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Abstract— This paper present an application of induction
motor mechanical speed and load torque observers in high speed
train drives. The observers are applied for 1.2MW electric drive
with induction motor. The goal of using such observers is to
utilize computed variables for diagnostic purposes of speed
sensors and torque transmission system. The concept of
diagnostic system is presented in this paper and proper criteria
are proposed. The suggested system is designed to work without
speed sensor in the case of existing sensor faults. Monitored
motor load torque is used to limit the maximum motor torque in
case of existing problems in the gearbox. The results of
simulation and experimental investigations for 1.2MW induction
motor drive are presented.

Index Terms— Observers, Diagnostics, Rail Vehicle, Induction
motor, Sensorless control.

1. INTRODUCTION

Diagnostic systems are presented in numerous papers [1]-
[5], [7], and different techniques are being utilized for many
important applications. One of the important applications is
related to rail traction system [14].

The development of the rail transport is strongly dependent
on the reliability of the rail vehicles. All of the rail systems
should be equipped with appropriate diagnostic tools to assure
a safe transport. Most of the diagnostic systems are equipped
with additional sensors for safe operation. With extra sensors
the vehicle becomes more complicated for maintenance. The
new microprocessor techniques allow that the physical sensors
can be replaced with the precise computational codes.

Typically, the traction motors are equipped with speed
sensors. The sensor fault has significant influence on the proper
working of the whole train system. Usually the rail vehicle is
powered by few motors and few partially independent drives,
while disconnecting anyone of the motors influences the train

Manuscript received May 18, 2009. Accepted for publication July 20, 2009.
This work was supported in part by the Ministry of Science and Higher
Education under contracts N510 033 32/3050 and by finance for science in
the years 2008-2010 as research project N N510 386735.

Copyright © 2007 IEEE. Personal use of this material is permitted.
However, permission to use this material for any other purposes must be
obtained from the IEEE by sending a request to pubs-permissions@ieee.org

J. Guzinski is with Gdansk University of Technology, 80-233 Gdansk,
Poland (corresponding author to provide phone: 4858-347-2960; fax: 4858-
341-0880; e-mail: j.guzinski@ely.pg.gda.pl).

H. Abu-Rub is with Texas A&M University at Qatar, Doha, Qatar (e-mail:
haitham.abu-rub@gqatar.tamu.edu).

M. Diguet is with Alstom Transport, 65-000 Tarbes, France, (e-mail:
marc.diguet@transport.alstom.com).

Z. Krzeminski and A. Lewicki are with Gdansk University of Technology,
80-952 Gdansk, Poland (e-mail: z.krzeminski@ely.pg.gda.pl;
a.lewicki@ely.pg.gda.pl).

speed and consequently the travel time. In the traction drive, it
is possible to use speed calculations instead of speed
measurement [6]-[9], [29]. Using calculated speed, it is
possible to e.g. switch to the speed sensorless system in case of
speed sensor fault.

The motor torque transmission is the core system in traction
drives. In the transmission system, the problems may appear
even in new trains as a result of manufacturing or assembly
errors e.g. misalignment of some parts of the transmission
system [10]-[11]. After an initial period, the problems with the
transmission may appear as a result of wearing and material
consumption. Wear and tear of the gears causes growing
amplitudes of the frequencies related to the gear meshing. To
identify the problems related to the transmission system,
typically an analysis of the motor or gear casing vibration,
measured by the accelerometers, are done [12]-[13]. However,
instead of the vibration measurement it is also possible to use
the load torque calculation using observer systems [14]-[17].

For monitoring of both the electrical machines and
transmission system, the load torque analysis is important [18].
For the load torque analysis it is difficult to unequivocally
identify faults [19]-[21]. To define the torque transmission
faults criteria it is essential to build initially a data base with
load torque waveforms for healthy and faulty mechanical
system, and then to define faults criteria.

