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ABSTRACT Transistors in three-phase voltage-source inverter often suffer from open-circuit failures due
to the lifting of bonding wires caused by thermic cycling, resulting in performance degradation with
ripple torque and current harmonics. Current-spectral-analysis based methods are widely applied to failure
diagnosis; however, high calculation consumption and complex implementation limit their application in
some real-time occasion. In this paper, a simpli�ed Fourier series method is proposed by the product between
reconstructed phase currents and reference signals. Meanwhile, a novel normalized method for DC and
fundamental components of simpli�ed Fourier series are proposed to locate twenty-one transistor open-
circuit faults. Numerical results show that the proposed Fourier series method coincides with that of Fast
Fourier Transform. Experimental results and the comparison with previous methods show high ef�ciency
and merits of its application to transistor open-circuit fault location in the voltage-source inverter.

INDEX TERMS Voltage-source inverter, real-time, current spectral, open-circuit, fault location.

NOMENCLATURE
VSI Voltage-Source Inverter
IM Induction Motor
FOC Feild Oriented Control
RLT Rated Load Torque
CDR Current Data Reconstruction
FFT Fast Fourier Transformation
ZCS Zero-Crossing Sample
CL Current Linklist
! � rad=s, Reference Angle Speed
m Representive ofa; b; c
im Three-Phase Currents
Im Current Linklists
OIm Reconstructed Current Linklists
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p Pole Pairs of IM
! 0 Fundamental Frequency of Current
z! 0 Frequency of Reference Signal
Dm DC Component ofIm
ODm Normilized DC Component ofIm
D�

m Filtered Normilized DC Component ofIm
Am;h hth Fourier Series ofIm
OAm;h hth Normilized Fourier Series ofIm
A�

m;h hth Filtered Normilized Fourier Series ofIm
' m Phase angle of Fourier Series
T Current Period
Tsp Current Sampling Period
L Current Samples in a Period
k Sampling Instant
Hm Position of Down-to-Up Zero-Crossing

Sample
N1; N2 Filters constant
� 1; � 0 Boundaries of Equality to 1 and 0
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I. INTRODUCTION
Three-phase VSIs are widely used in industrial applications
due to their superior performance. Their health condition
makes a vital contribution to the reliability of motor drives.
It is reported that the failure rate of power semiconductor
takes up a large scale of the failure in motor drives, fol-
lowed by capacitor and gate drives [1]. Consequently, lots of
researches had been done on the fault diagnosis in three-phase
VSIs to reach convenient maintenance and fault-tolerant in
recent decades [2]�[6].

Generally, failures in three-phase VSIs can be divided
into two categories: short-circuit and open-circuit. Short-
circuit will cause overcurrent and has great damage to VSIs
immediately [7]. Some positive protection is often taken,
such as fault isolation by hardware design, as well as shut
down the drive system immediately. The open-circuit fault is
less destructive and causes system performance degraded by
generating torque ripple and harmonics. The healthy compo-
nents continue suffering overcurrent and overvoltage, which
is extremely easy to cause secondary failure or even destroy
the system if no positive actions are taken.

It should be noticed that the fault diagnosis consists of fault
detection and fault location. Fault detection is applied to mon-
itor system healthy conditions and provide safety strategies,
such as shutting down the system. Fault location focuses on
the position of fault after detection, which makes much sense
to maintenance or switch to tolerant strategies.

The reported fault diagnosis methods in three-phase VSIs
include two kinds: signal of component-based and signal
of system-based. The former one uses the internal signal
as diagnostic features by failure mechanism in the physical
and electrical model of power component, such as collector-
to-emitter voltage, the drain-to-source voltage, and gate-to-
source voltage during the IGBT turn-on transient are used
for healthy condition [8], [9]. Fast-detection, fair robustness
to system disturbance and portability can be achieved by
these methods. However, extra electrical circuit equipped
with every power components will increase the cost and
system volume, which limit their applications. System signal-
based fault diagnosis methods are the most widely researched
for feasible design and effective performance in recent years.
They can be divided into two categories: voltage-based and
current-based.

