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Fault-Tolerant Operation of an Open-End Winding
Five-Phase PMSM Drive with Short-Circuit Inverter
Fault

Ngac Ky Nguyen, Fabien Meinguet, Eric Semail, Member, IEEE and Xavier Kestelyn

Abstract—Multi-phase machines are well-known for their fault
tolerant capability. Star-connected multiphase machines have
fault tolerance in open-circuit. For inverter switch short-circuit
fault, it is possible to keep a smooth torque of Permanent
Magnet Synchronous Machine (PMSM) if the currents of faulty
phases are determined and their values are acceptable. This
paper investigates fault-tolerant operations of an open-end f ve-
phase drive, i.e. a multi-phase machine fed with a dual-inverter
supply. Inverter switch short-circuit fault is considered and
handled with a simple solution. Original theoretical developments
are presented. Simulation and experimental results validate the
proposed strategy.

Index Terms—AC drives, Control reconfiguration Fault-
tolerance, Multi-phase machines, Open-end winding, PMSM,
Reliability.

I. INTRODUCTION

RELIABITILY OF DRIVES is a key parameter in some critical
applications and its improvements can be obtained in
various ways. With a conservative design, one solution is to
use the system below its maximum functioning point, and
therefore its expected lifetime increases thanks to oversizing.
However, in this case, system efficien y may be reduced and
the cost of the system usually increases, especially when the
range of power is significant Moreover, if a fault finall
happens, the system cannot continue to work even at reduced
power. This is particularly true since power electronics com-
ponent failures are yet mostly unpredictable [1].

To increase the drive availability, fault-tolerance has been
introduced in the last decades. Fault-tolerance can be applied
to the inverter [2]-[9] and/or to the electric machine [10]-[13].
Specifi configuration of three-phase and multi-phase drives
have been investigated for their properties in healthy and faulty
conditions.

Multi-phase drives have additional degrees of freedom com-
pared with traditional three-phase drives [14]. These degrees of
freedom can be used for different purposes, such as additional
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torque generation or fault tolerance when a part of the system
fails. Fault detection and control reconfiguratio of the drive
in case of open-circuit faults have been extensively studied
in the past years [15]-[29]. On the other hand, only a few
works have addressed the problem of inverter switch short-
circuit faults [6], [30], except in topologies with additional
components such as fuses and parallel thyristors which are
not used in healthy operations [2]-[5].

In [6], the authors investigate a three-phase drive topology
with an open-end winding machine and a dual-inverter supply.
The authors show that fault tolerance against open-circuit
fault requires a zero-sequence path for the current (connection
between inverters). On the other hand, inverter switch short-
circuit faults can be handled by creating an artificia neutral
point through the faulty inverter. In the latter case, this
reconfiguratio cannot be applied if there is a zero-sequence
path. Therefore, a complete fault tolerance cannot be achieved
without additional devices which connect or disconnect both
inverters depending on the condition of the drive.

These issues can be solved with an open-end fve-phase
drive supplied by two independent voltage sources since the
machine can be operated with open-circuit faults without zero-
sequence path. This topology, illustrated in Fig.1, has already
been investigated in [31] where the authors propose a space
vector modulation technique.

The present paper deals with the fault-tolerant capability
of an open-end winding fve-phase PMSM drive following a
short-circuit inverter fault. Various degrees of reconfiguratio
are investigated, starting from no reconfiguratio up to a full
reconfiguratio (control algorithm and gate signals).

It is assumed that the inverter is equipped with smart drivers
that are able to locate a short-circuit fault almost instanta-
neously and to remove the gate signal of the complementary
switch to avoid a short-circuit of the DC source [32], [33].

In section II, the drive modeling is presented, highlighting
the zero-sequence component which is of paramount im-
portance for control reconfiguration Section III develops a
simple modulation strategy and the control algorithms for
the healthy and faulty conditions. Inverter switch short-circuit
faults are addressed in detail. Simulation results are reported
in section IV. Finally, the test bed is presented in section V
and experimental results validate the theoretical part.

II. DRIVE MODELING

The topology under study is shown in Fig. 1, which consists
of two isolated voltage sources, two fve-leg inverters and a
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Fig. 1. Drive topology

fve-phase open-end winding PMSM. We consider V., =
Vieo = %Vdc in this study but a general case where V. is
different to V.o can be possible.

