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ABSTRACT: In this paper, Model Referencing Adaptive Controller (MRAC)based speed and stator resistance 
estimation of vector controlled induction motor drive ispresented. BothMRACs utilize voltages and currents in 
synchronously rotating referenceframe anddo not require computation of fluxes. This technique is stable in all four 
quadrants of operation and also can be used for low speed and zero speed operation. The speed estimation algorithm 
(i.e., speed estimating MRAS) depends on stator resistance making it sensitive to stator resistance variation.This is 
compensated by another MRAC making the speed estimation algorithm independent of stator resistance. The proposed 
method is simulated in MATLAB/SIMULINK and simulation results are obtained. 
 
KEYWORDS: Induction Motor,Model Referencing Adaptive Controller (MRAC), Stator resistance estimation, Vector 
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   List of symbols: 
 

v Stator voltage vector 
i Stator current vector   
vds,vqs d and q-axis components of stator voltage 
ids,iqs d and q-axis components of stator current 
φdr, φqr d and q-axis componentsof rotor flux 
ωe Synchronous speed of the motor 
ωsl Slip speed 
ωr Rotor speed 
Ls,Lr Stator and rotor inductances per phase 
Rs,Rr Stator and rotor resistances per phase 
σ = 1- L m

 2/ Ls,Lr Leakage factor 
Lm Magnetizing inductance 

 
I. INTRODUCTION 

 
 The Vector controlled inductionmotor (IM) drive is widely used in high performanceindustrial applications 
since it is simple and provides fastdynamics in terms of the torque response [1] as the independentcontrol of flux and 
torque can be achieved. The rotor speed can be obtained either by using speed sensors or by estimation. The use of 
speed sensor [2]-[4] may encounter severalproblems like mounting, signal transmission, hazardousenvironment and 
reliability. The elimination ofspeed sensor results in reduction of cost and size of the drive, better noise immunity and 
less maintenance requirements and also increases reliability and robustness of the system. So, the speed estimation 
ismore preferable than the speed sensing in industrialapplications.On the otherhand, parametersensitivity, stability in 
the all four quadrants of operation including low and zero speed operation, and high computational effort can bethe 
main drawbacks of sensor less control. 
 
Various techniques are available for the estimation ofspeed for IM drive [1], [5]. These aremainly classified as: (i) 
Rotor flux based, (ii) Frequency signal injection based, (iii) ModelReference Adaptive System (MRAS) based, 
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(iv)Observer based,(v) Artificial Intelligence (AI)based and (vi) Rotor slot harmonics based methods.Among all these 
methods, MRAS is simple,requires less computation time and has good stability [5]-[6]. 
Different types of model reference adaptive system(MRAS) areflux based[4],[7]-[8]back electromotive force (emf) 
based [10] and reactive power based [9]-[11]. Flux based MRAC and its improved methods[4],[7],[8] efficiently 
estimate rotor speed in all the four quadrants of operation but it has integrator related problems at very low speed, 
including zero speed. Back-emf based MRAS [10] is also inefficient at low speed since at low speeds back-emf is very 
low. A reactive power based MRAS [9]-[11]using instantaneous reactive power in the reference model and steady-state 
field-oriented reactive power in the adjustable model has no integrators and hence can be used at very low speed 
including zero speed. This method is independent ofvariation of stator resistance. But in the regenerating mode, the 
reactive power based MRAS is unstable.  
 
HereMRAC called X-MRAC[12],[13],[14] which uses instantaneous value of cross product ofv and i (i.e.,vx i)in the 
reference model and steady-state flux oriented value of the same  in the adjustable model. This MRAC is stable in all 
the four quadrants, operates very well at low speed including zero speed, does not require flux computation and very 
easy to implement. However, the formulation involves stator resistancewhich is compensated by another MRAS .This 
MRAC also,requires only voltages and current in synchronously rotating reference frame for Rs estimation. 
 
In the subsequent sections of this paper, the modeling of MRACs, complete system and simulation results are presented 
 

II. X MRACBASED SPEED ESTIMATION 
A. X-MRAC  
The structure of the X –MRAC is shown in Fig.1.The cross product of voltage and current in synchronously rotating 
reference frame is used in the construction of this X -MRAC. This cross product is denoted by X, which is neither 
active power nor reactive power. In reference model, instantaneous value of X (i.e., X1) is used whereas in adaptive 
model steady state value of X(i.e., X4)under flux oriented condition is used. The error between the two, E=X1-X4is fed 
to a PI controller which yields estimated rotor speed. This estimated speed is fed back to adaptive model so that error 
converges to zero. 

