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Detecting faults in a propulsion system in time can make great savings
in maintenance and in avoiding succession errors.

The object of this thesis is to design a fault detection system for three
typical errors occurring with a squirrel cage induction motor. The
errors in question are phase-shifted motors, motors with broken
shrinkage fits and motors with a locked rotor.

Appropriate methods were initially evaluated theoretically in open
loop. Simulations extended the theory to include closed loop. A real-
time simulation environment was then used to verify the method of
choice. Finally the algorithm was verified in an experimental set-up.

The resulting algorithm of the study is based on the estimation error of
the stator current. Lab verifications show that with slight
modifications the algorithm should work for all three faults in
question.
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1 Introduction

The types of trains in scope of this thesis are called motor cars and are
usually used when fast acceleration has higher priority than high top
speed. Typical applications are subways and trams. Motor cars are
different from traditional trains, which are pulled by locomotives. The
difference is that motor cars have propulsion in each car, often one
motor per wheel axle. The motors are three-phase induction engines.
Each car has typically two bogies with two wheel axles on each bogie.
A motor car unit is typically built of three or four cars. (where the
middle car sometimes is motor-less.)

1.1 Electrical Systems in Track Vehicles

Modern vehicles have either one of two types of main electrical
systems. Which one depends on the supply voltage, it is either AC
(Alternating Current) or DC (Direct Current).

In vehicles with AC supply, the alternating feeding voltage is initially
transformed down to suitable magnitude and converted to DC in the
line converter (Fig 1.1).

DC-link

AC-line

Motor converter

Auxiliary converter

Line converter

Induction motor

Three phase line

Figure A The electrical system of an AC fed vehicle, with line converter, motor
converter and auxiliary converter.

The next part of the system converts the DC voltage back to AC. The
link between the line converter and the AC converters is called DC-
link. The reason to first rectify the feeding voltage, and then convert it
back to AC, is to be able to use the same AC converter, no matter what
kind of feeding voltage used. The electrical system of an AC fed
vehicle is pictured in Figure 1.1.

There are usually two AC converters connected to the DC-link. The
auxiliary converter feeds auxiliary loads, such as three-phase induction
motors for fans, compressors etc. The other converter is the motor
converter, which feeds a set of propulsion motors. Usually the set
contains two or four motors.
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Vehicles with DC supply do not have the initial line converter, but are
in all other ways basically the same as vehicles with AC supply. See
Figure 1.2.

DC-link

DC-line

Motor converter

Auxiliary converter

Induction motor

Three phase line

Figure B. The electrical system of a DC fed vehicle, with auxiliary converter and
motor converter.

1.2 Motor Converter

Ideally a DC/AC converter would convert a DC voltage to any
continuous, sine shaped AC voltage. Unfortunately, this is so far not
possible. The technique today is to switch each phase between two
fixed DC levels. The result is a voltage which fundamental tone is
identical to the one of the desired sine wave. The method is briefly
described below.

The switching in the converter is implemented by a number of power
electronic components called IGBT’s (Isolated Gate Bipolar
Transistors). Describing every detail of the converter is unnecessary,
but a simplified way to describe a three-phase motor converter is
found in the schematic figure below.
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Figure C The converter represented with switches.

The phase voltages ua, ub and uc for a symmetrical three-phase system
are described by
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Electrical quantities in three-phase systems can be neatly represented
by a complex-valued, so called space vector u, defined as
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as long as Eq. 1.1 satisfies the condition

ttututu cba ∀=++ ,0)()()( . (1.3)

The condition above is valid for all squirrel cage induction motors. It
is easy to realise by looking at Figure 1.3. The sum of the phase
currents is always equal to zero, since the connection point at V0 is not
connected to ground. This implies that Condition 1.3 holds.

By inserting Eq. 1.1 into Eq. 1.2, it is possible to simplify Eq. 1.2 to
the space vector

)()( tjetmu α= . (1.4)

Each switch in Figure 1.3 has two positions, 1 or 0. 1 is equal to a
phase connected to Ud/2, and 0 is equal to a phase connected to -Ud/2,
where Ud is the DC-link voltage. The combination of positions can be
represented by the binary state vector [Sa Sb Sc]. The converter has
thus eight possible states.

Two of the state vectors, [0 0 0] and [1 1 1] result in zero voltage
vectors. The other six states make the voltage star seen in Figure 1.4.
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(000)
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Figure D The voltage vectors of the converter.

These are the only possible output vectors from the converter, but by
combining them and the zero vectors at a high frequency, it is possible
to get a voltage with the desired fundamental tone and arbitrary
magnitude.

1.3 Three-phase Induction Motor

The squirrel-cage induction motor, or the asynchronous motor, is
today the most widely used electrical motor. Since its invention at the
end of the 19th century, it has gradually replaced the DC motor. Its
main advantage compared to the DC motor is the elimination of all
sliding electrical contacts. The result is a simple and robust
construction, well suited for the rough conditions associated with
trains. Until recently it was used mostly in applications with constant
speed, because there was no simple, cost-efficient way to control the
frequency of the feeding voltage, thus controlling the speed of the
motor. During the last decades though, semiconductor technology has
made vast progress, making it possible to build advanced converters at
reasonable price.

The induction motor consists mainly of two parts, a stator and a rotor.
The stator is roughly a hollow iron cylinder with circular cross section.
Around the inner surface there are symmetrically distributed three-
phase windings. Inside the stator there is a concentric iron rotor cage.
It consists of two circular end-rings connected by a number of
symmetrically distributed rotorbars. Together they form a cylinder.
Between the stator and the rotor there is a small airgap of constant
radial length. The rotor is electrically isolated, i.e. no currents enter or
leave the rotor.

When a three-phase AC-voltage is applied to the motor, a rotating
magnetic flux is ensued by the stator windings in the airgap. In steady
state the stator flux has the same frequency as the feeding voltage. The
moving flux induces currents in the iron rotor cage and a simultaneous
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action of forces applies torque to the rotor. Rotor currents, and thus
torque, are induced as long as the rotor frequency is different from the
stator flux frequency, hence the name asynchronous motor. The
difference in frequency between rotor and stator flux is called ‘slip
frequency’. The relation between torque and the slip frequency in
steady state is described in Figure 1.5.

Figure E Torque as function of slip frequency.

The absolute value of the maximum and minimum torque is called
‘pull-out torque’. The frequency where pull-out torque is achieved is
called ‘pull-out frequency’. As long as the magnitude of the slip
frequency is smaller than the pull-out frequency, the relationship is
approximately linear. However, for slip frequencies larger than the
pull-out frequency, the torque decreases. The pull-out frequency is
typically around 3 Hz for a normal train motor.

A rotating torsion pendulum, as pictured in Figure 1.6, can illustrate
the relation between the slip frequency and the torque. The upper rod
represents the stator and the lower rod represents the rotor. The angle
α between upper and lower rod represents the slip frequency and the
strings between the rods represent the magnetic force between the
stator and the rotor.
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Figure F Torsion pendulum from above. The strings are non-elastic and long
compared to the distance between them.

As long as α is zero, no torque act on the lower rod. As the angle
increases up to 90 degrees, the torque transferred by the strings to the
lower rod increases approximately linear. As the angle exceeds 90
degrees, the torque will decline to vanish completely as the angle
reaches 180 degrees and the strings start to twine. Maximum torque,
or ‘pull-out torque’, is thus achieved at 90 degrees, which corresponds
to the pull-out frequency.

For slip frequencies smaller than the pull-out frequency, most of the
power fed to the motor results in active power, through torque. As
explained above, the torque will decline once the slip frequency has
passed the pull-out frequency. This implies that the power consumed
by the motor will not be in normal proportion to the delivered torque.
Since the power consumed by the motor does not results in much
active power (torque), the reactive power consumption, hence the
reactive current, is dominant.

1.4 Existing Control Strategy

The control system for the motor is divided into four main parts: The
Observer, the Controller, the Modulator, and the Converter as pictured
in Figure 1.7.

Figure G The control strategy.

The Observer estimates fluxes and the torque of the motor, based on
measured signals such as stator voltage, stator current and rotor
frequency. The characteristics of the observer are more thoroughly
described in Appendix A.

