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ABSTRACT

 For a long time, purely electric locomotives fed from an overhead electric supply utilized DC
series motors to propel them.  As the running cost involved is high and also the frequent
maintenance  (both scheduled as well as the breakdown) is required, the need for an integrated
self contained system had become obvious and this led to the concept of a diesel electric
locomotive. It was also thought that since there is a rapid augmentation in the field of power
electronic converters both in terms of the current carrying capabilities as well as the overall
power handling capacities, it would be prudent to utilize the three phase induction motor drive
in the locomotives. A great amount of work is being done on the improvement of control through
simulation of the electric drives used for various high-power traction purposes. The legitimacy
of the simulated results is based on the accurate modelling of the various parts of the electric
drive system. Three–phase Induction motors form an extremely important part of the modern
day electric drive system and their usage is continuously on a rise owing to their inherent
properties of ruggedness, minimum maintenance requirements and continually increasing
efficiencies. Usually the three-phase induction motor model used in various research works
does not integrate stator and rotor core losses, stator and rotor stray load losses and magnetizing
saturation and rotor conductor skin effects. The present paper aims at developing a three-
phase induction motor model taking the above losses and effects into account. The dynamic
linking of the model to a thermal model considering the temperature dependent resistive elements
is an added feature. The motor model described in this paper is the extension of the conventional
2-phase lumped-parameter induction motor model. The biggest advantage is that the model is
user-programmable in MATLAB environment and can be used for system level transient studies.
The simulation results of the developed model, with various parameter variations taken into
account and subjected to sudden changes in load, show better torque and speed performances
of the motor both in steady state and dynamic conditions.
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 INTRODUCTION

System Description

A simplified schematic of the AC propulsion
system is shown below in fig 1.1. The Diesel
engine drives the alternator that has multiple
stator (secondary) windings that generates power
for traction, field excitation and also for the
auxiliaries. The ‘locomotive propulsion system’
considered for modeling and simulation for the

stated purpose comprises Traction Alternator,
Diode Rectifier, Voltage Source Inverters, 3-
phase induction machines. The Diesel engine
drives the alternator that has multiple stator
(secondary) windings that generates power for
traction, field excitation and also for the
auxiliaries. For the purpose of this report, only
the traction power is considered. A 3-phase diode
rectifier with a DC link capacitor rectifies this
power. This forms the source for the 6 Voltage
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Source Inverters that supply controlled power to
the 6 induction machines driving 6 axles of a

locomotive.

Figure 1.1: Schematic of the AC propulsion system.

Six inverter-motor drives run the six axles
of the locomotive , simplified mechanical load is
connected to each motor.  The propulsion
controller controls the inverters and also the field
control rectifier of the alternator.

The model is systematically developed in
MATLAB/ SIMULINK and tested at each stage.
This is presented in the following sections. Finally,
the integrated model representing the AC
propulsion system is also presented. The model
is user-programmable in MATLAB and can be
used for system level transient studies.

The model is a detailed transient electrical
model [1] based on the conventional two-axis
lumped parameter d-q equivalent circuit of the
induction machine. Extensions of the
conventional motor model include: stator and
rotor core loss, stator and rotor stray load loss,
magnetizing saturation and rotor conductor skin
effects.  The electrical model can be dynamically
linked to a thermal model to add temperature
dependencies of all resistive elements.

 MODEL FEATURES AND ASSUMPTIONS

The motor models described in this paper
are extensions of the conventional 2-phase (d-
q) lumped-parameter induction motor model. The
following features are included in the models
described in this paper:

1. Transient and dynamic multi-reference frame
model

2. Skin effects:  3-Z rotor circuit in rotor frame,
rr1, Llr1, rr2, Llr2

3. Main path (magnetizing) saturation with
spatial dependency

4. Separate stator and rotor core loss consisting
of iron eddy, hysteresis, and copper eddy
losses.

5. Temperature dependencies on all resistive
elements

6.   Stator stray load loss

7. Friction and wind age loss

NOMENCLATURE AND REFERENCE
FRAMES

To facilitate the correct modeling of machine
features, such as rotor conductor skin effects,
the model is implemented in multiple reference
frames.  The following nomenclature is utilized
to distinguish reference frame:

In the development of each motor model,
the machine equations are initially derived in
complex vector notation, where

s
ds

s
qs

s
qds fjf −=f

Superscripts denote the frame of reference; e.g.,

s
ds

s
qs

s
qds fjf −=f   Þ  Stator (stationary) frame
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r
ds

r
qs

r
qds fjf −=f   Þ  Physical rotor frame (¹ rotor

flux frame)

m
ds

m
qs

m
qds fjf −=f   Þ  Magnetizing (air gap flux)

frame

The direction of vector rotations is as shown in
fig 1.2.

Fig1.2: Reference direction for vectors

Reference frame transformations in complex
vector notation are:

mm
j je m θθθ sincos −=−

mm
j je m θθθ sincos +=

The variable p is defined as the derivative

operator; i.e.

