
Ab s t r Ac t
Appropriate modeling plays an important role for analyzing the behavior of any system for its particular application. 
Therefore, in this work, average modeling of three-phase squirrel cage induction motor and three-phase pulse-width 
modulated inverter is proposed and used for analyzing the dynamic control performance of induction machine drive 
system using field-oriented-control strategy for reducing the computational effort in MATLAB/SIMULINK environment, 
also termed as offline environment. The rotor reference frame is used for inverter as well as for induction machine. The 
simulation results obtained with this proposed model is compared with well established detailed model. This comparison 
reveals that the computational time is  reduced 10 times approx. while showing the similar control performance of the 
drive system with this proposed technique. Further, this proposed model is transformed into real-time model using FPGA 
based simulator i.e. OPAL RT-4510 for its validation as well as for its practical implementation. 
Keywords: Average value based modeling, field-oriented-controlled induction machine drive system, offline and online 
environments.
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In t r o d u c t I o n
Induction machine (IM) drive system has become the most 
preferred choice in comparison to Direct Current machine 
drive system. It is due to active research in the field of power 
electronic devices, advancement in control strategies and 
inherent features of induction motor like ruggedness, less 
maintenance and self starting.[1-4] However, it is a singly-
excited system; therefore the dynamic control of this motor 
is complex.[5]

In,[6] scalar and vector control strategies of 3-phase 
induction machine have been developed and analyzed. 
Although scalar control strategies, have given adequate 
steady-state performance, but these do not provide 
satisfactory transient performance.[1,2] Later on, advanced 
schemes such as direct torque control[7] and field oriented 
control techniques[8-10] were developed and well suited 
for transient as well as for steady state analysis. Among 
these two, field oriented control is comparatively easy to 
implement.[10] Therefore, this control is selected for this work.

For proper implementation of any control strategy on 
any practical system, appropriate modeling plays a very 
crucial role. There are two ways to model the induction 
motor i.e. equivalent circuit approach and two-axis theory.[1,2] 
The former is suitable for steady-state analysis and latter 
approach is suitable for steady-state as well as for transient 
analysis. Thus, two-axis theory based approach gives the 

complete solution for analyzing the dynamic performance 
of this machine. This approach can be implemented through 
arbitrary reference frame. There are three types of reference 
frames such as synchronously rotating reference frame, rotor 
reference frame and stator reference frame. The selection of 
a particular reference frame depends upon its application.

Therefore it is essential to analyze this control strategy 
to understand its control effort accurately. Electromagnetic 
transient simulations are performed to study this control using 
MATLAB/SIMULINK environment.[11] In this environment, 
detailed model of inverter, induction machine and its 
associated components is used. This model gives accurate 
results at the cost of increased computational burden, 
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resulting into reduced simulation speed. This burden is 
increased due to handling of switching associated with 
inverter. However, these switching are not essential for 
analyzing the performance of any control strategy. 

The solution to this limitation is achieved by converting 
this model to average value model.[2,12,13] While doing so, 
all the switching events are averaged out, and operation of 
inverter is represented by a set of algebraic equations.

Most of the work addressed above has been developed 
in offline environment. In,[14] a detailed model of induction 
machine is developed in MATLAB/SIMULINK. Depending 
upon the model extensiveness, this environment produces 
the voltage/current signals of the model which are not in 
synchronism with the real-time clock. Hence, the practical 
implementation of the model developed in this environment 
is very difficult.

In recent times, it is possible to develop any model in 
online environment using any FPGA based real-time simulator 
like OPAL RT.[15] Due to inherent advantages associated with 
FPGA like parallel-processing and very small time step size 
in the order of 250 nanoseconds, this simulator produces the 
signals which are in synchronism with the real-time clock. 
Therefore, in this work this platform has been used for its 
practical implementation.

Therefore, in this work, average-value modeling of a 
field-oriented-controlled induction machine drive system 
is developed in MATLAB/SIMULINK environment using two-
axis theory with rotor reference frame for inverter as well 
as for induction machine. The comparison of this model 
with detailed model gives the superiority of this modeling 
technique in terms of computational burden while keeping 
intact the control performance. The proposed model 
has been developed in offline environment. Then, it is 
transformed into real time environment using OPAL RT-4510 
simulator for its practical implementation.

System Description
The induction machine drive system shown in Figure 1 
consists of four major parts i.e. a) rectifier with chopper, b) 
three-phase inverter (average value), c) three-phase induction 
machine and at last d) field-oriented control block.

