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Abstract

This paper analyzes how distributed inverters can further increase the fault tolerance of switched re-
luctance traction drives. The drive under investigation is an outer-rotor direct-drive switched reluctance
machines (SRM) for railway traction. The phases of SRMs are magnetically and to a certain extend elec-
trically decoupled. Hence, in case of a fault inside a phase, the remaining phases can continue operation
with reduced power. With the distributed inverter concept at hand, each coil of a phase is excited by
its own modular inverter. This increases the redundancy, simplifies integration of machine and inverter,
and enables a new degree of freedom regarding the control of the machine. Especially for electric drives
used in railway traction or electric vehicles, redundancy avoids all the inconveniences of a standstill in
case of a fault, enabling a so-called limp home capability. This paper shows, how open- and short-circuit
faults of single coils or modules of the proposed drive influence average torque, torque ripple, and noise
and vibration. Therewith, it will be shown that with the SRM and the distributed inverter it is possible to

continue operation in case of the analyzed faults.
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1 Introduction

Redundancy can be a key requirement for elec-
tric traction drives. Railway traction application
require full operation even under partial system
failure. In electric vehicles, at least a complete
system failure should be avoided and thus a so-
called limp home capability is desired for both
passenger safety and comfort. In industry appli-
cations, the breakdown of a drive can lead to in-
tensive costs and safety issues if for instance the
fault stops a production facility or if the drive is
responsigle for ventilation. In aviation, the loss
of a fuel pump or a generator in a plane risks a
fatal crash. Therefore, most of the safety critical
components in planes are highly redundant. The
strong demand for reliability can often outweigh
the additional costs, necessary to make the drive
more reliable and safe.

With switched reluctance machines (SRM) this
increased reliability comes at moderate extra cost
making it attractive also for cost sensitve applica-

tions, for example in electric vehicles. A further
important characteristic of the machine is that it
does not use expensive magnetic materials nor
copper windings on the rotor. It’s simple design
leads to a low cost machine, compared to other
machine types. Furthermore, the SRM is inher-
ent fault tolerant, due to the magnetic and electric
independence of the machines phases.

The extensive research for the so called More
Electric Aircraft, replacing hydraulic, pneumatic
and mechanical transfer systems with electric SR
drives [1, 2, 3], shows that SRMs are in focus
of such highly critical applications due to their
fault tolerance. The SRM is furthermore seen
as promising solution for future starter-generator
systems or fuel pumps in aircraft engines. In [4],
a starter-generator for aircraft engines is shown,
based on a three-phase SRM. Three advantages
are stated: First, the physical and electromag-
netic isolation of the phases, reducing the possi-
bility of phase-to-phase faults and allowing iso-
lation of the faulted phase. Second, the lack of
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Table 1: Specifications of the designed SRM

Stator/rotor teeth 20/16
Phase number 5
Outer rotor radius 320 mm
Inner rotor radius 259 mm
Outer stator radius 257.5 mm
Inner stator radius 150 mm
Stack length 150 mm
Airgap 1.5 mm
Number of turns per coil 160
Nominal torque 1800 Nm
Nominal power 66 kW
Maximum speed 750 rpm
Copper fill factor 60 %

an excitation source on the rotor, not leading to a
generated power in a faulted phase; and last, the
power converter topology, which has the phase
coil in series with the power devices, prevent-
ing a shoot-through fault mode in case of a fault,
as it is the case for the inverters of rotating field
machines. Regarding the first advantage, a sim-
ilar behavior is possible with permanent mag-
net synchronous machines (PMSM) using con-
centrated coils. However, the second and third
advantages increase the fault tolerance of SRM
drives compared to a PMSM drive without any
additional costs. These benefits are also of in-
terest for electrical drives in railway and electric
vehicles. The low-cost construction and the high
inherent redundancy of SRMs illustrate that the
SRM should be part of the research for new pos-
sible drive concepts.