In this paper an application of the motor speed and load
torque observers is presented. The observers are proposed to be
part of the diagnostic system for high speed train (HST) with
1.2 MW three-phase induction motor drive. Such application
was previously presented in the authors’ paper [22] and [23]. In
[22] the used observers’ structure was explained and the model
of the mechanical system was presented. In [23] the concept of
the diagnostic system based on observer systems was proposed.
The appropriate diagnostic structures and criteria were
suggested.

The proposed solution is a small part of the developed
bigger HST predictive maintenance system. In the whole
diagnostic system several problems are under consideration
e.g.: speed sensor faults, mechanical transmission faults, motor
stator and rotor faults etc.

In contrary to [22] and [23], the speed observer with exact
model of the motor electromotive forces [28] is used in this
paper. More detailed description of the experimental test
procedure, additional test bench data and new simulation and
experimental results are shown. The perspectives of future
industrial implementation are discussed.

II. DESCRIPTION OF THE RAIL AND TEST BENCH SYSTEMS

The presented application of the speed and load torque
observers is dedicated to the multiple unit high speed train
which is shown in Fig. 1.
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Fig. 1. Electric multiple unit with two power cars.
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Fig. 5. 1/O card block scheme.

In such considered system two power cars are used. Each
car is propelled by four-1.2MW traction motors fed by
separated converters. Each of the motors is coupled with
separate axle with gear and coupling system. For the precise

control of the motor each motor is supplied with different
microprocessor controlled power converter (MCPC). In the
train system all drives work under master control of the
superior multiprocessor system (SMPS) which is an interface
to the train operator and maintenance center.

Schematic diagram of the HST bogie transmission system
was presented in [22] and [23]. More in detail is presented in
Fig.2, where the two gears with Cardan flexible coupling are
distinguished. For better shock absorption of the vehicle the
heavy traction motors are fixed with car body. Therefore, the
torque is transmitted from the motor to the wheels using two
gears and flexible coupling. The total HST gear ratio is /.9733.
The digital speed sensor is mounted directly on the motor
shaft. Measured speed is used e.g. in the rotor flux observer
calculations.

The experimental investigations of the observers presented
in this paper were done in the train factory test bench (Fig. 3)
where the traction motor, supply system and control were
exactly the same as in the real motorized bogie. The structure
of the gear was similar to the HST gear with different ratio. A
special purpose data acquisition system (DAS) was used — Fig.
4

The DAS is divided to the I/O card (IOC) — Fig. 5 and USB
card (USBC). The IOC is communicating with the MCPC and
SMPS using the internal buses. Configuration software is used
to convert all of the MCPC and SMPS internal variables, as
well FPGA logical signals, to the I/O card analog outputs. The
train system sensors outputs are accessible in I/O system. Up
to 32 analog signals are transferred from IOC to USBC and to
the PC computer where data acquisition software is installed.
The sampling for MCPC is 500us for DSP variables, 10us for
FPGA signals and 20ms for SMPS variables and logical
signals.

III. MODEL OF THE HST SYSTEM AND CONTROL PRINCIPLE

In the simulation model the next data of the real traction
motor were used: 1.2 MW, 810V, 280rad/s, 397 rad/s.
Motor speeds are related to the train speeds and are 225km/h
and 320 km/h respectively. The parameters of the motor,
which appear in simulation and experiments are normalized in
per unit [6], [22], [23], [26], [28], [30].

The rotor field oriented control principle was used for
motor control - Fig. 6. The mechanical part of the system was
reduced to a two-mass system [22], [23]. Other data were
presented in [22] and [23].
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Fig. 6. Base scheme of the motor control algorithm.

IV. TRACTION MOTOR SPEED OBSERVER

A lot of speed observers were presented in the literature
[29]. Extremely good results were obtained with the speed
observer presented in [6]. The speed observer idea presented in
[6] is based on extending the order of the Luenberger observer
[27] with simple model of motor electromotive force (EMF):
g= oV, (1)
where & = [éa g“ﬂ]r, : is motor mechanical speed, Wy, is

rotor flux: y = [‘//a 7 ﬁ]r , and af denote stationary frame of

references.

