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Abstract- The paper discusses on parameter sensitivity
analysis of indirect vector controlled induction motor
drive. As known, the variation of the motor parameters
deteriorates the performance of the system. The analytical
equations are provided to investigate the effect of the
variations or wrong instrumentation of the parameters of
the motor on the performance of the indirect vector
controller. A laboratory prototype of indirect vector
controlled induction machine is constructed to confirm
the analytical and simulation results. The experimental
results under load and no-load conditions are in good
agreement with the results of the analytical equations and
simulations.
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I. INTRODUCTION

Several control strategies have been proposed by
researchers to control the induction machines. One of
them is scalar control strategy which is more suitable for
low power applications [1]. To achieve a better
performance, other control strategies such as direct torque
control [2] and vector control have been developed by
researchers [3-4]. In vector control theory, AC motors are
controlled similar to dc machines. The vector control is
divided into two general methods entitled direct and
indirect vector control which the latter is adopted in
industry because of its better implementation possibility.

Different control methods are used in indirect vector
control such as PI, fuzzy logic, etc. [5-7]. Besides its
proper performance, the major drawback of the indirect
vector control scheme is that it is dependant to machine
parameters, since the model of the motor is used for flux
estimation. The machine parameters are affected by the
temperature variations and the saturation levels of the
machine. Any mismatch between the parameters in the
motor and that instrumented in the vector controller will
result in the deterioration of the performance in terms of
steady state error and transient oscillations of rotor flux
and torque. These types of oscillations are not desired for
some exact uses. Regarding the importance of sensitivity
of vector control drive to the motor parameters, many

investigations have been carried out in this field. In [8],
the effects of rotor resistance and mutual inductance
variations on output torque and rotor flux have been
discussed qualitatively.

In other work, the effect of the machine parameters
variations on its outputs, based on simulation results has
been investigated and two techniques for rotor resistance
estimation have been proposed [9]. Krishnan in
Reference [10] has derived approximate equations for
parameter sensitivity of indirect vector control; and
finally in some references, motor parameter estimation
and compensation techniques and their effect on machine
outputs have been described [11-17]. Shiri et al. [18]
using approximate analytical functions, have investigated
the output torque and rotor flux of indirect vector
controlled induction motor drives. In the latter work, the
analytical functions have been compared with some
simulation results. In addition, in Reference [19] a
standstill parameter identification method for vector-
controlled induction motors has been presented by means
of two simple current injection tests in which the
parameters of the motor can be accurately identified.

In this paper, the analytical equations for output
torque and motor flux are derived and the vector control
system is simulated in Matlab/Simulink in speed
controlled mode. To confirm the validity of analytical
functions as well as simulation results, the vector
controlled induction motor drive is constructed in
laboratory. The experimental results under load and no-
load conditions show the validity of analytical functions
and simulation results.

I1. INDIRECT VECTOR CONTROL
In this section, the indirect vector controller is derived
from the dynamic equations of the induction machine in
the synchronously rotating reference frame. The rotor
equations of the induction machine are given by:

Rriqre + p/lqre + C()S| /’Ldre =0 (l)
Rrig + PAg” _a)slﬂqre =0 )
where

Wy = 05 — W, (3)
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lqre = Lmiqse + Lriq,re (4)
ﬂdre = Lmidse + I-ridre ®)

In the above equations, the various symbols denote
the following: R,, the per phase stator referred rotor

resistance; L,, the per phase mutual inductance; L, , the
per phase stator referred rotor self inductance; ig° and
iqre, the stator referred direct and quadrature axes
currents, respectively; p, the differential operator; ay,
slip speed in rad/sec, o, and @, are synchronous speed
and electrical rotor speed both in rad/sec, and A, °and
ﬂqre are rotor direct and quadrature axes flux linkages,

respectively. The resultant rotor flux (4,) is assumed to
be on the direct axis, to reduce the number of variables in
the equations. Hence, aligning the d axis with rotor flux
phasor yields:

A = At (6)
Ayt =0 ()
pﬂ“qre =0 ®)

Substituting Equations (6)-(8) in Equations (1) and (2)
and using Equations (4) and (5), the followings are
obtained for i; andaj :

. 1

Iy = L_[1+ pTr ]/1r (9)
m

wg =Ly /T )i 1 4;) (10)

where

i =g (11)

iT = iqse (12)

T =L /R, (13)

The g and d axis currents are labeled as torque (i; )
and flux (i; ) producing components of the stator current

phasor, respectively. T, denotes the rotor time constant.

