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Abstract - An induction motor with indirect field oriented 
control has a very good dynamic behaviour and as a con- 
sequence is well suited for high performance applicati- 
ons. But, the indirect field oriented controller is very 
sensitive to variations in the rotor time constant. There- 
fore, an adaptation algorithm has to be used to track the 
variations of the rotor time constant on-line. In this paper, 
we present a scheme for estimating the rotor time con- 
stant from the motor terminal measurements alone. The 
technique is based on estimation of the magnitude of the 
actual rotor flux space phasor when the motor drive tor- 
que is constant. This in turn is used for rotor time constant 
adaptation. A novel point in this approach is that the rotor 
time constant adaptation can be performed even at zero 
rotor speed and also at low loads. Further, the adaptation 
algorithm involves no derivative terms. The entire system 
has been simulated and the results presented validates the 
above concept. 

1. INTRODUCTION 
Field oriented control of induction motor decouples the 
flux and torque producing components of the stator cur- 
rents and hence allows for their independent control. To 
achieve field orientation, knowledge of the instantaneous 
flux position in the induction motor is essential. This is 
done by using flux sensors (direct field oriented control) 
or by means of flux estimation algorithms from the mea- 
surement of terminal variables (indirect field oriented 
control). In the direct field oriented control, flux sensors 
like search coils or Hall effect devices are required which 
have to be built into the induction motor. This calls for 
modifications in the machine design and therefore is not 
suitable for general induction machines. They are also 
unable to measure the fluxes at very low, frequencies. 
Further, these sensors are inherently less rugged than the 
motors themselves and therefore the reliability of the 
system is considerably reduced. In order to make the field 
oriented control more generally applicable, the indirect 
field oriented control is used. Here the flux space vector is 
estimated using the motor model. Either the rotor flux, 
stator flux or the airgap flux can be estimated and corre- 
spondingly one can have a rotor field oriented control, a 
stator field oriented control or an airgap field oriented 
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control. In this paper, we focus our attention only on rotor 
field oriented control of induction motors. The rotor flux 
space vector is estimated from the motor model. But, the 
estimate depends on the rotor time constant which varies 
with saturation of the magnetising inductance and variati- 
ons in rotor resistance due to temperature. While the pro- 
blem of saturation effect of the magnetising inductance 
can be accounted for by modelling the nonlinearity of the 
magnetics involved, the rotor resistance changes cannot 
be predicted easily. Therefore, an algorithm for on-line 
adaptation of the rotor time constant has to be used. 

Many strategies have evolved over the years for solving 
the problem of tracking the rotor time constant. One of 
the schemes is to derive a function F which is a function 
of variables that can be measured at the terminals of the 
motor. Then a reference function F* is chosen from the 
motor model such that the difference F*-F is a measure of 
the error in the rotor time constant estimate. In [l] a 
modified reactive power function which relates the stator 
voltages, stator currents, the derivatives of the stator cur- 
rents and the machine inductive parameters is used to 
track the rotor time constant. In [2], model reference 
adaptive controllers are discussed where the reference 
models are based on motor torque, d and q-axes voltages 
and the reactive power. Then an improved scheme is pre- 
sented where the magnitude of the stator voltage is used 
as a reference model to perform on-line tuning of the 
rotor time constant. In [3], a predetermined negative 
sequence current perturbation is injected into the motor. 
The corresponding negative sequence voltages are sensed 
and decomposed into the d-axis and q-axis components. 
By injecting the signals at two different frequencies 
where one is dc, the rotor resistance was uniquely deter- 
mined. But there is some difficulty in implementation as 
the negative sequence voltage components, especially the 
dc components will be small compared to the stator volta- 
ges and hence would demand very high resolution sen- 
sing and proper noise rejection hardware. Extended 
Kalman filter scheme has also been proposed by many 
authors as in [4] where the Kalman gains are a function of 
the rotor speed. Here, the choice of the process and sensor 
noise co-variances is by trial and error approach. 
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In this paper, we present a scheme where a factor called 
the field disorientation factor, Fd is determined. This fac- 
tor has to be zero for perfect field orientation. If the field 
is not oriented, then a non-zero value of Fd results and this 
in turn is used to tune the rotor time constant. Fd is deter- 
minable from the rotor flux, which is estimated when the 
motor drive torque is constant. The advantages in this 
scheme are (i) only the terminal variables are used (ii) no 
derivatives of the currents are used (thereby avoiding the 
associated numerical instability) and (iii) the rotor time 
constant tracking is possible at zero rotor speed and low 
loads. 