 
 

B. Construction of X-MRAC 
 
The stator voltages of induction motor in the synchronously rotating reference frame can be expressed as follows 
 

௤௦ݒ = ܴ௦݅௤௦ + ௘߱ ௦݅ௗ௦ܮߪ   + ௦ ݅௤௦ܮߪ݌ + ௅೘
௅ೝ

( ௘߱   ߮ௗ௥ +  ௤௥)                                                           (1)߮݌

ௗ௦ݒ = ܴ௦݅ௗ௦ − ௘߱  ܮߪ௦݅௤௦ + ௦ ݅ௗ௦ܮߪ݌ −
௅೘
௅ೝ

( ௘߱  ߮௤௥ −  ௗ௥)                                                           (2)߮݌
 

The instantaneous value of X(i.e.vx i) is given by 

Fig.1. X- MRAC based speed estimation technique 
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 ଵܺ = ௤௦݅ௗ௦ݒ + ௗ௦݅௤௦ݒ                                                                                                                                            (3) 

 
Substituting eqns (1) and (2) in (3) X (i.e..X1) becomes 
 

                        ܺଶ   =  ൤ܴ௦݅௤௦ + ௘߱ ௦݅ௗ௦ܮߪ   + ௦ ݅௤௦ܮߪ݌ +
௠ܮ
௥ܮ

൫ ௘߱  ߮ௗ௥ + ௤௥൯൨߮݌ ݅ௗ௦   

+ ൤ܴ௦݅ௗ௦ − ௘߱  ܮߪ௦݅௤௦ + ௦ ݅ௗ௦ܮߪ݌ −
௠ܮ
௥ܮ

( ௘߱   ߮௤௥ − ௗ௥)൨߮݌ ݅௤௦                               (4) 

At steady state X (i.e.,X2) becomes 
 

ܺଷ =   ൤ܴ௦݅௤௦ + ௘߱  ܮߪ௦݅ௗ௦ +
௠ܮ
௥ܮ

( ௘߱   ߮ௗ௥)൨ ݅ௗ௦   + ൤ܴ௦݅ௗ௦ − ௘߱ ௦݅௤௦ܮߪ   −
௠ܮ
௥ܮ

( ௘߱  ߮௤௥)൨ ݅௤௦        (5) 

 
For rotor flux orientation, the steady state value of X(i.e,X3) becomes 
 

          ܺସ   =   ௘߱  ൣܮ௦݅ௗ௦ଶ − +௦݅௤௦ଶ൧ܮߪ 2ܴ௦݅ௗ௦݅௤௦(6) 
 

The expression of X1 is independent of rotorspeed. Hence,it is selected for the reference model. X2, X3 or X4can be 
chosen as the adjustable model since they are dependent on the rotor speed (ωr).However, X4 is selected in the 
adjustablemodel, as itdoes not require any flux estimation and any derivative operations. But the adjustable model of 
this MRAS is dependent on stator resistance which may changes during low speed operation. So the stator resistance 
has to be updated if there is any stator resistance variation. 
 

III. STATOR RESISTANCE ESTIMATION 
 
The induction motor stator voltages in the synchronously rotating reference frame are given by equations (1) and (2) 
For a field oriented drive, the simplified expression of voltages atsteady state (i.e., derivative terms, p = 0) becomes: 
 

௤௦ݒ                               = ܴ௦݅௤௦ + (௅೘
మ

௅ೝ
+ (௦ܮߪ ௘߱   ݅ௗ௦                                                                            (7) 

ௗ௦ݒ   = ܴ௦݅ௗ௦ − ௘߱  ܮߪ௦ ݅௤௦                                                                                                                                (8) 
 
Eliminating ωe from above equations 
 

                              ܴ௦ = ௩೏ೞ௜೏ೞାఙ௩೜ೞ௜೜ೞ
ఙ௜೜ೞమ ା௜೏ೞ

మ                                                                                                                  (9) 

 
The above expression is independent of speed. So stator resistance can be estimated usingvoltages and currents in 
synchronously rotating reference as shown in Fig.2. 

 
 
 
 

Fig.2.MRAC based stator resistance estimation technique 
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IV. STRUCTURE OF SENSORLESS INDUCTION MOTOR DRIVE 
 

Entire structure of the MRAS based vector controlled drive is shown in Fig.3. The stator currents are sensed and then 
transformed from abc to synchronously rotating frame quantities (d-q),ids and iqs,which are the feedback stator currents 
to current controllers.  Stator voltages are also sensed and transformed to synchronously rotating frame quantities (d-
q).Using thesevoltages and currents in synchronously rotating frame rotor speed is estimated and stator resistance,Rs is 
updated each time during estimation of rotor speed .The estimated speed is the feedbacksignal to speed 
controller .Based on feedback signals the control signals are produced which in turn controls the switches of the 
inverter.  

