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Efficiency, reliability, high power quality and continuous operation are
important aspects in electric vehicle attraction system. Therefore, quick fault
detection, isolation and enhanced fault-tolerant control for open-switches
faults in inverter driving systems become more and more required in this
filed. However, fault detection and localization algorithms have been known

to have many performance limitations due to speed variations such as wrong

decision making of fault occurrence. Those weaknesses are investigated and
Keyword: solved in this paper using currents magnitudes fault indices, current direct
component fault indices and a decision system. A simulation model and
DSP . - .
E . [ validati experimental setup are utilized to validate the proposed concept. Many
Xperlmentg validation simulation and experimental results are carried out to show the effectiveness
Fault detection of the proposed fault detection approach.
PMSM

Simulation
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1. INTRODUCTION

Reliability and continuous operation at faulty cases have attracted the interest of many researches in
the last decade [1], [2], [3]. Therefore, great interests haven been given to three-phase motor dive systems
fault detection, localization and hardware/software reconfiguration [4]. These interests are justified since that
the power inverter components were often identified as the weakest part of the dives system; Statistics studies
[5], [6], [7] demonstrate that power semiconductors and gate drives failure rates are higher than other faults.

Given the security offered by the fault-tolerant topologies, they have been adopted in several
applications such as in aerospace actuators [8], [9], in wheel motors [10], [11] and steer/brake by wire
systems [12]. One of the most used power electronic topology is three-phase fault-tolerant power converter
based on TRIACs as shown in Figure 1. It is exploited in electric vehicle permanent magnet synchronous
machine (PMSM) drive system [13], in wind turbines [14] as will as in grid-side converter [15].

Numerous real-time algorithms have been proposed in literature with the interest of detecting and
locating open switch faults. This localization has been performed in [16], [17] by current space vector
trajectory diameter analyzing. Two methods based on the the af currents are investigated in [18]; the
current-vector trajectory and the derivative of the current-vector phase are analyzed. In [19], an artificial
neural network has been trained by a faulty drive simulation model allowing to isolate the fault. In [20], the
detection is based on the the af3 currents analyzed by a fuzzy technique. additional voltage sensors are
integrated in the dire topology in [21] to achieve fast detection and localization times using voltage-based
techniques.
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In this paper, an enhanced fault detection technique based on computing of the PMSM three-phase
currents has been presented. The improved fault detection method is made up of three indices showing the
modification of currents amplitudes, and three other indices showing PMSM currents average values.

TR

v, (D)
a ia()

0
Vd c C ic(t)
c

b I
[ 1
VCZ(I)T Ta—| T’b_| T’c%ﬁ
T TRa| TRy TR

Figure 1. Fault tolerant power inverter topology
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2.  INVERTER FEED PMSM MODEL AND CONTROL APROCHE

The three-phase six-switch inverter, shown in Figure 1, have been adopted to feed our three-phase
closed-end winding permanent magnet synchronous machine. This topology was made under study because
of its extensive uses in vehicle attraction field. To succeed the inverter continuous operation, each PMSM
phase has been connected to the dc-capacitors mid-point through an additional TRIAC (TRa, TRb and TRc).
These additional components are triggered once the algorithm, object of this article, discovers switch failure.

2.1. Permanent Magnet Synchronous Motor Model

Inverter switch fault detection and PMSM speed adjusting algorithms require the system model with
an average complexity. Therefore, in what follows, we neglected the effects of flux saturation, saliency and
the electromotive force (EMF) harmonic beyond the third harmonic component; controllers in speed/currents
control loops tolerate several modelling simplifications, such as perfect sinusoidal distribution of stator
winding. In addition, the produced magneto-motive-forces and the magnitude flux linkage through the stator
winding are sinusoidal.

As a result, and adopting the (abc) rotating reference frame, the electrical model of the PMSM can
be written as the following [22], [23]:

[u O =R[i, O +d [w, )] /et

L

M M cos(6,)
[v. O =M L M|[i, )] +¥,|cos(6, —27/3) |. (1)
M M L cos(6, +2x/3)

Where [u; (t)]abc , [is(t)]abc and [, (t)]abc are the stator voltage, current and flux vectors, L and M

are the stator winding self-inductance and the mutual-inductance between the windings, ¥, is the maximal
amplitude of the permanent magnet flux and 6, is the electrical rotor position.