In the topics to follow, we shall discuss briefly the induc- 
tion motor flux model in the rotor flux reference frame in 
section 2. Then we shall present the concept of the field 
disorientation factor using two approaches in section 3. 
This is followed by a discussion on the scheme used for 
adaptation in section 4. Section 5 discusses some imple- 
mentational aspects which is followed by presentation of 
the simulation results in section 6. 

2. FLUX MODEL 
Using the d-q axis theory [ 5 ] ,  the rotor flux model of the 
induction motor in the rotor flux reference frame is 

dim . z -  + l m r  - 'dt - 'sd 
...( 1) 

...( 2) 

where 
z, = rotor time constant = L a r  
and L, = L, + M ;L, is the rotor leakage inductance 
and M is the magnetising inductance. R, is the rotor 
resistance. 
imr= the equivalent rotor magnetising current which is 
given by Y,/M where Y, is the rotor flux space phasor 
magnitude. 
p= the spatial position of the rotor flux space phasor 
isd= the component of the stator current along the rotor 
flux 
isq= the component of the stator current that is in qua- 
drature with the rotor flux 
a,= synchronous frequency ie. the frequency at which 
the rotor flux rotates 
U,= is the electrical frequency of the rotor 

From the above equations it becomes evident that the 
direct component of the stator current, is,, can be used for 

Fig.] Space phasor diagram for the induction motor 

controlling the rotor flux magnitudej, which has a spa- 
tial position as given by the integral of eqn.(2). 

It is evident from figure 1 that for a decoupled control of 
the rotor flux and the machine torque, the spatial position 
of the rotor flux, p, should be accurately estimated. The 
rotor flux position that is obtained using eqn.(2) is depen- 
dent on the rotor time constant, z,, which varies with 
changes in rotor resistance and saturation of magnetising 
inductance. Hence it is necessary to perform an on-line 
adaptation of the rotor time constant to obtain good dyna- 
mic performance from the induction motor. 

3. FIELD DISOFUENTATION FACTOR, F, 
Basically in this adaptation scheme, a factor called the 
field disorientation factor, Fd is determined, which is a 
measure of the detuning in the rotor time constant. This 
field disorientation factor is then used to tune the model 
rotor time constant in such a manner so as to achieve zero 
value of Fd.The field disorientation factor shall be discus- 
sed using two approaches both of which lead to identical 
conclusions. The first approach is a geometric one which 
uses the space phasor diagram of the stator currents and 
the second approach uses the flux model of the induction 
machine as stated in eqns.(l) and (2). 

3. I .  Geometric Approach: 
Referring to the space phasor diagram of the stator cur- 
rents in figure 2, the variables with the * represent the 
actual values of the variables in the motor and those wit- 
hout the * represent the estimated values which are used 
for control. When there exists a mismatch between the 
machine variables and the estimated model variables, 
then the model rotor flux axis differs in spatial position 
from the actual rotor flux axis by A& Figure 2 shows the 
space phasor diagram of the stator currents and the rotor 
flux when the rotor flux has reached the steady state. In 
this operating condition, from eqn.(l) it is evident that . .  
lmr=lsd. 
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entation factor, F,, eqn.(9) reduces to 

...( 10) 

Again from eqn.(lO) it I s  evident that when there is a mis-  
match between the model and the machine rotor time con- 
stants, F, becomes non-zero. Thus the field disorientation 
factor, F,, can be used to tune the rotor time constant in 
such a manner as to make Fd equal to zero or in other 

swd mtoc film 
h+ s*, .I 

0 1, words achieve field orientation. 
stator axis 

Fig.2 Actual and model space phasors 
4. ADAPTATION ALGORITHM 

The adaptation algorithm involves the determination of 
the field disorientation factor, Fd which is passed through 
a controller, the output of which is used to tune the rotor 
time constant as shown in figure 3. The controller used in 
the adaptation loop is a simple proportional-integral con- 
troller with a large time constant of the order of a few 
seconds. As the time constant for the rotor resistance 
variation with temperature is large compared with the 
rotor time constant itself, Fd can be evaluated when the 

From figure 2, it is evident that 
i,, = i;cosS ,..(3) 

...( 4) i = i s .  sins 
sq 

i*,, = i s .  cosS* ...( 5 )  
...( 6) i*sq = i s .  sins* 

From eqns.(3) to (6) it can be shown that 

sin (6* - 6 )  = 
(i*sq . i,, - is, . i*,& 

.2  ...( 7) 
1 s  

The field disorientation factor, Fd is defined as 
F, = ( i*sq.  imr - is, . i*,,) 

