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 Speed Estimation without speed sensors is a complex phenomenon and is 
overly dependent on the machine parameters. It is all the more significant 
during low speed or near zero speed operation. There are several approaches 
to speed estimation of an induction motor. Eventually, they can be classified 
into two types, namely, estimation based on the machine model and 
estimation based on magnetic saliency and air gap space harmonics. This 
paper analyses the effect of incorrect setting of parameters like the stator 
resistance, rotor time constant, load torque variations and also Voltage 
unbalance on various adaptive control based speed estimation techniques fed 
from the machine model. It also shows how the convergence mechanisms of 
the adaptation schemes are affected during these conditions. The equivalent 
models are built and simulated offline using MATLAB/SIMULINK 
blocksets and the results are analysed. 
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1. INTRODUCTION  

The essence of employing encoderless induction motor drives is to eliminate additional space and 
cost which would otherwise be attributed to the speed encoder. The use of speed encoders also acts contrary 
to the inherent robustness of the induction motors. Therefore, estimation of speed without speed sensors 
emerged as an important concept [1]. Great amount of research has been done in this regard and it continues 
to inspire more, with the onset of artificial intelligence based speed estimation and other emerging 
technologies. The speed can be estimated either from the magnetic saliencies or by a machine model fed by 
terminal quantities. Owing to the complexity of speed estimation, the most discussed problems were the 
estimator’s sensitivity to motor parameter changes, low and zero speed operation, speed estimation at field 
weakening region, stability problems in the regenerative mode etc. 

This paper attempts to present a performance analysis of various adaptive control schemes when 
they are subjected to load perturbations, incorrect parameter settings (Stator resistance and Rotor time 
constant) and Voltage unbalance. The effect of the same on the convergence of the adaptive mechanism is 
also presented. 

 
 

2. MATHEMATICAL MODEL OF THE INDUCTION MOTOR 
The dynamic state space model of the induction motor is presented below, which, aids in the 

formulation of estimation and control algorithms. It also helps in determining the internal behavior of the 
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system along with the desired input and output. The stator current and the rotor flux are the state variables 
[2]: 
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Where, 
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The electromechanical torque is given by, 
 

T 	 	 	 	 i ψ 	 i ψ ,                                                                                   (5) 

 
 
3. INDUCTION MOTOR FOC AND SPEED ESTIMATION 

In the conventional scalar control of Induction motor, since torque and flux linkages are a function 
of voltage, current or frequency, there is an inherent coupling present due to which the response is sluggish. 
Therefore, there is a need to decouple the same, by making the torque independent of flux. This is known as 
vector control or field oriented control of the Induction motor. This is similar to the orthogonal orientation of 
the flux and torque achieved in a separately excited dc motor [3]. Generally, the stator current is resolved into 
the torque producing component and flux producing component. The DC machine like performance is only 
possible if the flux producing component of the current is oriented in the direction of flux and the Torque 
component of the current is perpendicular to it. The orientation is possible with either the rotor flux (ψr), 
airgap flux (ψm) or stator flux (ψs). However, rotor flux oriented control gives natural decoupling effect, 
whereas airgap or stator flux orientation have coupling in the flux control loop. The Figure 1. Shows the 
different types of Field Oriented control. 

 
 

  
 

Figure 1. Field Oriented Control schemes for 
Induction Motor 

Figure 2. Classification of Speed estimation methods 
 

           
 

Figure 2 illustrates the different types of adaptive control schemes fed from the terminal quantities 
of the machine. These methods display good performance at high and medium speeds. But they are not stable 
at very low operating speeds as they are parameter dependent and parameter errors can degrade speed 
performance. The prominent configurations of adaptive speed estimation schemes are presented below. 
 
3.1.  Model Reference Adaptive Control (MRAC)  

As the name suggests, an adaptive system adapts itself to the controlled system with parameters 
which need to be estimated or are uncertain. Unlike robust control, it does not need any first hand 
information about the bounds on these estimated or uncertain parameters. The primary aim of adaptive 
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control is parameter estimation. The MRAS forms the crux of adaptive control. The MRAS is easy to 
implement and has a high speed of convergence and adaptation and it also displays robust performance to 
parameter variations. The general configuration of MRAS is shown in Figure 3. The error vector is obtained 
as the difference in the outputs of the reference and adjustable models. The two models are fed from the 
machine terminals. The adaptive mechanism forces the error vector to zero in order to converge the estimated 
output to the reference output [4]. During the design of the adaptive control scheme, special emphasis has to 
be laid on the convergence mechanism.Since stability of the estimator is of great concern at all speeds, 
Lyapunov stability criterion plays an important role in deriving the control laws and force convergence as 
well as ensure fast error dynamics. Adaptive mechanisms can be in the form of fixed gain PI Regulators, 
Fuzzy Logic (FL), Sliding Mode (SM) based etc. As Sensorless Model based speed estimation methods are 
sensitive to machine parameters, several methods and algorithms have been proposed for parameter 
adaptation also [5], in order to optimise the performance of the drive etc. MRAS based approach varies with 
the quantity that is selected as output of the reference and adjustable model [6]. The more popular choices 
happen to be rotor flux, back emf, stator currents and Instantaneous reactive power [7].  