The Controller keeps the estimated torque at the reference level by
controlling frequency and amplitude of the stator voltage. Since torque
is not measured, the controller is dependent on the observer to deliver
an estimated torque close to the real value.
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The Slip-slide control is a part of the controller, which purpose is to
ensure that all wheels in the train have the same rotational speed. If
some wheels slip, the torque reference for all the motors connected to
the adherent converter is decreased until the wheels have regained
their traction. The Slip-slide control is superior to most other functions
in the controller.

The Modulator transforms the signal from the controller to switching
times for the IGBTs.

The Converter is described in Section 1.2.

1.5 Problem specification

Problems that have been discovered and need to be detected are
described in the following subsections.

1.5.1 Phase-shifted motor

When a motor is installed into a bogie, sometimes two of the voltage
cables are connected to the wrong terminals; the motor is then said to
be phase-shifted. This causes the stator flux for the phase-shifted
motor to rotate in the opposite direction compared to the other motors.
Since the frictional force between the wheels and the rail often is
larger than the force of the motor, the rotor is forced to rotate
backwards, relatively to the stator flux. This causes a slip frequency
much higher than the pull-out frequency, thus huge currents. The
result is overheating and motor breakdown within 30 seconds.
Naturally the temperature of each motor is monitored, but those
signals are heavily low-pass filtered and thus too slow to save the
motor before breakdown. The error only occurs when a new motor has
been installed; hence the detection algorithm must work at low
frequencies and during acceleration. The detection algorithm could be
included into a start up procedure, which is to be run whenever a new
motor has been installed into the train.

1.5.2 Broken shrinkage fit

The motor axle and the gearbox-input axle are mechanically connected
by a shrinkage fit as pictured in Figure 1.8.

Figure H Schematic picture of the mechanical drive system.
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Occasionally the shrinkage fit breaks due to improper assembly. When
this happens the rotor is no longer connected to the drive system and
can not contribute with any torque. The rotor then has very low
moment of inertia to rotate, which implies that the mechanical
frequency will be the same as the stator voltage frequency. This is not
a severe problem, but it increases wear on the other motors in the set,
since they have to work harder to compensate for the lost torque. This
reduces the lifetime of these motors.

From Section 1.3 it follows that a high torque reference will simplify
the detection. With the torque reference equal to zero it will in fact be
impossible to tell a broken shrinkage fit from a faultless one, since
both motors will have a slip frequency equal to zero.

One property concerning detection of broken shrinkage fits, is the
placement of the frequency sensors. Each motor axle always has one
sensor, but the position differs from project to project. In most cases
the sensor is placed in the gearbox, but sometimes it is placed on the
motor. Now assume that the shrinkage fit is broken. In the latter case
the control system will assume that the wheels are slipping and react
accordingly. It will not help though, since it will get a ‘slip’-signal
whenever torque is applied. Adding some kind of time condition to the
slip-slide control can solve this case and it will not be further dealt
with. If the sensor has the former placement, i.e. the sensor and the
motor are on different sides of the shrinkage fit, the slip-slide control
will never notice if the shrinkage fit breaks. This is the case, on which
this thesis will focus.

Since a shrinkage fit might break at any time, the detection algorithm
should work during steady state, as well as acceleration. Most
important though, is to detect the error at steady state.

1.5.3 Locked rotor

One of the more common reasons for motor breakdown is rotor lock-
up. This is mostly due to bearing failure or foreign objects inside the
motor. The result is a severely damaged motor, flat surfaces on
adherent wheels and substantially increased strain on the rest of the
mechanical drive system.

1.6 Boundaries

In this thesis the effect of applied torque on train speed is neglected.
The reason is that each set of motor cars contains a large number of
motors, hence it is reasonable to assume that one faulty motor will not
widely affect the speed or the acceleration of the train.

Because the lab equipment consists of two motors the Chapters 3 and
5 only contains simulations for two motors.
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1.7 Definitions and Abbreviations

AC Alternating Current

DC Direct Current

DSP Digital Signal Processor

IGBT Isolated Gate Bipolar Transistor

MCC Motor Converter Controller

MCO Motor Converter

Pull-out Frequency The slip frequency where pull-out
torque is achieved.

Pull-out Torque Highest available torque.

RTS Real Time Simulator

Slip Frequency The difference between stator and rotor
flux frequency.
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2 Theory

To perform a theoretical analysis it is necessary to know which
quantities to analyse. Since the motor is constructed to produce torque
it is natural that this is one of the quantities. In Section 1.3 it is stated
that most of the input power will result in torque as long as the slip
frequency is inside the limits for the pull-out frequency. If for some
reason the slip exceeds these limits the result will be that a lot of
reactive power is consumed. It is therefore also justified to approach
the problem by looking at a quantity regarding reactive power, the
power factor.

If more power is consumed it is natural to assume that more current
also might be consumed. With the motors involved it is not possible to
measure rotor-currents. That leaves the stator current to analyse.

In the system the stator current is both measured and estimated.
Normally they should be about the same so a fourth quantity to look at
is the estimation error.

The four quantities to analyse is consequently:

1. The absolute value of the stator current.

2. The power factor.

3. The obtained torque.

4. The estimation error of the stator current.

Since all quantities include the stator current in some way, it is needed
to derive an expression for it to be able to perform the analysis.

The analysis itself is built on the fact that the motor is controlled with
the stator current. The desired amount of torque is set as a reference
value. From that value and from the mechanical frequency of the rotor
the desired slip can be calculated. When the slip is known the
amplitude and frequency of the stator voltage can be calculated. All
calculations in this chapter assume open loop.

The equations derived in Section 2.1 and 2.2 are used for the
theoretical analysis of the problems stated in Section 1.5.

 All calculations and figures are made with MATLAB.
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2.1 Modelling the Squirrel Cage Induction Motor

In order to perform theoretical calculations and to develop simulation
environments for the squirrel-cage induction machine, a theoretical
model is needed.

A common approach is to use the magnetic coupled circuit theory to
solve this problem [1]. The method consists of describing the machine
as a set of multiple coupled circuits defined by self- and mutual-
inductance matrices. The result is a set of differential equations, which
is solved for each rotor position. For a machine with n number of rotor
bars this approach generally leads to a model with n+3 non-linear
differential equations. This is not a very practical model since it
requires a lot of computational power.

To obtain a simplified model both stator and rotor windings are
assumed to be sinusoidally distributed. Although it is clear that the
rotor cage is nonsinusoidally distributed, it is claimed by Novotny and
Lipo [2] that it can be replaced by an equivalent distributed winding.
The model obtained from this approach is the well-known d-q model.

A formal mathematical derivation of this model is made by Muños
and Lipo [3]. They show that by using a particular space-vector
transformation the machine can be fully modelled by using only four
coupled differential equations without any loss in generality or in any
information contained in the full set of equations. This model can then
be represented with a complex vector equivalent circuit commonly
known as the T-model.

The T-model is described by Figure 2.1. The left side of the figure can
be seen as the stator side and the right side as the rotor side. Both the
stator and the rotor have a resistance and a leakage inductance
(denoted R and L). In the middle there is the mutual inductance.

Us  is the stator voltage, rTψ  is the rotor flux, sψ is the stator flux and

µψ is the flux from the mutual inductance. All quantities are complex

vectors.

Figure I The T-model.

The T-model is physically relevant but it is not suitable for analysis
since it is over-parameterised. In order to derive a more suitable model

  Lσr   RrT  Rs

   us

   is

  Lµµψ& rTψ&

 irT

   Lσs

sψ& jω rTψ
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the total leakage inductance can be referred to either the rotor mesh or
the stator mesh [4]. In this it will be referred to the rotor mesh [5]. The
circuit obtained is more commonly known as the Γ-model and is
described by Figure 2.2.

Figure J The Γ- model.

In the Γ-model all leakage inductance is put in Lσ.

The induction machine is described by the following equations (Γ-
model).
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mechpt ωω =)( (the electrical angular frequency of the rotor), (2.3)

where p is the number of electrical polepairs of the motor and ωmech is
the mechanical angular frequency of the rotor.