In order to simplify modelling, given that the investigated synchronous motor in this paper is a
surface mounted permanent magnet motive, the stator winding inductances L and M are adopted constants.
Consequently, the notation L =L - M can be made.

By adopting the aforementioned assumptions, a PMSM mechanical model can be formulated as:

d
J—Q=T_-f Q-T
dt em r Load (2)

To achieve the vector control, and to make speed adjusting and controllers sizing easy, Park
transformations from/to the rotating reference frame linked to the rotor are required. By applying Park
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transforms presented in [20] to Equations (1) and (2), the state-space equations of the dynamic electrical and
mechanical systems can be obtained:

i,] [-R/L,  PQ 0 i,] [1/L, 0o 0 7[uy,

—li, |=| -PQ  -RIL,  -PY¥, /L ||i, [+| 0 /L, 0 ||y,

0 3P, /20 /3 ||Q] | 0 0 13T
id
[Q]=[0 0 1]|i,

Q 3

Where ug, uq are the stator d- and g-axes voltages, ig, iq are the stator d- and g-axes currents, R is the
stator resistance, Q is the rotor angular velocity, P is pairs pole number, Ty, is the load torque, fr is the
viscous friction coefficient and J is the inertia moment.

The created torque in PMSMs at the healthy operation mode is smooth due to the interaction
between the three balanced sinusoidal stator current and rotor flux, and it can be described by:

Ten =3PW, i, /2 4)

It is noticed from the equation (3) that the model in the rotating reference frame is coupled, and it
contains nonlinear terms. Then, to achieve the vector control, the opted control loop, must be consisting of a
decoupling block, a model linearization and additionally two control loops [22]-[23]-[28].

2.2. Inverter Model

In order to simplify inverter modelling, The IGBT are stimulated by an ideal switches with no died
band time throughout this paper as it assumed in [24]-[25]. Consequently, the switches can be denoted by
Boolean variablesS, ,S, (x=a, borc). Therefore, the binary values ‘1’ of each switch  will indicate the

closed state of them. Whereas, the binary values ‘0’ will indicate the opened state. Based on that assumption,
the created three-phase voltages using the source neural point are given as follows:

xn

V, /2si S, =1
vV, 12si S =1 ®)

Where ‘n’ is a fictitious neutral point used to simplify the modeling and the voltage computation,
and Vg is the voltage supplying the inverter. The equation 6 is no longer validated in case of transistors
failure of the inverter, and the resulting voltage depend on the fault type. The three types of faults, which can
be occur in one leg in addition to the healthy operation, are presented in Figure 2.

(b) (d)

Figure 2. One leg faults types: (a) healthy leg; (b) Fault of the upper switch; (c) Fault of the lower switch; (d)
Fault of one leg
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In case of one leg fault (Open fault of two switches), the linked phase current becomes equal to zero.
Consequently, and from the equation 5, the voltage at the terminals of the corresponding coil equal to the
EMF produced by the permanent magnet rotation. In case of one switch failure (one Open fault of switch),
the generated voltage depends on the faulty switch. Moreover, the equation 5 could be rewritten for each
fault. For example, when the switch ‘S, is in fault, it is no longer possible to apply V, = Vq/2. However,
since the free-wheeling diode is in good condition, the generated voltage is as follows:

If I, < 0 the same generated voltage as it in the equation 5.

If I, > 0 the same generated voltage is presented in the equation 6.

V. /2if S =1
v, 12i0f S =1 (6)

As a result, the faulty leg could not apply positive voltages, as well as positive current. This current
waveform reduces torque quality and increases its total harmonic distortion (THD) value.

3. FAULT DITECTION INDECES

From the previous section, where the system behaviors under faulty component was analyzed, it can
be concluded that any switch failure affects the associated phase current; the magnitude of the fundamental
harmonic of the current is lower, and a direct current component is added. These current changes are the
indicators that allow localizing the fault component without additional sensors.

In what follows, a quadrature-signal generator is introduced to extract the fundamental harmonic of
currents and their magnitude. Moreover, an adapting low-pass filter is sized to extract direct current
component. Based on these quantities, fault indices are computed and decision system is made.

3.1. Phase Currents Magnitude Computing

The implemented filter structure, shown in Figure 3, has been widely used for many years [26]-[27],
it consists of an adaptive resonant filter capable of filtering the fundamental harmonic of currents from an
input current, and generating its quadratic. To make this filter bandwidth adaptable, the resonance frequency
is returned external and computed from the PMSM speed.

