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ABSTRACT

A majority of railway traction drives in use today still utilize DC motors. The most
appreciated DC motor for traction purpose is DC series motor because of its inherent high
starting torque capacity. In early days most of the dc motor traction drives used
inefficient resistance control to control the speed of the motor. However, with time, these
drives were replaced with much efficient thyristor based drives which enabled the use of
high power AC supply in Electric Traction. With closed loop DC drive, it became
possible to control acceleration of the motor by controlling the motor torque. This was
done by controlling the voltage from a low value at start to the high value at high speed.

However, a high acceleration of the DC motor alone does not guarantee a high
acceleration of the train which also depends upon the wheel-rail interaction. Thus the
rotation of the wheel (a consequence of motor speed) may not completely result in
translational motion of the train. When this happens, the wheel starts slipping on the
track. This results in wearing of the wheel and also unnecessary wastage of prccioué
electrical energy without yielding any acceleration to the train.

In this work a DC motor drive for traction purpose has been simulated with effective
wheel slip control strategies. A converter based DC motor drive has been used for this
analysis. As a fi$t step towards this objective, a DC series motor, its characteristics and its
behavior when fed from converter, both in open loop and closed loop has been studied.
After developing a sufficient understanding of the behavior of a closed loop DC drive, a
traction load model was developed. This model was then integrated with the motor drive
to form a DC motor drive which yields an effective wheel slip control. The performance
estimation of the drive for various mechanical conditions viz. flat track, inclined track

and variable track conditions has been made.
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Chapter 1

Introduction

1.1 Electric Traction

1.1.1 Historical Background and General Features.
Electric Traction commenced with experiments on battery propulsion in Davenport, MA
in 1837 and Davidson, Scotland in 1838. The first practical vehicles involving power
supply drawn along a traction line were Werner von Siemens’ demonstration of a small
DC locomotive in Berlin in 1879 [11]. The first electric train in India ran between
Bombay's Victoria Terminus and Kurla along the Harbour Line of CR, on February 3,
1925, a distance of 9.5 miles [21]. The electrification on 1500V dc was extended to
the suburban services around Madras also by 1931[7]. In 1957, the Railway Board
took a decision to introduce 25 KV, 50 Hz ac system. Also in 1958, Indian railways went
for extensive mainline dieselization. Diesel electric system employs a self contained
motive power unit using a diesel engine which drives a DC generator. This generator
supplies electric power to the traction motors which are geared to the driving motors [7].
A converter fed drive (AC to DC or DC to DC) does with the need to use the generator
system in traction drives. The converter converts 50 Hz supply and feeds it to the motor.
An electric traction is a combination of electric drive system and complex mechanics
of Traction load. Thus a study of electric traction is not only involves study of electrical
system but also a comprehensive understanding of mechanical system which governs the
torque produced by the motor to achieve desired results. Thus it becomes extremely
important to study the performance of electric drive and nature of Traction mechanics
and adaptability of electric drive in response to any change in behavior of traction load.

Thus, a complete electric traction may be divided into two subsystems
e Electric drive system

e Mechanical load system.



1.1.1.1 Electric Drive System
This system deals with electric drive system that is used in” traction application. A

traction drive may use either an ac or a d¢ motor. Both these motors have their own
advantages and disadvantages which dictate their use for the purpose.

DC motor in traction drive

DC motor is widely used for traction purpose because c;f their easy speed control. DC
series motor has been conventionally used as traction motor. It has high starting torque
and capability for high torque overloads. The torque-speed characteristic of series motor
is also suitable for better sharing of loads between motor [2].

With the availability of semiconductor converters, separately excited motor is sometimes
used as traction motor. With independent control of armature and field, the speed torque
‘characteristic of separately excited motor can be shaped to satisfy the traction
requirement in optimum manner. Further, due to low speed regulation of its torque speed
characteristic, the coefficient of adhesion has higher value (to be discussed later) [2].
However all DC motor suffer with a major drawback of presence of commutator and
brushes which require frequent maintenance. This has prompted the use of ac machines
for traction purposes. DC motors, however, are still widely used for traction purposes
because of easy speed control.

AC motor in traction drive

Due to availability of reliable variable frequency semiconductor inverters, squirrel cage

induction motors and synchronous motors are now being used. Squirrel cage induction

motor has the advantage of being rugged, thus requiring less maintenance, have lower

cost, weight and volume, have higher efficiency, and ability to work satisfactorily in with

sharp voltage fluctuations. However the control of the drive is comparatively complex.
Both these motors are employed in semiconductor converter (inverter) controlled

drives.

Semiconductor based Converter controlled fed-traction drives

Semiconductor based converter controlled drives are now widely used in both AC and

DC traction. The semiconductor converter controlled drives have several advantages over

the other primitive control schemes. Some of them are as follows.

o High efficiency.



¢ Low maintenance requirement.
o Better adhesion to the track due to step less control
o Higher acceleration due to better adhesion.
* Longer life.
» Flexible control, which makes it amenable to microcomputer/microprocessor/PLC
- control, leading to efficient performance.
The preférred configuration for the converter fed drive uses single semi controlled bridge
converter. The semi controlled bridge converter has the following advantages over fully
controlled converter for traction applications.
o Cost effective - this is due to less number of thyristors. e
e Yields better power factor.
o Produces lower armature current harmonics (hence reduces motor torque ripple).
However the basic semi controlled bridge cannot regenerate power. This is not usually a

significant disadvantage because regenerative operation is of little use on long distance.

railways [10].

1.1.1.2 Mechanical Load System

The mechanical system deals with the mechanics of traction including the dynamics of
wheel-rail interaction which contributes significantly to the overall traction load seen by
the motor. This includes slip-spin effects of the wheel on the track. These effects are
governed by the complex interaction between motor, its controller and wheel-rail
adhesion charaéteristics. This link is tenuous however, since adhesion is not an infinite
-force. Therefore at some point the limit of adhesion is exceeded and an imbalance of
forces would occur in favour of motor torque. The maximum adhesion limit is then a
fundamental limitation on the performance of the locomotive [10]. Thus a model of
mechanical load could be developed which would include the wheel-rail interaction. This

could then be used to determine the effects of various conditions of this interaction on the

electrical drive system.



1.2 Literature Review

As discussed electric traction is a complex interaction of electric drive and the wheel-rail
dynamics. Therefore study of both electric drive and traction mechanics provide
important areas of study. Various researchers have focused on different aspects of electric
traction. This section is an attempt to present a brief review of the available literature.
There are number of interesting tasks that have been taken up earlier and in this review
they have been broadly classified into categories as per their pertinence to the field.

o DC Traction motor

A number of research papers have been published to simulate and evaluate the
performance of DC traction motor. W. Oghanna et al. [16] presents a two dimensional
saturation model of DC traction motor including saturation of main poles and interlopes.
For this two look up tables have been employed. One is Ey, (if), armature open circuit
voltage against the field current when the motor is run as generator at rated speed. The
other is Exc(if), the armature open circuit voltage against the interpole current when the
motor is driven as generator at the rated speed, with all the brushes moved by 90°
(electrical) from their original positions. Besides, the saturation caused by field currents,
an algorithm is developed to account for the field weakening caused by the armature
reaction. Using all these, a Simulink model for the DC traction motor has been
developed. The model also presents the effect of saturation on all inductance parameters.
S.L. Ho et al. [17] presents a thorough thermal analysis on DC Traction motors. The focal
'point of the study is to examine the feasibility of taking away the field shunt (current
shunt across the field) at the beginning of the staring period. In this study a finite element
method has been developed to simulate the temperature profile at different parts inside
the traction motor. The simulation results have been verified by conducting a test on a
light rail vehicle. G.Reyne et al. [18] introduces a finite element modeling for the
assessment of electromagnetic force developed in the motor. It also studies the
electromagnetic vibrations caused by these forces as the local densities of these forces is

the only significant cause of such vibrations. It also introduces various modeling tools

towards achievement of these aims.



e Electric Traction Drive

The study of electric drive offers a number of challenges some of which have been
discussed in the research papers discussed below. S. Burdett et al. [13] suggests a number
of methods for improving power factor for traction drives. Some of the suggested
methods are use two stage control of series connected half controlled converter, use on
board second and higher order filters and using pulse converters. The efﬁcieﬁcy of
traction drive under operating conditions is generally poor. Parviz Famaouri, [14]
suggests a design of high efficiency traction drive employing DC series motor under
accelerating conditions. The suggested drive minimizes the armature and field winding
copper loss. M.W Winterling et al. [15] study the behavior of the traction drive under

fault conditions. The two kind of faults considered are (a) loss of speed probe (b) short

circuit of electric motor.

e Wheel-rail interaction and slip control -

The behavior of electric drive in response to wheel-rail interaction is a forms a very
important subject of study. This includes the challenge of comprehension of the dynamics
of wheel-rail interaction. Steven Senini et al. [10] proposed a simplified dynamic model
which provides a useful insight at this problem. A simulation of entire locomotive system
with a closed loop electric drive employing separately excited traction motor and wheel
rail interaction has been carried out by R. Mathew et al. {9]. Another important érea of
study is slip control strategies. There are a number of strategies available for slip control.
Yoichi Hori et al. [12] suggest design of Model based Controller and optimal slip ratio
controller for slip controller and experimental implementation of the scheme. They also
introduce the concept of gradient control for effective slip control. This concept is further

expounded by Kiyoshi Ohishi et al. [19] & Yoshiki Ishikawa et al. [20].