Voltage-based methods are proposed in [10]�[13], they
may be further classi�ed by the type of measured voltages-
pole [10], phase [12], line or neutral voltage [13]. Fast diag-
nosis and fair robustness are the most advantages of these
methods; however, extra sensors or electrical circuits are
required, resulting in high cost. Recently, [14] proposes a
voltage-based method by replacing the measured voltage with
observed voltage. This method improves calculation, and no
voltage sensor is required.

Current-based methods attract more attention because the
diagnostic signals can be shared with the feedback current
sensors. The diagnostic methods can be easily inserted into
the controller as an independent subroutine. They can be

further classi�ed by currents-in�� -axis, dq-axis,abc-axis.
Park vector [15] and its modi�ed approaches [16], [17] are
the most classical diagnostic methods in�� -axis. These
approaches are not suitable for integration into the drive
controller because they require complex pattern recognition
algorithms and poor robustness. Reference [18] proposes to
divide three-phase currents into six stages and diagnosis in
dq-axis, current ind-axis is used for fault detection and
the current vector rotating angle is used to locate the faulty
switches. Current-based diagnostic methods inabc-axis are
the most widely researched, normalized DC current and its
modi�ed method are proposed in [19], [20]. They have some
drawbacks when implemented in a closed-loop scheme and
poor robustness to transients. Reference [21] proposes load
currents are applied to realize fault diagnosis with fuzzy clas-
si�er, [22] proposes to extract the fault features by the errors
between the reference currents and the measured currents,
[23], [24] proposes to use three-phase currents to describe
the symmetry both in healthy and faulty conditions to real-
ized fault detection and location, all these methods show
fast diagnosis, fair robustness and acceptable tuning efforts.
Besides, features extracted by signal processing and identi-
�ed by pattern recognition, are also very popular as off-line
techniques, such as discrete wavelet transform with support
vector machine [25], fuzzy system [26], etc. These methods
need a longer detection time and a complex implementation,
compared with real-time methods, however, they have fair
portability.

Lots of spectral analysis are used to locate the faulty
transistor by analyzing the spectral distribution of phase
currents [27], [28]. It should be noticed that these meth-
ods need extra signal processing hardware due to the com-
plex calculation, which limits their application. In [19], the
Fourier Series of currents are estimated by the motor rotating
angle [19]; however, the estimation will be biased after fault
occurrence, what is more, these methods are only available to
a single open-circuit fault.

To overcome the complex calculation of traditional cur-
rent spectral analysis methods. A simpli�ed Fourier Series
method is proposed, novel normalized DC and fundamental
components are proposed for fault location for both single
and multiple open-circuit faults. Two contributions are made
in this paper, listed as follows.

1) A simpli�ed Fourier series method is proposed by the
product between reconstructed CLs and reference sig-
nals, and the computational complexity isO(log2 L).

2) Novel normalized method for DC and fundamental
components by simpli�ed Fourier series are proposed
to locate twenty-one transistor open-circuit, experi-
mental results show high ef�ciency and merits.

The structure of this paper is as follows: Section II elabo-
rates the proposed simpli�ed Fourier series theory, includ-
ing continuous and discrete systems, the concept of CDR.
Section III concentrates the novel normalized method for
DC and fundamental components and transistor open-circuit
location. Section IV gives out experimental results, including
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the comparison of proposed simpli�ed Fourier series method
with FFT, fault location results and the comparison with
previous spectral-analysis based methods. A conclusion is
made in Section V.

II. SIMPLIFIED FOURIER SERIES IN VSI FED IM
The structure of three-phase VSI fed IM is showed in Fig. 1,
Ud is the input voltage of the drive system, C1; C2 are two
symmetrical capacitors to eliminate high frequently harmon-
ics of the supply voltage. T1, T2, T3, T4, T5, T6 are six power
transistors, they are the core components of the drive system.
D1, D2, D3, D4, D5, D6 are six stream diodes to avoid
the impact caused by inductive rotating load. Three-phase
currents (ia; ib; ic), measured speed (!), reference current in
d-axis (id� ) and reference speed are the inputs of control sys-
tems, pulse-width modulation signals are generated to switch
their operation states between `on' and `off', alternately. As a
result, DC to AC energy conversion is achieved.