In this paper, the influence of different faults in
the distributed inverter concept for SRMs, intro-
duced in [5], is analyzed. The distributed inverter
concept uses one inverter module for each coil of
the machine. Hence, not only the phases but also
single coils of one phase are electrically decou-
pled. This increases the redundancy of the ma-
chine, because the failure of one module does not
lead to the failure of the complete phase. How-
ever, the influence of faults in single modules on
torque, vibration and noise has to be investigated.
All results are based on a five-phase outer-rotor
switched reluctance direct drive for railway trac-
tion application, as presented in [5]. The specifi-
cations of the machine are given in Table 1. The
number of stator teeth corresponds to the number
of necessary inverter modules. Figure 1 shows
the prototype of the machine and the inverter.

In Section 2 simulation results of the influence
of faults of single modules on average torque,
torque ripple, net radial force and the spectral
composition of the excited forces are shown. The
results show, that the drive can continue opera-
tion after a fault has occurred. To proof the sim-
ulation results and therewith the developed sim-
ulation model, Section 3 illustrates experimental
results measured at the test bench.

Figure 1: Prototype of inverter and machine

2 Simulation of Faults

As described in Section 1, with the distributed in-
verter single poles of one phase can fail indepen-
dently. Therefore, the simulation model needs to
model each pole separately. In general, mutual
coupling between the phases of an SRM can be
neglected if the saturation of the rotor and sta-
tor yoke is neglected and the machine is excited
simmetrically with an even number of poles, as
shown for example in [6, 7, 8§]. Mutual cou-
pling describes the influence of an active phase
on other phases. Provided that mutual coupling
is neglected, the phases of the SRM are magneti-
cally independent.

With the distributed inverter at hand, an asym-
metric excitation within the four poles of one
phase is possible. For the case that one module
of a phase fails, Figure 2 shows the results of a
FEM simulation with three out of four poles of
one phase active. In this case, a flux linkage is
induced in all other teeth of the machine. There-
fore, the simulation model needs to regard mu-
tual coupling between all teeth of the machine.
Two different solutions to model the asymmet-
ric flux linkages and faults of the given machine
have been regarded. The first is to embed an
FEM of the machine in a dynamic simulation en-
vironment, as for example MATLAB/Simulink.
There, in each time step the FEM is solved and
the results are returned to the simulation model.
In [9, 10], an example of a dual-channel 12/14
SRM is shown simulated with a coupled MAT-
LAB/Simulink — Flux 2D model. The main
drawback of this method is the high computa-
tion time, which is necessary to run the simula-
tion. The second solution is to build a network
of lumped reluctances and flux sources, repre-
senting the machine. Compared to the coupled
FEM — MATLAB/Simulink simulation, the net-
work has to be recursively solved in each time
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Figure 2: Results of FEM simulation for three out of
four poles of one phase active

step, however, the computation is significantly
reduced because the network consists of less than
100 elements for the complete machine. Usin
this network, mutual coupling and saturation et-
fects are taken into account and all flux linkages,
currents and forces affecting each tooth can eas-
ily be determined. Details on the developed sim-
ulation model can be found in [11].

The simulation model of the drive also in-
cludes a direct torque control, using Predictive
PWM-based Direct Instantaneous Torque Con-
trol (PWM-DITC), as proposed in [12]. PWM-
DITC is a non-linear predictive torque controller
using pulse-width modulation. The instanta-
neous torque is estimated using the current and
the position of the phase [13]. The reference
torque is then shared among the active poles and
the torque per pole is used to calculate a duty
cycle for each module to reach the demanded
torque. With the developed torque sharing al-
gorithm, as described in [14], it is possible to
compensate for faults in single modules. For this
compensation, a prerequisite is that the controller
is aware of the failing modules. How failures in
SRMs can be detected is shown for example in
[15], [16] or [17]. Also, the compensation is only
possible within certain current limits, because the
load of the remaining models is increased.