When observer calculation period is small, is possible to
assume that within one step the EMF are constant. Hence the
additional state equation is used [6]:
dé/dt =0
where 7is time in per unit system.

In [6] the EMF is the observers disturbance which is
estimated in pure integrators. In [30] the simplified dynamic
equations for EMF disturbances were proposed and used for
diagnostic purposes in [22] and [23]:
d5/dT = jo% 3)

In this paper the newer version of the observer [28] was
implemented. The newer version is based on EMF exact
model:
dg/dr = asE+agw,i; + jb,& “4)
where a; =R,/L., ag=R,L,/L,, and R, Ly, R, L,, L are
motor equivalent circuit parameters.

The equations of the speed observer are [28]:

2)

di,/dt = aji, +a,¥, — ja;& +a4u§°m+k1(is—fs) %)

dg, /e =acw, vag, + jEre, ©

déldr = asl+agoi, + jo &+ jk,(i, -1,) (7)

dSbF/dT:k/o(Sb _SbF) (3)

e, = {_ kySp o + k3, (S5 = Spr) ©)
kS0 5 — k3 v (S, = Spr)

0, = Ea+ )i +002y) (10)

where: ~ denotes calculated value, i5, u°®" are stator current

and commanded stator voltages, S, is observer stabilizing
component, Shr is Y3 filtered value,

a; = _(RYLi + RVLf” )/(LVWO') > (12 = RI‘Lm/(LrWO")’
as =Lm/WO. , dy =L,/wg , w,=LL, —I? ki, ko, k; and k4

m

are observer gains, ky, is Sy LPF coefficient.
In contrary to [28] the component related to da,/dr

observer was omitted assuming that for small step of the
observer calculation this component is close to zero in the
high inertia train system The block and input/output scheme
of the observer were presented in [22] and [23].

The speed observer is additionally used for motor
electromagnetic torque calculations:

Ty =rals — Vg (11)

V. LOAD TORQUE OBSERVER (LTO)

For the diagnostic purposes the analysis of the motor load
torque is used. This analysis was proposed in other papers but
in most cases for the measured load torque [12]-[13].
Unfortunately, measurement of the load torque is complicated
even in laboratory conditions and is rather practically
inapplicable for industrial applications. According to the
industry demand the computation method for the diagnostic
purposes is used.

The load torque calculations are based on method presented
in [7] and [14] and implemented for HST drive. Equations of
the implemented load torque observer (LTO) are follows:

d|z; 0 ki bJ
dt|:z 2:| - |:1

-k k
MWH( 2 }@’{ ]L}
—kyp || z2) W3~k P kg

Ty =25 —kopJ &,

T, (12)

(13)
where: ki, kop are LTO gains, z;, z> are LTO internal state
variables and 7, is motor torque calculated by speed observer.

In the LTO equations the estimated motor speed is used. It
makes LTO system independent of speed sensors faults. In the
real HST system the accuracy of the LTO calculations is
better with calculated speed than with measured one. This is a
result of low resolution of the motor speed sensor used in the
real HST and in the test bench. This speed sensor accuracy is
6% and 240 pulses per revolution. This low resolution of the
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sensor is the result of long term continuation of the HST
technology.

VI. OBSERVERS VERIFICATION PROCEDURES

Both observers were investigated by simulation and
experimentally for 1.2 MW HST drive.

For simulation the system was implemented in C language
with help of Matlab/Simulink as separate S-function.

For the experimental verification the train factory test
bench was used. Due to limited access a two-step procedure
was used in the experiments. In the first step the list of desired
tests was prepared and required MCPC variables and
measurements were collected with help of DAS: input inverter
voltage, motor speed, PWM modulation index, angle position
of PWM commanded voltage vector and motor two phase
currents.

