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Abstract-This article provides an improved fault-tolerant control
scheme for inverter-powered induction motors. The proposed
strategy addresses the cancellation of power switch failures
(IGBTs) regardless of their location in a reconfigurable induction
motor control. The proposed fault-tolerant topology requires
only minimal hardware modifications of the conventional six-
switch three-phase drive, mitigating IGBT failures through
reconfiguration based on the substitution of an entire inverter
arm. The detection mechanism is based on the tridimensional
method from which a database will be used for the learning of the
neural network. In this method, the current from the stator is
used as input to the system, so access to the induction motor is
not necessary.
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1. INTRODUCTION

It is estimated that around 38% of faults in variable speed
drives in the industry are caused by power supply device
failures [1]. Most of the inverters use isolated IGBTs as power
devices. This percentage would be higher if the control circuit
failures were taken into account. They consist of faults such as
intermittent inverter misfiring due to faults in the control circuit
elements or electromagnetic interference which results in gate
drive opening faults, and therefore leads to an open IGBT
circuit. Although IGBTs are rugged, they experience failures
due to the excessive electrical and thermal stresses that are felt
in harsh environments. IGBT failures can be broadly classified
as open circuit faults, short circuit faults, and intermittent gate
trip faults [2]. Variable speed drives, and the inverter in
particular, are occupying more and more space. This rapidly
increases the concern for fault tolerance due to availability
problems [1, 3]. When inverter faults appear, the conventional
topology of the EV powertrain cannot perform its function of
traction of the vehicle, therefore the need to develop fault
tolerant systems emerges.

The two most common types of power converter faults that
have been widely investigated are the transistor gate driver
open fault or the IGBT open circuit switch and the short circuit
switch. These two faults can lead to catastrophic drive failures
or significantly degraded performance [4]. It is therefore
crucial to be able to detect and diagnose these two faults in
order to take the appropriate corrective measures to mitigate
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their effects [5-8]. A priori knowledge of faults is assumed in
this paper and the emphasis will be on corrective actions in the
event of a fault. Once the fault is detected and located,
corrective action must be taken to mitigate the effects of the
fault [9-11]. Many inverter architectures based on some
hardware redundancy have been suggested to add
reconfigurability to the system [12, 13]. Several studies have
invested in this subject. Authors in [14] have proposed a
detection mechanism based on a new wavelet transformation
technique. Authors in [15] proposed a non-intrusive fault-
diagnosis method for open-circuit faults in inverter
semiconductor power switches, whereas authors in [16]
proposed another model: when an open-circuit fault occurs
regardless of the position of the rectifier leg, an indication will
be generated in the absence of any additional sensors to
accurately identify the defective leg. Authors in [17] described
a method based on vector space decomposition and double
three-phase space vector modulation. Diagnostic and tolerant
control methods have been developed comprehensively for
three types of faults, open-switch faults, open-phase faults and
short-switch faults in a three-level type T inverter supplied by a
double three-phase PMSM drives. The strategy proposed in
[18] belongs to the bridge-arm level, with a redundant bridge
arm in parallel. When the bridge arm is an open or short circuit
during operation, the redundant bridge arm will replace it and
keep the system working as normal. Authors in [19] proposed a
fault-tolerant scheme based on changing the inverter topology
from six to four switches to ensure proper operation. In the
event of a fault, a connection to the midpoint of the circuit
based on an external switch and a disconnection of the phase
terminal of the motor of the defective inverter arm is obtained.

The proposed diagnosis method is based on the neural
network analysis of the mean values of the stator currents of
the MAS in a tridimensional space, by calculating all the angles
that separate them, and subsequently the fault tolerant
command reconfigures the system and its operation returns to
normal.

II.  CIRCUIT TOPOLOGY OF TRACTION INVERTER

The circuit topology of the two-level three-phase inverter is
shown in Figure 1. T}, T5...T¢ are IGBTs and D,, D,...Dg are
anti-parallel diodes. An induction motor is located at the load
side.
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Fig. 1.