FIGURE 1. Structure of three-phase VSI fed IM.

In healthy conditions, three-phase currents are sinusoidal
time series; their frequencies and amplitudes are the same,
only with 2=3� phase difference between every two among
them. In faulty conditions with open-loop control strategy,
the phase currents of undamaged legs still keep the same as
healthy condition, while the phase current of the damaged
leg is distorted. However, in faulty condition with closed-
loop control strategy, phase currents of undamaged legs will
be spread by the phase current of the damaged leg for the
feedback strategy. This paper focuses on transistor open-
circuit fault location in VSI fed IM with FOC.

A. FOURIER SERIES IN CONTINUOUS SYSTEM
Three-phase output currents are periodic time series with
periodT, T is given as following Equation(1), Considering
measurement error and system noise, reference speed is used
in Equation (1).

T D
30! �

9:55� p
(1)

Three-phase currents can be represented by Fourier Series
corresponding to a sum of harmonically related time series.
The frequencies of these Fourier Series are integer multiples

of the fundamental frequency (!0 D 2�=T ). These periodic
Fourier Series are of the form,

Im(t) D Dm C
C1X

hD1

Am;hsin(h! 0t C ' m) (2)

Am;h are the amplitude of related exponential time series
with frequency ofh! 0. The integration of Equation (2) in a
period is given,

Z T

0
Im(t)dt D

Z T

0
Dmdt C Am;h

C1X

hD1

Z T

0
sin(h! 0t C ' m)dt

(3)

8h 2 ZC ;
RT

0 sin(h! 0t C ' m)dt D 0, Dm can be given as
follows,

Dm D
1
T

Z T

0
Im(t)dt (4)

Equation (2) is multiplied by a reference signal, whose
frequency isz! 0, phase angle is the same as original signal,
there is,

Im(t)sin(z! 0t C ' m)

D Dmsin(z! 0t C ' m)

C
C1X

hD1

Am;hsin(h! 0t C ' m)sin(z! 0t C ' m) (5)

The integration of Equation (5) in a period is given,
Z T

0
Im(t)sin(z! 0t C ' m)dt

D Dm

Z T

0
sin(z! 0t C ' m)dt

CAm;h

Z T

0

C1X

hD1

sin(h! 0t C ' m)sin(z! 0t C ' m)dt (6)

The orthogonality of trigonometric functions has a charac-
teristic showed as Equation (7),

Z T

0
sin(h! 0t)sin(z! 0t)dt D 0

h 6Dz
(7)

Substituting Equation (7) in (6) and simplifying yields,
Z T

0
Im(t)sin(z! 0t C ' m)dt

D Am;z

Z T

0
sin(z! 0t C ' m)sin(z! 0t C ' m)dt (8)

Am;z can be calculated as Equation (8),

Am;z D

RT
0 Im(t)sin(z! 0t C ' m)dt
RT

0 sin2(z! 0t C ' m)dt
(9)
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B. FOURIER SERIES IN DISCRETE SYSTEM
In discrete system, three-phase currents in a period are com-
posed ofL samples, named CLs, their length is given as
following.

L D
T

Tsp
(10)

In k instant,t is de�ned as the ending position of CL,

t D k � L C 1 (11)

Three phase CLs are given,

Im D im(t); im(t C 1); � � � ; im(k) (12)

1) DC COMPONENT

Dm(k) D
1
L

kX

jDt

Im(j) (13)

2) AC COMPONENT

Am;z(k) D

LP

jDt
Im(j)sin( j

L Tz! 0 C ' m(k))

kP

jDt
sin2( j

L Tz! 0 C ' m(k))

(14)

DC component can be easily calculated. However, the real-
time calculation of AC component is challenging because
' a;b;c(k) are uncertain variables. In every sampling instant,
' a 6D' b 6D' c, what's more, in any two sampling instants
during a period, there is' m(p) 6D ' m(g), wherep; g 2
[t ; t C 1; � � � ; k].

