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Abstract—A method for fault detection and isolation is
proposed and applied to inverter faults in multi-phase drives. An
analysis of simulations in faulty conditions leads to the derivation
of suitable fault indices. These are based on the unbalance of the
phase currents and their instantaneous frequency. The method is
applied to a five-phase permanent-magnet synchronous machine
drive. Simulations and experiments validate the proposed
method.

Keywords — AC machines, Condition monitoring, Multi-phase
drives, Fault detection, Fault diagnosis, Inverters, Permanent
magnet machines.

I. INTRODUCTION

Multi-phase machines are now used in various industrial
applications and in transportation systems [1], mostly due to
their advantages such as increased fault tolerance and power
density [2], [3].

In a recent survey, statistics show that inverter parts are still
the less reliable components, especially power semiconductors
and gate drive systems [4]. Regarding multi-phase systems,
the occurrence of faults is thus more likely and a proper
detection system is required.

Besides hardware-based detection methods such as
desaturation monitoring of the transistors and voltage
measurements, many fault detection methods have been
proposed for three-phase inverters [5]-[12]. These methods are
generally based on the analysis of the phase currents and allow
open-circuit faults to be detected, such as open-circuit
switches or open-circuit phases.

In [5]-[8], analyses are conducted in the stator reference
frame (o)), through the derivative of the current-vector
trajectory and of the derivative of its phase in [5], a pattern
recognition with fuzzy logic in [6], a model-based observer
which generates residuals in [7] and the derivative of the
current-vector phase which is combined with an analysis of
the polarity of the phase currents in [8].

Others methods are proposed in [9]-[12]. In [9], a
simulation model of the faulty drive is used to train an
artificial neural network. In [10], the authors focus the analysis
on the normalized dc components of the phase currents and
the number of samples close to zero current. In [11], a similar
idea based on the normalized currents’ average absolute
values is proposed. In [12], the instantaneous frequency of
each phase current is estimated via phase-locked loops and
deviations compared with the electrical frequency allow the
faulty phase to be isolated.
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Fig. 1. Drive topology composed of a single energy source, a five-
leg inverter and a five-phase star-connected PMSM.
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It has to be noticed that all the aforementioned methods
have been proposed for three-phase drives. In case a multi-
phase drive is used, the latter accommodates the fault and the
currents expressed in the stator reference frame are not much
affected, making not effective all methods relying on these
components. Therefore, methods based on the phase currents
are more suitable [10]-[12].

There are a few works on fault detection and isolation (FDI)
of multiphase drives [13]-[15]. In [13], the authors analyze the
behavior of a five-phase machine with magnet faults. In [14],
the behavior of a five-phase machine is analyzed with
unbalanced stator windings. In [15], an open-circuit fault is
detected by calculating the negative-sequence component on
the fundamental ¢ components, but the fault is not isolated.

In this paper, a method for fault detection and isolation of
inverter faults is investigated for multi-phase drives. The
method is applied to a five-phase permanent-magnet
synchronous machine (PMSM) drive. The faults under
consideration are: open-phase faults and open-switch faults.
First, an analysis highlights the main fault characteristics.
Major differences compared with three-phase drives are
evidenced. Then, relevant fault indices are proposed. These
are based on the unbalance of the currents and their
instantaneous frequency. Simulations and experimental results
are presented throughout the paper.

II. SYSTEM DESCRIPTION

The topology under study is depicted in Fig. 1. The drive is
composed of a single energy source, a five-leg inverter and a
five-phase star-connected PMSM.

A. PMSM model

Neglecting the effects of saliency and magnetic saturation,
the model of PMSMs is given by:
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where V.40 are the voltages at the machine terminals, R, the
stator resistance, I,,.q. the phase currents, [Lgpcge] the
inductance matrix and Egp.q4. the electromotive force (emf)
due to the permanent magnets.

The electrical equations (1) expressed in the synchronous
reference frame are given by (2):
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where w, is the electrical pulsation, Vyq, Vg1, Ig1, 1g1, Eq1,
Eq1, La1, Lqq are the voltages, currents, emf and inductances
associated with the fundamental component, whereas V3, V3,
las, 143, Eq3, Eq3 Lgz, Lgs are the same quantities associated
with the third-harmonic component.

The electromagnetic torque associated with the fundamental
and third-harmonic components are given by (3) and (4)
respectively, whereas the total electromagnetic torque is given

by (5).
Temq = Npp[edlldl +egly + (Ldl - Lq1)lq11d1] 3
Tems = Npp[edSIdS +egslyz + (Ld3 - Lq3)lq3ld3] “)

Tom = em1 T Tem,3 (5)

where N, is the number of pole pairs and ey, €41, €43, €43
are ¥he dg-axis emf for one mechanical radian per second [Vs
rad].

The parameters of the machine under study are given in
Table I. It is assumed that the emf consists of fundamental-
and third-harmonic components and that higher-order
harmonics are negligible, although the ratios in magnitude
compared with the fundamental are: k5 =12.4%, k; = 5.1% and
ko=1.7%.