From eqn.(7), as i2, is non-zero, Fd must be zero if A6 is to 
be zero. In other words, if there occurs a detuning in the 
value of the rotor time constant, then this would result in 
a non-zero value of Fd which in turn would mean that the 
model rotor flux axis is displaced from the actual rotor 
flux axis by an angle A6. If A6 has to be brought back to 
zero, then F, must be forced to zero. Hence the problem 

...( 7a) 

motor drive torque has achieved constancy. The advan- 
tage in determining F, when the motor drive torque is 
constant is that the stator and.the rotor currents are sinus- 
oidal under such an operating condition. It will be shown 
that when the currents are sinusoidal, the actual rotor flux 
i,* (which is used in F, evaluation) is an algebraic 
function of the stator voltages and currents; and further it 
is also independent of the motor resistances. 

Referring to figure 3, the F, evaluator should have as its 
of adaptation of the rotor time constant reduces to forcing inputs i, is,, i*, and i*q. The values of i, and is, can be 
F, to zero. 

3.2. Flux Model Approach: 
This approach makes use of the flux model ie. eqns.(l) 
and (2). Again if the variables with * indicate the actual 
machine values, then 

One of the control inputs to the induction motor is the fre- 
quency of the stator currents and hence ms=ufs. Also as 
the rotor speed is directly measured, o,=w*,. 
Applying the above constraints to eqns.(2) and (8), the 
mismatch in the rotor time constant  AT^ = (Z*,-Z,) is given 
hv 

directly obtained from the model and i*, and i*, are eva- 
luated using the measured values of stator voltages and 
currents. The approach for evaluating i*, and i*, is now 
discussed. 

4.1. iem determination: 
The equivalent rotor magnetising current is determined 
using the model of the induction motor in the stator (ie. 
a-p) reference frame. In [6] the airgap flux is determined 
using only the measured stator voltages and currents 
which is also independent of the motor resistances. The 
rotor flux is determined using a similar approach. The sta- 
tor and the rotor equations for the induction motor in the 
stator reference frame are 

-.I di,, di,, 
Vsa = R s . i s , + L  . -  +M.- ...( 11) 

*..(12) disp ,d',p 
...( 9) s s  dt dt 

S p  S S  dt dt 
Using the definition given in eqn.(7a) for the field disori- vSp = R ~ .  i + L . - + 
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Fig.3. Rotor flux oriented speed control of induction motor with T, adaptation 

di,, disa 
0 = R,.i, ,+L .-  + M . -  +om. ( M . i  + L r r . i r p )  (13) dt dt S B  

where 
R, is the stator resistance. is, and isp are the 01 and p 
axes stator currents in the stator reference frame and 
i, and irp are the corresponding rotor currents. V,, and 
Vsp are the stator voltages in the stator reference 
frame. Lss=Lcs+M and Los is the stator leakage induc- 
tance. All other variables are as defined in section 2. 

The dynamics of the rotor flux is very slow compared to 
the dynamics of the stator currents which are generally 10 
to 20 times faster and further the variations in the rotor 
time constant with temperature is an order of magnitude 
slower than the dynamics of the rotor flux. Hence, sinus- 
oidal constraints can be applied on the stator and rotor 
currents to evaluate the magnitude of the rotor flux, Y,.. 
Applying the sinusoidal constraints 

is, = I,,' sin (cost) 

i s g  = ~, , .s in(o,t-;)  

i,, = I,, . sin (cost - eSr) 

i,, = I,, . sin cost - os, - 1 ( 2 
where e,, is the phase difference between the stator 
and the rotor currents. 

in the motor model eqns.(ll) to (14) and solving for the 
rotor flux magnitude results in 

and 

...( 16) 

From eqns.(l5) and (16), it is evident that the actual value 
of the rotor flux is an algebraic function of the synchro- 
nous frequency,o, and the measured values of the stator 
voltages and the currents. Further, eqns.(l5) and (16) are 
independent of the stator and the rotor resistances of the 
motor. 
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4.2. FU determina tion: The q-axis component of the sta- 
tor current in the rotor flux reference frame can be deter- 
mined from the stator current space phasor, is that can be 
measured and i*, . From figure 2 it is evident that 

1 0.3- 
$ 
ilO.28 

f 
f 0.26 

0 e 
0.24 

i*sq = ,/i2s-i*2,, 

where 
i 2 .2  2 

= 1 sa + i sp = 

- 

- 

- 

...( 17) 

...( 18) 