III.  IGBT OPEN-CIRCUIT FAULT ANALYSIS

In order to show the robustness of the proposed approach,
the open circuit faults in the IGBTs given in Figure 2 are
considered. The previously proposed approaches treat cases (a)
and (b) but remain unable to deal with the case (c) because they
are based on the substitution of the whole arm. In case (c) of
Figure 2, the switches are placed in two different arms [20],
thus, they are obliged to double the emergency arms. The
proposed approach consists in replacing the faulty switch by an
adequate reconfiguration according to the position of the switch
shown in Figure 2. So, a second redundant switch is always
available and ready to emerge to remedy other faults in other

locations.
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Fig. 2. Open circuit fault positions: (a) one IGBT, (b) two IGBTs in the

same arm, (¢) two IGBTs in two different arms.

A. Double-switch Faults in the Same Bridge Arm (T1-T4)

The two switches are located on the first arm of the inverter
so the current Isa is seriously affected in relation with the other
two currents Isb and Isc. When open-circuit faults occur in the
double switches in the same bridge arm, taking open-circuit
faults in T1 and T4 as an example, they cannot be turned on

normally. Neither positive nor negative half-cycle currents can
complete the continuation, therefore phase A is equivalent to an
open circuit. The other two-phase switches are working
normally. The current of phase A is zero and the current of the
other two phases is distorted. The current waveform is shown
in Figure 3.
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Fig. 3. Current waveforms of two switch faults in the same bridge arm.

After opening the switches T1 at #=0.2s we can clearly see
in Figure 3 that the positive half-wave of Isa becomes zero and
a slight modification appears on the Isb and Isc currents. At
t = 04s, T4 joins T1 and becomes open and the current Isa
becomes zero. Opening an arm is similar to opening a phase.
The amplitudes of the other two currents are 15 to 20A.

B. Double-switch Faults in Different Bridge Arms (T1-T5)

When double switches in different bridge arms are in open-
circuit fault status, the situation can be further classified into
two cases. The first is the one where two IGBTs at the same
half-bridge position in the two bridge arms (such as T1 and T5)
are in open circuit fault status. The second is where two IGBTs
at different half-bridge positions in the two bridge arms are in
open-circuit fault status. Faults in T1 and T5 are taken here as
an example of double switches in different brldge arms in
open-circuit fault status. The current waveform is shown in
Figure 4.
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Fig. 4. Current waveforms of two switch faults in different bridge arms at
two different times.
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Fig. 5. Current waveforms of two switch faults in different bridge arms at
the same time.

By introducing the open-circuit fault, the waveforms of the
three-phase currents are distorted and become asymmetric, so
the output electromagnetic torque of the traction motor is
reduced and oscillates severely, which is harmful for the
system’s security and stability. The increase in the amplitudes
of the currents leads to the motor heating up, especially when
the load torque becomes greater, so the winding risks being
damaged. Immediate intervention, i.e. replacing the faulty
switch in a very short time becomes essential for the continuity
of service, otherwise the risk of an abrupt shutdown is very
high. The developed intervention strategy is summarized in
Figure 6.

Start Simulation in the Simulation in the
= healthy case ™) faulty case
I 2

Extraction of the
data bank by the
three-dimensional
method

Detection and
€8 localization by
neural network

Inverter
reconfiguration

Fig. 6. Flowchart of the control and fault detection strategy.

IV. TRIDIMENSIONAL METHOD FOR FAULT DIAGNOSIS

From the synthesis of the results obtained previously, it is
concluded that the three-phase current will be distorted in the
event of an open circuit fault, which can be considered as a
fault signature, whether the fault phase current is zero or not. In
order to accurately acquire fault features and determine the
fault location, we extract characteristics from the
tridimensional analysis of the three-stator current. The feature
extraction is the most important step in the proposed defect
detection and classification process. Better features will lead to
better performance and to a more reliable system. In this
research, the feature extraction technique transforms the three-
phase output into instantaneous waveforms constructed from
the average values of stator currents. Under normal conditions,
these instantaneous values create a circle-like shape with some
fluctuations in a tridimensional presentation space, as shown in
Figure 7. Each system failure causes disturbances in the three-
phase current which changes its shape in a unique way.

Isc T y
(Al = iy o

Isb [A] Isa[A]

Fig. 7. The shape of the Isyen stator currents in a healthy state.

