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IGBTs Open-Circuit Faults Diagnostic Methods for the Voltage
Inverter Fed Induction Motor Drives

Abstract. In this paper an effectiveness of IGBTs open-circuit faults diagnostic methods, that are based on vector hodographs analysis, for the two-
level three-phase voltage inverter fed induction motor drive, are investigated. In accordance with the research, whose chosen results have been
presented in this work, two diagnostic techniques have been validated experimentally in the direct rotor field oriented control as well as direct torque
control induction motor drive. The conducted study has a comparative dimension and aims to assess the effectiveness, robustness against false
alarms and speed of the fault diagnosis of the algorithms based on a rotor or stator flux estimation, depending on the control structure, or method
that takes into consideration a reference voltage vector of the inverter. Additionally, simplified implementation schemes of the diagnostic systems
have been presented.

Streszczenie. W artykule zweryfikowano skuteczno$¢ dziatania metod diagnostyki uszkodzen polegajgcych na braku przewodzenia pradu
tranzystoréw w dwupoziomowym, tréjfazowym falowniku napiecia zasilajgcym naped z silnikiem indukcyjnym. Prezentowane algorytmy zostaty
oparte na analizie hodograféw wybranych zmiennych stanu napedu w uktadzie bezposredniego sterowania polowo zorientowanego ze strumieniem
wirnika oraz bezposredniego sterowania momentem elektromagnetycznym. Celem przeprowadzonych badan, ktére majg charakter poréwnawczy,
Jest weryfikacja skuteczno$ci diagnozy, odpornosci na generowanie fatszywych alarméw oraz szybko$ci lokalizacji nieprawidtowo funkcjonujgcych
tranzystoréw, w przypadku analizowanych metod diagnostycznych, opartych na estymowanym strumieniu wirnika bgdz stojana oraz algorytmu, w
ktérym jest wykorzystywany wektora zadanego napiecia falownika. W artykule zaprezentowano réwniez proste metody realizacji praktycznej
systemow diagnostyki awarii tranzystoréw. (Metody diagnostyki uszkodzen polegajacych na braku przewodzenia pradu tranzystoréw IGBT
w napedach z silnikiem indukcyjnym zasilanym z falownika napiecia).
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Introduction

The most of electric motor drive system malfunctions
deal with power converter failures, resulting in a significant
decrease of a drive performance [1]-[3]. Along with DC-link
capacitor faults, that make up more than 60% deviations,
that are related to the power converters [4], IGBTs
transistor failures are the vast majority ones. These faults
are mainly caused by an ageing process, which is
intensified due to a thermal stress of the transistors, when
the inverter operates under wide range of environment
temperature variations and a changeable load condition [5].
From two types of the transistor malfunctions, namely short-
and open-circuit faults, the first ones are more destructive
for the power converters than the second ones because
they can result in a high current flow thru the DC-link circuit
and a complementary transistor of the faulty converter
phase, which leads to a capacitors destruction. In this case,
a power converter protection is realized by specialized
transistor gate drivers which turn off the faulty transistors
immediately, when the failures happen. As a result, the
faulted switch does not conduct the current similarly when
the open-circuit failure occurs. The second reason of the
loss of transistor current conducting capability are the IGBT
gate driver malfunctions as well as physical semiconductor
failures [6]. Since these malfunctions result unacceptable
errors of controlled motor drive state variables, specialized
control techniques, known as fault-tolerant control methods
(FTCM), which allow an uninterrupted electric drive
operation under its faulty condition, have been developed
recently [7]-[11]. According to FTCM, a remedial action, that
brings back a full or partial drive functionality, is carried out
by using an information about a localization of the faulted
switch. Thus, it is important to recognize the affected tran-
sistor correctly and fast. The open-circuit fault diagnostic
methods have been developed for many years and they can
be divided into two groups, namely techniques based on
hardware solutions and algorithms, that do not require extra
measurement systems installation for the fault diagnosis.

