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ABSTRACT 

The permanent magnet synchronous motor is increasingly playing an important role in advanced motor drives. An encoder or 
resolver attached to the shaft of the motor typically supplies the feedbacks required for motor speed control. Many advanced 
motor drives cannot tolerate the use of these feedback devices because of reliability concerns in a harsh environment, price, space 
and weight limitations. In this paper model reference adaptive system-based adaptive strategy has been used for speed estimation. 
In compare to previously developed methods in the literature such as: EKF, neural networks and sliding mode control this 
method consumes less computational time and it is easy to implement and this method MRAS is completely independent of stator 
resistance (Rs) and is less parameter sensitive, as the estimation algorithm is only dependent on q -axis stator inductance  (Lq). In 
this proposed method the Popov's criterion is used for adaptive speed estimation. The validity of the proposed adaptive strategy 
has been verified by simulation and experiments. 
 
Keywords: Model reference adaptive system, Reactive power, Space Vector Pulse Width Modulation, Permanent magnet 
synchronous motor. 
 
1.  INTRODUCTION 
Among the ac drives, permanent magnet synchronous motor (PMSM) drives[1] have been increasingly applied in a wide 
variety of industrial applications. The reason comes from the advantages of PMSM: high power density and efficiency, 
high torque to inertia ratio, high reliability and ease for maintenance and is used in CNC machine tools, industrial robots 
and so on. Recently, the continuous cost reduction of magnetic materials with high energy density and coercitivity (e.g., 
samarium cobalt and neodymium-boron iron) makes the ac drives based on PMSM more attractive and competitive. In 
the high performance applications, the PMSM drives are ready to meet sophisticated requirements such as fast dynamic 
response, high power factor and wide operating speed range[2]. 
The analysis of mathematical model of PMSM, with the powerful simulation modeling capabilities of Matlab/Simulink, 
the PMSM control system will be divided into several independent functional modules such as PMSM motor module, 
MRAC module, inverter module, coordinate transformation module and SVPWM production module and so on. By 
combining these modules, the simulation model of PMSM control system can be built.  
Elimination of speed encoders is highly encouraged to increase the mechanical robustness of the drive. To achieve sensor 
less operation[4] of a PMSM drive, several algorithms have been suggested in recent literature. These methods can 
broadly be classified as: 
 
 Back-emf based estimators with explicit compensation for nonlinear properties, parameter variation and disturbances. 
 Estimation based on high frequency signal injection, exploiting the saliency property of a PMSM 
 Reported estimation method also includes Extended Kalman Filter (EKF), Extended Luenburger observer (ELO), 

sliding mode observer, etc. The  computational complexity, parameter sensitivity and the need of initial conditions 
degrade the superiority of the EKF based speed estimation technique. However, it has the  demerit of the chattering 
phenomenon. In a low pass filter (LPF) has been used to overcome the problem. However, this is at the cost of system 
dynamics. 

 Adaptive or robust observers based on advanced models[5]. The Method of observers is sometimes more favorable 
due to its robustness to parameter variations and its excellent disturbance rejection capabilities. 

 Model Reference Adaptive Control (MRAC)[3] creates a closed loop controller with parameters that can be updated 
to change the response of the system. The output of the system is compared to a desired response from a reference 
model. The control parameters are update based on this error. The goal is for the parameters to converge to ideal values 
that cause the plant response to match the response of the reference model. MRAC begins by defining the tracking 
error, e. This is simply the difference between the plant output and the reference model output. The MRAS was 
originally proposed to solve a problem in which the performance specifications are given in terms of a reference model. 
The Adaptive Controller[6] has two loops. The inner loop consists of the process and an ordinary feedback controller. 
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The outer loop adjusts the controller parameters in such a way that the error, which is the difference between the 
process output and model output is small. This method consumes less computational time and it is easy to implement 
and this method MRAS is completely independent of stator resistance (Rs) and is less parameter sensitive, as the 
estimation algorithm is only dependent on q -axis stator inductance  (Lq). In this proposed method the Popov's criterion 
is used for adaptive speed estimation 

 
2.  PROPOSED WORK 

 
A.  PERMANENT MAGNENT SYCHRONOUS MOTOR 
A permanent magnet synchronous motor is a motor that uses permanent magnets to produce air gap magnetic field rather 
than electromagnets. These motors have significant advantages, attracting the interest of researchers and industry for use 
in many applications. 
 
i. THE MATHEMATICAL MODEL OF PMSM 
Detailed modeling of PM motor drive system is required for proper simulation of the system. The d-q model has been 
developed on rotor reference frame as shown in figure 1. At any time t, the rotating rotor d-axis makes an angle θr with 
the fixed stator phase axis and rotating stator mmf makes an angle α with the rotor d-axis. Stator mmf rotates at the same 
speed as that of the rotor. 