 
 

 
Figure 3. General Configuration of MRAS 

 
 

The following Equation (6) – (10) are used to characterize the rotor flux based MRAS speed estimator along 
with the adaptive mechanism used [8]: 

a) Reference Model: 
 
ψqr

s = Lr/Lm[∫(Vqs
s-Rsiqs

s-σLsiqs
s)dt]                                                                                       (6) 

 
ψdr
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Where σ 1 	L /L L  

b) Adjustable Model: 
 
dψqr

s/dt = -1/Tr ψqr
s + ωr ψdr

s + Lm/Tr iqs
s                                                                              (8) 

 
dψdr

s /dt = -1/Tr ψdr
s - ωr ψqr

s + Lm/Tr ids
s                                                                            (9) 

 
c) Adaptive Mechanism: 
 

ω 	K 	
	 φ 		φ 	φ 	φ                                                                               (10) 

 
3.2.  Adaptive Speed Observers 

H.Kubota et al, [9] proposed a Full order speed Adaptive Flux Observer (AFFO) based on adaptive 
control theory. The AFFO stabilises the performance of the drive even at low speed region by allocating 
poles arbitrarily. It makes use of either the Lyapunov’s stability criterions or the Popov’s criterions to derive 
the adaptive scheme. The AFFO, apart from estimating the Stator current and rotor flux, also makes use of a 
gain matrix which is used for stability purpose. The general configuration of the observer is shown in  
Figure 4. 
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Figure 4. Adaptive Observer scheme for speed estimation  
 
 

Where, ‘A’ is the system matrix, the symbol ‘^’ indicates estimated values, ‘X’ comprises the state variables 
which are the direct and quadrature axes stator currents and rotor fluxes, ‘G’ is the observer gain matrix, 
chosen in such a way that the Eigen values of the observer are proportional to the Eigen values of the 
machine to ensure stability under normal operating condition. The state equations depicting the structure of 
the Adaptive Pseudo reduced order speed observer (AFFO) is shown [10]: 

(a) Reference Model (Motor model): 
 

A x B u                                                                                                              (11) 
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(b) Adjustable Model (Luenberger Adaptive Speed Observer): 

 

A x B u G 	ı̂ i                                                                                       (13) 

 
y C x                                                                                                                              (14) 

 
Where, ı̂ estimated	value	of	stator	current	and, 

i measured	value	of	stator	current    

A
A A
A A
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The term G 	ı̂ i  is used as a correction term for the Adaptive Speed Observer. ‘G’ is the 

reduced order observer gain matrix designed so as to make (13) stable. The pseudo reduced order gain matrix 
is chosen as follows [11], [12]: 
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G
g g
g g                                                                                                                  (15) 

 
The observer gain matrix is calculated based on the pole placement technique, so that the state of the 

observer will converge to the reference model (the motor). Therefore, the eigen values are chosen relatively 
more negative than the eigen values of the reference model, so as to ensure faster convergence. It is chosen as 
follows: 

 
g k 1 a , g k , k 1	 

 
Where, g depends on the motor parameters, g  and k  are arbitrarily chosen and k is an arbitrary positive 
constant.  

(c) Adaptive Mechanism: 
The Lyapunov function candidate defined for the adaptation scheme is [10]: 
 

V e e
	ω 	ω

λ
                                                                                                             (16) 

 
Where λ is a positive constant. 

The time derivative of ‘V’ becomes, 
 

	 e A GC A GC e
Δω φ φ Δω

λ

ω
                               (17) 

 
Where, 
 

e i ı̂   and  e i ı̂    
  

By equalizing the second term with the third term, the following adaptation scheme is derived, i.e, 
 

ω λ
e φ e φ                                                                                              (18) 

     
   
4. SIMULATION ANALYSIS AND RESULTS 

An equivalent simulation model of the above estimation schemes is built in Simulink and the 
performance is observed for different values of load perturbations, incorrect parameter setting and Voltage 
Unbalance. The Induction motor is fed from a three phase ac voltage source of rating 415V, 50Hz and is run 
in the motoring mode. The model is run for two sets of load torque perturbations respectively: 

a) Step torque – Initially at no load, after a fixed time interval, it is increased to rated load of 200 Nm. 
b) For a Rated Load torque of 200 Nm, the effect of change in stator resistance and rotor time constant 

is  observed in the performance of the estimators. 
c) For a Rated Load torque of 200 Nm, an unbalanced three phase voltage is supplied (each phase 

voltage having amplitude of 200 V, 180 V and 220 V respectively). 
The motor ratings and the parameters considered for simulation are given as follows: A 50HP, three-

phase, 415V, 50 Hz, star connected, four-pole induction motor with equivalent parameters: Rs = 0.087Ω,  Rr 
= 0.228Ω, Lls = Llr = 0.8 mH, Lm = 34.7 mH, Inertia, J = 1.662 kgm2, friction factor = 0.1. 