Let us define

v ve va ve ] (1)
B =0 @b ic da i ] @)
el =[ea e e ea e ]” 3)

where [v] is the voltage vector, [i] is the current vector and
[e] is the back-electromotive force (back-EMF) vector of the
PMSM machine.

Assuming no magnetic saturation and no saliency, the
voltage equations are given by:

vl = Rufil + LD 4 o @
where:
L M, My M, M
M, L M, My, M,
Ll=| My M, L M M (5)
M, My, My, L M,
My My My M, L

with R, as the stator resistance, L, M; and M, as the
stator self and mutual inductances. The references of electric
potential are n;, and no for the inverter 1 and the inverter 2,
respectively (see Fig. 1). Hence:

[v] = [vinvi] = [Vinva] = [vai] (6)

T .
where [vo;] = [ Va1 U1 Ul Ul U ] and vy is the
voltage between n; and ny (see Fig. 1). [viyv1] and [Viyy2]
are the voltage vectors of the two inverters and they are define

as:

T
[VINVl]:[Uaﬂn Ubiny  Veiny  Uding Ueml] (7

®)

As there is no path for the zero-sequence current, the sum
of all phase currents is equal to zero:

][] =0 Q)

T
[VINV2]: [ Vagna  Ubsng  Ucong  Udano v82n2]

where =1 1 1 1 1]
Applying Concordia and Park transformations to equa-
tion (4), the modeling of the system expressed in the stator and

rotor reference frames is obtained, with notations « 513820
and d;q1d2q20 respectively. For the topology under study,
the inverter has 2!° different combinations of states. The
corresponding vectors are depicted in Fig. 2 (a) and (b) for
the subspaces associated with the fundamental «; 1 and third-
harmonic ai2/32 components respectively. More details about
the subspace vector theory are given in [34].

The zero-sequence voltage component is calculated as fol-
lows:

="V (10)
Substituting (4) and (9) into (10) yields:
Vo = €9 (1 1)

where e is the zero-sequence of the back-EMF and can be
calculated in the same way as (10).

An analytical expression of vs; is obtained by substitut-
ing (6) into (4) and calculating the zero-sequence component:

1 1
V21 = —=V0,eq — —=€0
Vs Vs
with vg 4 the zero-sequence voltage of an equivalent inverter

which would have a connection between the two negative
potentials (n; and ny) of the DC-buses. That is:

(12)

1 T
U&eq::;zgqnl ([vinvi] = [vinva]))

13)

(13) shows that vy ., depends on the instantaneous output
voltage of the inverters. As the result, vy, is a control
variable, whereas vy (or eg) is not.

It is worth noticing that (12) is similar to the expression
obtained for a star connection [12]. In the latter case, the
neutral-point floatin voltage is affected by the zero-sequence
of the back-EMF and the inverter output voltage, while for the
topology under study it is vo1.

As wv9 is associated with the zero-sequence component, it
has no effect on the a8 components and the space vector
theory can be applied by omitting vs; in the calculation of
these components.

The electromagnetic torque of the PMSM is given by:

1

Ton = o lel" i

with €2 as the mechanical speed.

(14)

III. CONTROL STRATEGY

This section describes the control strategy used for the
experimental tests. First, the modulation strategy is briefl
described. This modulation strategy is common to all control
schemes (healthy and faulty). No modificatio of this strategy
is required for the post-fault operation.

Next, the control strategy in healthy operation is briefl
addressed, followed by the control strategies with an inverter-
switch short-circuit fault.
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Fig. 2. Voltage vectors in the stator reference frame (normalized by V. =
2Vie1 = 2Vyge2). Left: Subspace associated with the fundamental component
(a). Right: Subspace associated with the third-harmonic component (b).
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Fig. 3. Carrier-based modulation strategy: a) Switching function of the x1-
leg; b) Switching function of the x2-leg; ¢) Voltage of the x1 leg vayn,; d)
Voltage of the x2 leg vzyny; €) Sum voltage vy + vo1.