Also using Equations (6-8), we can summarize the
induction machine torque equation as:
_3PL, 3P L,

e —EEL—(lriqs) ZE?L—MT = KieAdr (14)
r r

where, P is the number of poles and K is torque

constant and is equal to:
3P L,

i 15
©T oL (15)
Note that the torque is proportional to the product of
the rotor flux linkages and the stator g axis current. This
resembles the torque expression of dc motor, which is
proportional to the product of the field flux linkages and
the armature current. If the rotor flux linkage is kept
constant, then the torque is simply proportional to the
torque producing component of the stator current (i ), as

in the case of the separately excited dc machine, where
the torque is proportional to the armature current when

the field current is constant. The rotor flux linkage and
torque equations given in (9) and (14), respectively,
complete the transformation of the induction machine
into an equivalent separately excited dc machine from a
control point of view. Figure 1 shows the indirect vector
controller block diagram.

Figure 1. Indirect vector controller block diagram

I11. SENSITIVITY ANALYSIS

A mismatch between the vector controller and
induction motor occurs as a result of the motor
parameters changing with operating conditions such as
temperature rise and saturation or of the wrong
instrumentation of the parameters in the vector controller.
The mismatch produces a coupling between the flux and
torque producing channels in the machine and degrades
the performance of the controller.

In order to study the effect of machine parameters
variation on drive outputs, the mathematical analyses are
employed. To do this, the machine equations which were
derived in previous section are used. The motor
electromagnetic torque from Equation (14) is equal to:

T = KA (16)
Replacing 4, and K, from Equation (9) and Equation
(15) in Equation (16), respectively, we get:
1L, L, ..
o= 7)
Ki L, 1+pT,
where K; =(2/3)(2/P). Referring to the Figure 2,
following equations are achievable:

tan 6, =:l (18)
f

ir =igsiné; (19)

i; =igcosé; (20)

Replacing Equations (18)-(20) in Equation (17)
produces:
1L, Ly ...
T,=———___j2sin@ cos 21
L oa T Sinr cosr (21)
Also the slip speed derived from Equation (10) as:
T T

Wy = =t
ST A4 T, Lyids

1+ pT, (22)
_ 1+ pT, _iL: 1+ pT, tan &,
Tr It Tr
Rearranging the above equation for tan &, we can get:
tan & = oy T, / 1+ pT,) (23)
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From which sine and cosine of the torque angle are
defined as:

sing; = (ogT,)/ L+ pT,)/ /1+( +S' r ) (24)
_ wsITr 2
cosér =1/ /1+(—1+ pT,) (25)

Replacing sin@; and cosé; from Equation (24) and
Equation (25), respectively in Equation (21) we have:

L2 _
Te = i Wy |52 (26)

Kic [R, @+ pT, )]0+ ( :'Tf B

where T, =L, /R, . Similar to the motor torque equation,
commanded torque can be defined as:

* L *2 *. X
T - Ki m oyl 2 @)
IR @ pT )AL+ ()2
1+ pT,
The command values are denoted with asterisks.

Stator
referenice
frame

Figure 2. Vector control phasor diagram

For rotor flux linkages following equation can be
derived:

A= L i, (28)

@+ pT, )‘f1+( 1+ p )

Similarly its command value is:

*

A= L i

r * S
(L T, ) [l (M Ty
1+ pT,”
Now by having the equations of torque and flux, we
can define sensitivity functions in respect to the machine
parameters. The ratio of torque to its command value is
obtained as:

(29)

*

a, T 2
RO pT V(007
T_e: I—m2 1+ pTr W |52 (30)
* *2 * .*2
T Rt )7

Also the ratio of actual to command rotor flux linkages is:

wsI*Tr* )2
o _ Ly 14T el

ﬂr* I-m* 1+ pTr 1+ ( wsITr )2 '
1+ pT,

Derived sensitivity functions are applicable for both
transient and steady states. In steady state p=0, so we get:

(1)

T _ g L@ T oy i 32)
T [+ (aayT, )]wS.* i 2
A L (g T)" i 33)

.
==
A 1+ (g T, )2 Is 2

where T, /T, =« and L, /L, =/ and the following

approximation was accepted (leakage inductance is
supposed to be negligible compared to the mutual
inductance): L, /L, ~L,," /L.

Working conditions of the machine such as
temperature rise, magnetic saturation and operation of the
induction motor drive in the linear portion of the iron B-
H characteristics can cause changes of ¢ and g in the

following manner [10], 0.5<a <15 and 0.8< 5 <1.2.
In the speed control mode, as the speed and load

torque are kept constant, T, /T,  is constant. So, by chan-

ging the motor parameters, @, and igchange according

to Equation (32). In no-load condition, due to zero value
of the speed slip, the changes of the parameters have no
effect on the performance of the system.

