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Abstract

This paper describes a novel approach to the detection and localization of semiconductor faults in VSI-
fed AC drives. We use the DC-to-fundamental motor current ratio as the diagnostic variable. The
method has proved to reliably detect true faults, while not issuing false alarms under transient
conditions. The method has been validated by both simulation and experiment.

Introduction

Numerous industrial applications and processes rely on variable-speed motor drives made of induction
motors and voltage-source inverters (VSI). The inverters in such applications are often exposed to
high stresses that can lead to inverter component failures. Unless sufficiently early detected, the
failures may bring about serious damage and/or production losses. For instance, the DC component of
the phase current caused by an open fault of a transistor produces a torque pulsation that is dangerous
to both the rotor and the gear. An unbalanced current, in turn, may lead to excessive thermal stresses
and, in consequence, to a short-circuit within the inverter [5, 6]. This paper presents a novel approach
to the detection and localization of semiconductor open faults in VSI-fed AC drives. The proposed
approach enjoys the freedom from false alarms under transients. This is achieved by appropriately
constructing the diagnostic variable in order to make it largely independent of the operating conditions
of the drive. The variable of choice is the ratio of the DC component to the fundamental component of
the inverter output current. The drive under consideration consists of a DC supply, a PWM voltage
source inverter worked in an open-loop V/f speed control strategy and an induction motor. The circuit
schematic of the drive used in this study is given in Fig. 1.
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Fig. 1: Basic structure of a VSI-fed AC motor drive
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Properties of inverter currents after an open-transistor fault

After an open-transistor fault, the output current of the faulty leg is no longer alternative. For instance,
in the case of transistor T1 going open, the motor current /, takes on a unidirectional flow with
negative polarity only (Fig. 2). Its DC value is no longer close to zero, but increases as depicted in
Fig. 2a. The level ultimately reached by the DC value depends on the bus voltage and the stator
resistance [1, 2]. Due to the motor symmetry, the DC current offset in the faulty phase is reflected in
the other phases as well. The signs of the DC values depend on which transistor went faulty; the sign
in the healthy phases is the opposite of that in the faulty phase.
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Fig. 2: Current waveforms and their corresponding DC (a) and 1* harmonic (b) values
for the case of T1 open fault

The fundamental harmonic of the current in a faulty phase is smaller than before the failure (Fig. 2b).
This decrease is compensated for by an increase in the fundamental components of the healthy phases.
The above properties of current waveforms, before and after an open fault, are illustrated in terms of

current spectra in Fig. 3.

O Harmonic components of Ia current before a T1 open fault

B Harmonic components of Ia current after a T1 open fault

(@)

O Harmonic components of Ib current before a T1 open fault

B Harmonic components of Ib current after a T1 open fault

Fig. 3: Current spectra at normal and fault conditions: a) phase A, b) phase B (T1 open fault)

These properties can be used to detect the fault and localize the faulty transistor in the inverter circuit.
The relationships between the signs of DC values and the fundamental components of currents that are
characteristic of each inoperative transistor are presented in Table 1.
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Table I — Signs of DC values of currents and relationships between the fundamental
current components depending on the location of the fault

S e el Relationship between No. of faulty
the fundamental current components switch
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Diagnostic medium

The DC components of load currents have been suggested in the literature [2, 7, 8] as simple carriers
of diagnostic information on inverter transistor faults. Unfortunately, the fault detection based on the
DC components tends to be highly unreliable under varying operating conditions, notably under fast
transients. The main problem is the tendency to issue false alarms, which results from misinterpreting
the transient current evolutions as large DC components. A possible work-around might be to adapt
the detection thresholds to the operating conditions and increasing them under transients. However,
this would necessitate some method for the detection of transients, which is a non-trivial problem in its
own right. Here, the solution is sought by relating the DC component (/5v) to a normalizing quantity
that conveys the necessary information about the operating conditions of the drive. A good choice for
the latter is the fundamental component of the load currents (/,1,), leading to the following definition of
the diagnostic variable:

diagnostic variable = % (1)
1h

The above variable enjoys the following features:
e under normal conditions the diagnostic variable is close to zero (because of very small values
of the DC components),
e after a fault, the component increases sizably and takes on a negative or positive sign,
depending on which transistor went faulty,
e a constant detection threshold set on this variable is equivalent to a self-adapting absolute DC
threshold.

These proprieties allow simplifying the detection algorithm by introducing a constant detection
threshold. The open transistor fault might in principle be detected and recognized by simply
comparing the above-defined diagnostic variables against fixed thresholds. As a practical matter,
however, the reliability of the diagnosis is greatly enhanced by also using the signs of the variables.

Implementation of the diagnostic method

Generation of diagnostic signatures

The proposed method is based on testing the levels and signs of the three diagnostic variables
(normalized DC currents). A fault is detected when the threshold is exceeded in one phase, while the
values in the other phases remain below the threshold and have the opposite signs. The output of the
threshold detection, along with and the signs of diagnostic variables, are treated as a signature of the
transistor open fault. This signature is coded by 6-bit binary vectors as illustrated in Table II. For each
phase, two bits are used: one to represent the sign of /ay / I, the other representing the result of
comparing this ratio with the adopted detection threshold. The localization of a faulty transistor is
performed by comparing the actual signature with the reference signatures in Table II.
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Table II — The diagnostic signatures for open transistor faults