A. Modulation strategy

A space-vector modulation of an open-end winding fve
phase machine is reported in [31]. In this paper, a very
simple modulation strategy is chosen for this application, i.e.
a centered PWM strategy with the duty cycles 6,1 and 6,2
calculated as follows (x € (a,b, ¢, d, e)):

1/ vt
Op1=—- | 2% +1
1 2 (Vdc * >

1 *
63:,2: 5 <UT+1> :1*5@1

(15)

5 v, (16)
with v} the x-phase voltage reference (—V;. < v < Vge).
An example is given in Fig. 3, showing the modulation
functions, the triangular carrier and the resulting voltage of
vz 491 (in healthy condition, vo; = 0). Usually, this technique
of modulation allows to double the apparent carrier frequency

of PWM (see Fig. 3 ¢)) and the current ripples are thus
reduced.

B. Control strategy in healthy operation

Fig. 4 shows the general scheme for torque control. The
Park current references are obtained by equation (17). It can be
noticed that this choice is to obtain simplifie current control
loops. The PMSM is fed by voltage resulting from a strategy
which is based on faulty information. If all phases are healthy,
then vy is set to 0. As the results, the voltage references are
identical with the ones obtained by current regulators. This
corresponds to the ‘healthy’ position of the switch in Fig. 4.

In the Park reference frame, the currents can be obtained
by:

. 2 .
[ilpanc =1/ 7 R)" [C)" [i] 17)
with:
1
7 1 0 1 0
% cos 2?” sin 25” cos %’T sin 4?”
[C] = % cos %’r sin 45” Cos %’T sin %’T (18)
L cos8T gin 8T cos 2T gin 127
V2 5 5 5 5
% cos %” sin 85” cos 167” sin 167”
1 0 0 0 0
0 cosf., —sinb, 0 0
[R]=] 0 sinf. coséb, 0 0 (19)
0 0 0 cos 30, sin30,
0 0 0 —sin3f0, cos 30,

This transformation leads to two d-q rotating frames [35].
The firs frame is associated with the firs harmonic and rotates
at w = d(f;, and the second one is associated with the third
harmonic and rotates at —3w. To keep the control scheme
simple, the calculation of the current references is obtained
from the torque reference and the fundamental component of

the back-EMF. This simplificatio leads to:

I; =0
I;;=0

o1 % * T,

[I]Park = Iql = €eq1 (20)
I, =0
=0

Proportional-Integral (PI) controllers are used for the current
control, along with an EMF feed-forward compensation.

The zero-sequence voltage can be chosen in order to in-
crease the DC-link voltage utilization by injecting voltage
harmonic components which are multiples of fve. However,
the choice in this paper is to maintain the value of v9; = 0 in
a healthy operation. Therefore, from (12), the zero-sequence
voltage of the equivalent inverter is given by:

@1

where H is a subscript which refers to the healthy operation.
(21) is possible since the zero-sequence current cannot circu-
late. As a consequence, even if a fift harmonic of EMF exists
it is not necessary to compensate the zero-sequence current. If
only one DC voltage source is used for the two inverters, the

V0,eq,H = €0
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Fig. 4. Control block diagram in a healthy condition and in a faulty condition where x = a, b, ¢, d, e corresponding to faulty phase.

zero-sequence current could exist and a supplementary control
is thus required.

C. Control strategy with one short-circuit fault (inverter
switch)

It is possible to deal with a shorted switch fault with
the topology under study. Under switch fault condition, it is
assumed that the complementary switch is maintained ‘open’
in order to avoid a short-circuit of the associated DC source.

Hence the number of switch combinations decreases to 2° =
512. It is however difficul to develop a post-fault strategy
considering a specifi subset of vectors and a simple modu-
lation strategy. Therefore, four reconfiguratio techniques are
investigated in the following sections.

1) Without reconfigu ation: it might be interesting to test
the fault-tolerant capability of the drive without any change of
the control algorithms and modulation strategies.

The main problem in this case is that the converter output
voltage is different from the controller reference voltage. As
one leg is connected permanently to the positive or negative
bus, a voltage DC component appears at the faulty-phase
terminals. The controller will try to reject this component
(which is rotating at the electrical frequency in the rotor
reference frames) and therefore the response depends on
the controller and machine parameters. However, injecting a
voltage DC component yields a current that is only limited by
the stator resistance. Hence, large currents are expected.

2) Wye-coupling realization of a faulty inverter: in order to
mitigate the effects of the fault, a simple solution is to realize
a star connection by setting all the top (if one top switch is
faulty) or bottom (if one bottom switch is faulty) IGBTs of
the faulty inverter to 1 [6]. In this case, a classical structure
is obtained where the PMSM is fed by only one fve-phase
inverter. The limit of voltage of a star connection is reported
in Fig. 6. The modulation technique can be either classical
PWM or SVM. With the PWM, the maximum voltage is equal

to 0.5V, while it can reach %cos %Vdc [31] with the SVM.