PN = g

alx

@,

Figure 3. Quadratic signal generator (QSG)

I kw.s
D =X = &
©) I, ©) sz+ka)es +a)e2 Y
_& ~ k,
Q(S)_ Ix (S)_Sz+ka)es+a)ez (8)

The transfer functions between the filter inputs and the generated signals (I'y and gl'y) are defined by
the equations 7 and 8. And It can be noticed that the filter bandwidths are linked to the gain k and to the
PMSM electrical frequency w.. Given that, the filter generates a pure sinusoidal current and its quadratic
quantities, current magnitude M, for each phase could be obtained by calculating:

M, =) +@l)’ ©)

Where 1_ is the x phase current fundamental and g1, is the quadratic component of the same phase
current.
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3.2. Filtering the Phase currents Mean Value

In case of one open-switch fault occurrence, the current of the associated phase is shifted, and a
direct current is added. This current quantity value leads to identify the faulty switch. Consequently, the used
low-pass filter (LPF), shown in figure 4, have ben modified, and its bandwidth become adjustable to track
speed variation. Its transfer function is presented by the equation 10.

O—O—— 1"

x —dc a)e
—S)= 10
e T £

X X e

Figure 4. Low-pass current filter with an adapting
bandwidth

One can notice, that the fundamental component is subtracted from the current before the filtering
which have been done in order minimize the filtered low frequencies harmonics.

3.3. Indices Computing
Appropriate fault indices are gotten if the following rules are achieved:
a. the indices values must be close to zero in healthy operation and large in case of fault;
b. the indices values in case of fault must allow these faults isolation;
c. the indices must not be insensitive to the operating conditions (speed and load)
Using phase-currents magnitudes and their mean values, the following indices are recommended

RMah = Ma_Mb RDC _ Ia—dc
maX(Ma’Mb'Mb) : maX(Ma'Mb’Mc)
M. -M |
R - b c 11 R — b-dc 12
M Imax(M,, M, ,M,) D °“ max(M,,M,,M,) (12)
Mc_Ma R — Ic—dc
M = % max(M,,M,,M,)
maX(Ma,Mb,Mb) ar Vipr Ve

3.4. Decision system

The decision system objectives are to analyze the fault indices in order to locate the faulty switches
and make the decision to adjust the power electronic in order to isolate the faulty leg.

Since the fault indices, calculated by equations 11 and 11, are variables and change along healthy
and faulty operation. For this reason, the flowcharts presented below is adopted to produce the instructions
for the decision system.

Ry, , Ry and Ry, Rie + Raa and Ry

Rjo=-1 Ri=0

Figure 5. Magnitude and direct current fault indices flowcharts
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In those flowcharts, the magnitude fault indices variation are divided into two intervals; if Ry >¢;
then the new index R 'MX is equal 1, else, it is equal to 0. However, the direct current fault indices variation

are divided into three intervals variations; if R, 2 ¢, then the new index R ',c is equal one, if Ry, <—(,

it is equal to -1, else, it is equal to 0.

From the revealed intervals classification, and using table 1 of the decision logic, the determination
of the faulty phase or even the faulty transistor has become feasible. To define the intervals limits ¢, and £, ,
intensive tests are carried out in the following section.

Table 1. Localization Chart of Faulty Components Location

Tgﬂf/';tf "r, 1, T T, T, T T&T, T,&T, T.&T
Riy, 1 1 0 1 1 0 1 1 0
Ri,. 0 1 1 0 1 1 0 1 1
Rite 1 0 1 1 0 1 1 0 1
Rpc, -1 X X 1 X X 0 X X
Rpc, X -1 X X 1 X X 0 X
Rpc, X X -1 X X 1 X X 0

4. INVERTER FEED PMSM MODEL AND CONTROL APROCHE

The proposed fault detection Indices, presented previously, and the power configuration were tested
in simulation; the power structure was assembled in PSIM which had been interconnected to
Matlab/Simulink. In addition, the control scheme and the faults detection systems were built in Simulink. The
validated algorithm was then implemented by means of the test bench shown in Figure 6.