1.3 Objectives of the present work

The primary objectives of this study are

1. To simulate a closed loop DC drive employing half controlled converter and study
the improvement in‘ performance using two stage half controlled converters.

2. To model the Traction load.

3. To model an Electric Traction drive employing wheel slip control.

4. To study the behavior of electric traction drive for different conditions such as

operation on flat track, inclined track and variable track.

1.4 Approach adopted for mathematical modeling ‘
The simulation of closed loop DC drive and traction load has been carried out using

SIMULINK environment of MATLAB. A major approach of this exercise is that electric
drive system and mechanical load systems are simulated independent of each other. This
provides a flexibility to make changes in any one of them to incorporate new features

without disturbing other.

1.5 Outline of the dissertation.
Chapter two starts by expounding the natural behavior of DC series motor and some

general discussions about converter fed dc motor drive. This chapter culminates at the
simulation of a closed loop dc drive with braking.capabilities. It also demonstrates the
superiority of two stage sequence control of series connected half controlled converters
over single stage half controlled converter. Chapter three explains the mechanics of
traction load, various factors affecting wheel- rail interaction including factors affecting
the coefficient of adhesion. It also derives the equations governing wheel and train
dynamics and finally culminates at the evolution of traction load model. Chapter four
implements an electric traction drive with wheel slip control. The two wheel slip control
strategies implemented are slip control to the reference value and gradient control.

Chapter five is the conclusion chapter and ties up everything together by presenting

important points of the study and some recommendations for improvement of existing

model and further work that can be carried out.



: Chapter 2
Modeling of Converter fed DC Series motor Drive

2.1 DC Series Motor and its characteristics.

A DC machine can operate as either a generator or a motor but at present its use as a
generator is limited because of the widespread use of AC power. Large DC motors are
used in machine tools, printing presses, conveyors, fans, pumps, hoists, cranes, paper
mills, textile mills and so forth. Small DC machines (in fractional horsepower rating) are
used primarily as contro! devices such as tacho-generators for speed sensing and
servomotors for positioning and tracking. DC motors stiJl dominate as traction motors
used in transit cars and locomotives as their torque-speed characteristics can be varied
over a wide range while retaining high efficiency. The DC machine definitely plays an
important role in industry. A

DC %motor may be classified as separately excited; shunt motor, series motor and
compound motor. In a separately excited DC motor, the field and armature voltage are
controlled independently of each other. In a shunt motor field and armature are connected
to the common source. In case of series motor, the field winding is connected in series

with the armature; hence the field current is equal to armature current. All DC motors are

governed by following basic equations.

o V=E+I,*R, 2.1
o« E=K*w B (2.2)
o T=K*I, (2.3)

Where. _ |

K=K.*p. | ‘ ey

From the above equations we can show that @ = (V7 K. *@) ~ (Ra /Ke* @ ) *1,.

Both series and separately excited motors have been used as Traction motors with each

motor having its own advantages to justify its use as a traction motor.



The DC traction motor that has been used to carry out further modeling is a DC series

motor (for further specifications, see Appendix A).

The motor dynamics are governed by the following equations

E=V- L (RetRe) (L, + 1)+ 2
Te=TI+ B,*w +J*-d—w.
at
- Where
L,= armature inductance. L, = field inductance.
R,= Armature resistance. R;= Field resistance.
J= moment of inertia. Bn= coefficient of viscous friction
Under steady state

dl
L +L )*—%=(
( a .fé) dt

and J*EI—(—O-=
at

Therefore steady state equation becomes
E=V- [;*(Ra+Ry).

Te=T+B,*w.

Further, from equation 2.2, 2.3, and 2.4, we get,
E=K.,*p*w.
and T.=K.*¢*I,
Assuming a linear model, we get,
o=K*1,
For a series motor I,=Iy, therefore
p=K, "
From equation 2.1/, 2.12 & 2.14, we get
E=Ke*K *la. *w

and T=K>*K *1]
Using equation 2.9, 2.15 & 2.16, we get,

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)
(2.10)

(2.11)
(2.12)

(2.13)
(2.14)

(2.15)

(2.16)



V1 _(R+R,) 217

W=
JKAK T KK,

'Using this equation, a theoretical steady state torque-speed characteristic of this motor is

obtained below
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Figure 2.1 Torque-Speed characteristic of DC series motor,

In terms of field-armature mutual inductance, 2.15 & 2.16 can be written as [8]

E=(P/)Lyl, 0. | (2.18)

and T,=(P/2) Lys1.}? (2.19)

where Lo~ field-armature mutual inductance.

P= number of poles.

The SimPowerSystem blocksets to the MATLAB provides a dc motor model which is .

governed by the equations obtained above. A check on the validity of the model for our

machine is obtained by comparing the simulated steady state torque-speed characteristic

of the motor by the theoretical torque speed characteristic obtained in figure 2.1.



This is given in figure 2.2.
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Figure 2.2 Simulated and Theoretical Torque-Speed Characteristic.

Once the validity of the motor model of confirmed, it would be natural to look into the

speed control of the motor.

2.2 Speed control of DC motor
From the discussion in last chapter, it follows that there can be two control strategies for
controlling the speed of the machine.

1. Armature Voltage Control.

2. Field Flux control.
Armature voltage control yields high efficiency, good transient response and good speed
regulation. However, it can provide speed control only below base speed because the

armature voltage cannot be allowed to exceed rated value. For speed above base speed,

field flux control is employed.

10



2.2.1 Armature Voltage Control
If the armature voltage of a separate or series excited dc motor running at steady speed is
reduced By a small amount, then, the armature current and hence the motor torque will
decrease. As the motor torque is less than the load torque, the motor will decelerate,
causing spéed to decrease. It will finally settle at a ldwer speed at which torque equals
load torque[1].
On the other hand, if the armature voltage of a DC motor running in steady state speed is
increased, the armature current and therefore the motor torque will increase. The motor
torque now exceeds the load torque, the motor acceleratés. The motor speed increases
causing the back emf to increase. The motor finally settles at higher value of speed when
motor torque becomes equal to load torque.
Armature voltage control for a DC motor can be obtained any of the following methods

e Using Ward-Leonard schemes.

e Using Transformer with taps and uncontrolled rectifier bridge.

e Using Controlled rectifiers.

2.2.2 Field Flux Control
If the field of a DC motor running at a particular speed is weakened, its emf decreases.

Because of low armature resistance, the current increases by a amount much more than
the decrease in the field flux. As a result, in spite of the of the weakened field, the motor
torque increases by a large amount, considerably exceeding the load torque. The surplus
torque thus available causes the motor to accelerate and back emf to rise. The motor will
finally settle down to a new speed higher than the previous one, at which the motor
torque with weakened field becomes equal to the load torque. The highest speed that is
achievable by field weakening is restricted by the instability of machine due to
demagnetizing effect of armature reaction [1]. Field control of a separately excited DC
motor is simple as the field connections are independent of armature connections. In case

of series excited dc motor, field weakening can be achieved by employing a field

diverter.
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However, in our schemes, only armature control has been simulated for the DC
series motor with a view that the rated speed of the motor can offer the maximum speed

of the train.