SC-Fault

dc

n,

Fig. 5. Reconfiguratio of the inverter legs in case of inverter short-circuit
fault (top switch of the x2-leg where x can be a, b, ¢, d or e).

In this paper, this solution is not presented because it has been
already studied.

3) Simple reconfigu ation: Fig. 5 gives an example where
the top switch of the leg x4 is short-circuited (vg,n, = Vic). A
simple reconfiguratio can be achieved by connecting the top
switch of the leg x; to the positive bus. If the bottom switch
of the leg xo is faulty, then the bottom switch of the leg
should be connected to the negative bus. Indeed, in case of
short-circuit fault, 1 and x5 are required to have the same
potential. This configuratio can be obtained by hardware
implementation (error signal and additional logic drive the gate
signals of the other leg) or control signal (duty cycle equals
‘1’ or ‘0’). The machine voltage vector in this case is shown in
Fig. 6. In order to maintain the same operating point as without
any fault, the voltage magnitude has to be preliminarily kept
within the limit of the voltage of the faulty case. If the machine
is operated at rated power before the fault, it is clear that there
is an unavailable area since the short-circuit occurs and the
speed (or torque) has to be reduced to put the voltage vector
below the new limits. In our study, all tests will be carried
out below the limit of voltage in short-circuit fault. The idea
is to show how can we configur the controllers to maintain
a constant torque in case of fault.
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Fig. 6. Limits of machine voltage in a1 51 plan (normalized by V) in case of
SC-fault (top switch of the a1 -leg) with and without a simple reconfiguration

The advantage of this strategy is that the average value of v,
(z: faulty phase) is equal to zero so there is no DC component
to be rejected by the controller. On the other hand, there is
still a difference between the reference voltage and the inverter
output voltage. As a consequence, the drive response is again
dependent on the controller and machine parameters.

4) Simple reconfigu ation with control scheme improve-
ment (full reconfigu ation): to mitigate the aforementioned
problem, the controller has to impose a voltage reference
which can be generated by the inverter. To do so, the recon-
figuratio of Fig. 5 applies as well. However, an additional
change in the control scheme is mandatory. The ‘fault’ position
of the switch is chosen (see Fig. 4) for a full reconfiguration
Mathematical developments will be given below to justify this
choice.

Considering Fig. 5 and (6) and assuming that the faulty
phase is the phase-a, an important and simple result is:

Vg = —U21 (22)

(22) shows that the faulty-phase voltage is equal to the
difference of potentials between n; and no. From (12) this
voltage can be controlled with the zero-sequence voltage of
the equivalent inverter.

The Concordia transformation has the following expression:

Va ()
Uy 9 Val
ve | = g[C] Vg1 (23)
Vd Va2
Ve Vg2
and substituting (12) and (22) into (23) yields:
V0,eq,SC, = _\/§Ua1 - \/51)&2 (24)

As the objective is to maintain a constant torque, i.e. no
modificatio of the djqidage currents (or equivalently the

a1 B1aa P currents), the dy ¢y daqo voltages (or equivalently the
a1 1P voltages) have to be maintained as well. Eq. (24)
shows that a modificatio of the zero-sequence voltage allows
this condition to be obtained.

From (23) and (24), the phase-a voltage reference is ex-
pressed as the following (after the fault):

« 1 2
Vo—F = %’Uo,eq’sca + \/;('Ual + 'UQQ) =0 (25)

The phase-b voltage reference is then calculated as follows
(where F stands for ‘Faulty’ and H stands for ‘Healthy’):

UZ*F = %’UO,Eq,SCa =+ 'U;:7H (26)
(12) and (22) lead to:
Vp_p = —Vp_yg + Vp_pg = Upg_p 27

In the same way, voltage references of the other phases are:

* * * %

Ve = —Vg_g T Ve = Ucq—H (28)
* * * *

Vi F = ~VgptVi-n= Udan (29)
* * * *

Ve—F = ~Vg—H + Ve—H = Ueq—H (30)

It’s interesting to show that the voltage references of the
PMSM machine under short-circuit fault (inverter switch) can
be easily obtained to maintain the same operating point as
before the fault. In this case, the line-line voltages are used
instead of the phase voltages. The Tab. I gives different voltage
reference vectors corresponding to each phase short-circuit
fault. A summary of the reconfiguratio modes for the cases
under study is given in Tab. II.