Figure 6. Experimental setup including eZdsp , PMSM and power inverter

A 32-bit floating-point TMS320-F28335 digital signal processor (DSP) board, based on a 150 MHz
clock, accomplished the drive system; it has been programed using Matlab/Simulink® rapid prototyping
tools. A Matlab/GUI real time interface locally built was used to make results recording easy [28]. The power
structure includes a six-switch three-phase inverter associated to split capacitors. The 6S3P inverter is
feeding a PMSM with Surface Magnet Mounted. Parameters and other configuration requirements are
presented in table 2. To operate around nominal point, the PMSM was loaded by DC generator supplied by a
current source to establish a fixed load torque. An incremental encoder was used to measure rotor position
(2000 pulse per revolution). These equipment, are illustrated in Figure.

Table 2. Inverter, Controller and PMSM Parameters

Components Values Components Values
DC-voltage 24V Rated Power and Speed P=80W, Q=4000 rpm
PWM frequency FPWM=12kHz Pole pairs 4
Sampling fs=10kHz Viscous friction fr = 0.04 10° Kgm?
Upper/Lower capacitor C,/C, 4400pF Rotation inertia J=0.510° Nm/rad
Inverter rated power 1kw Resistance and inductance R=0.43Q, 1=1.35 mH
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To analyze the current behaviors, the three significant operations (healthy operation, operation with
the upper open-switch fault and with one leg open-switches fault in phase ‘c’) have been tested in simulation
and confirmed experimentally in order to validate the implemented model. Those tests are accomplished at
constant speed Q = 500 rpm and with 60% of nominal load (0,09Nm). The obtained results are shown in
figures 7, 8 and 9. Plots in figures 7a and 7b at healthy operation demonstrate that the generated currents are
balanced and similar. On the other hand, plots in figures 8a and 8b with the upper open-switch fault in phase
‘¢’ operation clearly show that the faulty phase current is distorted; the faulty phase current has taken only
negative values. This behavior is due to the inverter, which cannot generates a voltage greater than the EMF
when the faulty phase current in positive. However, for the other half period, when the phase ‘c’ current is
negative, the inverter operates as a healthy one for the reason that the faulty switch purposes are
accomplished by the associated freewheel diode. It can be concluded from results in figure 9, obtained
through simulation and through experiment for one leg open-switches fault in phase ‘c’, that both behaviors
are very similar, and extra harmonic currents are appeared in experimental results. In addition to that, one can
observe that currents in both cases have become higher to compensate the lost 30% of torque.

Figure 10 shows the torque experimental results at 500 rpm when the machine is under 60% of
nominal load. The top row figures show the torque behavior results in the three operation conditions
previously mentioned. However, to quantify the generated torque distortion at 500 rpm, an FFT analysis
using the Simulink tool with the fundamental harmonic of 33.33 Hz is done, and the results are shown in the
bottom row figures. One can observe from results figure 10b obtained by operating with one open-switch that
a first, second, and third harmonics have been added and the THD becomes equal to 58,56% against 8,7% at
healthy operation. Moreover, when one leg open-switches fault is applied, THD is raised to 73,33%. Given
that the torque ripple becomes higher in faulty cases, quick localization and rejection are highly required.
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Figure 7. Three-phase motor current la, Ib and Ic, in healthy operation with Q =500 rpm and Iq = 3 A;
(a) simulation result; (b) experimental result
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Figure 8. Three-phase motor current I, I, and I, in operation with the upper open-switch fault in phase ‘c” with Q
=500 rpm and Iq = 3 A; (a) simulation result; (b) experimental result
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Figure 9. Three-phase motor current I, I, and I, in operation with one leg open-switches fault in phase ‘c’ with
Q=500 rpm and I = 3 A; (a) simulation result; (b) experimental result
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Figure 10. Experimental waveforms of the motor torque and their frequency analyses under three faults types;
(a) in healthy operation; (b) with the upper open-switch fault; (c) with one leg open-switches fault
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Figure 11. Fault indices behaviors in simulation and in experiment in healthy operation with Q =500 rpm and
;=3 A;
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The simulation and experimental results of magnitude fault indices calculated in equation 11 and of
mean value fault indices in equation 12, performed at healthy operation and presented in figures 11, conform
that we have a good concordance between them, and those indices are close to zero when the PMSM currents
are balanced (in this faultless case). Although, slight oscillations and offsets are appeared in experiment due
to PMSM magnetic circuit and of Hall effect sensors.

Figure 12 demonstrates that the fault indices, in operation with the upper open-switch fault, are

strongly affected, i.e. Ry _, Ry_and Ry .All of those indices are associated to the faulty phase.