The angular slip frequency is the difference between the stator flux
angular frequency and the rotors electrical angular frequency and can
be written as

ωωω −= sslip . (2.4)

According to [3] the torque produced by the motor can be written in
terms of the mutual inductance and the stator- and rotor- currents from
Figure 2.2 as

( ).Im
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2.2 Deriving Equations for the Stator Current

As stated in the beginning of this chapter an expression for the stator
current is needed for the theoretical analysis.

For simplicity the analysis will be limited to investigating stationary
operating points. This means that all complex quantities have constant
magnitudes and rotate with constant frequencies. To describe the
complex quantities, it is an advantage to represent them with their
magnitudes and angles. The following notation will be used

)()()( tj
Q

QetmtQ β= , (2.6)

where )(tmQ is the magnitude and )(tQβ  is the angle.

The fluxes can then be written as

µχ
µµψ jem= , (2.7)

rj
rr em χψ = . (2.8)

Figure K A vector diagram containing the stator flux, the stator voltage and  the rotor
flux.

The angles µχ and rχ are the angles for the stator and rotor fluxes

relative to an arbitrary fixed axle (Z). The angle between the stator
voltage and the stator flux is denoted

µµ χχδ −=
suu . (2.9)

The angle between the stator and rotor flux is defined as

rχχδ µ −= . (2.10)

su

rψ

µψ

rχ µχδ
Z

suχ

µδu
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Applying the notation in Eq. 2.6 with the angles defined in Figure 2.3
to Eq. 2.1 and Eq. 2.2 reveals after some calculations
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In steady state all magnitudes and angular velocities are constant.

sr ωχ ≡& (2.15)

Eq. 2.12 can with Eq. 2.10 be written in steady state as
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Inserting 2.9,2.10, 2.16 and 2.17 in 2.13 and 2.11 reveals after some
calculations
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The stator current in Figure 2.2 can be written as
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With Eqs. 2.10 and 2.16 the rotor flux can be expressed as a function
of the stator flux.
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Hence 2.20 can be written as
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With equation 2.9, Eulers equation, 2.18 and 2.19

 equation 2.7 equals
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Eq. 2.23 in Eq. 2.22 and some calculations give us
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The angle between the stator voltage and stator current is expressed as

( )( ) ( )jBAjBA
ssss uuiu +−=++−=−= argarg χχχχφ . (2.25)

The angle of the stator current relative the stator voltage can now be
found by taking the argument of Eq. 2.22.
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The magnitude of the stator current can be found by taking the
absolute value of Eq. 2.24.
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2.3 Theoretical Analysis

The analysis is performed in the way that a value for the torque, the
stator flux and for the mechanical frequency of the rotor is set. For this
operating point the rest of the variables are calculated and evaluated.
The motor parameters, such as resistances and inductances, are the
same in all calculations unless it is explicitly stated otherwise. The
torque reference used in this section is set to half of the nominal torque
(1000Nm) and the mechanical frequency (rotor frequency) is varied
from 0 up to half of the nominal frequency, i.e. 16,5 Hz.

The estimation error is defined as

ε ss ii
^

−= . (2.28)

Where 
^

si is the estimated stator current in open loop and si is the

measured stator current.

For a quantity to be useful it is necessary that it can be used no matter
if there are one, two or four motors connected to one converter. It is
also an advantage if the quantity can be used for all faults specified in
Section 1.5. The analysis will therefore investigate the effects of the
number of motors used.

Another important aspect is that the detection algorithm works even if
the faulty motor and the faultless ones have different temperature. This
is due to the fact that for a phase-shifted motor or a motor with a
locked rotor the temperature will rise since the amount of reactive
power consumed increases. For a motor with a broken shrinkage fit it
is the opposite. Then temperature will decrease because the load on
the motor is significantly lower This will also be examined for the
chosen quantity.
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2.3.1 Phase-Shifted Motors

Following the discussion of Section 1.5, the reactive power consumed
increases significantly when one of the motors involved is phase-
shifted. How this effects the quantities listed in the beginning of Ch. 2
is investigated in this subsection. The effect is analysed for one phase-
shifted motor out of a set of one, two or four motors driven by a
converter. The set with one phase-shifted motor is then compared with
the same set but with only correctly coupled motors.

When more than one motor is involved the stator current from each
motor is added together. It is this sum that is measured in reality. The
addition is straightforward in all cases except when one motor is
phase-shifted. This demands a little more work.

As concluded in Appendix B, the effect of switching two phases is
that the complex voltage vector will rotate in the opposite direction in
the complex plane. Since both the current- and the voltage-vector
rotate in the same direction this means that the current vector also will
rotate in the opposite direction. The current will always lag the voltage
(Fig 2.4) since the motor is an inductive load.

Figure L The three-phase voltage and current expressed as complex vectors.

When the current is measured, its rotational direction is assumed to be
the same as the voltage. The things that are measured are the current’s
magnitude and its angle (α) relative the voltage.

When the stator current is calculated it is done so for each motor from
the motor equations derived in Section 2.1 and 2.2. The calculations
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reveal the rotation direction as well as the angle and the magnitude.
The currents are then added together to form the total stator current.
Subscript c denotes a correct motor and f a phase-shifted one.

Using Eq. 2.24 and Appendix B, the stator current can be expressed as

.
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Straightforward addition of the currents in 2.29 yields,
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This is however not equivalent with the measured stator current since
it is not measured in each motor. To achieve equivalence it is needed
to shift back the phases on the phase-shifted motor so we get fi  as

shown in Figure 2.5.

Figure M How the stator-current and stator-voltage is measured and how they are
calculated on a set of motors.

Applying a phase-shift to q
fi and dividing Wf into its’ magnitude

and phase reveals
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The conjugation of Wf is a natural result since the current always
lags the voltage.

The total stator current will thus be expressed as
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χχ j
f

j
cfc meWmeWii *+=+ , (2.32)

which is equivalent to what is measured.

Absolute value of the stator current

As discussed in the beginning of this chapter an increase in the amount
of reactive power consumed should lead to an increase in the absolute
value of the stator current.

Figure N Upper figure: Correctly coupled motors. Middle figure: One phase-shifted
motor involved. Lower figure: The difference between the two cases.

As pictured in Figure 2.4 this is also the case. When one of the motors
involved is phase-shifted the amount of reactive power consumed
increases. As expected the absolute value of the stator current also
increases. The difference is almost the same for all three sets of
motors.
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Power factor

When the amount of reactive power consumed increases, it is to be
expected that the power factor, cos(φ)), will decrease.

Figure O Upper figure: Correctly coupled motors. Middle figure: One phase-shifted
motor involved. Lower figure: The difference between the two cases.

From Figure 2.7 it seems like this is the case for high frequencies.
When a set of motors contains a phase-shifted motor the power factor
decreases. For low frequencies however it is hard to tell the difference.

For low frequencies the difference is also the same for  all three sets of
motors.
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Torque

A phase-shifted motor leads to, as explained in Section 1.5, one motor
that wants to drive the train in the wrong direction. This evidently
leads to that the total amount of torque produced will be less when one
phase-shifted motor is involved than without.

Figure P Upper figure: Correctly coupled motors. Middle figure: One phase-shifted
motor involved. Lower figure: The difference between the two cases.

The behaviour described above is clearly showed in Figure 2.8. It is
also evident that if the sign is discarded the torque produced by a
phase-shifted motor is less than a correctly coupled above a certain
frequency. This is due to the fact that the phase-shifted motor passes
the pull-out frequency which, following the discussion in Section 1.5,
causes the torque to drop.

The difference is independent of the number of motors, since it always
will be one motor counteracting the others.
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Estimation Error

For sets of motors without phase-shifted ones, the estimation error
should be small. When one motor is phase-shifted on the other hand
the estimation error should be larger than zero.

Figure Q Upper figure: Correctly coupled motors. Lower figure: One phase-shifted
motor involved.

As pictured in Figure 2.9, the estimation error is zero as expected
when there are only correctly coupled motors involved.

When one of the motors is phase-shifted the estimation error increases
significantly.
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2.3.2 Broken Shrinkage Fit

According to Section 1.5, a motor with a broken shrinkage fit will run
with synchronous speed. The amount of power consumed by the
motor will then decrease.

Absolute Value of the Stator Current

Since the amount of power consumed by the motor will decrease when
a shrinkage fit has broken, it is natural to assume that the magnitude of
the current will decrease.