2.1 Influence of Open-Circuit-Faults

Switched reluctance machines are inherent fault
tolerant. For the given prototype, without any
compensation by the remaining active modules,
the overall torque is reduced by approximately
one twentieth of the reference torque for each
failing module, as has been shown 1n [5]. If all
four modules of a phase fail, the machine torque
is reduced by 1/N,,, hence, by 20% of the refer-
ence torque. The torque ripple increases approxi-
mately by 25 % — 30 % with each failing module.
In the following, the developed torque sharing al-
gorithm is used to compensate for the missing
torque. The results can be compared to the above
mentioned effects of a failure without compensa-
tion. Figure 3 illustrates the currents and the to-

tal torque for an operating point of 1000 Nm and
200 rpm. Shown are the simulation results of no
fault (1111), the fault of one module (0111), the
fault of two opposite modules (0101), the fault
of two neighboring modules (0011) and the fault
of all modules (0000) of phase 1. In Figure 3(a),
(b) and (c) the currents of one active module for
the out-going phase 5, the faulty phase 1 and the
in-coming phase 2 are depicted.

If one module in phase 1 fails, the currents of
the out-going phase 5 and of the remaining mod-
ules in phase 1 are increased. Consequently, the
torque ripple, illustrated in Figure 3(d), can be
compensated at this operating point. If another
module fails, e.g. opposite to the previous fault
(0101), the currents in phase 5 and 1 are in-
creased further. The resulting ripple is approx.
12 %. This value is significantly lower compared

to the approximate 60 % in the case 0101 with no
fault compensation. Moreover, it can be seen in
Figure 3(d) that the case 0011 has a lower torque
ripple compared to 0101.

If a complete phase fails (0000), the controller
tries to compensate for the fault by increasing the
turn-on time of phase 5, shown in Figure 3(a).
The current of phase 1 in Figure 3(b) is zero.

Nevertheless, the torque ripple reaches 80 %, due
to the loss of the 4 modules. Still, this is signifi-
cantly lower compared to no fault compensation.
To investigate the influence of different faults
on the torque ripple over the entire operating
area, the developed MATLAB/Simulink model
has been automated to simulate different faults
and different operating points. With increasing
number of failing modules the torque ripple is
increased, especially in the higher torque range
in the low speed area. In the developed simula-
tion model, the current of the modules is limited
to 80 A. Therefore, the controller cannot com-
pensate for the torque ripple with the remaining
modules at higher torque commands. In the area
of 0 — 100 rpm and torque levels above 800 Nm,
the controller additionally does not compensate
well for the missing torque of the modules in case
of faults. In this area, the turn-on and turn-off
angles of the control have to be adapted for each
phase separately in case of a fault, to guarantee a
smooth torque, as is the case at 200 rpm.

If Figure 4(b) is compared with Figure 4(a), it
can be seen that the lines of constant torque rip-
ple move to lower speeds. For instance, in Fig-
ure 4(b) the 10 % line (labeled with 0.1) starts
at approximately 300rpm, whereas in case of
no fault, the line starts at 350 rpm. The line of
20 % torque ripple is shifted to 350 rpm in the
same manner. Below 300 rpm, the torque ripple
due to the one failing module can completely be
compensated. The maximum ripple at maximum
speed is increased approximately by 20 % up to
60 % torque ripple.

The difference between the fault 0011 and 0101
in Figure 4 (c) and (d) is a notable result. The
fault 0101 has approximately 10 % higher torque
ripple, throughout the operating area. To under-
stand why 0101 is worse regarding torque rip-
ple, one has to remember the direction of the flux
linkage in the coils. In one phase, the direction is
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Figure 3: Simulation results for different faults at
1000 Nm and 200 rpm

always alternated from pole to pole. This means
that 1n the 0101 case, both coils have a positive
flux linkafge direction, thereby leading to a high
amount of induced flux linkage in other teeth, as
shown in Figure 5(a). In the 0011 case, one coil
has a positive and one coil a negative flux link-
age direction. Therefore, the two flux linkages
compensate each other, and hence almost no flux
is induced in the other stator teeth, as illustrated
in Figure 5(b). The same behavior could be real-
ized for the case 0101 by reversing the direction
of the flux linkage of one pole. However, this
would require additional switches, which is not
an alternative due to the increased costs of the
inverter.