IV. SIMULATION RESULTS

In this section, the indirect vector control of a three-
phase  induction  machine is  simulated in
Matlab/Simulink. The parameters of three-phase machine
are represented in Appendix. Figure 3 and Figure 4 are
related to the simulation of the motor in speed control
mode under no-load condition. The speed command is
400rpm. In simulations, the parameters of the machine
used in implementation of the indirect vector controller
are halved after t=5s. Figure 3 shows the speed of the
motor before and after parameter variations. As shown in
this figure, the speed of the motor with correct and wrong
parameters is constant. Also, as expected, after and before
t=5s, the phase currents are unchanged (Figure 4). It
means that the parameter variation has no effect on the
drive performance under no-load condition.

To study the effect of parameter variations on the
performance of the motor under load, a 12 N.m torque is
applied to the motor and the speed command is set to 400
rpm. The results of the simulations are depicted in Figure
5 and Figure 6. The parameter changes are applied in this
condition like no-load condition. So, the parameters of
the machine are halved after t=5s. The speed of the motor
is illustrated in Figure 5. Although, there is a transient in
the motor speed after t=5s, it remains constant in steady
state operation. The phase a current is shown in Figure 6.
This figure shows that after t=5s, the phase currents are
increased whereas load and speed are remained constant.
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Figure 3. Motor speed under no-load condition
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Figure 4. Stator phase a current under no-load condition

V. EXPERIMENTAL RESULTS

An experimental setup is constructed to verify the
analytical investigations about parameter sensitivity in
indirect vector control. In this section, the experimental
results are presented. The microcontroller used in
controller board is dspic30f4011. The inverter phase
currents are measured using LEM sensors. The
experimental tests have been done on an 8-pole, 50Hz,
three-phase induction machine. The per phase motor
parameters are those appeared in appendix. This machine
is coupled with a dc generator as load.

Motor phase currents are sampled by data acquisition
apparatus (USB-4711A) and the motor speed is measured
using digital tachometer RM-1501. Speed and current
samples are plotted with Matlab.

The experimental setup is shown in Figure 7. Figures
8 and 9 show the experimental results related to indirect
vector control under no-load condition. To investigate the
parameter sensitivity in indirect vector control, the
correct parameters are applied between t=0s and t=5s.
After t=5s, the rotor time constant is halved in
microcontroller which results in wrong parameter estima-
tion (the rotor resistance is doubled). In this test, microco-
ntroller which results in wrong parameter estimation (the
rotor resistance is doubled). In this test, the speed
command is equal to 400rpm. The machine speed is
shown in Figure 8 and the current samples of phase a are
shown in Figure 9. Because of low sampling rate of
digital tachometer, the transients in the speed response
are not observable. These results obviously show that
wrong parameter estimation has no effect on indirect
vector control under no load condition.
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Figure 5. Motor speed under load
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Figure 6. Stator phase a current under load

The test results of indirect vector control under load
are shown in Figures 10 and 11. In this test, between t=0s
to t=5s, the correct parameters and after t=5s, wrong
parameters are applied in microcontroller. The speed
command is 400 rpm and the load torque is 12 N.m. The
speed of the motor is shown in Figure 10 and the phase a
current is shown in Figure 11. These results show that
after applying wrong parameters, the speed of the motor
and consequently, the output power of DC generator
remains unchanged. However, wrong parameters causes
the stator current to increase and consequently leads to
increasing the stator copper loss in constant power.

Figure 7. Experimental setup
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Figure 8. Motor speed under no-load condition (experiment)
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Figure 9. Stator phase a currents under no-load condition (experiment)
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Figure 10. Motor speed under load (experiment)
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Figure 11. Stator phase a current under load (experiment)

VI. CONCLUSIONS
In this paper, the effect of parameter variations on the
performance of indirect vector control is investigated.
Analytical equations are derived for sensitivity analysis
and indirect vector controlled induction motor drive is
simulated in Matlab/Simulink. An indirect vector
controller has been implemented in laboratory. The

experimental results confirm the results of the analytical
equations and simulations. In addition, the results show
that the parameter variation has no effect on the
performance of the system under no-load condition; while
under load, parameter variations cause the stator current
to increase. This leads to decreasing the efficiency of the
motor as the output power and torque are remained
constant in speed control mode.

APPENDIX
The motor parameters are as:

ng =750 rpm, n, =690 rpm, p,=3hp, r, =2.66 Q,
r,=3Q, L,=0.179H, L, =L, =148mH,
J =0.028 kg.m?
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