2.3 Open loop speed control of DC Series motor using half controlled

converter

2.3.1 Theory
Single phase half controlled rectifier fed DC series motor is often used in electric

traction. This is shown in the figure below.

O Lt it
Contrelled
AL Supply Converter Al
O : 0C series moter (ka+ta)

Figure 2.3  Schematic layout of converter fed DC series motor.

Figure 2.4 shows the controlled voltage from the converter being applied to the motor.

ARVARN

a P4 r+a 27

Figure 2.4 Output voltage of converter,

The motor operation for the duty and the free wheeling intervals respectively, are given
by the following equations.

di,
dt

Vmsinwt =(R,+ R, )i, +(L,+L,)=*+E fora<wt<nm. (2.20)
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And (R, +R,)i, +(L, +Lu)id:i+E =0 for nsotsa+a (2.21)

Taking éve’rage over the entire duty cycle we get,

Ye(4cosay=(R, +R.)I, +E, (2.23)
%3 :
14
orE, =-2(l1+cosa)~(R,+R )1, (2.24)
/2
The figure 2.5 shows the steady state torque speed characteristic for two values of firing
angles. | '
1
Cl
Z
e
&
=

speed(in rad/sec)

Figure 2.5 Torque-Speed Curves of converter fed dc series motor at different firing angles. .

2.3.2 Simulation with MATLAB

The open loop control of DC series motor fed from half controlled converter has been
simulated using SimPowerSystem blocksets of MATLAB to demonstrate the behavior of
the traction motor with converter fed supply. The figure 2.6 shows the MATLAB
implementation of the open loop control. The load torque is assumed to be proportional

o+

to speed of the motor.

13-



DC Machine

%
¢
|

Out?
v
P>
>

]

single phase
haif controlled,
converer

ac_supplyt
30 _supplyz

ch
o

gatey
omtel

>
B3
=
2

o

T
Tl
[ [ =] =]

Single phase

Ac Supply R ;'TI
. v _bl_l

r I,

T fiiing angle logic  control voltage

h

efficiency

Figure 2.6  SIMULINK implementation of open loop control of half controlled converter fed DC

series motor.

The important components this scheme are discussed in detail below
2.3.2.1 DC Series motor

This has been discussed in detail in section 2.1.

2.3.2.2 Single phase Half Controlled Converter

The single phase half controlled converter used in the scheme has been designed in
asymmetrical configuration as this configuration has a number of advantages over
symmetrical configuration. Some of these advantages are listed below [3].

1. For large firing angle delays, commutation failure may occur due to limited time
available in symmetrical configuration. This may result in half waving effect.

2. In symmetrical configuration, the thyristor conduct for longer interval and therefore
they must have higher average current rating than the ones required for
asymmetrical configuration.

The SIMULINK implementation of this converter is given in figure 2.7
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Figure 2.7 SIMULINK block for Single Phase Half Controlled Converter

For a single phase half controlled converter, the average output voltage is given as

_ \/EV(I +cosa)

Vo (2.25)

7
Now if the firing angle is produced at the intersection of control voltage Vc and the
timing wave, V, =V, (1+coswt)

Then, Vim (14cosa )=V, (2.26)
If the converter has a linear transfer characteristic with respect to control voltage, then the

average output voltage of converter can be given as

Vo= K,V (2.27)
VW reosa) KV, (1+cosq) (2.28)
T
or K= ¥ . (2.29)
14

rm
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The average delay time for a single phase converter is given by
T,=1/(4f).
Where f = frequency of ac supply voltage.

Thus a mathematically, a half controlled converter can be represented as

Gis) = K, e, (2.30)

where

K, = gain of converter.

T,= average delay in implementation of new firing angle command.
Equation (2.30) can be approximated as a first order time lag and given as

— KI'
G, (s) = T (2.31)

2.3.2.3 Firing Circuit Logic

The firing circuit used in the scheme is designed such that the converter gain is
linearized. For this the timing wave is made proportional to (1+cosat ). This has already
been discussed in section 2.3.2.2. The intersection of control signal with the timing wave
yields the instant at which the thyristor should be triggered. This is given by the equation
given 2.26

The output of single phase half controlled converter is given by

v, = \/EV(I +cosa) (2.32)
/4
Or Vao = V¥ Ve (2.33)
14

rm

Thus we see that output of the converter becomes a linear function of the controller

output.

This firing circuit logic with above mentioned considerations has been implemented in

SIMULINK environment of MATLAB as given below
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The sample output of this firing circuit logic for a particular simulation is given below

10

Generation of firing pulses
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Figure 2.9

Fiting pulses

Generation of firing pulses.
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2.3.3 Results
The scheme was simulated for various values of firing angles of the converter. The
results hence obtained shows the capability of the series motor when fed with single
phase half controlled converter.

For a=(0°.

Tima(in sec)

Figure 2.10. Performance of DC series motor when fed from converter with o =0°.

The variation of efficiency as the motor builds up towards the rated speed is given below

)
0.8 el ?/T ............................................................................... P PRI -
BB mcmrcmerrccncsfeuesansmanssnsssmensoassssnaameasmsassrosns s ineneaamemmsnanys sanamantssmasagtasarat anaTal At aaaT it anrIass T ssarnsr I st ronsencssnnrrnonte —
L e bl St T T T T T N B A e R R N R e e —
El
Y] T PR P -
=]
=
g
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=
w
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[l e e e R e R s e —
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i
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Figure 2.11. Efficiency of DC series motor when fed from converter with o =0°.
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Figure 2.14 Efficiency of DC series motor when fed from converter with @ =60°.

Voltage appked to the motor {in Volts)

Figure 2.15
The steady state torque-speed characteristic
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Figure2.16 Simulated Torque-Speed Curves of converter fed DC series motor at different firing angles.
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2.4 Closed loop Control of DC Series motor. ;

2.4.1 Theory

The scheme employs an inner current loop with an outer speed loop. The advantage of
using such a scheﬁe is that the machine builds up towards desired speed without ever
exceeding the current limit. The inner current loop also reduces the effect of non linearity

in the converter-motor system on the drive performance. This is given in figure 2.17.

single phase AC supply

P9

) v o .
,() , X Ve R single phase half
. *
@ - ’:: -JC K A o :z controlled converter
spccd current current
@ controller {imiter controller

K

Low Pass filter
(RetRel}

Lo+ L)

-

Low Pass filter

-

Figure 2.17 Schematic layout of closed loop dc drive with inner current loop and outer speed loop.
The speed error is processed through a speed controller. The output of the speed
controller yields torque command which is processed to form a current reference. The
actual armature current is then fed to the current controller after smoothing the current
signal. The current error is processed to produce a firing angle command for the firing
circuit. The gate trigger pulses from the firing circuit controls the triggering instant of the
converter and hence the voltage fed to the armature is controlled.

Any positive speed error, caused either by an increase in speed command or an increase

. - .
in load torque produces a higher current reference 1, . The motor accelerates due to an
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increase in I,, to correct the speed error and finally settles at a new I,” which makes the
motor torque equal to load torque and the speed error close to zero. If the speed error is
large, the current limiter saturates and sets the current referenbe at rated value. The drive
therefore accelerates at rated value of current and torque. For a negative speed error the
current reference is set to zero because negative I, is of no use and it charges the PI
controller. When the speed reference becomes positive again, the charged PI controller

takes longer time to respond.

2.4.2 Implementation of the closed loop control of DC series motor

The closed loop scheme discussed above is simulated using SIMULINK blockset of
MATLAB. This is illustrated in figure 2.18. The model developed can exhibit both
braking and motoring mode.

In the motoring mode, the output of speed controller forms current reference for the
current controller. The current controller processes the speed error and the drive
accelerates under controlled torque. Since half controlled converter is used to simulate
the electric drive, dynamic braking is used. In this form of braking the electric supply to
the armature of the motor is cut off and the motor is connected across a resistor thus
allowing the kinetic energy of the motor to get dissipated. A change of mode from
motoring to braking can be made with the help of a ‘manual switch’ provided in the
scheme. Whenever a transition of zone is made, i.e. motoring to braking or vice-versa,
the circuit connections are changed with the help of switches. The circuit connection for
the motoring and braking mode will be discussed in section 2.4.2.2.