This can additionally be shown, if the module
currents and the induced flux linkages ¥; in each
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Figure 4: Simulated torque ripple for different faults
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Figure 5: Comparison of flux linkage distribution for
two faulty modules — rotor position: 132° elec., I: 50
AT

tooth are depicted for the two faults (Figure 6).
The currents of the active modules of the faulted
phase (green) are almost identical, as shown in
Figure 6 (a) and (b). However, the currents of
the other phases are influenced strongly in case
of the fault 0101 due to the induced flux linkage
in other teeth, as illustrated in Figure 6(a). Fig-
ure 6(c) and (d) illustrates the induced flux link-
age for the two faults. In the fault case 0101, the
induced flux linkage in other teeth reaches levels

of up to 0.4 Vs, which is approximately 30 % of
the peak flux linkage of one tooth. The induced
fluxes in the two faulty teeth of the first phase
are highlighted in Figure 6(c). In Figure 6(d), it
is shown that for the fault 0011 the induced flux
linkage is almost zero, as is expected. The shape
of the induced flux linkage in Figure 6(c) is typi-
cal for the developed drive.

2.2 Influence of Short-Circuit Faults

This section analyzes the different short-circuit
faults of a coil on a system level. Thereby, dif-
ferent numbers of failing modules are consid-
ered. As presented for open-circuit faults, a flux
is induced in almost all stator teeth in case of an
asymmetric excitation within one phase. Conse-
quently, this flux induces a current in a coil, if the
coil is short-circuited. Several different operating
points have been simulated, to give an impression
of the amplitude and the influence of the induced
current.

For the machine and the machine model, a short-
circuit is equal to a zero input voltage at the ter-
minal connections. However, in contrast to nor-
mal operation, negative phase currents are physi-
cally possible. In normal operation negative cur-
rent is blocked by the diodes of the inverter. The
sign of the induced current depends on the sign
of the slope of the induced flux linkage (1).

Ri(t) =0— —(t 1
i) =0-"2(t) (1)
The sign of the current is defined positive in each
module if a positive voltage is applied. This is
important because in the machine the direction
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Figure 6: Simulated induced flux linkage for all teeth
at 1000 Nm and 200 rpm

of the flux linkage is alternated for every second
module within a phase by switching the terminals
of the coil. Therefore, the real current direction
changes from module to module. In case of a
short-circuit fault in one coil the current in that
coil, induced by the remaining modules of the
same phase, is always negative. Only the other
phases can induce flux in the opposite direction,
thereby, leading to a positive induced current.

The induced current depends on the operating
torque and speed of the machine. It increases
with speed due to the increased overlap the phase
and the higher back e.m.f.. In addition, a higher
torque requires a higher flux in the machine
and therefore, more flux is induced in the short-
circuited coil. As an example, a healthy and a
short-circuit current of two modules of one phase
for the fault case 2121 (1 = healthy, 2 = short cir-
cuit) at 200 to 600 rpm and 600 Nm are shown in
Figure 7(a) and (b), respectively. In addition, the
total torque produced by all Fhases is depicted
in Figure 7(c). Figure 7(b) illustrates, how the
induced current increases with speed. At low
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Figure 7: Simulated module currents and total torque
— two opposite short-circuit faults (2121) at 600 Nm,
200 rpm — 600 rpm

speed, the induced current is mainly negative.

onsequently, the current is almost exclusively
induced by the modules of the same phase. How-
ever, by increasing the speed, the overlap of the
phases increases due to the earlier turn-on of the
phases, and hence, more positive current is in-
duced. The maximum current peak, reached in
this example at 600 rpm, is approximately 7 A.
The influence of the induced current on the total
torque is small. The total torque in Figure 7(c) is
similar to the torque of a 0101 open-circuit fault.
The influence of the induced currents on the op-
eration of the drive is negligible. The maximum
simulated rms value of a short-circuit current
throughout the operating range of the machine is
approximately one fifth of the maximum allowed
coil current (8 A,ns). Therefore, the induced cur-
rents are far below the allowed current density
of the coil. The induced rms currents over the
entire operating area in a shorted module in the
fault case 2121 are illustrated in Figure 8. In ad-
dition, the resulting torque ripple is similar to the
open-circuit fault cases due to the small influence
of the induced current in the faulted coils. Con-
sequently, short-circuit faults of the coils have a
similar effect on the operation of the proposed
drive as open-circuit faults and furthermore, the
induced current does not lead to an overheating
of the faulty coils. Ultimately, the machine can
continue operation.