 
Fig1 

 
The maximum torque is obtained with id=0 which corresponds to the case when the rotor and stator fluxes are 
perpendicular. The operation of the drive is then similar to that of armature current controlled DC motor. 
The d and q-axis stator voltages for PMSM referred to rotor reference frame may be expressed as 
Vds  = Rs ids + Ld  - ωs Lq iqs 

Vqs  = Rs iqs + Lq  - ωs Ld ids +  ωs λaf      
Ld , Lq  = d , q-axis stator inductances,  
Rs = stator resistance 
 λaf = Mutual flux linkage between rotor and stator due to permanent magnet ωs =p ωr, 
p  = number of pole pair,  
 
Here, PMSM is non-salient type with a sinusoidal back-EMF waveform. The α- and β-axis variables in stationary 
reference frame are related to the rotor reference frame with the following expression 

ds sj r

qs s

i i
e

i i




   
   

    
θr = Angle between the stationary reference frame and the rotor reference frame.  
Torque equation for PMSM resembles to that of the regular DC motor. Therefore, it may facilitate very efficiently the 
control of the machine ,as shown in the developed electromagnetic torque can be expressed as 
Te  =   P { λaf iqs + (Ld-Lq) ids.iqs} 
The governing electromechanical equation is 
Te - TL = J  + B ωr 
TL  = load torque.  
The relationship between the electromechanical torque and the load torque is given as : 

  =  (Tem-Tl-Bmωr )  

 =  ωr 

 Bm  = friction coefficient 
 Jm  = moment of inertia. 
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The inverter frequency is related to the rotor speed. 
ωe = Pωr 

For dynamic simulation, the equations of PMSM presented in must be expressed in state-space form as the following 
piq =  (vq – riq –PωrLdid –Pωrλm) 

pid=  (vd-rid+ P ωrLqiq) 
pωr=  (Te-Tl-Bmωr ) 

 
Fig 2 Simulink diagram of PMSM motor 

 

B.  MODEL REFERENCE ADAPTIVE MODEL 
MRAS computes a desired state i.e functional candidate using output of two models: Reference and adjustable. The error 
between the two models is used to estimate an unknown parameter. A condition to form the MRAS is that the adjustable 
model should only depend on the unknown parameter. Here, the reference model is independent of rotor speed, whereas 
the adjustable model is dependent on the same. The error signal is fed to the adaptation mechanism. The output of the 
adaptation mechanism is the estimated quantity (ωr,est),which is used for the tuning in adjustable model and also for 
feedback. The stability of such closed loop estimator is achieved through Popov’s Hyperstability criterion . The method is 
simple and requires less computation. 
 Depending on the quantity (i.e. the functional candidate) used to formulate the error signal; various kinds of MRAS are 
possible. In, an MRAS is developed with d and q-components of flux. However, the method is heavily dependent on stator 
resistance variation and suffers from the integrator related problems like drift and saturation. To overcome the problem, 
an MRAS with on-line stator resistance[7] estimation, Reactive power-based MRAS[8] and Neural Network (NN) 
based MRAS is used. Among all of these methods, reactive power based MRAS is more popular for speed estimation as 
it is independent of stator Reference model utilizes instantaneous reactive power and the Adjustable model uses steady-
state reactive power. This means that the two different versions of the same quantity are used to formulate error signal. 
This type of approach rewards a speed estimator that depends only on ‘Lq’. A mechanism for on-line estimation of ‘Lq’ 
will make the drive parameter independent. 
 

 
Fig. 3. Basic MRAS structure 

 
A block diagram of the proposed MRAS –based rotor speed estimator is shown .The reference model computes 
instantaneous reactive power (Q ref) and the adjustable model computes steady-state reactive power (Qest). Both the 
reactive powers are then compared to form the error signal. The error signal is then passed through an adaptation 
mechanism to estimate rotor speed. PI controller is sufficient for adaptation mechanism. The estimated rotor speed is used 
to tune the adjustable model until the two reactive powers (Qref and Qest) become same. It is important to mention that in 
the proposed MRAS, continuous monitoring of speed error signal (eω) and reactive power error signal ( ε) is required; 
otherwise instead of negative feed-back positive feed-back may take place and the system may become unstable. 
 