The tests were done on the test bench: start up of the train
and work with constant speed with different load levels and
motor speed, breaking of the train with different load levels
and work with different constant motor speed for 0%, 25%,
50%, 75% and 100% load etc.

The collected signals were sampled with the same
frequency as MCPC calculation frequency 2kHz. Recorded
waveforms were saved by the PC connected to DAS and
converted into Matlab files format. An example of waveform
is in Fig. 7.

For experimental records the observer procedures
calculation were done off-line in PC with Matlab. The
experimental data were used as inputs for observers S-
function. The off-line observers’ calculations were done with
different sampling frequencies: 2kHz, SkHz, 10kHz and

1797.8 input iinverter woltage: input iin
v

er: woltage: input dinverter wvolitage

20kHz. Good results were obtained for 20kHz. The difference
between 2kHz MCPC and observer calculation sampling is
resulted from the fact that MCPC and observers’ calculations
were not been synchronized with the inverter PWM and the
sensors sampling. On the base of the performed simulations is
predicted that in case of observers procedures implementation
in the MCPC both MCPC and observer calculations sampling
frequencies will be the same.

The correctness of the S-function observers C language
code was verified in the designed SH65L type DSP board
with ADSP21065L fixed point processor and FPGA. The real
system with the observers and DSP board as well converter
and an induction motor drive were tested in the small scale
1.5kW laboratory setup.

VII. SPEED OBSERVER INVESTIGATIONS

Simulation results for the speed observer from section IV
are presented in Fig. 8.

In Fig. 8 the motor load torque was changed in steps.
Adequately to the commanded torque the speed of the motor
changes. The particular steady state motor speeds are related
to the speed of the train: 30..160..210..150km/h. During the
test the speed observer was working properly. In comparison
to other observers accuracy [29] the motor speed calculation
error was small — up to 1.3% of the motor nominal speed in
full speed range. It is also better than results obtained with
previous version of the traction motor speed observer [22],
[23]. The accuracy of the calculated motor speed is better than
the accuracy of the measured speed used in HST (6%) so it is
evident that estimated speed could be used as useful tool for
the diagnostic system.
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Fig. 7. Experiment: the example of the recorded waveforms during motor start up — visible motor maximum speed corresponds to 100 km/h speed of the train (1-
inverter supply voltage, 2-motor speed, 3-PWM modulation index, 4-motor supply voltage vector position, 5 - stator currents, ).
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Fig. 8. Simulation results for speed observer during accelerating and
decelerating of the train (30..160..210..150 km/h).
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Fig. 11. Experimental results for speed observer calculation — breaking of the
train from 320 km/h to 0 km/h — observer calculation starts when the train has
the higher speed
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Fig. 12. Small scale (1.5kW) experimental result —system reaction to the
changes of the motor rotor resistance.

In [22] the experimental test of the speed observer in the
whole train speed range was presented. In spite of changing
the inverter transistors switching frequency the observer was

working properly even for the highest obtained speed. In the
upper speed range the inverter was working with square wave
and the motor current shape was strongly deformed — Fig. 9.
Experimental results for the new version of the observer is
presented in Fig. 10.

In Fig. 10 the train drive was started to about 50 km/h. The
speed observer is working with an error less than 1.5 %,
which is similar to the simulation results. In contrary to results
from [23] the error is significantly lower for the low speed
region.

If the observer calculations start when the inverter
switching frequency is high and the motor current are close to
sinusoidal shape, the observer acts properly. In case when the
observer calculations are switched on when the train is
working with higher speed and the current is deformed, the
observer can not start — Fig. 11.

In Fig. 11 the observer started to work properly when the
speed of the motor has decreased to the level responding
about 120 km/h. With this speed level the current quality has
improved and becomes suitable for the speed observer.

The reaction to the motor parameters’ changes were tested
experimentally in a 1.5kW induction motor drive. The
variations of the motor parameters were been applied in the
observer equations. An example is in Fig. 12. In spite of wide
rotor resistance deviation, the system keeps stability. The
commanded speed (0.32 p.u) and flux (0.9 p.u.) are
controlled. The use of the closed loop observer structure
makes the system practically non sensitive to the parameters
variations.