In order to eliminate the difference between' a, ' b, ' c and
the difference in any two sampling instants during a period
' m(p), ' m(g), a CDR algorithm is proposed.

C. CDR AND SIMPLIFIED FOURIER SERIES
There are two ZCSs in every CL, one is up-to-down ZCS,
the other one is down-to-up ZCS. The positions of down-to-
up ZCS in CLsIm are marked asHm. In, all samples before
Hm are removed back to the last sampleim(k) to form OIm.
The CDR process of phase-awhen T4 fails is showed as
subplot (a) in Fig. 2, and the reconstructed result is showed

FIGURE 2. Illustration of CDR in phase-a When T1 open-circuit fault
occurs. (a) original phase current. (b) reconstructed phase current.

in subplot (b) in Fig. 2. Compared with the original CLs,
in the reconstructed CLs, only the order of the samples
changes.

Here, assuming that the phase angle of ZCS in every instant
is approximated to' m, then ' a is showed in Fig. 2, the
reconstructed CLs are nearly the same with' m � 0, shown
in Fig. 3.

FIGURE 3. Simulation results of reconstructed CL in phase-a when
T1 open-circuit fault occurs within 0.01s.

FIGURE 4. Algorithm flowchart of down-to-up ZCS position calculation
in k instant.

Fig. 4 shows the �owchart of CDR ink instant, including
three steps:

1) Update the CL by adding the new sample and deleting
the ending sample.

2) CalculateHm.
3) UpdateOIm.
Current harmonics and system noise will cause �uctuation

near ZCS, which has a negative in�uence on the calcula-
tion of Hm. Here, a ZCS calculation algorithm is given.
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Three-phase currents are �rstly �ltered, as following,

im(k) D

kP

jDk �N 1C1
Im(j)

N1
(15)

where N1 is a constant. Secondly,8j D k � N2; v 2
[k � N2 C 1; k � N2 C 2; � � � ; k], if

(
Im(j) < 0
Im(v) > 0

(16)

Then,Hm D k � N2. The proposed ZCS calculation algo-
rithm has a short delay-time withN2Tsp becauseIm(k � N2)
is checked ink instant. If Equation (16) is established,Hm is
replaced by the position of the new down-to-up ZCSk � N2,
if Equation (65) is not established,Hm shifts left becauseIm
updates. As a result, in every instant, the original CLsIm are
replaced by reconstructed CLsOIm, ' a(k) D ' b(k) D ' c(k),
The proposed simpli�ed Fourier series can be presented as
following.

Am;z(k) D

LP

jDt

OIm(j)sin( j
L Tz! 0)

kP

jDt
sin2( j

L Tz! 0)

(17)

III. PROPOSED FAULT LOCATION METHOD
The accuracy of harmonics amplitude and phase errors in
three-phase currents can all be controlled within 5% in
healthy condition. When the transistor open-circuit fault
occurs, Fourier series of three-phase currents change with
high DC component and harmonics. A different open-circuit
fault will lead to different harmonics distributions in three-
phase currents. Compared with FFT or other improved meth-
ods, the proposed simpli�ed Fourier series can be easily
implemented with low calculation consumption. VSI transis-
tor open-circuit fault location method is proposed by analyz-
ing the Fourier series.

A. THREE PHASE CURRENT SPECTRAL ANALYSIS
In healthy conditions, the fundamental series accounts for the
vast majority in three-phase currents. In faulty condition, the
Fourier Series associated with a frequency ofz! 0 increase.
Here, twenty-one single and multiple open-circuit faults are
divided into four categories: single open circuit fault, multiple
open-circuit fault in the same leg, multiple open-circuit fault
both on the upper or on the lower of different legs, multiple
open-circuit fault that one is on the upper and the other one
is on the lower of different legs, respectively. Fourier series
distributions of three-phase currents are different among four
categories, and they are the same within categories.