The function of first block i.e. rectifier with chopper is to 
convert the three-phase 415 V, 60 Hz supply (fixed) to variable 
DC voltage, vdc. Then, this variable DC voltage is applied to 
next block i.e. average value based inverter to convert this 
DC supply to variable AC supply. The inverter assumed here 
is lossless. Therefore, input instantaneous power, Pin is equal 
to output instantaneous power, Pout of the inverter i.e. 

Where Pin=vdc idc and . Putting these 
two power terms in equation (1), we will get:

It is to be noted here that the output voltages generated 
by the inverter are vqs and vds which are instantaneous in 
nature. As the purpose of this paper is to study the induction 
machine dynamics, therefore, it is essential to convert these 
instantaneous voltages to its equivalent average value based 
voltages i.e. [2] and these are:

Where, k is the duty cycle of the inverter. Its value depends 
upon the modulation technique used for inverter switching.

Now, these average value based variable AC supply is 
applied to the three-phase squirrel cage induction machine. 
The induction machine model in rotor reference frame [Vivek 
Pahwa] can be given as;

The electromagnetic torque, T developed by the machine is

The load torque and machine interaction equation can be 
given as

The function of third block i.e. field-oriented-controller is to 
fed the controlled signals to inverter as well as to the chopper. 
For deriving the equations related to field-oriented-control, 
the stator and rotor flux equations on d-q axis can be given as:

For decoupling the control variables of induction machine [1, 
5], the rotor flux component on q-axis must be zero, therefore, 
its derivative will also becomes zero and are given below.

Figure 1: Field oriented controlled induction machine drive 
system
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Therefore, rotor flux will have d-axis component only and 
given as:

Which implies

Now, the electromagnetic torque, T̅e developed by the field-
oriented-controlled Induction machine is

Therefore, the rate of change of rotor flux can be represented 
as

It is to be noted here that this rotor flux has two components 
i.e. flux and torque component, which resembles with the 
DC machine. Thus the field-oriented-controlled induction 
machine will give the same response as that of DC machine.

re s u lts A n d dI s c u s s I o n s
The model of average-value based inverter fed field-oriented-
controlled induction machine drive system has been 
developed in previous section and then it is implemented 
in MATLAB/SIMULINK environment. The parameters of 
induction machine are given in appendix.[1]

Initially, the drive system is started with a load torque 
of 392 Nm and the rotor speed is ramping from zero rpm to 
500 rpm. While speed is ramping, the load torque is further 
increased to 792 rpm at 0.5 second. At 0.6 second, the speed 
is stable at 500 rpm and the system is able to withstand the 
applied load torque of 792 Nm. At 1 second, the speed is 
reduced to zero in ramped manner. And, at the same time 
the torque is reduced to 450 Nm. At 1.5 seconds, the rated 
load torque is applied in negative direction. The total run 
time is 3 seconds.

The same simulation scenario is applied on the 
detailed version of this model. The important variables in 
superimposed form are shown in Figures 2 to 5 for analysis 
of these models.

Figure 2 shows stator ‘a’ phase current, electromagnetic 
torque, rotor speed, and DC bus voltage. From the waveform 
of phase ‘a’ current, it can be seen that the pattern of both 
the waveforms are same from control point-of-view. However, 
there are more ripples in the current due switching action of 
the inverter with detailed version. In contrast, there are no 
ripples with average model, due to averaging effect. From 
equation (5), it is clear that the electromagnetic torque is 
directly related with stator current; therefore, the similar 
behavior is there also. In other words, there are ripples with 
detailed model and no ripples with proposed model.
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Figure 2: Phase ’a’ stator current, rotor speed, electromagnetic 
torque and DC bus voltage with both the models in offline 

environment.
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Figure 3: Phase ’a’ rotor current, rotor flux, stator d- and q-axis 
currents with both the models in offline environment

Practically, mechanical time-constant is very large in 
contrast to electrical time-constant of the inverter switching. 
Therefore, rotor speed, , is not averaged (refer equation (4)), 
resulting into same behavior with both the models.The DC 
bus voltages are also same with both the models and are 
constant at 650 V, showing the effective control of chopper 
system.