VIII. SPEED SENSOR DIAGNOSTIC SYSTEM IDEA

The speed observer was proposed to be used as an element
of the speed sensor diagnostic system. The diagnostic idea
was tested by simulation method.

With on-line speed calculation it is possible to compare the

measured speed with the calculated one. It is obvious that a
practically applicable diagnostic criterion for speed sensors
could be:
‘a)r - a)r‘ > Erlim it (20)
where the error limit E, jimi was tuned to the level E; jmi=3%.
This level was chosen to be higher than the maximum speed
error calculations obtained in simulation and the indicator
level should be tuned according to the obtained speed
observer accuracy.

If the E. /mi exceeds tuned diagnostic level the SMPS
obtains the adequate diagnostic information. In case of speed
sensor fault detection it is desirable to switch the motor
control to the speed sensorless mode. Additionally, the
diagnostic information should be sent to the maintenance
center through rail wireless communication interface [23].

IX. SPEED SENSORLESS CONTROL OF THE DRIVE

The measured speed of the motor is converted in the control
board and sent to the microprocessor system. If the fault of the
speed sensor occurs, this information can be disturbed in
different ways — depending on the realization of the MCPC
digital input buffer. In the faulty case the scanned motor speed
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can change rapidly to some of the buffer limits. It is possible
also that scanned speed can stay without changes — if input
buffer will memorize the last correct value. Depending on the
type of the fault the control system may react differently.

The HST system was tested in simulation program for some
cases of the speed sensors faults. An example results are
presented in Fig. 13.

In Fig. 13 the speed sensor fault appears at instant 5 sec. At
this instant the measured speed was equated to zero. In one
step of the control system calculation that fault was detected
and a diagnostic indicator de- has been changed from 0 to 1.
Simultaneously, the system was switched to the speed
sensorless mode. The whole system works without any
disturbance. After fault the commanded motor torque was
changed and the system has reacted correctly.

The other fault of the speed sensor is also probable — in the
speed scanning buffer the last proper value of the measured
speed could be memorized. If this happens during a steady
state the diagnostic system does not react immediately. In
such case the whole system still works properly until the
moment when the torque commanded signal is set or when the
system starts losing its operating point. An example of such
incident is in Fig. 14.

In Fig. 14 the speed sensor fault has appeared at instant
Ssec. In the speed scanning buffer the last proper value was
memorized. The whole control system was in steady state
condition and the fault was not identified. That fault has no
influence on the system work until the moment when the
system started to change the actual operating point slowly.
When the diagnostic indicator achieved 3% level, the fault
was indicated and control was switched to the sensorless
mode.

For sensorless control of the drive the difference between
the speed observers from [22], [23] and speed observer
presented in this paper are not noticeable. As was presented in
e.g. [29] the sensorless control drives can work also with the
higher speed errors. Practically the speed estimation error
level can influence significantly on the proper work of the
drive only in the very low speed range. The quality of the
speed observer has more significant importance for the
diagnostic purposes.

oY R e S Sl

T com |
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0 25 5 7.5 10 [s]
Fig. 13. Control of the HST drive with diagnostic system during speed
sensor faults - zero speed in the control system memory.
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Fig. 14. Detection of the sensor faults — last measured speed value in the
control system memory.

It is assumed that to discern between the sensor failure and
motor failure a different motor stator and rotor diagnostic
system has to be used. The HST motor failure is going to be
monitored by separate algorithm based on analysis of the
control signals in the closed loop [31].

X. LOAD TORQUE OBSERVER INVESTIGATIONS

Presented LTO was verified with simulation and
experiments in the same way as the speed observer.

An example of the LTO simulation result is presented in
Fig. 15. The experimental results are in Fig 16 and 17.