A number of functional subsystems blocks have been designed to implement this model.
Some of the most important subsystems are half controlled converter, PI controllers and

firing circuit logic. The details of these functional subsystem blocks are discussed in

detail.
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2.4.2.1 Motoring mode
This has been explained in detail in article 6.
2.4.2.2 Braking mode
- Since the supply is fed from a half controlled converter, regenerative braking is not
possible. Therefore dynamic braking has been simulated.
Dynamic braking of a DC series motor can be achieved in two ways.
e Field reversal
In this, the motor is disconnected from the supply and is connected across a resistor
with field connections reversed such that the direction of field current does not
change. Thus the motor now acts as generator and all its kinetic energy is dissipated
across the external resistor. It is important to note that the value of external resistance
should be less than the critical resistance, otherwise the there would be no excitation

of motor as generator. The schematic layout of this scheme is given in the figure

below.
) held winding
o ol YN0 e
H I At
: 1§
¥
O—"'“-_' Comtrobied
At Supply Converter BE series meter
O
; ; 2 ; Rt
t At
Figure 2.19 Braking with field reversal.

Connection in motoring mode
I-F1, F2-A1, A2-2.
Connection in braking mode

F1-Al, F2-R1, R2-A2.
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o Field is connected to a separate dc source during braking.

In this scheme the field winding is separately excited during braking. This is

illustrated by figure below

DC segree

L

—C

O Kalf
i Contralled
AL Supply Converter
O
I n
1 - At
Figure 2.20 - Braking with field connected to separate dc source.

Connection in motoring mode

1-F1, F2-Al, A2-2.

Connection in braking mode

S1-F1, S2-F2, A1-R1, R2-A2.
This mode of dynamic braking is more common in traction applications and has
therefore been adopted further in the simulations. The DC source is derived by
rectifying AC source voltage using uncontrolled bridge rectifier.

~

Some of the important subsystem blocks to simulate the entire closed loop scheme with

braking capability are discussed below
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Single phase half controiled converter
Asymmetrical configuration of converter has been used due to inherent

advantages it yields over the symmetrical configuration [3]. This has been discussed in

detail in section 2.3.2.2. A SIMULINK implementation of half controlled converter is

given in figure 2.7.

Firing circuit logic.
The firing circuit used in the scheme is designed such that the converter gain is
linearized. This has been discussed in section 2.3.2.3. A SIMULINK implementation of

this firing circuit logic has been discussed in figure 2.8.

PI Controllers
The PI controller is an effective means of regulating quantities to the desired values.

It also improves the steady state error. This is achieved by providing a gain for the error
term with an integral component correction. K is the proportional gain andK; is the
integral gain of the feedback loop. A SIMULINK block diagram for PI controller is

given below

CO—»- |
in wlic 1
'{>‘—’sf 1,
@_—b + Kii Integrator + ——————'@
+ Out
-;D

Kpi

.Figure 2.21 A SIMULINK block diagram representation of PI Controller
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Output of current controller -
1 ¥ H

control Voltage (in Volts)

Time (in Sec)

Figure 2.22 Sample response of current controller.

r

The values of K, and K; s speed and current controllers have Ibeen found by trial and
error. The values of current and speed controllers are as following

Speed Controller

Kp= 146, Ki= 585.

Current Controller

Kp=2.25,K=5.3.
A brief analysis of current and speed response for different values of current and speed

controllers gains is presented with simulated results with the reference speed set at 125

rad/sec.
The current response at different values of controller gains is shown in figure 2.23 and

2.24.
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Figure 2.23 Current response when proportional gain of current controller, K,=1.

Now if the current controller’s proportional gain is made equal to 2.25, then the current

response is as shown below in figure 2.25.

0 T ! ! T !
500 S L L L SOU— . SpedCanboller
' : : ; ! K=146,K=585
400 eeeeeeenaenneeas ,: ................... e eneand L f. - Cumert Controller . _
g : : ; : | K~225Ks53.
& 30 R S e O S .
z 5 : PN :
£ 200f-ceememerienennnns e, Yersrercnanene—— K e eeiaeaae L _
3 [ ’ ‘. . '
.© H H ‘ H '
11} T ?. ........ ........E........ ............ E ..... . """'"'“"'E“" ....... teeeened masermrEw—
H H : ' ~ - tefesence current
0 ! | ] | T
0 2 4 6 8 0 12
Time (in sec)
Figure 2.24 - Current response when proportional gain of current controller, K,=2.25.

It may be observed that the peak overshoot has decreased. It was observed that the system

worked more satisfactorily when operated with a proportional gain, K,-2.25.
The speed response at set values of speed controller gains is given in figure 2.25 and

2.26.
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Figure 2.25 speed response when proportional gain of speed controller, K,=30.

The response in figure 2.25 reflects that the transient response of the system is poor. The

peak percentage overshoot is approximately 0.8% and also the settling time is

approximately 3.2 sec

1% | S I Lo {
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Figure 2.26  Magnified view of speed response when proportional gain of speed controller, K,=146.

From the figure 2.26, it may be observed that the peak percentage overshoot is 0.32% and

the settling time is approximately 1.25 sec. Thus there was an improvement in transient

response.

29




2.4.2.3 Results

The scheme was simulated for a reference speed of 125 rad/sec with a load torque
Ty = 800 N-m. During the acceleration mode, the armature current is maintained constant
at rated value. Once the desired speed is reached, the armature current falls such that the

torque developed by the motor is equal to the load torque.

150

n {rad/sec)
g 8

[

E B

Te(H-m)
g

g

<

la(amp)
B & 8

(=]

8

(=]

Time (in sec)

Figure 2,27  Performance of DC series motor under closed loop control,

€00

V(nvolts)

Time (in sec)

Figure 2.28 Voltage applied to the DC series motor.
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The results obtained above were exclusively for motoring mode. In figures 2.31 to 2.34,
braking mode has also been demonstrated. The reference speed is set at 125 rad/sec and
the applied load torque T, = 800N-m. The motor can be toggled from motoring mode to
braking mode using a manual switch.

Ammature voltage and supply voliege

g

_ (in volts)

£ 88 .8

8

nrad / sec)
g 8

o

g

o-g.

8
3

Te(M-m) &1, (1

g

g

I (in amp)
g

(=3

5

Time (in sec)

Figure 2.31 Performance of drive when toggled from motoring to braking and back to motoring mode.

The motor was switched onto braking mode at t= 4.813 sec and was switched back to
motoring mode at t= 6.166 sec. [t may be noted that a reflection of back emf can be seen
during the braking mode. This back emf falls as the speed of the motor falls. Further, it
may be noted that the field current has higher ripples during the braking mode as

unsmooth voltage from uncontrolled rectifier voltage is fed to the field winding.
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Figure 2.34 Active and Reactive Power drawn by the motor from the supply.

2.4.3 Two-Stage 'squuence control of half Controlled converters

This scheme employs two half controlled converters connected in series as shown in
figure 2.35. This converter cair be connected can be employed in a sequence control to

improve the overall power factor of the drive.

Half
Controfied
AL Supply Convearter

O

y

Raedse

La-ise

0C series motor

TW’
i b

Hal
Controlied
. AC Supyly Converter

[

Figure 2.35 Two half controlled converters connected in series for two stage control.
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Two stage sequence control half controlled converters

In a two stage sequence control, for the output voltage from zero to half the maximum,
only one converter (say converter I) is controlled and the other is not operated. Load
current bypasses converter II through two diodes. The load voltage is mainly decided by
the firing angle of converter I. At half the maximum voltage converter I would be at full
advance (zero firing angle). For the output voltage more than half of the maximum,
converter | is maintained at full advance and converter II is controlled. Thus voltages
from 0 to V,,/2is controlled by converter [ (converter Il bypassed) and voltage from V,o/2
to Vo is controlled by converter II (converter I in full advance).

The per unit output voltage versus reactive power variation is shown in figure 2.36

For comparison reactive power variation from single stage converter is also shown.

1 - For two stage sequence control
of half controlled converters

=

o

2

g

S 0.5

5

B \

5 .

8 For single stage

A half controlled converter
0

0.5 1
Reactive power (p.u)
Figure 2.36 Variation of reactive power with DC output voltage
Thus as compared to single stage half controlled converter, the maximum reactive power
is reduced to half. Thus there is a considerable improvement in the power factor. The

sequence control also yields an additional advantage of reducing the torque ripple.