Comparision of variables like rotor phase ‘a’ current, rotor 
flux and d- and q-axis rotor currents is shown in Figure 3. Rotor 
current is a part of stator current, therefore, rotor currents 
have explanation from ripples and control performance 
point-of-view as already discussed in Figure 2. Apart from 
these following are the major observations;
• Similar pattern is there for iar, iqr and idr, which shows that 

rotor reference frame has been chosen for inverter as 
well as for inverter. 
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Figure 4: Stator d- and q-axis currents w.r.t. time with both 
the models in offline environment

Figure 5: Experimental set-up for transformation from 
offline to online environment

Table 1:  Execution time of the two models in online and offline modes

S. no. Real clock time

Computation time

RemarksOffline  mode Online mode

Detailed model Average model Average model

1. 3 Seconds 66 Seconds 5 Seconds 3 Seconds Clock synchronized signal with 
average model in online mode
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Figure 6: d-axis rotor current, q-axis rotor current, phase-a 
rotor current and rotor flux in (a) offline and (b) online 

environment
• During whole simualtion period there is negligible 

change in rotor flux, with an exception at starting. This 
shows the superior transient performance of field-
oriented-control.  

The stator d-axis and q-axis currents have been shown 
in Figure 4. It can be observed from these figures that these 
currents are changing as per rotor frequency. However, 
zoomed view of these two currents during steady-state 
shows that these 90 degrees apart from each other. It means 
that the field-oriented-control is effectively decoupling these 
highly coupled variables i.e. flux and torque.

The analysis accomplished till now, reveals that the 
average model based drive system is capable of keeping 
intact the control dynamics, which is the main purpose of 
this work. Now, this offline model has been transformed 
into online model using FPGA based real-time simulator i.e. 
OPAL-RT 4510 for its practical implementation. The conversion 
and its implementation in detail are given in reference [Preeti 

et. al.]. The experimental set-up used is shown in Figure 5.
The MATLAB/SIMULINK environment is called as offline 

environment, whereas, the latter one is called as online 
environment. Now, the simulation is run for 15 seconds. 
Number of variables of the drive system in offline and online 
mode is shown in Figure-6 and 7. It is to be noted here that 
although the pattern of wave-shapes is same, but there is 
huge difference in execution time of these two models and 
environments (refer Table 1).

The analysis of Table 1 reveals that in offline mode for 3 
seconds of simulation time or real clock time, the detailed 
model takes 66 seconds for its execution, whereas, average 
model takes 5 seconds. Although the proposed model 
reduces the computation burden by 10 times in comparison 
to its detailed version, but still it is not suitable for its real 
time implementation. Therefore, this proposed model has 
been converted from offline version to its online version. 
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Figure 7: DC bus voltage, electromagnetic torque and 
rotor speed in (a) offline and (b) online environment. 

And it can be seen that real-time clock is synchronized with 
average model in online mode. In other words, real time clock 
is exactly same to that of the computation time i.e. 3 seconds.

co n c lu s I o n s A n d Fu t u r e sco p e o F 
th e Wo r k
Following are the major conclusions of this work.
• The comparison of the average value based model 

of inverter with its detailed version reveals that the 
dynamics of the system remains intact and at the same 
time the computation burden is reduced by ten times 
(approximately) with the proposed model. 

• The dynamics of stator current and electromagnetic 
torque is same with both the models. However, more 
ripples are there in these two quantities due to switching 
of inverter with detailed modeling in comparison to 
proposed model. And, the behavior of speed and DC 
bus voltage is also same.

Rotor reference frame is found to be suitable for 
implementation of field oriented control strategy on 
induction machine; therefore, same reference frame is used 
for inverter for accurate control of overall system. The similar 
pattern of rotor phase ‘a’ current and rotor q-axis current 
strengthens this fact.

Once the above conclusions have been drawn on the basis of 
the simulation results using offline environment i.e. MATLAB/
SIMULINK environment. It is to be noted here that, although, 
the computation burden has been reduced significantly, but 
still it is not synchronized with the real- time clock. Thus, its 
practical is not possible. Therefore, the model is transformed 
into real-time model using OPAL-RT simulator for its practical 
implementation. The clock synchronized operation of the 
system also validates the proposed average-value based 
model of the drive system.

On the basis of successful implementation of this 
average modeling on induction motor drive system, it is 
recommended to implement this modeling on similar kind 
of systems like 3-phase and 5-phase permanent magnet 
synchronous machine drive systems.
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Ap p e n d I x[1]

           Table 2: The parameters of the motor are [19]:  

Parameters Motor Specifications

Nominal Power, P 149 kW

Rated voltage, V 460 V (line to line )

Rated frequency, f 60 Hz

Poles, p 4

Connection Delta

Stator resistance, Rs 14.85e-3 ohms

Stator inductance, Ls 0.327e-3 H

Rotor resistance, Rr 9.295e-3 ohms

Rotor inductance, Lr 0.327e-3 H

Mutual inductance, Lm 10.46e-3 H

Moment of inertia, J 3.1 Kgm2

Friction factor, F 0.08