The hardware-based methods consist in an error
calculation between expected voltages and the measured

ones. However, these techniques, despite having very short
time of the failure localization, they require a relatively high
sampling time of a control system to avoid a false diagnosis
caused by the switching death time [6], [12]-[16]

A clear majority of the open-circuit faults diagnostic
methods are based on software ideas, which significantly
decrease implementation cost of the fault monitoring
system. Many of them rely on calculating of standardized
errors between reference, estimated or measured
diagnostic variables [17]-[22]. As a result of IGBT open-
circuit failure, voltages of the inverter are estimated
incorrectly, which is a reason of wrong stator currents or
flux calculations, respectively to the diagnostic method.
According to these techniques, the average values of the
incorrectly estimated diagnostic variables are compared
with the measured ones or with the results obtained by
using current-based estimators, which are not affected by
the transistor malfunctions. To determine the faulted switch
the diagnostic variables are compared with a fault threshold
that should by assumed experimentally. The second group
of the open-circuit fault diagnostic methods are the
algorithms based on an analysis of vector transient of
chosen drive state variables, which are defined in the
stationary reference frame o-f [2], [23]-[30]. The vast
majority of these techniques use stator currents for the
faults diagnosis [23]-[28] so they are sensitive to load
variations. Therefore, to overcome this disadvantage
standardization techniques can be utilized, namely the
stator phase currents are divided by an amplitude of the
current space vector. The fault localization procedure takes
more time than in case of previously described methods,
that are based on the residues, and can be longer than one
period of the current fundamental harmonic.

In this article address the comparison of IGBTs open-
circuit faults diagnostic techniques, which are based on
vector hodographs analysis, for the two-level three-phase
voltage inverter fed induction motor drive, are presented. In
accordance with the research two diagnostic techniques
have been validated experimentally in the direct rotor field
oriented control (DRFOC) as well as direct torque control
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(DTC) induction motor drive. In contrast to the well known
current-based transistor fault diagnostic methods, the
conducted study aims to assess the effectiveness,
robustness against false alarms and speed of the fault
diagnosis of the algorithms based on a rotor or stator flux
estimation, depending on the control structure, or method
that uses a reference inverter voltage vector. Additionally,
simplified implementation schemes of the diagnostic
systems have been presented.

Fault diagnostic methods

The analysed IGBT open-circuit faults diagnostic
algorithms are dedicated to DRFOC as well as DTC
induction motor drive systems with the voltage space vector
modulation (SVM). Fig. 1 presents a basic scheme of a two-
level voltage source inverter topology, whose faults are
considered in accordance with this paper.
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Fig.1. Standard three-phase voltage source inverter: simplified
circuit diagram (a), voltage space vectors (b).

To define the transistor fault diagnostic rules, the o—f
plane is divided into six sectors assigned with the number
SN, as following (1):

(70,
(1) SN, :mt[ “/'gjﬂ

T,

where int means an operation that returns an integer value
but y is an angle, which defined a position of the reference
voltage vector Uj,,r in the a—p coordinate system.

In case of the first method (M1), a voltage vector
presence time t,, is measured in the specific sectors of the
complex a—f plane [2]. Depending on a direction of the
motor rotation and a location of the faulted transistor, in a
drive steady state, the reference voltage vector is forced in
the one characteristic sector during a much longer time-
period than in the case of some other ones. To explain an
idea of the method in detail, a block diagram of the
transistor fault diagnostic system is shown in Fig. 2.
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Fig.2. Block diagram of the transitor faults diagnostic system for the
method M1

The timer of the system is activated by a triggering event,
namely a change of the sector SNy. Further, a value of an
output signal ¢, is proportional to a duration when the
reference voltage vector is located in the each sectors. As
shown in Fig.2, #), is divided by the output signal of the
function defined as (2), which is aimed at a normalization of
the diagnostic variable [2].