Table I. Machine parameters

| Parameters Values |

R 224 Q

Lgs = Lgq 3.2mH

Lgz = Lg3 0.9 mH
eq 0.51 Vsrad’'
edq1 0 Vs rad’
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Fig. 2 General block diagram.

B. Control scheme

The block diagram of the control scheme is shown in Fig. 2.
The torque reference T,;, is used to generate optimal current
references Ig;414343 [16]. A conventional proportional integral
(PI) controller and emf compensation are used for the current
control.

The phase currents and the electrical pulsation are the inputs
of the fault detection and isolation (FDI) block, which will be
described in section IV. It has to be noted that the diagnosis
can be used to generate optimal current references next to the
fault isolation, but this is beyond the scope of this paper.

III. ANALYSIS OF THE FAULT CONDITIONS

A. Control with an open-phase fault

Fig. 3 shows simulation and experimental results with an
open-circuit fault (phase a) occurring at time t=0.05s. The test
has been conducted with w,=200rad s, q1=1.15A and
43=0.33A. Experimental tests consist in unplugging the phase
connector. A comparison between the phase currents and the
dg currents shows a good concordance between simulations
and experiments (see Fig. 3(a), (b) (¢) and (d)).

Before the fault occurrence, the five phase currents are
balanced and are composed essentially of fundamental and
third harmonic components. Upon the fault occurrence, the
faulty-phase current is equal to zero, while the other phase
currents increase to compensate for the loss of one phase. It
can also be noticed that the healthy phase currents are no
longer balanced following the fault occurrence.

In the synchronous reference frame, the currents are initially
constant, while oscillations appear next to the fault
occurrence.

B. Control with an open-switch fault

Fig. 4 shows simulation results with an open-switch fault
(top switch of phase a) occurring at time t=0.05s. In this case,
the faulty-phase current is equal to zero for a half-period (see
Fig. 4(a)), while the other half-period is similar to a healthy
half-period.

In the synchronous reference frame, oscillations appear next
to the fault occurrence (see Fig. 4(b)). Compared with the
open-circuit fault shown in Fig. 3, the pattern is slightly
different since the dg currents alternate between constant
values and oscillating values.
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(b) Phase currents (experimental results).
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(d) dq currents (experimental results).

Fig. 3 Comparison of simulation and experimental results for an open-phase fault occurring at time t=0.05s (phase a).
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Fig. 4. Simulation results for an open-switch fault occurring at time
t=0.05s (top switch of phase a).

C. Comparison with three-phase drives

Regarding three-phase star-connected drives, a conventional
analysis shows that, in case of open-circuit fault, the faulty-
phase current is equal to zero during a part of the period, while
both healthy currents are opposite in magnitude during this
part of the period [5].

After the Concordia transformation, the ¢ currents have a
specific pattern for each possible fault: open-switch faults
yield half-circles whereas open-phase faults yield a straight
line. This pattern has been used in many works for the fault
recognition.

Regarding multi-phase machines, this analysis is not valid
since the a/f] components are not much affected by the
faults, as presented in Fig. 5. The plots compare simulation

and experimental results (Fig. 5(a) and (b) respectively) for
each state under study, i.e. the healthy state, the open-phase
fault and open-switch fault.

The a/f1 current trajectory is a circle in the healthy state,
possibly affected by harmonic components at a frequency
equal to 10w,. In case of fault, the trajectory changes, but not
significantly compared with three-phase drives. Further, the
pattern changes with the pulsation of the phase currents and
the controllers gains. The analysis of the current trajectory in
the a1f1 reference frame is therefore not appropriate for the
fault recognition.

IV. FAULT DETECTION AND ISOLATION

A. Indices for Open-phase FDI

In the previous section, the fault characteristics have been
analyzed.

Considering an open-circuit fault, an index can be based on
the current unbalance. The faulty phase can be isolated when
its current is close to zero. However, the condition “close to
zero” can be misinterpreted in case the machine is operated at
low current magnitudes. Therefore, the phase currents need to
be compared with each other. At this step, the following fault
index is proposed, for example for phase a (extension to other
phases and n-phase systems is immediate):

_ | 4Mg—Mp—Mc—Mg—Me |
a " |(Mg+Mp+Mc+Mg+M)|

Ry

(6)

where M, can be the peak or RMS value of the current in
phase x (x € {a, b, ¢, d, e}). Regarding the implementation, the
method proposed in [17] is used. This method is based on a
quadrature-signal generator. A 90°-shifted signal ql, is
associated to each current I,. The envelope of the signal is
then obtained by calculating:

M, = I +qI3 (7
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Fig. 5. Fundamental currents expressed in the stator reference frame for various drive conditions. Comparison of waveforms obtained through

simulations and experiments.

The advantages of (6) as fault index are:

- in case of healthy operation, M, = M, = M, = M; = M,
and thus, from (6): Ry, =0 (and immediately Ry, =
Ry, = Ruy, = Ry, = 0);

- in case of open-phase fault in phase a, M, = 0 and
therefore, from (6), Ry, = 1, without any dependency to
load neither as to speed.