Figure R Upper figure: Faultless motors. Middle figure: One motor with a broken
shrinkage fit involved. Lower figure: The difference between the two cases.

Figure 2.10 shows that this is also the case. The difference is not that
large though. It is also dependent of the number of motors.
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Power Factor

A broken shrinkage fit means that no torque will be obtained from the
motor. This means that little active power is consumed, hence the
power factor should decrease.

Figure S Upper figure: Faultless motors. Middle figure: One motor with a broken
shrinkage fit involved. Lower figure: The difference between the two cases.

According to the Figure 2.11, cos(Φ) decreases if a set has a motor
with a broken shrinkage fit. The statement above is therefore correct.
Less active power is consumed.

The difference gets more difficult to see as the number of motors in
the set increases. For a set of four motors it is in fact almost
impossible to see the difference.
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Torque

As stated under the Power Factor heading, there is no torque obtained
when a shrinkage fit has broken. The motor is disconnected from the
gearbox, which makes this impossible.

Figure T Upper figure: Faultless motors. Middle figure: One motor with a broken
shrinkage fit involved. Lower figure: The difference between the two cases.

This is showed in Figure 2.12.

The difference in obtained torque will be the same for one, two or four
motors because there is only one motor with a broken shrinkage fit.
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Estimation Error

The estimation error should be small for sets of motors with only
faultless motors. When one motor has a broken shrinkage fit the error
should be larger than zero.

Figure U Upper figure: Faultless motors. Lower figure: One motor with a broken
shrinkage fit involved.

Figure 2.13 shows that as for a phase-shifted motor, the estimation
error increases when a faulty motor is involved. The error is not as big
as for the case with a phase-shifted motor but still significantly larger
then zero.
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2.3.3 Locked Rotor

When a motor has a locked rotor the angular slip frequency should
increase. This will, as for phase-shifted motors, affect the quantities
chosen to analyse.

Absolute Value of the Stator Current

As the angular slip frequency increases the current induced should
increase.

Figure V Upper figure: Faultless motors. Middle figure: One motor with a locked
rotor involved. Lower figure: The difference between the two cases.

This is also the case according to Figure 2.14. The behaviour of the
current is very similar to that of a phase-shifted motor. It increases
when a motor with a locked rotor is involved.
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Power Factor

For a motor with a locked rotor the angular slip frequency will
evidently exceed the pull-out frequency, hence a lot of reactive power
will be consumed. This leads to a decrease in the power factor.

Figure W Upper figure: Faultless motors. Middle figure: One motor with a locked
rotor involved. Lower figure: The difference between the two cases.

According to Figure 2.15, the behaviour of the power factor is also
almost identical to the case with a phase-shifted motor. It seems to be
frequency dependent and the factor cos(Φ) decreases for high
frequencies when one of the motors have a locked rotor.

As for the stator current the difference is almost independent of the
number of motors at low frequencies.
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Torque

As said under the Power Factor heading the angular slip frequency
will exceed the pull-out frequency when a motor has a locked rotor.
When this point has past the torque will, as stated in Section 1.3,
decrease.

Figure X Faultless motors. Middle figure: One motor with a locked rotor involved.
Lower figure: The difference between the two cases.

As pictured in Figure 2.16 this is also what happens. At first the torque
increases when a set of motors contains a motor with a locked rotor.
When the faulty motors angular slip frequency passes the pull-out
frequency the torque starts to decrease.

The difference between sets containing only faultless motors and those
with a motor with a locked rotor is independent of the number of
motors. This is so since there is never more than one motor with a
locked rotor.
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Estimation Error

The estimation error should be small for sets of motors with only
faultless motors. When one motor has a locked rotor the error should
be larger then zero.

Figure Y Upper figure: Faultless motors. Lower figure: One motor with a locked rotor
involved.

Figure 2.17 show that the estimation error has, as the absolute value of
the stator current, about the same behaviour as for the case when a
phase-shifted motor is involved. The function increases a lot when one
of the motors has a locked rotor as to be expected.
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2.3.4 Conclusions

The theoretical analysis above indicates that all quantities stated in the
beginning of Chapter 2 more or less can be used to detect each of the
problems. However it is an advantage if the chosen quantity clearly
shows that something is wrong so the problem of setting a threshold is
made as easy as possible. For phase-shifted motors it is also important
that the quantity is useful at low frequencies. If the quantity can be
used for all three faults it is an extra advantage.

The absolute value of the stator current can be used for all cases. The
best indication is given when a motor is phase-shifted or has a locked
rotor. For the case with a broken shrinkage fit the indication is not as
obvious as for the other two cases. One disadvantage with the stator
current is that it is dependent of the number of motors

The power factor gives a good indication for a phase-shifted motor
and a motor with a locked rotor on high frequencies. For low
mechanical frequencies though it will be difficult to use this quantity
since the difference from a faultless motor is small. This is especially a
disadvantage for the problem with a phase-shifted motor since it is
important to be able to detect this problem for low frequencies. To use
this quantity to detect a motor with a broken shrinkage fit seems very
difficult if there is more then one motor involved since it is dependent
of the number of motors.

The torque is a very good indicator for phase-shifted motors and
motors with a broken shrinkage fit. For motors with a locked rotor
though, it would only be suitable for high frequencies or a small
middle frequency band. Another problem with using the torque is that
in reality it is controlled. If for some reason, the torque does not reach
its reference value the controller will increase the stator voltage until it
does. This is done until any variable reaches some kind of limitation.
For this reason it should be possible to use the integral part of the
controller to detect any fault. This is discussed further in Chapter 8.

The best way to detect the problems seems to be to use the estimation
error of the stator current. It gives a clear indication for all three
faults. The only problem might be to detect a motor with a broken
shrinkage fit but the indication is still better than the absolute value of
the stator current and the power factor.

Both the stator current and the estimation error of the stator current
should work for all three faults. The estimation error is slightly better
for detecting a motor with a broken shrinkage fit and it is also
independent of the number of motors in the set. Therefore it will be
this quantity that will be further analysed.
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2.4 Parameter Variations

As the temperature changes inside the motor the resistance parameters
can vary up to a hundred percent. Therefore it is most necessary to try
and analyse what effects this might have when trying to detect any
faults.

The temperature can vary from the outdoor temperature (when the
motor is just started) up to around 200 oC. If the temperature rises
above the latter limit the motor is in danger of overheating and an
overheating protection will be executed.

When a set of motors is running the motor temperature is measured
from each motor. The mean value is taken from these measurements
and the parameters in the control system are adjusted according to

20))-(tempR(1  R adapt α+= . (2.34)

α is the temperature coefficient for the material in the motor.

If a fault occurs with one of the motors, its temperature will differ a lot
compared with the others. As explained in the beginning of Section
2.3 the temperature in a phase-shifted motor and a motor with a locked
rotor will rise significantly since they consume a lot of reactive power.
In a motor with a broken shrinkage fit it will on the other hand
decrease since the load is a lot lower. Since one motor will have a
temperature that differ a lot from the others, adjusting the parameters
according to the mean value is deceptive.

The effect of parameter variation is examined for a faulty motor. The
different quantities will be compared between a correct nominal motor
and a faulty motor with a different temperature to see if the difference
still is obvious. When comparing the faulty motor with a correct
nominal motor the “worst-case” is obtained. This is due to the fact that
the parameters for the correct motor also will be adjusted according to
the mean value of the temperature, hence the difference will decrease.
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Phase-Shifted Motor

As pictured in Figure 2.18, changes in motor parameters have the
biggest effect on the estimation error for the middle band frequencies.
For low frequencies, which are the most important when considering
phase-shifted motors, the parameter variations have a certain effect but
not very big. It should not complicate setting a threshold for the fault
in question.

Figure Z Upper figure: Nominal motor. Lower figure: Phase-shifted motor.
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Broken Shrinkage Fit

From Figure 2.19 it can be concluded that parameter variations due to
temperature changes only effect the estimation error for lower
frequencies than 4 HZ. For higher frequencies the effect is very small.
Parameter variations should not complicate the setting of a threshold
for this fault either.

Figure AA Upper figure: Nominal motor. Lower figure: Motor with a broken
shrinkage fit.