) P

where .., means normalized diagnostic signal, w,, is an
angular speed of the motor, 7., is a period of the timer,
a=1/Tper, b=1.

The normalization aims to obtain an absolute value of
tvnorm @pproximately equal to 1 during the drive healthy
operation and under its steady states. The failure is
detected when the signal |t),,..| Obtains a fault threshold
Trw=1.15. Then, to localize a faulty switch, the rule base,
which considers a direction of the motor speed, is utilized,
in accordance with the Table 1. Logical variables k1 and &2
are the output signals of the comparators of the diagnostic
system (see Fig. 2).

Table 1. Open-switch fault symptoms patterns for the first diagnosis
technique M1

k1 k2 SN Faulted transistor
0 1 ; i
; 1 : g
a : : &
5 1 5 T
0 1 : s
: 1 : T
Depending on the control structure, the second

considered open-circuit fault diagnostic method (M2) relies
on the analyzing of the rotor [29] or stator flux vector
amplitude and its position in the o—f stationary system.
During the healthy mode of the inverter, the absolute value
of the estimated rotor flux (in case of DRFOC drive) or the
absolute value of the estimated stator flux (for DTC) is
approximately constant and equal to the reference value.
However, during the power converter faulty mode, once a
period of the flux rotational movement, the estimated flux
vector absolute value y decreases below the nominal value
v rer, because of asymmetric power supply. An information
about the flux vector position, which is defined by an angle
7» When the control error of y is the biggest one and its
value is smaller than the fault threshold y #, (a local
minimum of the time-domain waveform of is observed and
its value is smaller than v ,,) allows to recognize the faulty
transistor [29]. The rule base, which considers a direction of
the motor speed, is presented in the Table 2. To explain an
idea of the method in detail, a block diagram of the
transistor fault diagnostic system is shown in Fig. 3.

Table 2. Open-switch fault symptoms patterns for the second
diagnosis technique M2

moAtI;%l;r:e d Sector SN in which the local Faulty switch
direction minimum of is observed
positive 1
i Tl
negative 6
positive 2
i T2
negative 1
positive 3
T3
negative 2
positive 4
T4
negative 3
positive 3
T5
negative 4
positive 6
i T6
negative 5
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Fig.3. Block diagram of the transistor faults diagnostic system for
the method M2

e

Transistor faults
diagnostic rules

For the rotor flux y; or stator flux ws estimation (3, 4), well
known equations based on the mathematic model of the
induction machine have been used, respectively [31]:

2
3) v. =[1§ _?jis .

»

i
dt ] I

where: i, y, - a vector of stator current and stator flux; i,, y,
- a vector of rotor current and flux; r,, », - a stator and rotor
resistance; [, 1., [, - a stator, rotor and main inductance; «,
w, - an angular velocity of a coordinate system and an
angular rotor speed; p, - number of pole pairs.

a . r rl, .
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Chosen experimental results

In the following section, chosen experimental results,
that validate an effectiveness of the diagnosis methods for
IGBT open-circuit failures, are compared. For the study, a
laboratory set-up, which a schematic diagram and a picture
are presented in Fig. 4a and Fig. 4b, are used. The set-up
is built of a 2.2 kW induction machine connected by a stiff
shaft to the load machine, namely DC motor with controlled
armature current (see Fig. 4b). Nominal parameters of an
induction motor are shown in an Appendix 1, in Table 3. A
speed of the drive was measured by an incremental
encoder (36000 imp./rev.). For the phase currents and DC-
link voltage measurement, the LA 55-P and LV 25-P
transducers were used, respectively. The control of the
drive was carried out with a dSPACE DS1103 rapid
prototyping system with the sampling period 7,=100 s,
while the inverter operates at a switching frequency of 4
kHz. For the transistor faults emulation, depending on a
required failure location, an appropriate transistor gate
command signal was removed.

a)

Fig.4. Experimental set-up: a schematic diagram (a), a photo of the
induction motor drive (b) the power converter that supplies the DC
motor (c) the fiber-optic modules of the inverter (d).