No. Faulty switch ]cAV/]clh IbAV / Iblh IaAV / Ialh

1 T1 01 01 10

2 T2 £ 01 10 01 >

3 T3 10 01 01 \

4 T4 00 00 11 complete
5 T5 00 11 00 signature
6 T6 11 00 00

Lsign(oc,’i’,’lc’,_"_’,)
L threshold exceeded ? (0 < No, 1 < Yes)

Recursive DFT algorithm

To ensure low computational burden of the proposed diagnostic functionality on the overall real-time
control system, a simple recursive DFT (discrete Fourier transform) algorithm has been adopted to
compute the fundamental current components [3, 4]. With the fundamental component of period T
being given by:

i, (kt)=a, cos(z;f krj + b sin(z;f krj 2)

(where 7= T/N is a sampling period, N is a total number of points per period and £k =0, 1, 2, ...,
N — 1), the coefficients @, and b; can recursively be computed as

2 d 27k
_ = Al 3
@ = k:FENH i(kt)cos 3)
2 d 27tkn
b =— kT )si 4
"N ZN Hfc)sin N @

The proposed algorithm employs a sliding time window whose length equals the fundamental period.
The window is right-shifted by one sample at every sample time. The DSP implementation utilizes the
principle of circular buffer in order to compute the consecutive values in (3) and (4). The DC
components are calculated for the same moving window according to the following equation:

i

iA,,(kr):;[ > ilkr) Q)

k=i—-N+1

Sampling scheme

To make the working of the diagnostic algorithm independent of the commanded fundamental
frequency, the sliding window is automatically adapted to the fundamental period. The calculation
method for the DC and fundamental component demands a constant number of uniformly spaced
samples per fundamental period. This means that the sampling period should vary with the
commanded frequency, while always remaining an integer sub-multiple of the fundamental period.
This is equivalent to having the sampling times equally distributed in angle rather than time (as
illustrated in Fig.4).

Consequently, in the considered implementation the sampling instants are timed using phase
accumulation mechanism. The phase, conceived of as the integral of the commanded fundamental
frequency, is accumulated modulo-2n/N, and the sampling instants are simply the instants of
accumulator overflow. The experimental algorithm used N = 64 samples of currents per fundamental
period.
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Fig. 4: The idea of the proposed sampling scheme

Simulation and experiment results

The proposed diagnostic approach was validated by simulation and experiment. For simulation
purposes, a proprietary power electronic software platform TCad 7.0 has been used. Shown in Figs. 5
and 6 are example waveforms of phase-a current, the diagnostic variables and the ultimate alarm
signal (i.e. a signal indicating the faulty transistor — here by the transistor number) for two
fundamental frequencies: 30 Hz and 50 Hz. The waveforms were recorded for the case of transistor T1
open fault under no-load and rated load of the motor. The detection threshold for the tests was set to
0.45.

As seen in Figs.5-6, the diagnostic variable corresponding to the faulty phase stabilizes at a level that
is approximately constant despite the changes in operating frequency and motor load. This level is
close to — 0.7, whereas the value of diagnostic variables in the other phases is about 0.25. This
configuration of values results in signature no. 1 (in Table II) being generated. In this manner, the
inverter fault is correctly detected and localized. In general, the diagnostic delay is below one
fundamental period under all conditions.
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Fig. 5: Phase-a current, diagnostic variables and alarm signal for different load conditions and
operating frequency 30Hz
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Fig. 6: Phase-a current, diagnostic variables and alarm signal for different load conditions and
operating frequency 50Hz

The algorithm enjoys high reliability under fast transients, e.g. sudden changes in the load torque. As

seen in Figs. 5-6, such changes only cause small transient variations in the diagnostic variable, and
have no effect on the diagnostic functionality.

To verify the simulation results by laboratory experiments, a test setup was used comprising a 2.2 kW
induction motor and an IGBT voltage source inverter. The mechanical load was provided by a DC
generator feeding a variable resistor. The proposed diagnostic method was implemented for real-time
operation on a DSP board with a TMS320C6711 floating-point device. This same board was used for
all other control purposes (the proposed diagnostic approach does not entail any hardware overhead).

Example experimental results are shown in Figs. 7-10. All waveforms were stored in the DSP-device
memory using the sampling scheme as already discussed. The measurements were taken for two

different inverter operating
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Fig. 7: Transistor T1 open fault; 10 Hz, no-load
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Fig. 8: Transistor T1 open fault; 10 Hz, rated load
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As was the case for the simulations, the diagnostic variables take on values close to — 0.7 in the faulty
phase, and close to 0.25 in the healthy phases, independent of the working conditions of the drive. The
detection threshold set to 0.45 proves to be a good choice for high reliability of the method. The
detection delay, as easily predicted, depends on the instant the fault occurs. The shortest detection time
(about 1/3 fundamental period) is obtained when the fault occurs during the rising of current in
a switch (Figs. 9 and 10). For transistor faults occurring in the second quarter of the current waveform,
the detection takes longer, that is, about one fundamental period (Figs. 7 and 8).

Conclusion

A novel approach has been suggested for detecting and localizing transistor faults in VSI motor drives.
The essence of the approach lies in the use of normalized DC currents as diagnostic variables of
choice, and in appropriate current sampling scheme. The DC components in the inverter phase
currents are normalized to their corresponding fundamental components. This normalization permits
the use of fixed detection thresholds, independent of the operating point of the drive, both under steady
state and transients. The suggested sampling scheme makes the approach independent of the
commanded operating frequency.

Discussed in this paper is only the case of single transistor faults. Nevertheless, the proposed approach
has also proved adequate, after some minor modifications, for detecting simultaneous occurrence of
two transistor faults.
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