35



2.4.4 Implementation of two stage sequence control of half controlled converters

Two half controlled converters connected in series for two stage control are modeled in
- MATLAB as shown in figure 2.37.

T hyictors

Fc_gupplyd

P

3_suppiyR

Qutt

Converter IT

gatetu

Thytistord

gateqt

Thytistor2

7
ao_supplyt

Converter I

av_suppiy®
gateu

20

TRyt

011

Civde1 ‘

3
gated)

VinArmature1

Figure 2.37 SIMULINK implementation of Two half controlled converters connected in series.

The MATLAB implementation of closed loop scheme employing two stage sequence

control of half controlled converters is shown in the figure 2.38. In this scheme the firing

circuit logic has been split into two parts, one for converter I and other for converter I1.
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2.4.4.1 Results

The scheme was simulated for a reference speed of 125 rad/sec and load torque of
800N-m. The response of the drive is given in the figure below. Initially only one
converter was feeding the motor and other was bypassed through diodes. At t= 2.85 sec,

the converter II starts operating with converter I in full advance. This is shown in figure
2.39 and 2.40.

Armature and supply voltage
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Figure 2.39 Performance of closed loop drive when fed from two stage sequence controlled half

controlled converters.
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Figure 2.40 Spread out view of armature and supply voltage showing converter I in full advance and

converter II is being controlled.
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Chapter 3
Mechanics of Traction load

The mechanics of traction deals with the nature of traction load and the dynamics of
wheel-rail intéraction. This includes slip- spin effects of the wheel on the track. These
effects are governed by the complex interaction between motor, its controller and wheel-
rail adhesion characteristics. This interaction is crucial to the motion of the locomotive
but it can also introduce certain characteristics which are undesirable, such as wheel

slip/spin.

3.1 Motion of locomotive

The motion of the locomotive is induced by the force created when the wheel pushes
against stationary track. The torque applied by the motor is transferred as a force at the
rim of the wheel. This force at the rim of the wheel is transferred to a force which propels
the train through a mechanism known as adhesion.

Adhesion may be defined as the ability of the wheel to exert the maximum tractive effort
without sliding on the rail. This adhesion force is the virtue of friction between the two
surfaces (the wheel and the rail). Under the condition of acceleration there is a dynamic
unbalance in the adhesion force and force exerted by the motor. This causes slipping and
sliding motion of the train. Friction causes the wheel to catch up and prevents the sliding
and slipping motion. However, the surface could not possibly have such an effect on the
wheel once the wheel has achieved pure rolling motion and constant angular and linear
velocity. Thus friction becomes zero when the train moves on a flat track at constant
velocity. Under pure rolling the train moves under the effect of rolling friction.

Rolling friction is caused primarily by the interference of small indentations formed as
one surface rolls over another. This is because the wheel and the surface will undergo
deformations due to their particular elastic characteristics. This is illustrated in the figure

3.1
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f,= rolling friction,

Figure3.1 The actual forces acting on the wheel and the surface of the rail. In this exaggerated view, both

the wheel and the surface undergo deformation to an extent determined by the elastic properties of the two
surfaces [22].

At the contact points, the wheel flattens out while a small trench is formed in the surface
of the rail. The normal force is now distributed over the actual contact area rather than
the point just below the center of the wheel. The load seen by the motor is also the result

of adhesion as the force transferred by the adhesion is also seen as the load on the motor.

3.2 Coefficient of Adhesion

As defined earlier, adhesion is the ability of the wheel to exert the maximum tractive
effort on the rail and still maintain the persistence of the contact without sliding. Thus the
coefficient of adhesion can be approximately defined as the ratio of maximum tractive
effort that can be developed without slipping and the weight on the driving axle.'Thus,
the force of adhesion is given by

F, =uN. (3.1)

Where u = coefficient of adhesion

N = normal reaction force at the point of contact.
It may be noted that the coefficient of adhesion is not same as coefficient of friction.
While the latter forms an undesirable resistive force, the former forms a coupling force
and is éxtremely desirable for traction purposes. The coefficient of adhesion is affected
by following factors.
1. Contaminants: Contaminants like oil, grease, water, snow and mud reduces the

value of coefficient of adhesion.
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2. Wheel slip: The value of coefficient of adhesion decreases slowly with wheel slip
after initial sharp rise. The rate of decrease depends upon the track condition. The
measure of wheel slip is provided by a factor called wheel slip ratio which is

given by
a=bl (3.2)
Where Vw = peripheral velocity of wheel (referred as wheel velocity).

V.= velocity of train.

A change in slip ratio causes change in coefficient of adhesion. This is given in

figure 3.2
i

— 04 ?
Z {
g |
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& s iy
[=] . ,1,
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Figure3.2 Variation of coefficient of adhesion with wheel slip ratio for various track conditions.

Speed of the vehicle: Generally speaking, the coefficient of adhesion decreases with

wheel speed. The actual behavior however is given in the figure below.

b

coefficient of adhesion (i)

welocity of trein (V)

Figure 3.3 Variation of coefficient of adhesion with velocity of the train.
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3. Nature of motor speed torque characteristicc The motor with lower speed

regulation has higher value of coefficient of adhesion.

3.3 Nature of Traction Load

The traction load comprises of the various frictional forces that act on the system and the
gravitational pull that act if the train is moving on an inclined track. The various frictional
forces that act on the traction system can be classified as

o Internal friction: This comprises of the friction at the bearings, guides etc.

e External friction: It comprises of the rolling friction between the wheels and the
rails, and friction between wheel flanges and rail. This depends upon the nature of
the track.

e Air friction: This is independent of the weight of the train but depends upon the
shape and the size of the train, velocity and direction of wind and speed of the
train.

All these components collectively form the train resistance. The train resistance can also
be identified in terms of common classification of friction such as windage, viscous
friction, coulomb friction and stiction which has a very large value. However, owing to
large value of the inertia, particularly due to the weight of the vehicle, accelerating torque

forms the major component of total torque in the accelerating range.

3.4 Dynamic Mechanical model
The overall dynamics of the train can be broadly classified as
22. Wheel Dynamics.

22. Train Dynamics.

3.4.1 Wheel dynamics

The wheel dynamics is nothing but dynamics of a rotating mass. This can be generally
represented by a first order system comprising of the load and the inertia. The load torque
can be split into two components, the conventional frictional elements and windage, and
the component unique to the wheel (torque due to adhesion force).

Thus the differential equation defining the wheel dynamics is given as
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T;=J%ji+7;+ﬁ;r. ) (3.3)

Where  Fa=uN.

T. = motor torque referred to the wheel.

T (load torque contributed by friction (exterﬁal friction), windage and gravitational
component)= Fe, + Mgsin(6)*k . ,

Where k = minimum distance between the radius of the wheel and the horizontal line
passing through the centre of gravity.
Fext = external friction.

J = combined moment of inertia of the wheel and motor referred to the wheel.

r = radius of the wheel.
Equation 3.3 can be further solved as

T,-T,-Fr

W= fd[ o (34)

This equation can be represented in the form of block diagram as shown below.

Te

Tied=T14+ Fa*r

Figure 3.4  Control block diagram representation of wheel dynamics.
The angular velocity of the wheel yields the peripheral speed of the wheel which will be

-addressed as wheel speed.
V,=or. : (3.5)

3.4.2 Train Dynamics
The Train dynamics governs the translational motion of the train (vehicle). This can be

given by a first order equation in terms of mass, train resistance and tractive effort. The is

given as

ML —TE-R-Mgsing. (3.6)

dt

Where M = mass of the train.
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TE = total tractive effort.
R =train resistance.

This equation can be solved as

TE-R—-Mgsin6
Vt= dt 3.7
f m (3.7)

Thus the entire mechanical model is represented by figure 3.5

Motor Tarque T,

. |
F, RollingFriction b : Js ’D

whee! radius Tiou

E quivalent inertia of motor,transmission

* r + and wheel referred to wheel
>+
Normal Reaction
, F \\\ B
/ k - P
Adhesion force
— T 1 Adhﬁion correction factor coeff. of adhesion slip ratio
] ——
N Ms
F, Gravitational pull  Mass of the train l Fﬂ*f
e
F.
b Airfriction
Figure 3.5 Block diagram for entire mechanical system.

When the train reaches the desired speed, a controller takes over and maintains the speed

constant.