Teknisk rapport
Technical report TR PRP 01010

Sida - Page

39(91)

3EST 49-54 Rev 2

Locked Rotor

As seen in Figure 2.20 parameter changes have quite a big effect on
the estimation error for a motor with a locked rotor. The effect is most
significant for the middle frequency band. The difference from a
nominal motor is so large that parameter variations do not interfere
with the task of setting a suitable threshold.

Figure BB Upper figure: Nominal motor. Lower figure: Motor with a locked rotor.
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2.5 Torque Reference Dependency

So far the estimation error has only been analysed with a constant
torque reference. In reality the torque reference is changed all the time.
For this reason it is also necessary to investigate if the estimation error
is dependent of the torque reference in some way.

The torque will be varied between 0 and 2400 Nm.

Phase-Shifted Motor

The estimation error is somewhat dependent of the torque reference
for high frequencies. For low frequencies it is close to independent.
The lowest curve in the upper figure of Figure 2.21 corresponds to a
torque reference of 2400 Nm and the highest curve to a torque
reference of 0 Nm. This means that the estimation error decreases as
the torque reference increases. The difference is, as seen in the lower
figure of Figure 2.21, not very big even for high frequencies.

Varying torque reference should not be a problem when detecting
phase-shifted motors. Especially not since the estimation error is
almost independent of the torque reference for low frequencies. These
are, as stated earlier in the report, the most interesting ones when
considering phase-shifted motors.

Figure CC Upper figure: The estimation error for different torque references. Lower
figure: The difference between the highest and the lowest curve in the upper figure.
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Broken Shrinkage Fit

Figure 2.22 shows that for a motor with a broken shrinkage fit the
estimation error is almost linearly dependent of the torque reference.
In opposite to the case with a phase-shifted motor, increasing the
torque reference means increasing the estimation error. The difference
is rather big between the highest and the lowest curve. This indicates
that any fault detection algorithm for a motor with a broken shrinkage
fit based on the estimation error should consider the torque reference.   

Figure DD Upper figure: The estimation error for different torque references. Lower
figure: The difference between the highest and the lowest curve in the upper figure.
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Locked Rotor

The estimation error for a motor with a locked rotor looks again very
similar to the estimation error for a phase-shifted motor. Both
decreases as the torque reference increases. The torque dependency
seems to be a bit stronger here than for a phase-shifted motor. The
difference between the estimation error for a low and a high torque
reference is somewhat bigger. It is still not large, so torque
dependency should not be a problem when detecting a motor with a
locked rotor.

Figure EE Upper figure: The estimation error for different torque references. Lower
figure: The difference between the highest and the lowest curve in the upper figure.
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2.6 Conclusion of the Theoretical Results

The estimation error seems to be a good quantity to use when
detecting any of the faults in question. It gives a clear indication that
something is wrong, it is independent of the number of motors
involved and it is robust to parameter variations. The only case when
adjustments should be made is when detecting a broken shrinkage fit.
In this case the torque dependency seems to be too big to be neglected.
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3 Simulations in Simulink

In Chapter 2 the behaviour of a closed loop system without observer
feedback is analysed. This chapter will extend this analysis by
introducing feedback to the observer. The aim is to verify that the
conclusions of the previous chapter still hold for the modified closed
loop system.

Chapter 2 established that the estimation error has the best quantities
for continued analysis. However, the formula has to be modified to
withstand variations in torque. This is further discussed in Section 3.1.
The resulting formula is called the error function.

The introduced feedback will improve the performance of the
observer, i.e. reducing the estimation error. The estimation error is in
addition modified. Only quantitative comparisons are thus meaningful
between levels in this chapter and corresponding levels in the previous
chapter. The observer used in this chapter has the same structure as
Observer 3 (Eq. A.8) in Appendix A.

The simulation environment is Simulink, a MATLAB toolbox. The
basis of the simulation models is taken from Adtranz existing
simulation library.

The parameters used in the simulations are identical to the ones used
in the theoretical analysis in Chapter 2, if not explicitly stated
otherwise.

All signals in the figures in this chapter are normalised to one-motor
level.

3.1 Error Function

This section will modify the estimation error in Eq. 2.28, to yield a
more robust detection algorithm.

The estimation error will have a large range, under assumption that the
estimation error is proportional to the current and not constant. This
makes it difficult to set a fixed threshold.

The first step is to make the estimation error ε independent of torque.
Dividing the estimation error by the absolute value of the estimated
current (Eq. 3.1) will reduce most of the torque dependency.

s

ss

i

ii

ˆ

ˆ
mod

−
=ε (3.1)

The output will thus be at the same level for all estimation errors of
equal percentage.

The formula in Eq. 3.1 has unfortunately an inherent dependency of
the number of motors. It is due to the fact that the measured current is
normalised in the control system as
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n

i
i tot

s = , (3.2)

where n is the total number of motors connected to the same converter.

In case of n motors, where one is faulty, the total current is

faultycorrecttot iini +−= )1( . (3.3)

By assuming that

corrects ii ≈ˆ (3.4)

and using Eq. 3.2 and 3.3, the formula in Eq. 3.1 can be re-written as
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The last step is to eliminate the dependency of n, by multiplying Eq.
3.1 with a factor n/2. The final formula, which is called the error
function, is thus described by
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The factor ½ is due to the fact that in most applications two motors are
connected to the same converter.

To get an apprehension whether or not it is favourable to detect an
error, the quotient QE is formed as

)(

)(

nE

nE
Q

correct

faulty
E = . (3.7)

A QE equal to four thus says that the error function is four times higher
in the faulty case than in the faultless case.

The rule of thumb is; the higher the better, but QE > 2 is acceptable.

QE will be used in the interpretations of the plots in Chapter 3, 5 and 6.
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3.2 Description of the Simulation Model

The simulation model of the drive system is divided into five different
main parts: The MCC (Motor Converter Controller), the MCO (Motor
Converter), the MOT (Motor), the DSY (Drive System), and the ULK
(DC-link). The connections between the blocks are shown in Figure
3.1.
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Figure FF. Basic simulation model

The MCC controls the propulsion of the train and is subsequently
divided into four blocks: The Measurement Board, the Observer, the
Controller, and the Modulator.

The MCC is pictured in Figure 3.2.
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Figure GG Inside the MCC block.
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The Measurement Board adds the effect of sampling to analogue
signals. The functionality of the other three blocks is described in
Section 1.4.

In the simulations performed in this thesis, the effect of switching is
omitted. The reason is that it slows the simulation down, adds ripple to
the signals, and does not change the basic behaviour of the signals.

The MCO is described in Section 1.2.

The MOT block contains mathematical models of two squirrel cage
induction motors. The first is a faultless motor, and the second is a
motor that is modified to model each error. Instead of having n
identical motors in parallel, torque and current from each motor is
multiplied with a desired number and added respectively in the
multiplicator, as pictured in Figure 3.3. This makes it possible to
simulate different combinations of faulty and faultless motors.
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Figure HH Inside the MOT block.

The DSY block of Figure 3.1 is an optional block. It is a model of a
rotating rigid body where the moment of inertia and the initial rotating
frequency is pre-set. It is used if it is desired to study the dynamic
effects of applied torque. In this thesis however, the effect of applied
torque is mostly neglected. The reason is discussed in Section 1.6.

The ULK block of Figure 3.1 is also an optional part of the model. It
is used to add dynamic behaviour to the DC-link. In this thesis though,
constant DC-link voltage is assumed.
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After the reduction of the DSY- and the ULK blocks, the basic model
looks like Figure 3.4.

torque_op

Torque reference

is3

ctrl_f act2

Ud

us3

Id

Motor converter

us3

omega_m

is_tot

torque_tot

Motor block

flux_op

Flux reference

1/m

Division by number of motors

Ud

DC-link voltage

x2x3

Conversion from complex to 3-phase

is3

torque_ref

f lux_ref

omega_m

us3

Ud

Xis

Xtorque

ctrl_f act2

Control system

Arbitrary
mechanical
frequency

Figure II Simplified simulation model.
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3.3 Phase-Shifted Motors

3.3.1 Derivation of Simulation Model

The best way to model a faulty connection is to split the three-phase
stator voltage into its three phases and shift two of the phases. This is
exactly what happens in reality. The modified MOT block is shown in
Figure 3.5.
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Figure JJ Simulation model of phase-switched motors.