D. Analyses of voltage limits and torque-speed characteristic

In the above sections, two solutions have been presented for
an inverter switch SC-fault. In order to highlight the feasibility
of these proposed solutions, an analysis of the limits in term
of voltage and torque-speed characteristic available after the
fault should be pointed out.

As summarized in Tab. I, the proposed strategy needs to
supply a motor phase with a line-line voltage in faulty mode
instead of a line-neutral voltage in healthy mode in order to
maintain the rated torque in steady-state degraded mode. Then,

TABLE 1
VOLTAGES REFERENCE OF MACHINE UNDER SHORT-CIRCUIT FAULT OF
DIFFERENT PHASES

Short-circuit | Voltage reference vector under fault condition
Phase a V]f = _0 Uarg YearH Yia—m UYia—m
Phase b V]f = Unpog 0 un, g uy_ g Ul g
Phase ¢ VIE=|ui g wpegy 0 i uio_ g
Phase d V]f = Uraim Upg—pg  Yeg_pm 0 uly_ g
Phase e V]f = Upe g Uperm Ubeerm Uie_pg O




TABLE 11
SUMMARY OF THE CONTROL PARAMETERS FOR THE VARIOUS
RECONFIGURATION MODES UNDER STUDY (A-PHASE FAULT)

Mode of operation Vg1 = Vz,2 vg eq
Healthy (Ho) no e
Short-circuit and no reconfigu no e

ration

Short-circuit and simple recon- yes )

f guration

Short-circuit and full reconfig yes —V2(va1 + va2)
uration

the new peak phase voltage is increased by v/3 in faulty mode
which means that the voltage source inverter (VSI) has to
be able to deliver these new voltage references. To do this,
some precautions have to be made at the beginning of the
drive’s design. First, the choice of the DC bus’s voltage has
to be available in faulty mode. Secondly, the PMSM has to
be designed to be fed by a new voltage (v/3 times greater) in
faulty mode. This is not a real constraint thanks to an adapted
insulation material.

As the new voltage references increase, the apparent power
(kVA) per phase has to be oversized concerning the voltage
capability. In fact, the oversizing is already necessary without
considering fault-mode operation when the system must be
able to work in transient operation with a large increase of
the current in inductive circuit. Inductive voltage drop must
be then supplied by increasing the duty cycle of the VSI. As
consequence, the calculation of the necessary rated voltage is
not obvious, inducing thus safety margin calculation that can
be used to give the ability to work in fault mode but of course
with reduced ability for transient operations. From this point
of view, a drive’s design for the faulty mode can be achieved
without an additional oversizing since the inverter has already
been oversized at the beginning.

It can be noticed that since the torque and speed are
maintained as in healthy mode, the active powers of the
machine and the battery do not change, i.e there is no an
oversizing of the battery and the PMSM. For simulation and
experimentation presented in this work, the DC bus is adapted
for functioning in both modes (healthy and faulty). In the
healthy operation, the magnitude of the duty cycle is small. In
the faulty mode, this magnitude is increased until the required
line-line voltages (per healthy phases) are obtained.

IV. SIMULATION RESULTS

For simulation, the speed-normalized back-EMF of the
machine is given in Fig. 7. The other parameters are reported
in Tab. III. The rotor speed is set to 1500 rpm and the torque
is equal to half of the rated torque. A short-circuit inverter
fault is generated by setting the upper IGBT control signal of
the phase-a equal to 1 at ¢ = 0.02 s.

Simulation results are reported in Fig. 8 and Fig. 9. Before
the fault, the machine torque tracks the reference and the

Speed normalized Back-EMF [V.s/rad]

0.02
Time [s]

0 0.01 0.03 0.04

Fig. 7. Speed-normalized back-EMF of machine for simulation.
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Fig. 8. Simulation results of full reconfiguration a) Machine currents in rotor
reference frame; b) Machine currents [A]; ¢) Torque [N.m].
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Fig. 9. Simulation results of full reconfiguration a) Voltage references [V];
b) Machine real voltages [V].

currents are sinusoidal because the current reference Ig, is
set to zero. The machine voltages contain the 3rd harmonic to
compensate the same rank of the back-EMF induced by the
magnet. The voltage references are equal to the real machine
voltages.