3.5 MATLAB Implementation of Mechanical load
The load torque subsystem in the main figure represents the mechanical system. While
designing the mechanical system some assumptions have geen taken due to lack of
adequate data (or relationships) for their modeling. Some of them are as follows

o The air resistance which depends on size and shape of the train (vehicle), speed of

the train and velocity of wind has been taken as a constant value.
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e The look up table for rolling (external) friction and stiction and coefficient of
adhesion has been assumed after referring relevant literature discussing their
behavior upon the dependent quantities.

The load torque mode! has then been simulated and is given in figure below.
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Figure 3.6 . SIMULINK block diagram of mechanical load.
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Chapter 4

Electrical Traction Drive with wheel slip control

All traction closed loop schemes are essentially closed loop torque control schemes. This
is important because an excessive amouht of torque leads large wheel speed resulting in
the rotation of wheel, all -of which is not converted into translational motion.
Consequently, there occurs slipping of the wheel on the track resulting in excessive wear
of the wheels and also wastage of electrical energy. Thus there has to be a tbrque control.
This is achieved by a controller which would form a current reference for the current
loop. When the speed of the train reaches the desired speed, i.e. at the end of acceleration
period, the speed controller maintains the speed at constant value.

In this part of the thesis an attempt has been made to integrate the mechanical load model

and the electric drive model with different wheel slip control strategies.

4.1 Wheel Slip Control

It may be observed from figure 4.1 that the entire slip range is divided into two regions,
viz. stable and unstable region. In the stable region of operation the value of coefficient
of adhesion increases with slip. In the stable region, as the motor torque increases, the
wheel speed increases, resulting in immediate increase in the value of slip, which causes
increase in force of adhesion. This results in increase of the mechanical load on the
system causing wheel-slip to improve. Thus there is a self regulating action.

However, in the unstable region, coefficient of adhesion decreases with wheel-slip. In
the unstable region, as the motor torque increases, the wheel-slip increases causing
reduction in force of adhesion. This results in decrease of mechanical load on the system
causing further acceleration of wheel. The slip ratio increases further. This is a

cumulative action resulting in slipping of the wheel on the track.
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Figure 4.1 Image of desired slip control.

The goal of all slip control methods is to control the slip in order to prevent wear of the
wheels and the rail and to use the present adhesion effectively. Optimizing methods adds
a search of the maximum adhesive force. This is achieved when the slip is controlled
towards the peak of the slip curve within the stable region as shown in figure 4.1.

To be able to do this, two major problems must be solved:

o The slip present must be detected.

o The slip must be controlled towards the optimal slip.
Both of these issues are a lot more complex then they might seem at first. The two slip

control strategies that are further discussed in this report are
= Slip control to the reference slip.

o Gradient control method.
In both the cases, the scheme has been simulated for maximum possible acceleration of

the motor within the limits of permissible wheel slip.

4.2 Slip Control to the reference value.

4.2.1 Theory ’
In this scheme, the wheel slip is controlled using a slip ratio controller (a PI controller)

which processes the slip error to produce the torque command for the motor The slip

controller generates a torque command for the motor which yields the current reference
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for the current controller and the input power to the motor is controlled as per the traction
requirements. Thus the motor accelerates at a reference slip under the stable region such
that the adhesion force is optimally utilized. To obtain an optimal reference slip, it is
sufficient to know the p-A characteristic of the track. Once this characteristic is known,
the optimal slip can be estimated by a choosing a value of slip which is near the peak of

the p-A curve. This is illustrated in the figure 4.2.

- Wheel speed
Ve

Motor & locamotive Ve
Vehicle speed

Y

slip ratio
controller

Target A .
slip ratio A

Torque command

Figure 4.2 Block diagram of slip ratio control to the reference value.
Assuming that rolling friction and air friction are very small, in practical schemes the
coefficient of adhesion can be estimated as

=M “.1)

dt
Further
a=tel (4.2)

Using these two equations the track condition can be estimated.

4.2.2 Implementation with MATLAB

This slip control strategy has been implemented in MATLAB by combining electrical
drive and mechanical load with a slip controller (a PI controller) forming an important
link to achieve the desired traction control. As discussed above, the slip controller

processes the slip error and produces a reference for the current controller and thus the
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motor torque is controlled. The MATLAB implementation of the scheme is shown in the

figure 4.3.

The scheme has been modeled to operate at any desired slip. The traction drive

accelerates under the influence of slip ratio controller at the desired slip until- the

reference speed is reached. Once the train reaches the desired speed, the speed controller

takes control and maintains the speed at desired value.

| The electric motor drive in this scheme is assumed to be fed by two stage half controlled
converter operating in sequence control because of its inherent advantage over single

stage half controlled converter.,
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The simulation was carried out for a track whose p-A characteristic is simulated in

4.2.3 Results

figure 4.4
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Figure 4.4
fed to the controller is the slip at which the coefficient of adhesion is close to the peak

This has been incorporated in the mechanical model as a lookup table. The reference slip

The response of the system is given below.

Simulation for the flat track
Parameter specifications
Reference slip

Desired speed

Nature of track= flat track.

value.
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Figure 4.5 The response of the system showing corresponding armature current and Torque developed
by the motor as the slip ratio is being controlled to the commanded value while the train builds up to the

desired value of speed on a flat track.

It may be noted the train accelerates such that the slip ratio is equal to the reference value.

However once the train reaches the desired speed, the train moves at a constant velocity .

and the motion of the train becomes almost a purely rotational motion. Thus slip ratio
decreases and settles at a value very close to zero. This results in drop of coefficient of
adhesion from a near peak value to very low value (close to zero) When the train achieves
desired speed. This is depicted in figure 4.6. It may also be noted that the value of
coefficient of adhesion decreases even though the train moves at constant slip. This may

be attributed to the fact that coefficient of adhesion decreases with velocity of train..
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Variation of Coefficient of adhesion with time.

The force of adhesion, which is directly proportional to the coefficient of adhesion,

becomes close to zero when the train reaches the desired value (after a high value during

acceleration), such that it is just sufficient to overcome frictional forces.
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Variation of force of adhesion with time

Thus from the above discussions it may be concluded that during acceleration the force of

adhesion forms the major component of the total tractive effort required to drive the train.
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However once the desired speed is reached, the external friction form the major portion

of total tractive effort requirement.
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Figure 4.8 Variation of Tractive effort with time
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Figure 4.9 This figure shows the torque developed by the motor and load torque on the drive on the

same scale. The difference between the two curves during acceleration may be attributed to large value

dw
of J —.
at

As discussed above, the tractive effort requirement to drive the train falls once the desired

velocity falls, thus it is likely that the motor drive would be much lightly loaded once it
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starts moving at constant velocity. Thus the power factor falls drastically after a

reasonably high value during acceleration.

Time ( in sec )

Figure 4.10  Variation of Power factor on the source side.

........................................................................................................ -—

Active Power drawn from tha source

Figure 4.11 Active and Reactive Power drawn by the motor from the supply.
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Simulation for the inclined track
Parameter specifications:

Reference slip = 0.07.

Desired speed = 75 Km/hr.

Nature of track= 2% incline (up the hill).

The response of the system is given below,

&0 T T 7 7
: i :

in Km/hr

Slip ratio

in N.m

in amp

Time (in sec)

Figure 4.12 The response of the system showing corresponding armature current and Torque

developed by the motor as the slip ratio is being controlled to the commanded value while the train builds

up to the desired value of speed on an inclined track.
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Variation of Power factor on the source side.
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It may be noted that the steady state power factor has improved. This is to be expected as

steady state load increases.

12_,. ................ Kl ier drav orn NG sSawice” T': ........................ ~

Time (in sec)

Figure 4.17  Active and Reactive Power drawn by the motor from the supply.

60



Simulation for the variable track
Parameter specifications:
Reference slip = 0.07.

Desired speed = 80 Km/hr.

Nature of track = variable track.
The traction drive has been simulated to demonstrate how it re-adjusts itself to follow the

reference slip when there is a change in track condition. The drive has been simulated for

two track conditions shown in the figure 4.18

R ! ! ! ! H ! M T
T SCRTENy STRESS SRSSYVS AN SUTTTE SRR

: : ; Track1 ; : : :
R e S ' 5% S

CUTT S S PSR TS FN N 2 00 SN S S

= . . + . . . .