Selector 1 represents the error induced by the phase-switch. The
current leaving the phase-switched motor will, as the applied voltage,
have negative rotational direction. For further details see Appendix B.
To get a simulation result that corresponds to reality, it is necessary to
introduce a second selector , Selector 2, on the output current from
Motor2. An explanation for this can be found in Subsection 2.3.1.
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3.3.2 Simulation Results

This subsection contains two plots, one for two faultless motors and
one for a faulty and a faultless motor. In each simulation the
mechanical frequency is swept from zero to 50% of the nominal
frequency (33 Hz). A torque reference of 1000 Nm is used.

Figure KK Torque, currents and error for normal conditions.

As seen in Figure 3.6, the current and the torque correspond well with
the theoretical results seen in Figure 2.6 and 2.8. The error function
however, is equal to zero, as pictured in Figure 2.9. As seen in Figure
3.6 it is in proportion to the frequency. At 16 Hz it reaches a level of
about 0.1. That is not a desirable property, since it makes it harder to
use a fixed threshold for detection.
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As in Figure 2.6, the currents increase with frequency in Figure 3.7.

Figure LL Torque, currents and error function for one faulty and one faultless motor.

The level of the error function is considerably higher than in Figure
3.6, especially for low frequencies, which is positive. QE is about 20
for low frequencies and about two for high frequencies. As mentioned
in Subsection 1.5.1, it is critical that the detection of phase-shifted
motors works for low frequencies to avoid overheating.
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To test the robustness against torque variations, the same simulation is
repeated for eight different torque references. The result is shown in
Figure 3.8.

Figure MM Error-function dependence of torque and frequency.

For frequencies larger than 6 Hz the scattering is small. The error
function is thus almost independent of frequency for higher
frequencies. For low frequencies it is still a large margin of error,
since the error function under normal conditions has the characteristics
as seen in Figure 3.6.
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To investigate the parameter robustness of the error function, the
simulation results seen in Figure 3.8, is repeated with two different
parameter sets. The results are shown in Figure 3.9. Compare with the
open-loop simulations in Section 2.4.

Figure NN Parameter robustness of the error function.

The error function shows some sensitivity to parameter variations, but
the lowest level should still be high enough to make a correct
detection. The fact that the variations are not larger increases the
possibility to use a fixed threshold.
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3.4 Broken Shrinkage Fit

3.4.1 Derivation of Simulation Model
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Figure OO Simulation model of broken shrinkage fit.

In the mechanical drive system the moment of inertia is pre-set to a
very small value and the initial frequency is pre-set to the mechanical
frequency omega_m. The small moment of inertia is to model a motor
that is spinning without load from the drive system.

The step indicates the moment of failure. Prior to the step both motors
are running at the same constant speed and deliver equal amounts of
torque to the multiplicator. Zero torque from Motor 2 is applied to the
mechanical drive system, which rotates at the same frequency as the
motors. When the step is activated, the torque applied to the drive
system is ramped by the rate set in the Rate Lim block. The torque
causes the rigid body to accelerate towards synchronous frequency,
hence changing the input frequency to Motor 2. At the same rate as the
torque applied to the drive system increases, the torque delivered to
the multiplicator decreases. After some time only Motor 1 delivers
torque to the multiplicator, which is what happens in reality.
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3.4.2 Simulation Results

Figure 3.11 shows the behaviour of the signals when a shrinkage fit
breaks during operation.

The mechanical frequency is kept constant at 10 Hz for both of the
motors and the torque reference is 1000 Nm. 10 Hz might be
considered a normal operating frequency. Curves prior to one second
describe normal conditions. From one second and onwards the
behaviour after shrinkage fit failure is shown.

Figure PP Torque, currents and error function for one faulty and one faultless motor.

Prior to the failure of the shrinkage fit, all signals are identical to the
ones in Figure 3.6. After the failure of the shrinkage fit, the transient
fades and the system return to steady state. The actual torque is now
about 40 Nm below the estimated torque, which still is at reference
level. This is a combined effect of the controller and an estimation
error of torque and current. QE is about five, which is good.
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To test the robustness against torque variations, the same simulation is
repeated for eight different torque references. The result is shown in
Figure 3.12.

Figure QQ Error-function dependence of torque and frequency.

The initial oscillation is due to initialisation problems in the
simulation. Apart from the oscillations, the error function has very low
scattering. As mentioned in Subsection 1.5.2, the highest torque yields
the highest level. This is a positive property, since the shrinkage fit
will probably not break until high torque is applied. The error function
level will thus be in the higher regions, which leaves plenty of space
for detection. The frequency dependency seems to be almost
negligible.
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To investigate the parameter robustness of the error function, two
identical simulations are performed with different parameter sets. The
results are shown in Figure 3.13.

Figure RR Parameter robustness of the error function.

The behaviour is very uniform; obviously the error function is
sensitive to neither parameter nor torque variations. These are valuable
quantities, since it increases the possibility to use a fixed threshold.
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3.5 Locked Rotor

3.5.1 Derivation of Simulation Model

The motor block of the basic model needs to be modified to simulate a
locked rotor. The modification can be seen in Figure 3.14.
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Figure SS Simulation model of locked rotor.

The step indicates the moment of failure. Prior to the step both motors
run at the same speed and deliver equal amounts of torque. As the step
is activated, the mechanical frequency of Motor 2 is ramped from its
initial value to 0 with the rate set in the Rate limitation block. At the
same rate as the rotor slows, the slip frequency of Motor 2 increases.
When the rotor is stopped, the value of the slip frequency equals the
frequency of the stator voltage, which is far beyond pull-out
frequency.
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3.5.2 Simulation Results

Figure 3.15 shows the behaviour of the signals if a rotor locks during
operation. The mechanical frequency is 10 Hz and the torque reference
is 1000 Nm. The curves prior to one second describe normal
conditions. From one second and onward is the behaviour after
shrinkage fit failure.

Figure TT Behaviour with and without locked rotor at constant frequency.

As seen in Figure 3.15, all signals have expected levels before a rotor
locks. As the transients after the rotor lock fade, the system returns to
steady state. The actual torque is then less than half of the estimated
torque, which still is at reference level. This is a combined effect of
the controller and an incorrect estimation of torque and current.

QE is about 3, which is acceptable.
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To test the robustness to torque variations, the same simulation is
repeated for eight different torque references. The result is shown in
Figure 3.16.

Figure UU Error function dependence of torque and frequency.

Unfortunately these curves are much more scattered than for the
previous cases. It seems to be strong dependencies upon both
frequency and torque. One thing is worth to notice. The error function
is never smaller than one. That is the highest minimum level so far.
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To investigate the parameter robustness of the error function, the
simulation, that produced the results seen in Figure 3.16, is repeated
twice with different sets of parameters. The results are shown in
Figure 3.17.

Figure VV Parameter robustness of the error function.

Compared to the case with broken shrinkage fit, this case seems to be
more sensitive to parameter variations. The basic behaviour is the
same as seen in Figure 3.16, but the lowest levels vary between 0.5
and 1. These quantities make it more difficult to use a fixed threshold.
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3.6 Conclusion

As expected the indication levels become much lower when feedback
is introduced into the observer. The error function proves nevertheless
to be capable of detecting the three faulty cases, although the margin is
small for a locked rotor.

There is some uncertainty about the results in Section 3.5. The levels
shown in Figure 3.16 and 3.17 are suspiciously high. In addition, they
do not correspond with the level shown in Figure 3.15. Some
unpredictability and instability has been experienced in the simulation
model. This should be taken into consideration when analysing the
results.
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4 Implementation

This section describes the implementation of the detection algorithm.

The basic idea is to continuously compare the error function to a fixed
threshold. If the error function is larger than the threshold, a status
signal is activated. Different thresholds are used for each type of error.
The initial values of the thresholds are chosen from the results in
Chapter 3 and initial experiments in the RTS (Real Time Simulator) in
Chapter 5.

The detection algorithm is implemented in the DSP (Digital Signal
Processor) with the graphical tool Hidraw. Figure 4.1 shows the
structure used.