 
 

V. SIMULATION RESULTS 
 

The complete system shown in Fig.3 is simulated in Matlab/Simulink and this section presents the simulation results. 
The parameters of the machine are given in the Table I 
 

Fig.3.Complete block diagram of vector controlled induction motor with MRAC based speed and stator resistance estimation 
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TABLE I 
INDUCTION MACHINE RATINGS AND PARAMETERS 

Symbol Meaning 
 

Value 

- Rated Shaft Power 1.3kW 
- Line to Line voltage 400V 
- Rated Speed 1430rpm 
P Pole pair 2 
Ls Stator Self Inductance 0.6848H 
Lr Rotor Self Inductance 0.6848H 
Lm Magnetising Inductance 0.6705H 
Rs Stator Resistance 5.71Ώ 
Rr Rotor Resistance 4.0859Ώ 
J Machine Inertia 0.011Kg-m2 

   
 
A. Step Change of Rotor Speed and Zero Speed Operation 
The response of the IM for a step change in reference speed and zero-speed operation is shown in Fig.4. The actual 
speed tracks the reference speed satisfactorily.Fig.4 (a)shows that the estimated speed is very close to the actual rotor 
speed. Flux orientation is not disturbed, as depicted inFig.4 (b) 
 

 
 
 

B. Ramp Response 
 
The response of the IM to a ramp signal is shown in Fig.5. The estimated speed follows the actual speed as shown in 
Fig.5 (a) which in turn is matching with the input ramp signal applied.In all these operations, the flux orientation iswell 
maintainedand can be seen from Fig.5 (b).The results confirmed stable operation in forward and reverse-motoring 
modes. 

 

 
 
 

Fig.4 (a) Actual speed and estimated speed [rad/s] versus time[s], (b)d –axis and q-axis flux [Wb] versus time[s] 

Fig.5. (a)Actual speed and estimated speed [rad/s] versus time[s], (b)d –axis and q-axis flux [Wb] versus time[s] 
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C. Low Speed Operation 
The performance of theestimator at a low speed of 1rad/s is shown inFig.6.The estimated speed and the actual speed are 
shown in Fig.6 (a). The flux orientation is maintained, as shown in Fig.6 (b). 
 

 
 

 
 
D. Regenerative Operation 
1) Second quadrant operation: The second quadrant operation can be seen from Fig.7.The load torque is kept 
positive at 5 N-m and reference speed is changed from positive to negative and then back to positive which shows the 
transition of the estimator from motoring to regenerating mode and back. The estimated speed, actual speed follows 
thereferencespeedasseenfromFig.7(a).The flux orientation is kept samefromFig.7(b) 
2)  

 
 

 
3) Fourth quadrant operation: Thefourth quadrant operation can be seen from Fig.8.The load torque is kept at -2 
N-m and reference speed is changed from negative to positive and then back to negative which shows the transition of 
the estimator frommotoringmode to regenerating mode and back. The estimated speed, actual speed follows the 
reference speed as seen from Fig.8 (a).The flux orientation is kept same from Fig.8(b) 
 

 
 
 
 

Fig.6. (a)Actual speed and estimated speed [rad/s] versus time[s],(b)d –axis and q-axis flux [Wb] versus time[s] 
 

Fig.7. (a) Actual speed and estimated speed [rad/s] versus time[s], (b)d –axis and q-axis flux [Wb] versus time[s] 
 

Fig.8. (a)Actual speed and estimated speed [rad/s] versus time[s],(b)d –axis and q-axis flux [Wb] versus time[s] 
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E. Performance under Resistance Variation 
1) Motoring Mode: Algorithm is tested for low speed operation considering Rs variation under constant torque as 
shown in Fig (9). Stator resistance is varied to twice its original value in the form of ramp as shown in Fig 9(a). The 
estimated speed, actual speed is following the reference speed as shown in Fig. 9(b). Torque is kept constant at 2 N-m. 
 

 
 
 
 

2) Regenerative mode:Motor speed is changed from +2 rad/s to -2rad/s keeping the torque constant at 5 N-m. 
The drive is operated in motoring mode up to 10s. Thereafter, it enters in the regenerating mode of operation. 
The estimated rotor speed is shown in Fig. 10(a). At 14s, Rs ischanged to twice of its original value as shown 
in Fig. 10(b).The estimator stills works successfully. 

 
 
 
 
3) Performance under load and Rsvariations:Here drive is operated at a speed of 5 rad/sec as shown in Fig. 11(a). 
A load torque of 2 N-m is applied initially as shown in Fig. 11(b). Now between 7.25s-14.25s  Rs is varied to twice of 
its original value in ramp form Fig. 11(c). During Rs variation(i.e., at 10s)load is increased to5N-m. So from above 
results it is observed that the drive is stable even load changes during Rsvariation. 
 

Fig.10. (a)Actual speed and estimated speed [rad/s] versus time[s], (b)Resistance variation[Ώ] versus time[s] 

Fig.9. (a) Resistance variation[Ώ] versus time[s], (b)Actual speed and estimated speed 
[rad/s] versus time[s] 
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VI. CONCLUSION 
 

This paper has presented X-MRAC based speed estimation with stator resistance updation.The X-MRAC based speed 
estimation technique is stable in all four quadrants of operation and also suitable for low speed and zero speed 
operation.The adjustable model of X-MRAC depends on stator resistance making the technique sensitive to stator 
resistance variation.However,another MRAC may be added to X-MRAC based speed estimation to compensate for the 
variation in stator resistance.Moreover from the simulation results using a 1.3-kW induction motor drive system, it is 
shown thatthe, speed sensorless drive, thatrequire stator resistance information, can offer better performance with the 
inclusion of Rs estimation technique.An experimental prototype is under progress. 
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