2 S N N fTrack 2 a

2 01p-e---- PRy R Fomee- T/ Rt AL LA Foeeee pomses

2 P AR

o it it it et SR S el e St

s : : : : : : :
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Figure 4.18 The p-A curves for two tracks used in the simulation.

The train moves first 30 m on track 1. The track condition changes immediately at this

point and the train moves on track 2 for next 30 m. It again shifis to track 1 after this.

This is shown in figure 4.19.

oo

e« >le re >
30m 30m
Track 1 -~ Track2 Track 1
Figure 4.19 Movement of train on the tracks.
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The response of the system is shown below.

8

distance (in m)

Figure 4.20

developed by the motor as the slip ratio is being controlled to the commanded value while the train builds

Time (in sec)

The response of the system showing corresponding armature current and Torque

up to the desired value of speed on a variable track.

Figure 4.21 shows the zoomed in response of slip ratio variation with time.

Slip Ratio
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Figure 4.21 Variation of slip ratio with time.
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Figure 4.26 Variation of Power factor on the source side.
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Figure 4.27  Active and Reactive Power drawn by the motor from the supply.
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However, this method has a drawback that when the track condition changes the
reference slip may no longer be optimal and the it may happen that the operating slip may

lie in the unstable zone of operation. This is shown in figure 4.28.
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Figure 4.28 The p-X curves for two tracks showing a possible shift into unstable zone.

Initially, when the train was moving on track 1, the slip was optimal and the operating
point P; was in the stable zone. However, when the track changed to track 2, then, at
same slip the operating point P; lies in the unstable zone of the p-A characteristic. Thus
this scheme fails under such conditions.

To overcome this disadvantage, gradient control scheme is adopted.
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4.3 Gradient Control Scheme

4.3.1 Theory

In this scheme, the gradient of p-A curve for the track is calculated and the operating
point is controlled by a PI controller such that the gradient (du/dA) at operating point is

equal to the reference value. The idea of the scheme is to make the train operate at an

operating point sufficiently high on the p-Acurve such that the force of adhesion is

optimally utilized without moving into the unstable zone of operation even when the

track condition is changed.
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Coefficient of ad hesion ()

Stabhfe zone Unstable zone

«

|
[
[
|
|
!
[
|
|
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1

Y

Shp ratio (A)

Figure 4.29 The p-X curve showing stable and unstable regions and gradient at operating point.

It may be noted that the gradient of p-A curve is positive in the stable region and unstable
in the negative region. Further, as one moves towards the peak of the curvé, the slope
continuously decreases and at the peak of the curve it becomes zero. Thus one can ensure
an optimal utilization of adhesion force by selecting a small positive value of gradient as
a reference value. A block diagram representation of a gradient control scheme is given

in figure 4.30
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The gradient detector detects the slope of the p-A curve at the point of operation. This

slope is then made to follow up the reference gradient with the help of gradient controller.

Wheel speed
Vw
»| Motor & locamotive Ve
Torque commend ‘ Vel‘ﬁcl'e speed
Gradient controller R , A= K’ — V'
A Yy
[ Y - N
H
Gredient detector A
Figure 4.30 Block diagram of gradient control Scheme.

4.3.2 Implementation with MATLAB

The gradient control scheme has been simulated by combining electrical drive and
mechanical load with a gradient controller ( a Pl éontroller) forming an important link to
achieve the desired traction control. Figure 4.31 shows the MATLAB implementation of
this scheme. .

An important subsystem developed for implementation of this scheme is gradient

detector which detects the current gradient of the p-Acurve. Figure 4.32 shows the

MATLAB implementation of gradient detector.
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SIMULINK implementation of gradient detector

Figure 4.32

4,3.3 Results

The simulation was carried out for a track whose p-A characteristic is simulated below.
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Figure 4.33

As in the earlier case, this characteristic has been stored in form of a look up table. The

simulation has been carried out for the flat track, inclined track (up the hill) and variable

track conditions.
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Simulation for the flat track
Parameter specifications
Reference gradient = 2,
Desired speed = 70 Km/hr.
Nature of track= flat track.

The response of the system is given below.

- ) .
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Figure 4.34 The response of the system showing corresponding armature current and Torque
developed by the motor as the slip ratio is being controlled through gradient control while the train builds

up to the desired value of speed on a flat track.

Figure 4.34 clearly shows that the motor torque is controlled such that the gradient of the

u-A curve is equal to the commanded value at the operating point, Some other important

response for the system is shown in the figures 4.35 to 4.41.
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Simulation for the inclined track
Parameter specifications

Reference gradient = 2.

Desired speed = 70 Km/hr.

Nature of track= 2° incline (up the hill).

% T ! ; ; T '
) SO fercene s CRU— ISR SO~ T DTSR -
y : : : : :
% d0p=vvcccccrocccncncnnns Jeroeccacttottnccaanans Mosoreneseos T R R R e R LR LR Bessrmcseceniomerenean ececsataancsiracenes —
¥ Mccerrrercocctnanaons foees 2 ammmtF T S e csharsennescncacnronan IO SO erreenretarenrennanes Jooorerareonrnsnasecend U —
§ ? : : : : :
Qhorem i L SO L L R K — .
2 i i 1 i ; i
’ ) ; T !
€ : i Gradient of y-A curve :
3 Sepbetaees ; t -+
h: : 5 :
2
200
1500
G
2, 1000
8
500
0
40
X0 .
= : : ; '
§ 20f i i : i
€ : : : ; :
1] SRRSO : 3 + : :
. i i i 1 | i
0 2 ] 5 ] 10 12 14
Time ( in sec )
Figure 4.42 The response of the system showing corresponding armature current and Torque

developed by the motor as the slip ratio is being controlled through gradient control while the train builds

up to the desired value of speed on an inclined track.
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Simulation for the variable track
Parameter specifications:
Reference gradient = 2°.

Desired speed = 80 Km/hr.

Nature of track = changing track.
The traction drive has been simulated to demonstrate how it re-adjusts itself to follow the

reference slip when there is a change in track condition. The drive has been simulated for

two track conditions shown in the figure 4.18

T T T T ! T ! ‘ T
D.4f--omactame-- IRty AERTEEE beenes yooeme- IRRR L e TRRER -1
: : : iTrack 2 : : : :
A e AR AV 5 G S i w
= S = P
D e R SRS S R RRE At ety
S : : : : : Trackl :
=) H H \ ' . ojrac .
R aat AOTITE SERTRS SERRPR SV /S0 e At SUDEENI SRR
< S S
S [ A Rttt Sl Sl S RN B Sy sy
= : : : : : o : : ':
[x] : : : : : : : : !
£ 01peen-mgoe-e-- PR bty it [y / Ak Rt Rl R el b roee-- -
3 : : : : : : : : '
© : H : : : : : : .
D.2F----- TR R b o sl TRt E 3eee--- dm-e-en- Eeeee- fem--- ~
B B e e S
n L i iiiiiae wcCOth SUINILL AT SECLTE sLTREC SIRCR SRR
1 o 1 | [ 1 | L L
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026 02 015 01 005
slip ratio (A)

Figure 4.50 The p-A curves for two tracks used in the simulation.

The train moves first 35 m on track 1. The track condition changes immediately at this

point and the train moves on track 2 for next 45 m. It again shifts to track 1 after this.

This is shown in figure 4.19.

'

le Bl Ml >
< gt I bt e )
BSm : nm
Track 1 Track 2 Track 1
Figure 4.51 Movement of train on the tracks.
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The response of the system is shown below.

120 . , !

r"""""""-""’;'Dislance traveled bv train ==-oveeemeee ;
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H
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.
:
.
.
.
.
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Figure 4.52 The response of the system showing corresponding armature current and Torque
developed by the motor as the slip ratio is being controlled through gradient control to the commanded

value while the train builds up to the desired value of speed on a variable track.

It is evident from figure 4.52 that the motor torque has been controlled such that the

gradient of p-\ curve is commanded to the reference value even when the track condition

is changed. Figure 4.53 shows the locus of the p-) curve followed by the train.