The defect reaches the two sizes:
e The radius of the tridimensional circle:
22 2 2
R°=r a(mean)+ Ib(mean)+ Ic(mean) (1)

This property can be restricted to the analysis of the mean
values of the currents:

Ia(mean):ZIa/N (2)
e The angles of the mean values:

The average values of the three stator currents are placed on
the axes of an orthogonal three-dimensional coordinate system.
Angles 1-6 are based on these average values, the presence of a
fault affects the average value of the currents which directly
influences these angles as shown in Figure 8.

Ib mean

Ia mean

Fig. 8.

Representation of the 6 characteristic angles.

The next characteristic to extract is the angle of each mean
with respect to its axis. The angle at the mean value gives us
the exact location of this point in the tridimensional space of
Figure 8. These angles are explicitly calculated as :

Angle (1) : Atan(BA) = tan‘l(llbmﬂ) (3)

Angle (2) : Atan(AB) = tan_l(lfmﬂ) 4

bmean
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Angle (3) : Atan(CB) = tan_l(%) (5)
Angle (4) : Atan(BC) = tan—l(ﬁ—z:) (6)
Angle (5): Atan(AC) = tan_l(%) (7)
Angle (6) : Atan(CA) = tan_l(%) (8)

V. NEURAL NETWORK LEARNING PROCEDURE

This technique has very interesting characteristics such as
learning and self-organization. Neural networks can be thought
of as black boxes [21-22]. The calculation of the mean values
of the currents and the angles which separate them in the
tridimensional space leads to the results presented in tabulated
form in Figure 9.

Ia b Ie

Faults Angle1 | Angle2 | Angle3 | Angle4 | Angle5 | Angle 6

mean mean mean
T1 -045 -0.48 -1.09 0.75 LD 0.82 44 21200 228
TI-T4 | 145 -1.47 -0.14 0.73 0.12 -0.84 006 |-049 |0.55
TI-TS

-0.62 -0.28 -1.29 118 -0.95 0.39 -5.13 3.63 15

Extract characteristics table.

Fig. 9.

The table in Figure 9 is used to train the neural network
which contains:

e An input layer of 9 elements which are the three average
values of the currents and the 6 characteristic angles.

¢ A hidden layer of 24 neurons.

e A 6 element output layer that indicates the damaged switch
(Figure 10).

The output layer presents faulty switches by thresholds, (1
indicates that the switch is damaged, O for healthy switches).

Hidden Layer

Output Layer

Fig. 10.  The proposed artificial neural network architecture.

VI. CONTROL STRATEGY

After the detection of a fault by the monitoring system, the
FTC command intervenes to replace the faulty switch with a
backup one, along with its appropriate command, to restore the
correct functioning of the system. The simulation blocks for the
monitoring of the system are shown in Figures 11-12. From the
stator currents, angles and average values are calculated
(Figure 12). These parameters train the artificial neural network
which has the role of detecting the faulty switch and locating
its location in a precise way, i.e. the neural network must
provide three signals (Figure 13). Two signals control two
multi-port switches which control the signals of the six

switches (Figure 14(a)), one for the upper part of the inverter
half bridge and the other for the lower part. In the faulty case
these signals give the number of the switch in question,
whereas in the healthy case these signals are equal to 0.

inverter reconfuguration

- ‘ v_-n‘}.. S IL‘}’ B [:? - = @

FTC controle

three-phase inverter T
induction motor

neural network

ﬁ‘ fault detection |

Fig. 11.  Global simulation model.
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Fig. 12.  The configuration system by FTC.
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Fig. 13.  Switches control selection and inverter reconfiguration strategy.

Figure 14(a) shows the output signals of the neural network
when T3 is in open circuit. We see that the signal corresponds
to the upper part is equal to 3. This indicates that the third
switch of the upper part of the half bridge of the inverter is
faulty and the signal from the lower part is equal to 0, i.e. that
all the switches on the lower part of the inverter half-bridge are
healthy. The third signal (Figure 14(b)) controls a
reconfiguration card based on breaker circuits which has the
role of isolating the faulty switch and putting an emergency
switch in its exact place.
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Fig. 14.  Detecting single switch in the upper half bridge inverter T3 by the
ANN: (a) detection and localization of a single switch fault by the ANN, (b)
signals obtained by ANN for T3 open circuit.