For Fig. 15 the inertia of the train was omitted and the
superior motor speed controller was used. The mechanical
part of the simulated system was not faulty. The load torque
T;, was applied with step changes for different motor speeds.
The estimated motor load torque 7, follows the real motor

load torque Ts;. Other results of the LTO were presented in
[22], [23].

In Fig. 16 and Fig. 17 the train was moving with constant
speed of 50 km/h and 150 km/h respectively. The four
different motor loads: 25 %, 50 %, 75 %, 100 % were applied.
The calculated load torque was analyzed with discrete Fourier
transformation. In the shown figures only some interesting
range of frequency is presented. This frequency range was
related to the load torque meshing frequency. The train speed
50 km/h is equal to 29 Hz frequency of the motor rotation
speed and the 150km/h to 90Hz respectively. The mechanical
speed of the motor comes from the used gear ratio (1.97),
wheel diameter (0.885 m) and the motor poles
number (6) [22]. Regarding the teeth number of the gear
driving wheel - 25, the meshing frequency was approximately
725 Hz and 2250 respectively. In the test bench the
transmission system was healthy and the amplitude of the
meshing frequency was very small but was identified using
the proposed calculation method. In the case of the 150km/h
train speed the motor speed was calculated with less accuracy.
So the motor mechanical speed was variable in the range 87 to
90Hz. It influences on the results presented in Fig. 17.

Other tests were provided for higher train speed but for a
reason of lower switching frequency of the inverter transistors
the motor current was seriously distorted [22]. Therefore, for
higher speed the LTO results were not satisfying. That is
partially visible even in Fig. 17 waveforms where meshing
frequency amplitudes are close to other visible in load torque
spectrum.

In the real system the diagnostic system for gear monitoring
will not work in all range of the HST speed. The suggested
range of the HST speed, accessible for LTO calculations, is up
to 100 km/h.
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Fig. 15. Simulation results for LTO calculation.
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Fig. 16. Experimental results for load torque observer calculation —

identification of meshing frequency — train speed about 50 km/h.
Amplitude

Fig. 17. Experimental results for load torque observer calculation —
identification of meshing frequency — train speed about 150 km/h.

XI. TORQUE TRANSMISSION DIAGNOSTIC SYSTEM IDEA

The idea of the torque transmission monitoring system
depends on the assumption that all the problems within the
transmission system could be identified by the motor load
torque analysis. In the diagnostic system the load torque of the
motor will be calculated using the motor load torque observer.
As reported in numerous papers, the analysis of the load
torque is very complicated. Therefore, the analysis of the
motor load torque should be divided into two methods: on-
line and off-line [22], [23].

In on-line method a simple comparison of the amplitudes of
the characteristic frequencies should be used to identify the
serious problems with the transmission system. When a
problem is identified the control system should limit the
maximum torque generated by the motor to allow slower

travel of the train. For predicting some symptoms of the
mechanical system faults a more complicated and time
consuming procedures will be essential e.g. detectors based on
fuzzy logic and neural networks.

XII. IMPLEMENTATIONS PERSPECTIVES AND CONCLUSIONS

The obtained results confirm that the speed and load torque
observers has good properties to be used in the diagnostic
system. The proposed solution was accepted by HST factory
for future implementation and for consecutive tests. Currently,
our diagnostic system is under implementation in the real rail
system as an open-loop system. The separate DSP diagnostic
board (DSPDB) is under development and is planned to be
installed it in the real running HST. In the first step the
DSPDB will work in open-loop calculating. The observers
will be used for data collecting purposes and monitoring. The
data will be stored in the DSPDB flash memory and
transmitted to the maintenance center. These data will be
analyzed and compared with the other data kept in the
maintenance center records. This solution is necessary for
building a torque transmission system failures data base,
which will be used to define diagnostic criteria and their
appropriate excitation levels. After that it is planned to include
the DSPDB to the closed-loop control of the HST. The
DSPDB will communicate with SMPS sending information
about appearing or predicted faults.
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