82



0.4F----- | P  COPPERS eeeee res@esiiazgriaiaanesd CPREEE preee-- | TEEES =
: : : Lol Peedend :
: : : ja' | : NS et
0.3 fiensecfonces formeendss S fouenns | CRRRPRCPPRRIS PRRRED
’é:- 03 """" 'i """ ‘e """""""""" 'i """""""""
g Track 2 - :
g025 N s’/ LASae SR S Ratat: IOUTTRE DR SR
: L P
g 0.2F----- R A S e feooee A E i :
. f
S 0.15p------ O peeee- deoonne denenes - posoees boenes -
@ : ' ) ‘ : '
(=] ' ' ‘ ' ] '
© : : : : : : :
0.4 froresfimmmrmgmenee ARRLEE Boeoes REREE AR FRRDEES beenee- boeme-
ST N7/ SO MO VAR SOV SIS NS IS SO SR
0 I I i I ! i I I i
1] 002 o004 o005 00B 01 D012 014 068 018 02

Figure 4.53

The locus of the p-A curve shown by figure 4.53 reveals that the train repeatedly moved

from stable to unstable zone. This was the result of the oscillation during the transient

period. However, soon after, the train settled at an optimum slip governed by the

slip ratio (A)

Locus of the p-A curve followed by the train.

reference value of gradient. This is given by point ‘a’ in figure 4.53.

When the track condition changed the point of operation immediately shifted from a to
a’. Then, after a small transient, the train settled at optimum slip for ‘Track 2’. This is
shown by point b’. Now when the track condition is changed back to the ‘Track I’,

operating point of the train drops back to point ‘b’ and starts building up towards the

optimum slip for ‘Track 1.

A confirmation of point ‘a’ and point b’ being the optimal points was made by zooming

“

into figure 4.53. As said earlier, the p-A curves for the two tracks have been stored as a

look-up table in MATLAB. Thus the characteristic is made up of small linear sections.

These sections have different slopes and therefore the gradient controller tries to find the

best suited slip condition for the commanded value. This is shown in figure 4.54
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 Chapter 5~

Conclusions and Scope for Further work

The purpose of this chapter is to summarize the work presented in this report along with
brief discussions of some relevant results. This chapter ends with some recommendations

for improvement of the existing model and for further work in this field.

5.1 Summary }
This study has provided an important insight into the electrical and mechanical system

which forms two units of an electric traction drive. The performance evaluation of DC
motor drive operating with inner current and outer speed loop was made. Further an
improvement of in power factor and reduction in current and torque ripples were
observed when the drive was fed with two-stage half controlled converters rather than a
single stage half controlled converter. Another important study made in this work was the
modeling of traction load and its heavy dependence on wheel-rail interaction. The electric
drive was integrated with the traction load model which provided us with extremely
useful insight into the nature of traction load and pattern of tractive effort demand which
forms the basis of the requirements from an electric traction drive. The simulation results
clearly indicate the traction drive perceives a very heavy load torque during the
acceleration which reduces to a small value once the acceleration period is over and the
train has resumed pure rolling motion. The traction drive was modeled with wheel slip
control strategies which demonstrate how the wheel slip ratio can be controlled to. make
optimal use of force of adhesion between train wheel and the track so as to allow
maximum acceleration. The study also provides useful insight into the concept of
gradient control and also how it maintains the operation of drive under stable region of

H-A curve even when the track condition is changed. A simulation study of electric

traction drive performance employing wheel slip control was conducted under various

conditions such as motion of the train on a flat track, motion on an inclined track and

“motion of the train on a changing track
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5.2 Recommendations for further work.

There lies an immense opportunity to carry out further research in this field. As said
earlier, traction drive is a very complex function of wheel-rail dynamics and electric
drive. What has been presented here is a simplified mechanical load model. This can be
extended to include more sophistication of two or more wheel model and varying
aerodynamic drag (with speed) [9]. In the current work only longitudinal motion of the
train has been considered while modeling the traction load. The lateral effect
displacement of the train on curved tracks called “yaw motion” has been neglected. The
mechanical load model can be simulated to account for “yaw motion”. Further, the
acceleration of an electric train depend upon various factors, the most important being
passenger comfort [7).Thus, the electric traction drive can be simulated to provide the
acceleration control loop which controls the maximum acceleration of the train. Besides,
a lot of work can be done to provide effective wheel slip control. Some of the
improvements suggested for the current work are improvement in gradient detector

design and using better approximations of p-A curve. The gradient control wheel slip

control strategy simulated in this work uses a rather crude of way of detecting current
gradient of a p-A curve. It calculatesAp and A\ for the track by sampling p and A in
every one p-sec. This, however, have an advantage of avoiding divide by zero error
while simulation and gives very good values, but a better way could still be found. Apart
from this, a multi-motor drive with wheel-slip control can be simulated. The conventional
PI controllers can be replaced by fuzzy controllers. Further, a performance estimation
DC traction motor can also be made by developing a finite element model of the motor to
study the effect of torque ripples on the motor. An analysis of behavior of DC traction
drive under fault condition can also form an important subject of study. In this study it
was observed that because of the nature of traction load, the power factor on the source
side is poor. Therefore, power factor improvement techniques would also form an

“important topic of study.
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\ppendix A

Speciﬁéation of DC Motor:

Type of motor:  DC Series motor.
Rated armature voltage = 535 V
Rated armature current = 340 A,
Output Power = 167 KW.

Rated speed = 1260 rpm.

No. of poles = 6.

Armature Resistance, Ra = 0.0096 Q).

Armature Inductance, La= 1.71 mH.

Field Resistance, Ry = 0.0052Q.

Field Inductance, L= 0.99 mH.

Armature-Field mutual Inductance, Laf = 3.9 mH.

Moment of Inertia, J= 27.5 Kg- m?,

93



Appendix B

Program file: Initialize.m
% Name of the program: Initialize.m
% This program is used to initialize various parameters required to simulate the traction

% drive. Some of the important specifications made by the program are as follows.
% Parameters for electrical motor. |

% Parameters for Locomotive.

% Reference speed.

% Total inertia of the system.

% Track specification.

clear all;

clear all;

% Motor specification.

Ra=0.0096;

La=0.00171;

Rf=0.0052;

Lf=0.99;

Laf=0.0109;

jm=27.5;

Bm=0.12;

Vao=535;

=50;

Vem=10;

1f=340;

% Locomotive specification

Mw=100; %mass of wheel

Mt=900; % mass of locomotive (in Kg)
r=0.3; % radius of locomotive (in m)

Fr=25; % air resistance(in N).
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% Assuming gear ratio to be unity
a=l1;

Jw=jm/(a™2);

% Track speciﬁcétion

theta=0; % gradient angle of the track(in degree)
th=theta*pi/180;

g=9.81; % acceleration due to gravity
‘M=Mt+Mw;

G=(M)*g*sin(th);

N=(M)*g*cos(th);

% Set train speed,v Km/hr

v=80;

vi=(5/18)*v;

W=vt/r;

% Total moment of inertia of the system
J=Iw+Mw*rh2;

Tr=J*accn/r;
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Program file: Locus.m

% Name of the program: Locus.m

% This program plots the locus of train on the p-A curve as it toggles between the two

% tracks simulated in the scheme.

% To show this in an effective manner, the two tracks are simulated along with the

% running values of slip ratio and coefficient of adhesion. These values are stored in the
% MATLAB workspace as in form of a structure (in variables “slip’ and ‘coeff ’) and the
% actual values are then retrieved by decoding the data structure. All three curves viz. the

% two tracks and the running values are plotted in the same curve to shoe the locus of
% train on a p-A curve.

% Track 1.
slipl =[-0.198:0.018: 0.198];
mul = ([-0.373 -0.375 -0.38 -0.385 -0.39 -0.395 -0.4 -0.365 -0.315 -0.235 -0.135 0.0

0.1350.2350.315 0.365 0.4 0.395 0.39 0.385 0.38 0.375 0.373]);

% Track 2

slip2=[-0.2178 :0.0198:0.2178];
mu2=([-0.2984 -0.3000 -0.3040 -0.3080 -0.3120 -0.3160 -0.3200 -0.2920 -0.2520

-0.1880-0.1080 0 0.1080 0.1880 0.2520 0.2920 0.3200 0.3160 0.3120 0.3080
0.3040 0.3000 0.2984));

plot (slipl, mul, ‘r-.);

hold on;

plot (slip2, mu2, ‘b -.%);

hold on;

plot (slip.signals.values, coeff.signals.values, ‘m -’ );

axis ([0.0 0.1 0. 0.41]);
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