The experimental research, which chosen results are
presented in this section, are organized as following. First,
the robustness of the algorithms against false alarms under
harsh transients of a drive speed and rapid changes of the
load torque was validated. Moreover, during these tests the
fault thresholds required for the correct fault diagnosis have
been obtained. After that, the IGBT open-circuit faults are
emulated during a constant reference motor speed npr.
Next, the methods are tested for the faults occurring during
motor speed linear changes. Finally, the speed of the
diagnosis was compared for the each methods taking into
consideration a failure instant related to the phase of the
current. In all figures, a pink dotted line marks an instant of
the single switch open-circuit fault occurrence but a moment
of the failure localization is marked as a blue dotted line. In
order to rate a time, that is required to conduct the transistor
fault diagnosis, a normalized fault localization time ¢ is
defined as a part of a stator current period T; that is
measured before the fault applying. Additionally, in figures
is presented the speed of the drive n, phase currents iy 5
and chosen diagnostic variables, depending on the tested
method. In case of M1, time-domain waveforms of the
signal |ty...m| @nd the SNy, which means the sector, that
defined the position of the reference voltage vector in the
stationary system, are shown. Moreover, transients of the
rotor w; or stator s flux absolute value and the flux vector
position described by the sector number SNy are presented.

Fig. 5 and Fig. 6 show the transients of the measured
motor speed n, stator currents iy, 3 cand diagnostic variables
|tamorm) @Nd ws Or w;, depending on the tested control
structure (Fig. 5 corresponds to the DTC-SVM and Fig. 6 to
the DRFOC-SVM), during harsh transient of the motor
speed and rapid changes of the load torque (from no-load
to the full load). These tests have allowed to assume the
transistor fault indicating thresholds: 7;=1.15 for the M1,
with no regard to the control structure, ws ,=0.88 and
wr 1n=0.95, so that the values of the diagnostic variables do
not exceed these thresholds during the drive healthy
operation mode.
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Fig.5. Experimental results regarding the fault threshold fitting
process with the time-domain waveforms of the speed (a), stator
currents (b), diagnostic variables related to the 1st method |#imem|
(c) and the absolute value of the stator flux y; the machine (d) for
the DTC-SVM.
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Fig.6. Experimental results regarding the fault threshold fitting
process with the time-domain waveforms of the speed (a), stator
currents (b), diagnostic variables related to the 1st method ||
(c) and the absolute value of the rotor flux ;. of the machine (d) for
the DRFOC-SVM.

Fig.7 and Fig.8 present experimental results achieved
for the T1 failures that were occurred for the same current
phase angle y=n/3, when the drive operated with the
constant reference speed n.=720 rpm and the load torque
m=7.2 Nm. In case of DTC, the fault was applied at the
instant {=0.028 s.
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Fig.7. Experimental results concerning the transients of the drive
speed (a), stator currents (b), the diagnostic variables (c, d, e) for a
single power switch open-circuit fault in T1, in case of DTC-SVM.

As can be seen in Fig.7c, at +=0.031s the diagnostic
signal |ty,0m| €xceeded the fault threshold 77:=1.15, when
the inverter voltage vector was located in the 1st sector of
the a—p plane (see Fig. 7e SN, =1), so the fault localization
time comprises 0.08 of the current fundamental period
(¢p=0.08T;). In case of the second transistor fault diagnostic

method (M2), the local minimum of the ys was detected at
t=0.035 s (see Fig. 7d), when the stator flux vector was
located in the 1st sector of the a—p plane (see Fig. 7e
SN,=1). The fault localization time comprises 0.19 of the
current fundamental period (¢5=0.197;) and it is longer than
for the method M1. Compared to the previously considered
case, Fig. 8 shows results related to the DRFOC. At
t=0.016 s the T1 open-circuit fault was applied and the
faulted transistor was recognized at =0.019 s, in case of
M1 but for the method M2, the failure was localized at
t=0.025 s. In both considered cases, the fault localization
time ¢, is less than one current fundamental period, namely
tp =0.08 T; for M1 and ¢, =0.03 T; for M2.
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Fig.8. Experimental results concerning the transients of the drive
speed (a), stator currents (b), the diagnostic variables (c, d, e) for a
single power switch open-circuit fault in T1, in case of DRFOC-
SVM.