2.3 Unbalanced Magnetic Pull

Figure 9 shows the cross section and the forces of
the machine for 1111, 0111, 0011 and 0101 at a
rotor position of 82.4° elec. degree at 1000 Nm
and 200rpm. At this rotor position in this ex-

1500
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Induced current in Ay

500

0

0 100 200 300 400 500 600 700

Speed in rpm

Figure 8: Induced current in a short-circuited coil
over the operating area (2121)

ample, the faulty phase has its maximum radial
force. The resulting net radial force, the so-
called magnetic pull Fy,p,, is shown as a vec-

tor in the center of the machine. The ampli-
tude depends on the fault and is 4098 N for the
case 0111 and 7682 N for the case 0011. For the
cases 1111 and 0101 the radial forces are sym-
metric and therefore, add up to zero. At nominal
torque (1800 Nm), the amplitude of F},,, rises up
to 6612 N in case of 0111 and 11248 N in case
of 0011. Furthermore, this force is excited peri-
odically every electrical period; hence, the fre-
quency of the unbalanced magnetic pull is the
multiplication of speed and the number of rotor
teeth (n - IV;).

Rotation Rotation

Position: Position:
82.4° elec. 82.4° elec.

(a) No fault (1111), Finp = (b) One fault (0111),
0N Frp = 4098 N

Rotation Rotation

¥ ¥
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(c) Two neighboring faults (d) Two opposite faults
(0011), Fnp = 7682 N (0101), Frnp = 0N

—D R = Fun Fup

Figure 9: Excited forces on rotor for different faults
at 200 rpm and 1000 Nm
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The amplitude of Fy,, is small, compared to the
weight of the later application (e.g. 18t vehi-
cle with four wheels). However, the increase of
stress on the bearings reduces the lifetime of the
bearings and increases vibration and noise.

2.4 Spectral Composition of Excited
Forces

To analyze the excited vibration modes and their
excited noise level in detail, a spectral decom-
position of the radial forces on the stator teeth
1s carried out. The forces are obtained using
the developed MATLAB/Simulink model of the
drive. The calculation comprises the following
four steps:

1. Calculate the time dependency of the forces
Fn(n) for each excited force shape (me
[0; 4]) from the radial forces of the 20 sta-
tor teeth Fi(n) for each time step n with a
spatial Fourier analysis.

In other words, the 20 simulated stator tooth
forces for one electrical period are used
to perform a spatial decomposition of the
forces, as shown in [18]. The spatial decom-
position is basically a Fourier synthesis of
the amplitude of the 20 forces on the teeth
over the circumference of the machine.

2. Determine the discrete spectral composition

F (k) of the time dependent excited force
shapes Fi,(n) with a second Fourier synthe-
sis.
With the identified vector of the force
shapes F,(n), the spectral composition
Fu(k) and hence, the frequency compo-
nents k of each force shape, are identified.

3. Weighting the spectra Fy,(k) with a second
order system.

It is possible to find a transfer function that
describes the acceleration of the rotor sur-
face as a reaction on the force shapes on the
rotor teeth. These transfer functions can be
derived, for instance, with a harmonic anal-
ysis [19]. In this paper, a second order sys-
tem is used to approximate these functions.
A function based on the measured eigenfre-
quencies wy, of the machine is built for each

mode ((2), me [0; 4]).