Figure WW Implementation of the detection algorithm.

The error function contains a lot of signal noise. This will be a large
source of error if left undamped. To reduce the risk of incorrect
detections, the error function is low-pass filtered as shown in Figure
4.1.

The shadowed part of Figure 4.1 was actually not implemented during
the simulations in Chapter 5, or the experiments in Chapter 6. It
represents a possible solution to a problem discussed in Section 6.2.

One obvious drawback with this implementation is that it is hard to
distinguish one case from the other if identical thresholds are used.
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5 Real Time Simulations

To test the method and the implementation of the detection algorithm
prior to the verification on real motors, simulations are made in an
RTS (Real Time Simulator).

In the RTS, the real hardware and software of the control system is
used. Mathematical models are used to simulate converter, motors and
the mechanical drive system. The behaviour of the system in the RTS
generally corresponds better to the behaviour of the real system, than
the simulations in Simulink.

The observer used in this chapter has the same structure as Observer 3
(Eq. 11.8) in Appendix A. As the vigilant reader might remember, this
observer is also used in Chapter 3. The RTS version however, has
slightly smaller gain in the gain-vector K. This will alter the
performance of the observer, hence changing the indication levels of
the error function. Again, only quantitative comparisons are
meaningful between levels in this chapter and levels in the previous
chapters.

All signals in the different figures in this chapter are normalised to
range between 0 and 1. Table 5.1 shows the normalising factor for
each signal.

Value in figure Value in reality

Frequency 1 260 Hz

Currents 1 1774A

Error function 1 2

Status signal 1 1

Table 5.1 Normalising factors.

All values, mentioned in comments to figures, are real values and not
the normalised values from the figures.

The time scale in all the figures in Chapter 5 is in minutes:seconds,
where only the seconds are significant.

5.1 Normal Conditions

The simulated situations are for two motors and normal acceleration
from 0 to 50% of the nominal mechanical frequency. Each
acceleration is repeated for three different torque references, 0 Nm 500
Nm and 1000 Nm. Note that the case with 0 Nm has little connection
with reality, since it is not very likely that the train will accelerate if a
torque reference of 0 Nm is used. The exception is a start in downhill.

An initial threshold of 0.6 is used for the status signal.
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Figure XX Normal conditions for a torque reference of 0 Nm 500 Nm and 1000 Nm.

Note that all signals in Chapter 5 are scaled according to Table 5.1.

The error function in Figure 5.1 increases with frequency. The final
values are roughly between 0.16 and 0.2, depending on torque. A
higher torque seems to yield a lower level. The level is not large
enough though to activate the status signal.
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5.2 Phase-Shifted Motors

The same situations are simulated here, as in the previous section.
Again a threshold of 0.6 is used.

Figure YY One out of two motors is phase-shifted. Mind the difference in scale
compared to Figure 5.1.

As soon as the frequency ramp starts, the error function starts to
increase. After about four seconds it reaches the threshold at 0.6 and
activates the status signal. The error function levels out on about 0.7 to
0.8, depending on torque. QE is thus around 3, which is acceptable. A
threshold of 0.6 might be a good initial choice.
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5.3 Broken Shrinkage Fit

The simulated situations are for two motors, constant mechanical
frequency at 25% and 50% of the nominal frequency. Three different
torque references are simulated, 500 Nm 1000 Nm and 1500 Nm. The
first seconds in each of the plots in Figure 5.3 and 5.4 shows the
behaviour under normal conditions and the second part shows the
behaviour after a shrinkage fit breakdown.

An initial threshold of 0.3 is used.
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Figure ZZ Error function for 500 Nm 1000 Nm and 1500 Nm, at 25% of nominal
frequency.
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Figure AAA Error function for 500 Nm 1000 Nm and 1500 Nm, at 50% of nominal
frequency.

As soon as the shrinkage fit breaks, the error function starts to
increase. It immediately reaches the threshold at 0.3 and activates the
status signal. The initial level of the error function is as before about
0.2. The final levels vary between 0.4 and 0.7, depending on the
torque reference. For a torque reference of 500 Nm, QE is about 2,
which is on the limit to what is acceptable according to the rule of
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thumb set in Section 3.1. For 1000 Nm, QE increases to 3. This is
acceptable. Again, as described in Subsection 1.5.2, this behaviour is
not unexpected. By taking this into consideration, it might be required
to introduce some sort of restriction to the torque limit, e.g. the torque
reference must be higher than some specified limit to make detection
possible. Frequency seems to be of less importance to the error
function in this case.

A threshold of 0.6 works well.
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5.4 Locked Rotor

The simulated situations are for two motors, constant mechanical
frequency at 25% and 50% of the nominal frequency. Three different
torque references are simulated, 500 Nm 1000 Nm and 1500 Nm. The
first seconds in each of the plots in Figure 5.5 and 5.6 shows the
behaviour under normal conditions and the second part shows the
behaviour after that one of the rotors has locked.

An initial threshold of 0.2 is used.
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Figure BBB Error function for 500 Nm 1000 Nm and 1500 Nm, at 25% of nominal
frequency.
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Figure CCC Error function for 500 Nm 1000 Nm and 1500 Nm, at 50% of nominal
frequency.

QE is about 3 in the worst case. Increasing torque seems to have
negative influence on the error function, while the frequency seems to
be less important. That corresponds well with the conclusion in
Section 2.5.
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5.5 Conclusion

In all three cases QE is at least 3, which indicates that it is possible to
use the error function for detection. However, some constrains may
have to be applied to the torque reference to achieve this.
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6 Verification

The last step is to verify the detection algorithm in realistic conditions.

The equipment used is an authentic propulsion system and two train
motors. Each motor is connected to a DC-motor which acts as a load.

The results obtained in this chapter are considered to be valid for the
real system.

No verifications are made of errors occurring during operation, since it
was not possible to arrange this practically.

The same thresholds are used, as in Chapter 5.

About the figures in this chapter: Each figure is divided into four
subfigures by solid, straight lines. The scaling for each signal is shown
to the left in each subfigure, where the name ‘index’ refers to the error
function. Notice that the scaling factors differ between the figures. The
shaded areas mark passive time intervals and are not significant.

All quantities in the figures in this chapter are normalised to range
between 0 and 10V. Table 6.1 shows the normalising factor for each
signal.

Value in figure Value in reality

Frequency 1V 26 Hz

Currents 1V 177A

Torque 1V 363 Nm

Error function 1V 0.2

Status signal 1V 0.1

Table 6.1 Normalising factors.
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6.1 Normal Conditions

This section is included to see the level of the error function during
normal conditions.

Figure DDD Constant mechanical frequency and step-by-step variation of the torque.

As seen in Figure 6.1, the error function is clearly inverse proportional
to the torque. That corresponds well with the conclusions drawn in
Section 5.1 and Section 2.5. A torque reference of 800 Nm yields an
error function level of about 0.06 at 16 Hz, which is far below the
levels in previous chapters.
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In Figure 6.2 the frequency is ramped from zero to 26 Hz, while
torque references between 90 Nm and 180 Nm are applied.

Figure EEE Ramped mechanical frequency and torque pulses.

The error function shows some faint increment with increasing
frequency, while the variations due to the torque pulses are almost
negligible. The highest value of the error function during the ramp is
0.15, which is a little lower than in the previous chapter. Let a level of
0.2 represent the worst case in the rest of this chapter.

The independence of frequency in Figure 6.2 is not in line with the
conclusions made in Section 3.2, but it is an entirely positive property.
The fact that different torque has no visible effect is strange, since it
contradicts the conclusion from the Figure 6.1. It might partly be
explained by the fact that the overall level of the torque is much lower
in Figure 6.2.
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6.2 Phase-Shifted Motors

Just as for the RTS in Figure 5.2, the error function in Figure 6.3
levels out at 0.8, before the frequency has reached its final value of 6.5
Hz. QE is thus about 4, when the torque reference is 0 Nm.

Figure FFF. Constant mechanical frequency and step-by-step variation of the torque.

As the torque reference increases step-by-step up to 980 Nm, which is
about nominal torque, the error function increases to a level of 2. QE

has thus increased to 10, which is very good.

The threshold of 0.6 still seems to work well.