 
4.1. Rotor Flux based MRAS Estimator 

a) Step Torque (Rated Load is applied at 5 seconds) 

 

Figure 5. Speed tracking during step torque 
perturbation 

Figure 6. Rotor Flux error during step torque 
perturbation 

Load Applied 
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 b) Rated Torque (with incorrect setting of parameters) 
 

 
(a) 

 
(b) 

 

 
(c) 

 
Figure 7. Speed tracking for different values of Stator Resistance (Rs) and Rotor Time constant (Tr) 

(a) Rs, Tr (b) 0.5Rs, 0.5Tr (c) 1.5Rs, 1.5Tr 
 

 
c) Rated Torque (with Voltage Unbalance) 

 

 
 

 

Figure 8. Speed tracking during Voltage Unbalance Figure 9. Rotor Flux error during Voltage Unbalance 
 

 
4.2. Adaptive Speed Observer 

a) Step Torque (Rated Load is applied at 3.2 seconds) 
 

 
 

 

Figure 10. Speed tracking during step torque 
perturbation 

Figure 11. Adaptive error during step torque 
perturbation 
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Figure 12. Stator Current error during step torque perturbation 
 
 

b) Rated Torque (Incorrect setting of parameters) 
 

 
(a) 

 
(b) 

 

 
(c) 

 
Figure 13. Speed tracking for different values of Stator Resistance (Rs) and Rotor Time constant (Tr) 

(a) Rs, Tr (b) 0.5Rs, 0.5Tr (c) 1.5Rs, 1.5Tr 
 

 

c) Rated Torque (with Voltage Unbalance) 
 

 
 

 

Figure 14. Speed tracking during Voltage Unbalance Figure 15. Adaptive speed error during Voltage 
Unbalance 
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 Figure 16. Stator Current error during Voltage Unbalance 
 
 

The dynamic performance of the adaptive control schemes can be discussed based on the above 
results. In case of the Rotor Flux based MRAS Speed estimation scheme, it can be seen in Figure 5 that the 
estimated speed tracks the actual speed reasonably well even under step torque perturbations. The 
convergence of any adaption scheme is an important issue, in Figure 6 the Rotor flux error is seen to 
converge to zero, which is the reason the estimated speed tracks the measured speed in a very short time 
interval. Incorrect setting of parameters leads to high oscillations in the estimated speed which can be 
observed in Figure 7(b) and (c). It is also noticed that the estimated speed takes more time to track the actual 
speed when there is a 50% increase in the set value of the Stator resistance and Rotor time contant. During 
Voltage Unbalance, even though the Rotor flux error converges to zero (Figure 9), the estimated speed settles 
at a value of 152.9 rad/s compared to the actual speed which is about 130.2 rad/s (Figure 10). The difference 
in the values of the speeds can be attributed to the change in the flux level (both in the reference as well as 
the adjustable model) due to unbalance in supply voltage. 

It can be distinctly seen that the Adaptive Speed Observer exhibits far superior tracking performance 
than the Rotor flux MRAS scheme. Though the tracking performance in Figure 10 is somewhat similar to 
that of the Rotor Flux MRAS, the difference lies when the same is subjected to parametric variations. For all 
the cases of Stator resistance and Rotor Time constant variations, a consistent, near smooth tracking 
performance is obtained which can be noticed in Figure 13(b) and (c). The adaptive error for speed derivation 
and the Stator current error for the observer gain converge exaclty to zero, which is a primary reason for the 
superior tracking performance. When an unbalanced voltage is supplied, initially there are oscillations in the 
estimated speed, but it settles at a value (120.5 rad/s)  somewhat lower than the actual speed (130.8 rad/s) 
which can be noticed in Figure 14. But, the differences in the speeds is relatively lesser than that of the Rotor 
flux MRAS scheme. This can be pertaining to the high stator current error seen in Figure 16. which affects 
the correction term used for the adaptive observer model.  

On comparing the performance of the above speed estimation schemes, the Adaptive Speed 
Observer is presented as a better alternative due to its robust tracking performance and reduced oscillations. 
It tracks the actual speed in a relatively less amount of time. This analysis confines itself to motoring mode at 
speed ranges from medium to base synchronous speed.  

 
 

5. CONCLUSION 
This paper presented a comparison of performance of two popularly used adaptive control based 

speed estimation schemes, the Rotor Flux MRAS and the Adaptive Speed observer, when subjected to 
variations in load torque, parameters and unbalanced supply voltage. It also presented the effect of the same 
on the convergence mechanisms of the above adaptive schemes. The Adaptive Speed observer is found to be 
more efficient and robust in tracking the actual speed. Though, it is also susceptible to speed errors, the scope 
can be extended for joint state estimation such that, there are no mismatch in parameters during low and very 
low speeds.  
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