K
2@

Gm = 7
W= e ads 11 Yo,

4. Cumulate the weighted frequency compo-
nents F}) (k) to gain the total signal energy
of the mode

The estimated transfer functions are used to
weight the corresponding force shape spec-
tra F, (k) The resulting force spectra F.}} (k)
are used to calculate the corresponding sig-
nal energy of each mode, as shown in (3).
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Rel. total energy
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Figure 10: Excitation of mode 1 in case one module
fails (0111), unbalanced magnetic pull
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Figure 11: Excitation of mode 2 in case one module
fails (0101)
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Figure 12: Excitation of mode O in case one module
fails (0000)

The signal energy is the accumulation of the
squared absolute values of F} (k) divided by
the number of L components

1

L
En=—Y |Fy(k)} 3)
k=1

!

The calculation of the total energy of the mode
is repeated for the complete operating area of
the machine and different faults. The results
are characteristics of the machine, showing the
strength of the excitation of the modes over the
entire operating area.

These characteristics help to understand what
happens to the drive after a fault and how the
controller can react to prevent a strong increase
of vibration. As a first example it is supposed
that one module fails (0111). Due to the asym-
metric excitation of the machine, this fault will
lead to an increased excitation of modes 1, as has
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been shown in [5]. Using the simulated charac-
teristic in Figure 10 it can be seen at what speed
of the machine the excitation of mode 1 is criti-
cal. For the given machine, the fundamental elec-
tric frequency hits the eigenfrequency of mode 1
(43 Hz) at around 160 rpm. Consequently, if at
low speeds one module fails, the controller can
reduce the excitation of mode 1 by turning-off
the opposite module and thereby restoring sym-
metric operation.

In the symmetric case 0101 mode 1 is not ex-
cited and the machine can continue operation
without a significant increase of vibration. How-
ever, in case two opposite modules are turned-
off, the excitation of mode 2 is increased. The
characteristic in Figure 11 illustrates that around
400 rpm the excitation of mode 2 has its maxi-
mum. Therefore, to prevent a strong excitation
of mode 2, the controller can turn-off the com-
plete phase (0000) in this speed range. This will
prevent the excitation of mode 1, 2 and 3.
Having turned-off the complete phase, the simu-
lation results in Figure 12 show that if the ma-
chine is accelerated to approximately 600 rpm,
the excitation of mode O is increased compared
to no fault. In this case, it is possible to turn-
on the faulty phase again (0111), because in this
speed range neither the excitation of mode 1 nor
mode 2 is critical.

Thess examples illustrates that it is possible to
reduce the vibration after a fault by turning on
or off other modules of the machine depending
on the operating point. This allows to continue
operation after a fault, without at significant in-
crease of vibration, however, with an influence of
the maximum possible torque, depending on the
overload capability of the remaining modules.

3 Experimental Results

In the following sections results of open- and
short-circuit faults and run-up tests are shown.
The results have been achieved with the proto-
type of the outer-rotor SRM and the integrated
distributed inverter. To measure currents and
torque, the internal variables of the control DSP
are displayed online on a scope with the help
of four digital-to-analog converters. Thereby,
the measured currents of modules, the estimated
torque of the phases and the total torque can be
viewed during operation of the machine. The
variables are updated with the 10kHz sample
rate of the PWM. In addition, the torque is mea-
sured with a torque transducer mounted to the
shaft of the machine. This allows validating the
estimated torque with the real measured torque,
however, the bandwidth of the transducer is too
low to show the torque ripple of the machine,
hence, in the following, the estimated torque is
used to identify the resulting torque ripple. The
tests have shown that the estimated torque is in
good agreement with the measured torque of the
transducer regarding the average value. There-
fore, it is valid to examine the influence of dif-
ferent faults using the estimated torque. More-
over, acceleration sensors have been mounted to
the rotor of the machine, to measure the resulting
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Figure 13: Measured torque and currents with no
compensation — two faults (0101) at 200 rpm and
1000 Nm
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Figure 14: Measured torque and currents with
compensation — two faults (0101) at 200 rpm and
1000 Nm

vibrations. The signals of these sensors are trans-
mitted to a computer by a telemetry unit, which
is fixed at the rotating rotor of the drive. The fre-
quency spectrum of the vibration signals is used
to verify the results from the spectral analysis of
different faults.