VII. RECONFIGURATION SYSTEM TEST AND SIMULATION
RESULTS

For this type of fault, the appearance of a single fault and of
two faults at the same time (multiple) are examined.
1) Single Switch Fault

The opening of the switch T1 at the instant # = 0. 3s is
shown in Figure 15.
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Fig. 15.  FTC for a single switch open circuit.

2) Failure of Two Switches of the Same Arm

The switch T1 breaks down at the instant # = 0.3s and the
switch T4 at the instant # = 0.55 s as shown in Figure 16.
3) Faults of Two Switches in Two Different Arms

We examine the opening of the second arm T1 at # = 0.3s
and T5 at t=0.55s as shown in Figure 17.

100 4,#13 A\nﬁw L\q’/) L\Y«W‘V‘v"’dw/b\r[ﬂi\" }}u\ M‘W’/ \ﬁﬂ Y&)‘M\/\i—,ﬁ

z 45 0.5
S 0 J\ Ay w,\, a.,a *«/V A N“«' ,ﬂ,-\/t.v ’M\\k,vwk KVM ey A. it o]
3
400 { i i . . . . ; ;
0 0.1 0.2 03 04 05 0.6 07 0.8 0.9
Time(s)
100 : : . . . . y T
< |
= Of) J\'/‘\.a‘*w‘\«‘n-‘w\/w*v"v“v’w*‘v\r e wvwv s
]
400 f i . . . . ; H
0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9
Time(s)
100 : - T . - T . .
<
5 0 Uﬂ[ flh/’\r‘v"/‘w"-a‘\M’\MW\"\r*vxﬁ‘w*w"v/\"w“v“a-‘w’v‘»‘w"v‘v/’v«e‘w“v’-q‘w“w‘»‘w’*r\rw“vﬂ‘vr
3
@ | :
100 . . ; i i ; . .
0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9
Time(s)
Fig. 16.  FTC for an open circuit of two switches in the same inverter arm.
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Fig. 17.  FTC for an open circuit of two switches in different inverter arms.

The fault appears at # = 0.3s: the switch T1 remains open
due to a fault (Figure 17). This clearly results in the
disappearance of the positive half-wave of the current Isa.
Ensured by T1, the system employ detects, locates, and
replaces it by a redundant switch by reconfiguring the inverter
connections in order to isolate the faulty IGBT and connect the
reserve one in its place to ensure the continuity of service. The
procedure lasts for a very short time of around 0.01s. Its
robustness and its ability to deal with multiple faults are proved
in situations such as the one described in Figure 16, where two
switches of the same arm T1 and T4 break down. The
intervention of the system is very fast and the current becomes
sinusoidal with two alternates, symmetrical and equal. The
same observations remain valid for the third studied case,
although the two switches are not on the same arm T1 in the
first arm while TS5 is located on the second arm. Figure 17
shows that the two currents Isa and Isb are clearly affected, the
first by the absence of a positive half-wave and the second by
the absence of the negative half-wave. The intervention of the
monitoring system to be used again proves a very satisfactory
efficiency by eliminating the faults in a very short time of the
order of 0.01s.

At this stage, we can deduce that the strategy employed in
the present work is very reliable, fast and acts in all possible
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fault scenarios. But the strong point that distinguishes this
approach from other works is its simplicity. A simple
mathematical calculation is enough to accomplish the task. In
addition, the reconfiguration card does not require much to
compose which facilitates the practical realization of this
strategy with a reasonable price. Most other works are based on
complicated techniques such as the fast Fourier transform [23],
the wavelet transform [24], Clarke vectors [25], etc.

VIII. CONCLUSION

In an effort to ensure the continuity of service in induction
motor drives, this article has summarized all the possible open
circuit fault conditions in a three-arm inverter with two back-up
switches. The fault detection method used is based on a neural
network which learned from a database extracted from the
tridimensional analysis of the stator currents. Finally, a fault
tolerance strategy has been put in place which takes care of the
reconfiguration of the inverter deemed necessary by the neural
network by replacing the faulty switch with one of the two
emergency available switches. The FTC module which isolates
the faulty switch is put in its place in very satisfactory time.
The simulation results proved the efficiency and robustness of
the proposed strategy considering fault diversity and very short
intervention times.
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