The difference in frequency between the two shown motors in Figure
6.3, is due to weakness of the DC load motors. One of them has to
rotate the phase-shifted motor in one direction, when the phase-shifted
motor itself actually wants to rotate in the opposite direction. If the
DC motor is not strong enough, it will not be able to keep the desired
frequency, which is exactly what happens.

At the start of the experiment shown in Figure 6.3, the status signal is
active for a short period of time. The same behaviour is also shown in
Figure 6.4 and 6.6-6.7. Such behaviour is not desirable. It is due to the
fact that the measured and the estimated currents do not start at the
same levels, which implies that the error function is initially above the
threshold. This will be further dealt with in Chapter 8.
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6.3 Broken Shrinkage Fit

In Figure 6.4 and 6.5 the frequency is ramped to 6.5 Hz for torque
references between 150 Nm and 500 Nm.

Figure GGG Ramped mechanical frequency and constant torque.

Figure HHH Ramped mechanical frequency and constant torque.
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The error function has almost no tendency to increase during
acceleration. The values of the error function range between 0.3 and
0.4. QE is thus between 2 and 1.5, which is too low. Another important
thing is that the error function does not increase with the torque, as in
Section 5.3. This might be explained by the fact that the top frequency
is just 10% of nominal frequency and that the applied torque is just
500 Nm. Chapter 8 will present possible solutions to this problem.

The initial threshold of 0.3 obviously works, but the margin of error is
not large.

The analysis of broken shrinkage fits performed so far cover the case
when the frequency sensor is placed in the gearbox. As mentioned in
Subsection 1.5.2, there is a second possible placement of the sensor,
i.e. by the motor. When this case was tested, the slip-slide control was
activated and the system was shut down before the error function
indicated any error. Unfortunately there is no plot to show this result.



Teknisk rapport
Technical report TR PRP 01010

Sida - Page

81(91)

3EST 49-54 Rev 2

6.4 Locked Rotor

The frequency in Figure 6.6 and 6.7 are in both cases about 5 Hz. The
torque is 0 Nm and 180 Nm,
respectively.

Figure III Low frequency and zero torque.

Figure JJJ Low frequency and a small torque reference.
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Figure 6.6 shows that the error function increases with the frequency.
By comparing Figure 6.6 and 6.7, it is also clear that the error function
is proportional to the torque. This is contradictory to the conclusion in
Section 5.4, where the level decreases with increasing torque. The
levels are however high, about 0.8 in Figure 6.6 and 1 in Figure 6.7.
QE is thus about 4 in the worst case. Even with these low frequencies
and small torque references the error function grows much larger than
the threshold. This implies that the threshold can be set higher than
0.2. That is no drawback, since the normal level of the error function
is about 0.2. By raising the threshold to 0.3 the risk of making a faulty
detection is reduced considerably.
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7 Conclusions

The error function developed in this report will detect any of the three
errors specified in Section 1.5. Some tuning to improve performance
and robustness is yet to be done, but the basic idea has proved to be
successful.

A phase-shifted motor will render no problem. The error function is
more than four times larger than normal levels for all torque references
and frequencies, when threshold value is 0.6.

A broken shrinkage fit might be more difficult. For the verified
situations in Chapter 6, the error function is at its least 1.5 times larger
than normal levels. Although the detection is successful in all parts of
this report, the margin of error is small. The threshold value in this
case is 0.3.

For a locked rotor the error function is at least four times larger than
the normal level, even though the frequency and the torque reference
is low. All theoretical results and experiences suggest that the
indication will be even more distinct, if higher frequencies references
are applied. The threshold value is 0.3.

Note that all thresholds are empirical and therefore not expected to be
valid for all applications. The robustness analysis shows however that
they at least will serve as a good initial guess.
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8 Suggestions for Further Research

Even if the algorithm should work quiet well today there are always
things to improve.

One thing is to make the detection of a broken shrinkage fit more
robust. Section 5.3 suggests that some restriction should be imposed to
the torque reference to get a more distinct indication. The result in
Section 6.3 confirms the conclusion and suggests that it would be
convenient to extend the detection algorithm with some restriction to
the frequency as well. Those restrictions would ensure that the error
function is at a level where there is no risk to make an incorrect
detection.

During the experiments in Chapter 6, incorrect detections in each start-
up phase were experienced. Some additional encoding should
therefore be added to the implementation in order to avoid this
problem. A suggestion on how to solve this problem can be seen in the
shaded part of Figure 4.1.

Another possibility is to use a second observer solely for fault
detection. This observer should have little or preferably no feedback at
all. Chapter 2 represents the case with no feedback. As seen the
estimation error is a lot bigger without feedback, hence the error
function would give a much more distinct indication.

The threshold is in this study set on a level that was found suitable. It
would be practical if the level could be calculated as a function of the
motor parameters and variables. This would certainly improve the
robustness and performance of the detection.

Another suggestion for further research is to investigate the integral
part of the controller. As stated in the conclusion of Section 2.3 the
integral part should increase significantly when a fault occurs. This
should be possible to use in order to detect the faults in question and
perhaps to detect faults outside the scope of this thesis as well.
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Appendix A. Effects of Different Observers

The object of this appendix is to examine how different observer set-
ups affect the error function in a closed loop system.

Three different observers are analysed. Each observer is simulated
with a phase-shifted motor. Frequency is swept from zero to 16.5 Hz
at a torque reference of 1000 Nm.

Initially one faultless motor is simulated for comparison. The observer
performs equally well regardless of set-ups, hence only one plot for a
faultless motor is shown in Figure A.1.

Figure A.1 One faultless motor, independent of observer.

As expected the estimated and the measured values are identical,
hence the error function is small.

The structure of Observer 1 is described in Eq. 11.1-11.5. The
equations follow directly from Section 2.1 and 2.2.
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Estimations are thus based entirely on knowledge of applied voltage
and rotor frequency.

Figure A.2 Observer 1, on phase-shifted motor.

The oscillation at the start of Figure A.2 is due to initialisation
problems in the simulation model. The differences between measured
and estimated signals are huge, which is reflected in the error function.

Observer 2 is similar to Observer 1, but it has feedback from the
current in the torque-equation, as described in Eq. A.6-A.7.
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Simulation results are shown in Figure A.3.

Figure A.3 Observer 2, one phase-shifted motor.

In this case the estimated current is more similar to the measured
current. The actual torque is also somewhat closer to the estimated
torque, but the difference is still large. The error function is still large
compared to Figure A.1.

The third and last case is Observer 3, which has the same structure as
the observer used in Chapter 3, Chapter 5 and Chapter 6. The
difference is the magnitude of the gain K in Eq. A.8.
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K(ω) is a non-linear gain vector which decreases with frequency.

Simulation results are shown in Figure A.4.
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Figure A.4 Observer 4, one phase-shifted motor.

In this case the shapes of the estimated and the measured currents are
similar, but there is still a bias of about 100 A. The actual torque is
similar to case two. The error function is still large compared to Figure
A.1, especially for low frequencies.

This Appendix confirms that increasing feedback will make the
indication of the error function less distinct. This is in no way
surprising, since the very objective of the observer feedback is to
reduce the difference between observed and measured current.
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Appendix B. Effect of Shifted Phases on Complex Representation

The three-phase representation W of the complex stator voltage us, is
defined as
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Section 1.2 contains a more thoroughly explanation of the relation
between three-phase and complex representation.

To go to the complex representation Q of u from W, a transformation
matrix T is applied to W, according to

TWQ = , where 
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Q is thus equal to
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Shifting phases X and Y is equal to shifting rows X and Y in the vector
W, yielding the vector WXY. WAB thus means that phases A and B are
shifted.
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Applying the transformation matrix T to WAB, yields the adherent
complex representation QAB, according to
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Repeating Eq. B.5 for the two remaining permutations of WXY yield the
vectors
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By using Eulers formula for complex numbers, the applied voltage on
a phase shifted motor can be written as
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Compare Eq. B.8 to the voltage of a correctly connected motor in Eq.
B.1. Since the exponent is negative, the voltage vector will rotate in
the opposite direction, compared to the original voltage.

A negative rotational direction of the applied voltage implies that the
current leaving the motor also has negative rotational direction.