3.1 Open-Cicruit faults

The proposed torque-sharing algorithm is used to
compensate for the missing torque of the faulty
modules, as has been explained in Section 2.
To show the influence of tIEl)e compensation, Fig-
ure 13 and Figure 14 show the measured torque
and the phase currents of phase 1 and phase 5 at
an operating point of 200 rpm and 1000 Nm. It
can be seen in Figure 14 that the currents of the
remaining modules of phase 1 are increased to
produce more torque. Consequently, the torque
dip in Figure 13 is compensated.

3.2 Short-Cicruit faults

In Section 2.2 it has been illustrated that the ef-
fects of a short-circuit are marginal, due to the
fact, that the induced current in the shorted phase
is far below the allowed maximum phase current.
In addition, it has been shown that the influence
on torque ripple and vibrations is similar in case
of a short- or open-circuited coil. In Figure 15(a),
two currents of an active module in phase 1 and
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Figure 15: Measured current and torque — short circuit
of two coils (2121) at 300 Nm, 600 rpm

2 and the measured short-circuit current in one
coil of phase 1 are shown. The short-circuit cur-
rent has been measured with an additional cur-
rent transducer because the current does not pass
the current sensor of the module. As operating
point, 600 rpm and 300 Nm is chosen. In this
case, two opposite modules are short-circuited
(2121). Thereby, the rms value of the induced
current in Figure 15(a) is approximately 1.5 A,
which matches the simulation results illustrated
in Figure 8.

3.3 Run-Up Tests

Run-up tests have been performed to investigate
the influence of faults over the speed range of
the machine and therewith, to verify the spectral
decomposition of the simulated forces. The ma-
chine is accelerated from standstill to 600 rpm at
no load and 200 Nm reference torque.

The measured speed and torque during the run-
up for no faults (1111) is shown in Figure 16.
In Figure 16(b), it can be seen that the torque
is almost constant, although, the torque ripple
increases towards higher speeds. This is pre-
dictable, since the machine operates more and
more in single pulse mode.

During the run-up tests, signals from the accel-
eration sensors mounted on the rotor of the ma-
chine have been measured. The result for no
fault (1111) is illustrated in Figure 17. In the fig-
ure, the two main frequency components of mode
0 and mode 4 can be identified at 2412 Hz and
1077 Hz.

In addition, during the run-up of the machine, the
increasing fundamental electric frequency and its
multiples can be seen, which are the ascending
lines proportional to speed. In [19], it is shown
how the harmonic content of an SRM can be
identified. Depending on the topology of the ma-
chine, certain harmonics of the fundamental elec-
tric frequency are boosted while others are can-
celed out, due to the spatial and time shift of the
phases. In case a multiple of the fundamental fre-
quency hits the eigenfrequency of a mode, the ex-

600

400

speed in rpm

200

i i i i i
0 2 4 6 8 10 12

time in s

(a) Speed of the machine

Torque in Nm

time in s

(b) Total torque

Figure 16: Measured speed and torque during run-up
—no fault (1111) at no load

citation of the corresponding mode is increased.

In Figure 18, the measured results of the run-up
test are illustrated for one faulty module (0111).
This asymmetric excitation leads to several res-
onances below 1000 Hz. The additional excited
frequencies are 43 Hz (mode 1), 215 Hz (mode
2) and 625 Hz (mode 3). The strongest excita-
tion of mode 1 is at approximately 4.5s. At this
point, the machine reaches the speed of 160 rpm.
Therefore, the fundamental electric frequency is
equal to the eigenfrequency of mode 1. Beyond
this speed, the excitation of mode 1 is reduced.
These results proof what has been illustrated in
1

As has been depicted in Section 2.4, at low
speeds the fault of one module and therewith the
excitation of mode 1 can be reduced by turning-
off the module opposite to the fault, restoring
a symmetric operation. The run-up test in Fig-
ure 19 illustrates the results for 0101. The figure
shows that over the complete speed range, mode
1 is not excited, as has been expected.