5. IMPLEMENTATION SCHEME 
The block diagram for the rotor flux oriented speed con- 
trol of induction motor with rotor time constant adapta- 
tion is shown in figure 3. The scheme consists of the 
current control loop nested in the speed control loop. 
Individual controllers for the d-axis and the q-axis cur- 
rents are used in the synchronous frame. To avoid cross 
coupling between the d and the q-axis voltages, voltage 
decoupling equations are to be used to obtain good cur- 
rent control action [7]. The d-axis and the q-axis refe- 
rence voltages, Vsdref and Vsqref, are transformed to the 
stationary ie. the stator reference frame, by performing an 
axis rotation through p. The two phase voltage references 
in the stator reference frame are then transformed to three 
phase stator reference voltages. The three phase stator 
reference voltages are fed to the modulator which is gene- 
rally based on a pulse width modulation scheme like the 
sine-triangle comparison or the space vector modulation 
strategy. The modulator output drives the switches of the 
voltage source inverter. 

The stator currents are measured and transformed to the 
synchronous reference frame as shown in figure 3. The d- 
axis and q-axis currents are used as feedback signals for 
the current control loop. is, is passed through a low pass 
filter with time constant 2, to obtain the equivalent rotor 
magnetising current, i, The rotor speed, w,, is,, i, and 
the rotor time constant, 2, are used to determine the rotor 
flux position, p. The p thus evaluated is used for e-JP and 
ejp transformations. 

The stator voltages and currents that are transformed to 
two phase signals are used to evaluate i*, and i*sq. These 
variables along with i, and i, are used to evaluate the 
field disorientation factor, Fd. Fd is then passed through a 
proportional-integral controller, the output of which is 
summed with the nominal value of the rotor time constant 
to obtain the tuned value of the rotor time constant. This 
tuned value of the rotor time constant is used in the flux 
model to determine the flux amplitude and position. As a 
proportional-integral controller is used to adapt T~ the 

I I 
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Fig4 T, adaptation at wm=25rad/s & 50% load 
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Fig.6 T, adaptation at w,=Orad/s & 50% load 
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field disorientation factor, Fd is forced to zero thereby 
ensuring proper field orientation and rotor time constant. 

6. SIMULATION RESULTS 
The block schematic shown in figure 3 was simulated 
using SIMULINK. The motor used in the simulation has 
the following specifications 

3 Phase, 400 Vac, 3000rpm, 2 pole 
Rs=3.47 1 ohms 
Rr=l.2727 ohms 
L0~=14.71 mH 
Lor=14.71 mH 
Md18.8  mH 

The simulation results are shown in figures 4,5 & 6. 
Figure 4 shows the adaptation of the rotor time constant 
to a step change in the actual rotor time constant at half 
the full load torque. Figure 5 shows the rotor time con- 
stant adaptation at 10% of the full load torque. Figure 6 
shows the rotor time constant adaptation at zero rotor 
speed. 

One should note that as the load torque becomes smaller, 
i*sq becomes smaller which results in a smaller value of 
the field disorientation factor, Fd. Therefore for lower 
loads at a given rotor speed the adaptation is slower as is 
evident from the figures 4 &5. 

A point to note in the evaluation of i*, and ilSq, is that 
they involve evaluation of square roots. As the field ori- 
ented control is usually performed by digital processors, 
implementation of the square root is generally not a pro- 
blem. Also as the adaptation loop is a much slower loop 
compared to the current and the speed control loops, the 
time overhead in calculating square roots will not be high. 
Another point to be noted during evaluation of i*, is that 
a low pass filter has to be used to filter out the switching 
harmonics in the stator voltages as the stator voltages are 
pulse width modulated switching waveforms. 

There is yet another point that one should note during 
implementation. The evaluation of the field disorientation 
factor is done under sinusoidal stator current constraints. 
Hence, during transients the adaptation process should be 
disabled. Either the i, component of the stator current 
space phasor or an estimate of the drive torque provides 
the necessary information regarding the transients during 
which time the rotor time constant adaptation process is 
disabled. 

time constant variation is discussed. The use of field dis- 
orientation factor as a measure of detuning in the rotor 
time constant has been elucidated. The adaptation algo- 
rithm which uses the field disorientation factor to tune the 
rotor time constant against changes in the rotor resistance 
has also been discussed. In this scheme, only the stator 
terminal variables are used and no derivative terms are 
required. Further the adaptation is possible at zero rotor 
speed and low loads. 
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7. CONCLUSIONS 
In this paper, the problem in field orientation due to rotor 
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