Fig. 9 and 10 show the experimental results, which
correspond to the transistor faults that occurred during
linear changes of the drive speed #,,=720 rpm and the load
torque m;=7.2 Nm. First, at the time ¢ =0.02 s the open-
circuit fault in the T1 transistor was introduced during the
motor speed-deceleration in DTC structure. Unlike the
previous case, the results are related to DRFOC. The fault
of T4 was applied at r =0.31 s. As with the both tests, the
fault diagnostic time ¢p is shorter than the one current
fundamental period, namely ¢, =0.44 T; for M1 and ¢, =0.32
T; in case of T1 failure (see Fig. 9) and ¢5 =0.21 T;for M1 ¢5
=0.13 T; in case of the T4 failure (see Fig. 10).

In Fig. 11 summarized test results, which correspond
to the speed of the T1 open-circuit fault diagnosis
depending on the failure instant, that has been defined by
the phase angle [1; of the current jsa. This research has
representative character and was conducted under constant
reference speed, which value was equal to the half of the
nominal motor speed n.~=0.5ny and for the medium load
torque m;=0.5mp.

The obtained results have proved that in case of both
analyzed methods the time, that is required to the transistor
fault diagnosis, is shorter than one period of the stator
current fundamental harmonic, with no regard to the failure
instant. Taking into account the methods known from
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literature, which have been briefly discussed in the paper
introduction, for example [17], the proposed diagnostic
techniques are competitive. Additionally, it is visible that in
case of the first algorithm (M1), the transistor fault diagnosis
takes less time than it is required to find the faulted
transistor by utilizing the second approach (M2).
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Fig.9. Experimental results concerning the transients of the drive
speed (a), stator currents (b), the diagnostic variables (c, d, €) for a
single power switch open-circuit fault in T1, that occured during
lineral speed changes, in case of DTC-SVM.
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Fig.10. Experimental results concerning the transients of the drive
speed (a), stator currents (b), the diagnostic variables (c, d, e) for a
single power switch open-circuit fault in T4, that occured during
lineral speed changes, in case of DRFOC-SVM.
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Fig.11. Speed of the open-circuit fault diangosis depending on the
current phase angle y of the faulty inverter phase, for the analyzed
method M1 and M2, in case of the DTC-SVM or DRFOC-SVM.

Conclusions

This paper has treated the comparison of the low-cost
diagnostic methods for the single power switch open-circuit
faults of the two-level three-phase voltage inverters, which
operate in DTC-SVM as well as DRFOC-SVM motor drive
system. The idea of the fault diagnostic techniques consist
in analyzing of vector hodographs of easy assessable
signals, without using additional hardware. The main
achievement of this work is selection of accurate diagnostic
signals, which are used for the transistor failures
localization and a design of effective diagnostic algorithms,
which require low computational power and tune effort.

The proposed diagnostic methods ensure the correct
single-switch open-circuit fault diagnosis in a time shorter
than one period of the stator current fundamental harmonic
without regard to a drive operation point.

The main advantage of the method is the full robustness

against false alarms and a simple hardware
implementation, which can be realized by using
microprocessor systems.
Appendix 1
Table 3. Data of induction motor
Rated data
Quantity Symbol Value
Power Py 2.2 kW
Torque My 14.6 Nm
Speed Ny 1440 rpm
Voltage Uy 400 V
Current in 4.5A
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