However, the mode 2 excitation is increased sig-
nificantly towards 400 rpm, due to the two-pole
excitation of one phase. This has also been illus-
trated in Figure 11. To reduce vibration at higher
speeds, it is either possible to turn-off the com-
plete phase, or to turn-on the module opposite
the faulty module again. In Figure 20, the com-
plete phase is turned-off (0000). Thereby, the ex-
citation of modes 1 and 2 is almost completely
avoided.

The measured results prove that the simulated vi-
brations, the excited modes over the speed range
and the occurring multiples of the fundamental
electric frequency, match the results measured
at the test-bench well for all analyzed faults.
Therefore, it can be concluded that the developed
model of the machine and the spectral decompo-
sition of the radial forces in Section 2.4 can be
used to predict the behavior of the drive in case
of different faults. This allows, for instance, de-
veloping further fault tolerant control strategies
by using the introduced simulation tools.
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Figure 17: Measured level of acceleration during run-
up — no fault (1111) at no load
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Figure 18: Measured level of acceleration during run-
up — one fault (0111) at no load

4 Conclusion

It is shown how distributed inverters can be ap-
plied to increase the fault tolerance of switched
reluctance drives. The simulated and measured
results show that it is possible to compensate for
the torque loss and torque ripple in case of faults
of single modules. If the controller detects the
fault, a simple fault tolerant control strategy can
be applied which, first, turns off additional mod-
ules to reduce the excitation of certain eigenfre-
uencies and, second, increases the currents in
the remaining active modules. For the given ma-
chine, in case one complete phase fails, the avail-
able torque with fault tolerant control is reduced
by 10 % compared to no fault. This is half of the
reduction if no fault tolerant control is applied.
To determine the maximum available torque, a
current limit has been set for each module to pre-
vent thermal damages. It is obvious that this
limit strongly influences the maximum available
torque after a fault.
Due to the lack of an excitation source on the ro-
tor of the SRM, the short-circuit of single coils
during operation of the drive is not critical. It
has been illustrated that the induced current in
the coil is far below the nominal current of the
coil and can be neglected for this machine.
The simulation and the experimental results
have shown that additional eigenfrequencies and,
hence, vibration modes appear in the spectrum
according to different faults. The vibration
modes, resulting from faults, inherently increase
the noise of the machine. Moreover, vibration
mode 1 is excited which causes a net radial force

Frequency in Hz
Level in db

=
=
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Time in s

Figure 19: Measured level of acceleration during run-
up — two faults (0101) at no load
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Figure 20: Measured level of acceleration during run-
up — failure of complete phase (0000) at no load

on the bearings. If one, two or three modules
fail within one phase, mainly mode 1, 2 and 3
are excited. In normal operation, only mode O
and 4 are excited for the given five-phase 20/16
configuration of the SRM. The drawback of ex-
citing mode 1, 2 and 3, is that the corresponding
eigenfrequencies of these modes are all below
1000 Hz. Therefore, a fault of a module leads
to a significant increase in noise in a well audible
frequency region. In particular, the excitation of
mode 1 has to be avoided for two reasons: first,
mode 1 causes the net radial force, which peri-
odically stresses the bearings. Second, the eigen-
frequency of mode 1 is 43 Hz for the analyzed
prototype. This resonance is directly excited by
the fundamental electric frequency at a common
operating speed of 160 rpm.

Although the eigenfrequencies of mode 2 and 3
are higher than the maximum fundamental elec-
tric frequency, those modes are excited as well
by multiples of the fundamental frequency, in
the case of different faults. For instance, the
fault of two opposite modules, leads to a sig-
nificant excitation of mode 2. Nevertheless, in
case one module fails, turning off the opposite
module prevents the excitation of modes 1 and
3. However, it is advisable to turn off the com-
plete phase if the application does not require
maximum torque. Thereby, neither mode 1 nor
mode 2 are excited. The remaining modules of
the faulty phase should only be used if the max-
imum available torque with four phases needs to
be increased.

The presented measurement results prove the
concept of the distributed inverter, the proposed
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simulation model, the vibration analysis in case
of different faults and the simple fault tolerant
control strategy. The measured currents, torque
and vibrations in case of different faults are in
good agreement with the simulation results.
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