Frame Transformation Equations: Due to
the presence of multiple reference frames, the
following transformation equations are required:

Flux:     

Current:

 TRANSIENT MODEL WITH INTERNAL CORE
AND STATOR STRAY LOAD LOSS

Equivalent Circuit

Figure 1.3: Equivalent circuit in complex vector notation with internal core and stator stray load loss

The equivalent circuit of the motor electrical model is shown in fig. 1.3 in complex vector notation, and
in Figure 1.4 in real variable notation.
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State Variables

The following complex state variables are chosen

for formulation of the motor model equations:

=stator flux in stator frame

=magnetizing flux in stator frame

=rotor flux in rotor frame

=rotor leakage flux component in rotor frame

=rotor leakage flux component in rotor frame

Note that the magnetizing core loss adds
one additional complex state, and rotor skin
effects at two additional complex states.

Voltage Equations

Each state variable defined in Section 0 can
be described by a voltage equation in the form
of an ordinary differential equation as follows:

Stator Voltage:

Air Gap Voltage:

Rotor Voltages:

Flux Equations

In addition to the voltage equations, flux
linkage equations can be written for each state
variable as follows:

Stator Flux:

Air Gap Flux:

Rotor Flux:

Figure 1.4:

Equivalent circuit in real variable notation with internal core and stator stray load loss
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Node (Current) Equations

The following node equations relating the

currents can be written:

Equation Solution - Complex Variable

Notation

Currents via Flux Equations

Rewriting equations to solve for currents:

                                      

                                     

Currents via Node Equations:

Equation Summary for Solution

The above equations are now summarized
in order for solution in complex and in real
variable notation.

Complex Variable Notation

From the above solutions, the motor model
equations can be solved in the following order:

Solve for currents given fluxes:

(Reference frame transformations not listed)

                                   

Solve for state derivatives:

Equation Solution - Real Variable Notation

The complete solution procedure at each
integration time step in real variable notation with
reference frame transformations and saturable
inductances is as follows:

Transform reference frames:

Updated  saturable  d-axis magnetizing

inductance:

Solve for Currents:
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Updated saturable component of rotor leakage

inductance:

Transform reference frames:

Locate magnetizing reference frame:

INDUCTION MACHINE MODEL

The machine model in MATLAB environment
is built using the above discussed equations and
is shown in fig. 1.5.

Figure 1.5: MATLAB/SIMULINK model of the
induction machine with features listed in Section 2.

The top-level block is shown at the top left corner.

STEADY STATE PERFORMANCE
COMPARED AGAINST PUBLISHED RESULTS

As a first step, the transient machine model
built in MATLAB/SIMULINK was checked to work
for steady state. For this purpose, the model was
tested on cases shown in the text ‘Analysis of
Electrical Machinery’, Paul Kraus and the results
were found to match.

The model was fed with the steady state

equivalent circuit parameters. The machine was
supplied with pure sine wave 3 phase voltages.
The torque and current values obtained by
running the model for the operating point defined
by the voltage, frequency and speed are
compared with that obtained by simple
calculation in the table below.  This was repeated
for all the four 4-pole machines. The following
charts show the waveforms obtained for 2250
hp machine.
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The initial decaying transients seen in the
electromagnetic torque developed are due to the
transient offset in the stator currents. The
transient offset depends upon the values of the
source voltages at the time of application. For
the case of steady state evaluation run that was
attempted here, these transients can be regarded
as simulation transients. The steady state values
seen on these charts are also tabulated above.

The model was given pure sine-wave 3
phase voltages. The results obtained from the
model were compared with those given in the
text ‘Analysis of Electrical Machinery’, Paul Kraus
and were found to match.

CONCLUSION

The swift control of torque in ac drives has
always been a topic of investigation despite of
its preference over dc drives in industry. The
induction machine model developed in this paper
shows better torque and speed response during
both the steady state and dynamic conditions
even with the incorporation of effects of various
parameters like rotor skin effects, temperature
dependent  resistive elements and magnetic
saturation. The model also takes into account
stator and rotor core losses including the iron
hysteresis loss, iron eddy current loss and copper
eddy current loss. Some features viz. saturation
of stator leakage inductance due to stator flux,
temperature dependency on skin depth and
winding and saturation spatial harmonics that are
not incorporated in the model, if pursued, may

form the future work and the model can further
be improved for its application in high power
applications.
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 S.No Machine Details

r1 Xl1 Xm Xl2' r2' calculation model calculation model

1 3hp, 220V , 1710RPM 0.435 0.754 26.13 0.754 0.816 14.02 14.00 8.84 8.79

2 50hp,460V ,1705RPM 0.087 0.302 13.08 0.302 0.228 234.60 234.55 62.80 62.80

3 500hp,2300V ,1773RPM 0.262 1.206 54.02 1.206 0.187 1999.40 2000.00 105.21 105.10

4 2250hp,2300,1786RPM 0.029 0.226 13.04 0.226 0.022 9173.50 9170.50 469.56 469.45

Parameters Torque (Nm) Stator Current (A )

Figure 1.6: Torque and Current-Steady State validation for 2250 hp machine.
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