              
Fig4- Active power based MRAS                         Fig5-Reactive power based MRAS 
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Fig.4 & Fig.5 shows the Active power and reactive power based MRAS. Active power based MRAS is used to estimate 
the Stator Resistance (Rs)[9] and Reactive power based[10] MRAS is used to estimate the q-axis inductance (Lq), speed 
(ωr) and torque (Te).The complete vector controlled Sensor less[11] PMSM drive with MRAS based speed estimator is 
available in Fig.7. 

 
Fig6 Simulink diagram of MRAC module 

 
PID controller : PID controllers are widely used in industrial plants and different methods for the design or the tuning of 
these controllers have been proposed in the literature like Ziegler Nichols method, coohen method, using bode plot. These 
available methods are normally based on a first or a second-order model with time delay obtained from the time response 
or the measurement of multiple points on the frequency response of the process. 
 

 
Fig. 7. Block diagram of the complete PMSM drive with MRAS based rotor speed estimator 

 
C. SPACE VECTOR PULSE WIDTH MODULATION (SVPWM) 
Space vector modulation (SVPWM) tries to output a sine-wave, supplying power, whose three parts are balanced and 
whose frequency and voltage can be adjusted. Its controlling principle is to try to decrease output harmonic components. 
Three- phase windings of the motor can define a three phase static coordinate system. It has three axes. The phase voltage 
of three-phase stator Ua, Ub and Uc are on three-phase windings, and form three phase voltage vector Ua, Ub and Uc. 
Their directions are on their own axis and their volumes change with time in accordance with the sine regulation. 
Therefore, all three phase voltage space vector form a total voltage space vector u, which is a space vector circulating at 
the speed of power angle frequency ω. Motor can be controlled by making use of the opening and closing condition and 
the orders of the inverter power and by modulating[12] the time of opening and closing. Different combinations of switch 
tube constitute eight space voltage vectors, six of which are non-zero voltage vectors and the other two are zero vectors. 
 

Table1: Eight possible switching vectors of SVPWM 
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In ABC plane coordinate system, every voltage vector is in accordance with a phase voltage, so in αβ plane, every 
nonzero voltage vector is in accordance with only one coordinate. Fig 8 gives vectors, sectors and waveforms of SVPWM. 
Here it adopts the order of 1-6. In every sector, figure 8 gives the order of PWM conduction[13] and the best vector 
approximation group. The order of conducting PWM is decided by motor operating principle and it is unique, so the best 
vector approximation group is also unique. 
 

                                          
             Fig8 Vectors, Sectors and Waveforms of SVPWM       Fig9  Simulink diagram of SVPWM 
 

D. REACTIVE POWER 
The instantaneous reactive power (Q)[14] can be expressed as 
Q1 =Vqs ids –Vds iqs (6) 
Substituting (1) and (2) in (6) 
Q2 = ωs (Ld ids

2 +Lq iqs
2) + (Lq ids p iqs-Lq iqspids)  + ωs idsλaf 

At steady-state derivative terms are zero and the new expression for Q becomes: 
Q3 =ωs (Ld ids

2 +Lq iqs
2) + ωs ids λaf    

Now the condition for vector controlled PMSM drive (ids = 0) is imposed in (9). Therefore, the more simplified expression 

For Q is: 
Q4= ωs Lq i qs

 2 
 
Among all the expressions of Q, 
Q1 is considered in the reference model as it is independent of the rotor speed. Out of the rest expressions, any one may be 
used in the adjustable model as all of them are dependent on the rotor spe ed. But, some advantages and short comings 
are associated with each choice of Q, which are discussed below. 
 
Q2 in the adjustable model: It gives the better 
accuracy in the estimation of reactive power as all the transient terms (like derivatives of currents) are considered. 
However, computation of the derivative terms may be unreliable due to the presence of the noise in the system. 
 
Q3 in the adjustable model: Derivative computation is not required. However, the expression is dependent on two machine 
parameters in accordance with the magnet strength. 
 
Q4 in the adjustable model: Derivative computation is not needed and at the same time, the expression of reactive power 
is dependent only on Lq. The estimated reactive power is not accurate at transient as the steady-state terms are only 
considered here. However, the error due to neglecting the derivative terms is taken care of by the PI controller in the 
adaptation mechanism. Therefore, out of all the versions of reactive power (i.e. Q2, Q3, and Q4), Q4 is chosen in the 
adjustable model for the following advantages: 
The estimation algorithm is 
1.Independent of stator resistance. 
2. Less sensitive to machine parameter variation (as the MRAS is only dependent on one parameter, Lq). 
3.Reduced computational complicacy as the simplified expressions are used both in reference and adjustable n model. 
4. Free from integrator related problems as back -emf estimation is not required. 
 