A short-circuit of the upper IGBT of the phase-a is activated
at ¢ = 0.02 s. During 0.04 s, from ¢ = 0.02 s to ¢ = 0.06
s, there is no action for correcting this fault. The currents
expressed in the rotor frame ([q1, I41, Ig2 and Ig;2) start
oscillating and create torque pulsations. The phase-a current
presents a DC component that leads to a very high peak of
voltage of this phase. It is obvious that this high value of
peak can deteriorate the machine coils and power electronic
components of the inverters. At ¢ = 0.06 s, a full reconfigu
ration is enabled. The torque ripple is canceled, the currents
in stator frame become balanced again and the result of their
transformation in rotor frame is constant. By observing the
voltage references and the real voltages of the machine in
Fig. 9, after a full correction, the voltage reference for the
faulty phase (the phase-a) is set to zero. For four healthy
phases, the references are line-line voltages and the real
voltages behave as in the healthy operation. These simulation
results justify the theory developed in section I1I-C4. It can be
noted that the DC-bus voltage is large enough to feed a line-

line voltage in fault condition. In practice, if the machine is
operated at rated point before the fault, it is obvious that the
speed and/or torque has to be reduced to keep the voltage
below the new limit (see Fig. 6). The next section gives
experimental results.

V. EXPERIMENTAL RESULTS
A. Test-bed description

A picture of the test-bed is shown in Fig. 10. The system
consists of a fve-phase double-ended PMSM, two fve-leg
inverters and two isolated DC-sources. A dSPACE1005 board
is used for control prototyping. The load is an electromagnetic
powder brake.

The switch short-circuit fault is emulated by forcing the
corresponding duty cycle to ‘1’ or ‘0’. The machine parameters
are given in Tab. III. The back-EMF waveform is almost
trapezoidal, as shown in Fig. 11.

Open-end winding
5-ph PMSM

Fig. 10. Experimental platform.

TABLE III
MACHINE PARAMETERS UNDER EXPERIMENTAL TESTS
Parameters Values
Rs 224 Q
Lgi = Lqg1 3.2 mH
Lgs = Lg3 0.9 mH
eq1/$ 0.51 V.srad—!
Pole pairs number (p) 2
Nominal speed 1500 rpm
Nominal current 15 A
Nominal torque 20 N.m
Nominal power 3.1 kW
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Fig. 11. Back-EMF of the fve-phase machine at {2 = 50 rad/s.
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Fig. 12. Inverter switch short-circuit fault and no reconfig ration (experi-

mental results). Top: currents expressed in the rotor reference frame. Bottom:
Electromagnetic torque (calculated from the model).

a)  Healthy mode b)  No reconfiguration

Fig. 13. Healthy operation (a) and no reconfiguratio after the fault (b).
Scope results showing the a-phase current 7, the a-phase voltage v, and the
voltage between the two inverter DC-bus va7.

B. Control with an inverter short-circuit fault

1) No reconfigu ation: Fig. 12 and Fig. 13 show experi-
mental results of the control with an inverter switch short-
circuit fault and no reconfiguratio at rotor speed 2 = 42
rad/s. The fault occurs at time ¢ = 0.2 s. Fig. 12 shows
that the current magnitudes in the doqo subspace increase
a lot following the occurrence of the fault. A torque ripple
of about 165% appears due to the fault. Fig. 13 a) shows

Healthy mode Simple reconfiguration
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Fig. 14. Inverter switch short-circuit fault and simple reconfiguratio (experi-
mental results). Top: currents expressed in the rotor reference frame. Bottom:
Electromagnetic torque (calculated from the model).

b) Simple reconfiguration

a) Healthy mode

Fig. 15. Healthy operation (a) and simple configuratio (b). Scope results
showing the faulty a-phase current i, the a-phase voltage v, and the voltage
between the two inverter DC-bus vo7.

the scope results in the healthy operation. The phase current
i, 1s sinusoidal, lagging the phase voltage v,. The voltage
difference between the two inverter DC-links vo; is also
measured. It can be seen that vy is close to zero (average and
instantaneous values), as expected from the control algorithm
in proper mode. Fig. 13 b) shows the scope results upon short-
circuit inverter fault. The faulty phase current 4, has a positive
DC component, while v, and vy; are seriously affected by the
fault.