This is illustrated in Fig. 6(a) and (b), which show the fault
indices for simulations (same as for Fig. 3) and experiments
respectively, i.e. an open-circuit fault occurring at time
t=0.05s (phase a). Before the fault occurrence, the fault
indices are close to zero. Following the fault occurrence, the
value of Ry, increases to Ry, = 1. It has to be noticed that
the value of other indices are not equal to zero. This is due to
the unbalance of the healthy phase currents. The value of
Ry, =~ 0.5 is relatively high. This must be taken into account
for the selection of the detection thresholds. Simulations and
experiments are in good agreement, as shown in Fig. 6 (a) and
(b) respectively.

Fault indices
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(a) Simulation results.
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(b) Experimental results.

Fig. 6 Magnitude indices in case of open-circuit fault occurring at
time t=0.05s (phase a).
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Fig. 7. Magnitude indices in case of open-switch fault occurring at

time t=0.05s (top switch of phase a).
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Fig. 8. Frequency indices in case of open-switch fault occurring at
time t=0.05s (top switch of phase a).

B. Indices for Open-switch FDI

In section III, the characteristics of the open-switch fault
have been evidenced. The system can be approximated as
healthy during a half-period and as an open-circuit fault during
the other half period. Hence, the magnitude indices Ry, will
ideally take values which alternate between zero and one. This
is illustrated in Fig. 7, where simulation results of an open-
switch fault occurring at time t=0.05s are presented. The
values of Ry, alternate between large and low values,
although the values are never equal to zero and one. This is
due to the filtering properties of the quadrature-signal
generator [17].

Looking further at Fig. 6 and Fig. 7, it is difficult to find a
decision criterion which is suitable for both faults and which
allows the faults to be distinguished. Consequently, additional
indices are proposed. These are based on the instantaneous
frequency of each phase current. Benefits of the quadrature-
signal generator are used through the addition of a
synchronous reference frame phase-locked loop (PLL) [18].
The following fault index is proposed, for example for phase
a:

We—Wjg

We

R =

Wiq

®)

where w;, is the instantaneous pulsation of the current in
phase a. This index is equal to zero in healthy operation and
equal to one in case of open circuit fault.

To avoid a drift of the PLL at low and zero current, the PLL
is inhibited at low currents and the output is set by default at
w;q = W, below a given threshold; therefore only deviations
compared with the electrical pulsation are observed. This
index is thus suitable for the isolation of open-switch fault.

Fig. 8 shows these frequency-based indices for the same
simulation as for Fig. 7. R,,,, is much affected by the fault as
expected, while the other indices or not significantly affected.

C. Criterion for FDI

The ideal values of the indices for the faults under study are
summarized in Fig. 9 and Fig. 10.
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Fig. 9. Theoretical values of the fault indices in case of open-circuit
fault occurring at time ty.y.
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Fig. 10. Theoretical values of the fault indices in case of open-switch
fault occurring at time ty.y.
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Fig. 11. Indices used for fault detection and isolation and thresholds.

For fault detection and isolation, a new index is proposed:
Rrot, = Ry, + Rey,, ©

This new index is introduced to increase the robustness of the
FDI scheme. An interesting property of Rrq, is that the
surface defined by Rr,:, versus time is a constant over one
electrical period for both faults, as shown in Fig. 11 (S1=S2).
Therefore, a relevant criterion indicating that a fault has
occurred in phase x is given by:

x = fttdef(RTotx - gTot)dt = hiso

(10)

where g, is a fault function associated with phase x, &g, is a
threshold defining a safety area, h;g, is the isolation threshold
and tg.r is the time of the fault occurrence. Hence,
considering an entire number of periods, the detection delay
Aty 1s theoretically given by:
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Fig. 12. Fault detection and isolation of the faulty phase in case of
open-switch fault occurring at time t=0.05s.
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For practical implementation of (10), the integrator output
is limited between zero and h;,, and the output is re-initialized
every time the threshold is crossed.

The same principle can be applied separately to the
frequency indices for FDI of the fault mode (open-phase
versus open-switch), i.e. through the selection of ¢, and
hiso, such that a criterion for FDI is given by:

=1

tdef

Atger =t — Lager =

(Ro, — €0)dt = higo 4 (10)

Fig. 12 shows simulation results which illustrate the
behavior of the FDI scheme for an open-switch fault occurring
in phase a at time t=0.05s. The parameters of the FDI are
given in Table II.

Fig. 12(a) shows the new fault indices which indicate the
faulty phase. The fault is isolated when the fault function
crosses the threshold, i.e. at time t=0.195s (see Fig. 12(b)).

V.CONCLUSION

This paper has presented a method for inverter fault
detection and isolation in a five-phase PMSM drive. As the
current trajectory in the a/fB1 frame is not much affected by
the faults, the proposed method is based on the unbalance of
the phase currents as well as their instantaneous frequency,
obtained via signal processing techniques. Relevant fault
indices have been proposed and simulation and experimental
results validate the proposed approach.

Table II. Parameters of the fault detection scheme.

| Parameters | Values |
Atger 0.1s
Erot 0.7
Riso 0.03s

(71
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