance of the new MRAS observer in frequency 

domain under Rs and Rr variations. 

To validate the simulation outcomes and demonstrate the 
efficacy of the proposed observer with PI in the adaptation 
mechanism, the experimental results are presented under 
identical conditions to those of the simulation for a fair 
comparison of performance. The results were obtained under 
IFOTC of the sensorless IM drive. In the experimental results, 
the IM was operated under torque control with standard dq 
current loops, and the estimated flux angle was employed for 
vector transformation of the rotor-oriented dq frame. The IM 
drive system was connected to a speed-controlled load 
dynamometer, the speed of which was monitored. In this IFOC 
of a sensorless IM drive, the reference d-axis current is 
calculated using the rotor flux constant value (11). To calculate 
the slip speed (12) is used. The unit vector is calculated and 
employed in the transformation of the d-axis and q-axis 
reference currents to the abc reference currents. The PWM 
signals of the gate driver circuit to drive the six IGBTs are 
generated by comparing the reference and measured abc 
currents. 

VI. SIMULATION AND EXPERIMENTAL RESULTS 

In order to validate the effectiveness of the proposed new 
MRAS speed observer for use in a sensorless IM drive, a 
simulation model has been constructed using Matlab/Simulink. 
The parameters of the IM used for simulation and experimental 
verification are presented in Table I. In both the simulation and 
experimental results, the sensorless IM was operated under 
torque control with standard dq current loops. All figures are 
divided into six subfigures for the purposes of clarity and ease 
of reference. The figure shows the actual (black) and estimated 
(red) speeds. The discrepancy between the actual and estimated 
speeds is outlined also. Additionally, the current in quadrature, 
iq, in per unit value is presented, together with the stator 
currents in the αβ frame. Furthermore, the reference (black) and 
estimated (red) rotor flux angles in electrical degrees (deg) is 
shown, with the deviation of the reference and estimated flux 
angles. Figure 7 shows the simulation and experimental results 
of the sensorless IM drive during sudden application and 
removal of the rated load torque at a speed of 20 rpm. The 
results of the simulation and experiment demonstrate the 
performance of the sensorless IM drive during reversals at very 
low speeds, ±20 rpm, at the rated load. These results are 
presented in Figure 8. It is observed that the proposed MRAS 
observer demonstrates a notable performance with exceptional 
estimation accuracy during very low-speed reversals. 

TABLE I.  PARAMETERS OF IM 

Rated power 5.5 kW Ls 57.3 mH 

No. of pole pairs (P) 2 Lr 57.3 mH 

Stator resistance (Rs) 0.294 Ω Lm 56.43 mH 

Rotor resistance (Rr) 0.14325 Ω Rated voltage 186 V 

  Supply frequency 50 Hz 

 

VII. CONCLUSIONS 

This paper proposes a modified stator current-based Model 
Reference Adaptive System (MRAS) speed observer. The 
sensorless Induction Motor (IM) drive using the suggested 
MRAS observer was found to exhibit consistent performance 
across all four quadrants throughout the course of operation. 
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The sensitivity study of the estimated speed to stator and rotor 
resistance changes revealed that the proposed MRAS observer 
demonstrated minimal sensitivity to stator and rotor resistance 
mismatches at both high and low stator frequencies. 

The gains of the PI adaptation mechanism are based on the 
speed estimator transfer function. Stability performance of the 
new MRAS observer using a pole-zero map under PI gains 

variation is introduced. It is evident that low values of ki have 
a significant impact on the stability of the MRAS. 
Nevertheless, optimal performance and stability of the MRAS 

observer are contingent upon the gain kp falling within the 
range (0.1 to 50). Further increases in this gain result in the 
dominant pole and zero being shifted towards the imaginary 

axis, thereby impairing stability. The sensorless IM drive is 
capable of performing effectively at extremely low speeds, 
including at zero electrical frequency. The efficacy of the 
proposed stator current-based MRAS observer is demonstrated 
by the results of the stability and sensitivity analysis, as well as 
the modeling and experimental data. In operating 
circumstances at extremely low and zero speeds, the proposed 
observer addresses the primary issues with conventional 
MRAS-based rotor flux and back emf, including sensitivity to 
parameter variation and pure integration of the rotor flux. 
Furthermore, it addresses the deterioration of conventional 
techniques as they approach zero speed or even exceed it at a 
gradual rate. 

 

 
Fig. 6.  Schematic diagram of the experimental system for sensorless IFOTC of an IM drive using DSP-DS1103 control board. 

 
(a) 

 
(b) 

Fig. 7.  Simulation (a) and experimental (b) results of the sensorless IM drive during sudden application and removal of the rated load torque at speed of 20 

rpm. 
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(a) 

 

(b) 

 

Fig. 8.  Simulation (a) and experimental (b) results of the sensorless IM 

drive at very low speed reversal ±20 rpm at rated load. 
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