2) Simple reconfigu ation: Fig. 14 and Fig. 15 show ex-
perimental results of the control with an inverter switch short-
circuit fault and simple reconfiguratio (2 = 40 rad/s). The
fault occurs at time ¢ = 0.2 s. A torque ripple of about 75%
appears due to the fault. The scope results of Fig. 15 show that
the faulty phase current is quite distorded, but its magnitude is
rather low. It can be noticed that this fault induces the supply
of the secondary machine associated with the subspace a2
({a2 and I,y are different to zero). So in order to obtain a
constant torque, new current references (voltages) of the two
fictitiou machines in Concordia reference frame have to be
determined. When a fault occurs in the inverter, a simple
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Fig. 16. Inverter switch short-circuit fault after a full reconfiguratio (experi-
mental results). a) Currents expressed in the rotor reference frame; b) Machine
currents; ¢) Electromagnetic torque (calculated from the model).
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Fig. 17. Healthy operation (a) and full configuratio (b). Scope results
showing the faulty a-phase current 7., the a-phase voltage v, and the voltage
between the two inverter DC-bus vaq.

reconfiguratio of switches is not enough to obtain a good
result in torque control. It can be noticed that the torque
ripple is reduced comparing to Fig. 12 but this value of torque
pulsations remains important.

3) Full reconfigu ation: Fig. 16 and Fig. 17 show the
experimental results of the control with an inverter switch
short-circuit fault after a full reconfiguratio (2 = 42 rad/s).
The fault occurs at time ¢ = 0.2 s. In this case, the amplitude of
the torque ripple remains the same as in the healthy operation.
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Fig. 18. Inverter switch short-circuit fault (at ¢ = 0.2 s) after a full

reconfiguratio (experimental results): a) Voltage references of machine in
abcde frame; b) References of voltage after a Concordia’s transformation; c)
Representation of voltages in a1 S1vo frame; c¢) Representation of voltages
in agB2vg frame.

The faulty phase current is quasi-sinusoidal and the machine
currents are lightly unbalanced and distorted (see Fig. 16 b))
by comparing to the simulation results (see Fig. 8 b)). In
simulation, the bandwidth of the current controller is high
enough to compensate the 37¢, the 5*" and the 7" harmonics
of the back-EMF. In experimentation, these harmonics are not
completely compensated (the bandwidth is limited). Therefore,
the machine currents are lightly distorted. Furthermore, there
is as well the high frequency noise due to the PWM. (22) is
verifie as v, = —wvo;. By imposing this constraint, the new
voltage references (for 4 healthy phases) are redetermined.
In this case, the voltage of phase-b is a line-line voltage
vp — Vg = Upg. Likewise, the voltages of three other phases
(¢, d and e) are: v.q, Vda, Veq- It means that after the fault,
the inverter is controlled to obtain the line-line voltages for
compensating the phase-a which is faulty. Finally, the machine
phase currents are not distorted and maintained as before the
fault. These results are shown in Fig. 17.

Fig. 18 gives the machine voltage references and the
components of their Concordia transformation. In the healthy
operation, a balanced voltage system is obtained as shown in
Fig. 18 a). Fig. 18 b) shows that there is no zero sequence



of voltage vg = 0 in the healthy mode. Therefore, we obtain
two circles on two plans a3 31 and asfs (Fig. 18 ¢) and d)).
After t = 0.2 s, the control strategy takes advantage of the
degree of freedom by imposing a zero component of voltage
that has no impact on the phase currents and allows the motor
to function with the same required torque.

VI. CONCLUSION

This paper has analyzed the behavior of an open-end f ve-
phase PMSM drive under inverter fault conditions. With a
dual-inverter supply, the equivalent fve-phase topology offers
the possibility to operate the machine under inverter switch
short-circuit faults without any additional component. An
inherent fault tolerance has been shown in the study. It has
also been proved that a simple modificatio of the control
algorithm allows the drive to be operated with a constant
torque performance operation. Because of the zero voltage
component being required, it is obvious that the voltage
magnitude that is necessary to maintain a constant torque
as before the fault is higher. It is clear that if the voltage
constraint is important (maximum voltage), the PMSM speed
has to be reduced after the fault. For this purpose, an additional
algorithm is necessary to determine a new torque reference
while keeping the machine voltage constraints. This work has
not been presented here but will be an interesting perspective
for future works.
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