1 ,_{ Ryviab Ryvbe RMcaL 1 —( Ryvab Rybe Rvca
ME 05 O,WW 05} /i Sy AT
NV IV N “
RN, N AU LAY M)
0.1 0.15 02 0.25 01 0.15 0.2 0.25
Time (s) Time (s)

(a) Rmanc Indices (simulation result)

(b) Rymane Indices (experimental result)
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Figure 12. Fault indices behaviors in simulation and in experiment in operation with the upper open-switch
fault in phase ‘c’ with Q =500 rpomand I, =3 A
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Figure 13. Fault indices behaviors in simulation and in experiment in operation with one leg open-switches
fault in phase ‘¢’ with Q =500 rpmand I, =3 A
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When one open-switch fault is occurred in an inverter leg, tow operation states are possible; in the
first half period, the system works as a healthy one, and the second half period, the system works as a faulty
one. As a result, the magnitude fault indices alternate between large and low values. Moreover, the mean
value fault indices become different from zero. It can also be detected from figures 12a and 12b that the
minimum values of Ry, ~and Ry, , in simulation and experimentally, are slightly differ and are lower in the

experiments. While the maximum value of non-concerned index R,, are higher in the experiments. These

issues make difficult the purpose of thresholds, and make necessary the accomplishment intensive testing on
whole PMSM operation speed range.

Figure 13 shows fault indices behaviors in simulation and in experiment in operation with one leg
open-switches fault in phase ‘c’. One can observe that the magnitude fault indices R,, and R,, , which are

linked to the faulty phase, are highly affected. However, the direct current fault indices Rpcae remains
unchanged by default.

In order to implement the flowcharts presented in figure 5, and to make the faulty components
localization possible table 1, the fault indices thresholds have been defined by applying a variable reference
speed on the machine in the four operating cases, and observing the fault indices behavior.

Speed ref

PMSM speed {
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Figure 14. Speed variation from 500 to 2000 rpm

1 1 T T
A 9 R E\'"-J:
,0,8 Interval 2 Mab OF e - - - - - - - =L - —— - [0 ) L A S [ i
R P
o708 Mbe 2 08 PO P S S S S J
0,4 Y —_ VY EE” 0.4 - 0.4 =
S A Interval 1 oy ’
0,2 0.2 PN D S S AU S |
o7 2 3 4 5 6 2 3 4 e 0 P ; zll 5 6
Time (s) (a) TiE=isy (6

v Time(s) (c)

Figure 15. Ry fault indices behaviors in case of speed variation from 500 to 200 rpm and 1, = 3 A; (a) in
healthy operation; (b) with the upper open-switch fault; (c) with one leg open-switches fault
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Figure 14 presents the speed tracking capability and reliability. Indeed, starting from a steady state
at 500 rpm, 2000 rpm acceleration and deceleration profiles were applied respectively att =2 sand t=5s.
The obtained results show that the speed profile tracking was slightly affected in the faulty operations.

It can be concluded form the magnitude fault indices behavior, in the four cases presented in figure 15, that

the Ry linked to the faulty leg are higher than &, =0.4. On other hand, the direct current fault index linked
to the faulty leg, presented in figure 16, varies above ¢, =0.3when the lower switch is under fault, under

—¢, =—0.3when the upper switch is under fault and finally between ¢, and —¢, at the healthy operation
case and at one leg open-switches fault.

5. CONCLUSION

The important feature required in electrical attraction system is reliability; it is ensured by adding
fault tolerance topology to maintain the continuity of operation, reject torque ripple and system break down
under a variety of inverter faulty conditions. Indeed, the experimental torque results demonstrate that the
torque ripples increase considerably at the faulty cases. In this work, the quickness and accuracy of open-
switches fault tolerance topology are ensured with development of fault detection method based on the
PMSM three-phase currents magnitudes and mean values. Two indices types are revealed (currents
magnitudes and direct components fault indices) and computed under four possible operation condition (in
healthy operation, with the upper/lower open-switch fault and with one leg open-switches fault).

The effectiveness of the proposed fault localization indices are strongly tested through a series of
simulation and experimental tests. The results demonstrate that the generated indices, associated to the faulty
leg, are highly affected and the indices associated to the other legs are perturbed as well. Furthermore, two
thresholds are defined to separate indices values signification, and to make the faulty switches localization
easy.
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