3.   SIMULATION DIAGRAM AND RESULTS  
A. SIMULATION DIAGRAM 
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Fig 10 simulation diagram of MRAS technique based PMSM 

 
The basic simulation diagram is shown in Fig.10. The required flux linkage vectors can be measured using the stator and  
rotor [9]voltage and currents in terms of stationary reference frame. Finally the electromagnetic torque can be calculated 
using above formulas.. By using these values the inverter gives the required input voltage to the PMSM. 
    
B. SIMULATION RESULTS 
The proposed scheme of the PMSM drive has been simulated in MATLAB/SIMULINK for the inputs of Step and Ramp. 
The estimated speed and reference speeds are plotted against the shaft encoder speed i.e the actual speed with respect to 
time for both the inputs (step and ramp).The currents of the direct and quadrature axis are also plotted with respect to 
time. The obtained results are as following : 

 
i. When the input is Step signal: 

       
Fig 11(a)  Speed(rad/sec) Vs Time(sec)                Fig11(b) Zoomed In figure of 11(a) 

 

        
  Fig 12(a)  Speed(rad/sec) Vs Time(sec)                       Fig12(b) Zoomed In figure of 12(a) 

 
The Speed- Time characteristics are obtained as shown in the plot. The rotor shaft speed is changed from 100rad/sec to -
100rad/sec at 5sec and then again speed is set to 100rad/sec at 10sec.The estimated speed, actual speed and reference 
speed, actual speed  are plotted with respect to time on the same scale to observe the accuracy of MRAS-based speed 
estimator. The Actual speed almost follows the estimated speed and the reference speed which is a step function with 
good accuracy. But some small deviations are observed which can be clearly observed in  the zoomed in figure clearly for 
a period of 0.75 secs. 
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           Fig 13(a)  Ids,Iqs(amps) Vs Time(sec)                       Fig13(b) Zoomed In figure of 13(a) 
 

The current-time characteristics are shown in the plot. The q-axis current follows the input signal(step) 
Where as the d-axis current is observed to be zero since the maximum torque is obtained with id=0 which       corresponds 
to the case when the rotor and stator fluxes are perpendicular. But some slight deviations are observed in  the currents 
which can be clearly viewed in the zoomed in figure where ids varies for a period of 0.45sec and iqs varies for 0.45sec. 

 
ii. When the input is Ramp signal: 

   
                 Fig 14(a)  Speed(rpm) Vs Time(sec)                Fig14(b) Zoomed In figure of 14(a) 

 

   
               Fig 15(a)  Speed(rpm) Vs Time(sec)              Fig15(b) Zoomed In figure of 14(a) 
 

The Speed- Time characteristics are obtained as shown in the plot. The rotor shaft speed is changed from 100rad/sec to -
100rad/sec at 5sec and then again speed is set to 100rad/sec at 10sec.The estimated speed, actual speed and reference 
speed, actual speed  are plotted with respect to time on the same scale to observe the accuracy of MRAS-based speed 
estimator. The Actual speed almost follows the estimated speed and the reference speed which is a ramp function with 
good accuracy. But some small deviations are observed which can be clearly observed in  the zoomed in figure clearly for 
a period of 0.75 secs. 

 
Fig 16 - Ids,Iqs(amps) Vs Time(sec) 
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The current-time characteristics are shown in the plot. The q-axis current follows the input signal(ramp) where as the d-
axis current is observed to be zero since the maximum torque is obtained with id=0 which  corresponds to the case when 
the rotor and stator fluxes are perpendicular. But some slight deviations are observed. The current ids varies for a period 
of 0.15sec and iqs varies for 0.25sec 
 
4.   CONCLUSION 
The parameters of the Permanent Motor Synchronous Motor drive like ‘Rs’ ‘Lq’, ‘Ld’, ‘Active Power’,‘Reactive 
Power’,and ‘ωr’  are estimated  by using  Model Reference Adaptive Control Technique. Also the method does not require 
any extra hardwire or signal injection or huge memory like EKF or ELO. It is very simple. Within the available MRAS - 
based methods, reactive power -based scheme is independent of stator resistance and only depends on q-axis inductance 
and hence has definite advantages over the other methods.   
 
5.   MOTOR PARAMETERS 
 
Power     : 3hp 
Pole Pair     : 3 
d-axis Inductance (Ld)   : 6.66mH 
q-axis Inductance(Lq)   : 5.80mH 
Stator phase winding resistance (Rs)  : 1.4ohms 
Mutual flux linkage between rotor  
and stator due to permanent magnet  : 0.1546Wb-turn 
Machine inertia(J)    : 0.00176 Kg-m2 
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