In FFT, the amplitudes (Dm; Am;z) or percentages
(Dm; Am;z) of DC and AC components are used for

fault diagnosis. WhereDm, Am;z are de�ned as following,
8
>>>>>>><

>>>>>>>:

Dm D
jDmj

jDmj C
L=2P

zD1
jAm;zj

Am;z D
jAm;zj

jDmj C
L=2P

zD1
jAm;zj

(18)

These features focus on the characteristics without con-
sidering the interaction. However, in the closed-loop system,
transistor open-circuit fault on the faulty leg will propagate
to healthy legs. Hence, a novel normalized method for DC
and AC components is proposed by taken into the interaction.
AC components are divided by the maximum amplitude of
fundamental components; DC components are divided by
the maximum absolute value of the sum of CLs, shown as
follows.

Amax;1 D max(jAa;1j; jAb;1j; jAc;1j)

Dmax D max(
kX

jDt

jDa(j)j;
kX

jDt

jDbj;
kX

jDt

jDcj)

�

8
><

>:

ODm D
Dm

Dmax

OAm;z D
Am;z

Amax;1

(19)

Substituting Equation (17) in (19) and simplifying yields,
normalized AC components can be online calculated by (20),
whereOIv(v D a; b; c) is the CL ofAmax;1.

OAm;z D

LP

jDt

OIm(j)sin(z2� j
L )

LP

jDt

OIv(j)sin(2� j
L )

(20)

Table 1 gives the FFT and proposed normalized Fourier
Series of currents under 30% IM RLT at 1000r/min, these
data are from experimental board and off-line calculated by
Matlab. The motor parameters are listed in Table 2. The �rst
part in Table 1 gives (Dm; Am;z(z D 1; 2; 3; 4; 5)) calculated
by Equation (18). The second part in Table 1 are normalized
Fourier seriesj ODmj; j OAm;zj(z D 1; 2; 3; 4; 5) calculated by
Equation (19). Compared with the FFT, features are much
more recognizable in the proposed normalized Fourier Series.

1) The normalized fundamental components of healthy
legs are larger than that of faulty legs.

2) The normalized DC components are not equal to zero
in fault legs.

The operation principle of VSI is applied to explain
the mentioned features. Fig. 5 shows the negative and
positive current �ows in a faulty leg with lower transistor
TkC1 open-circuit,Tk is turned on and off alternatively. When
im > 0, the current �ows from DC-link to IM in two cases,
one case is throughTk directly if it is turned on, another case is
throughVkC1 during the dead-time interval that is applied to
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TABLE 1. Traditional and proposed normalized fourier series of three phase currents calculated by FFT.

TABLE 2. Motor parameters.

FIGURE 5. Illustration of current flow when the lower transistor is
open-circuit, left: output current is positive, right: output current is
negative.

prevent short-circuit fault.TkC1 makes no sense whenim > 0.
Whenim < 0, the current �ows out of IM in two cases, one
case is throughTkC1 if it is turned on. However, this circuit
can not be conducted whenTkC1 open-circuit fault occurs.
Another case is throughVk during the dead-time interval.
The interval is so short that it can be ignored. Consequently,
TkC1 open-circuit fault will cause theim � 0, leading to a
DC component with large positive value. Similarly, available
Tk open-circuit fault leads to a DC component with a large
negative value.

The absolute values ofOAm;1 represent the correlation,
transistor open-circuit fault breaks the modulation mech-
anism, leading to smaller fundamental component.OAm;1
also re�ect the symmetry of the topology, when leg-b
is broken (T4 fails or T3 & T4 fail), leg-aand leg-c
are symmetrical, and they are asymmetrical with leg-c.
j OAa;1j � j OAc;1j > j OAb;1j.

B. PROPOSED FAULT LOCATION METHOD
Fundamental components of three phase currents are used to
distinguish faulty leg from healthy legs, DC components are
used to locate the faulty transistor. Assuming that three legs
are leg-m, leg-n, leg-l, m;n; l D a; b; c; m 6Dn 6Dl ,

For one faulty leg, such as leg -m: absolute values of
normalized fundamental components in phase currents will
be: j OAm;1j < 1j, j OAn;1j; j OAl ;1j are closed to 1. Specially, if
the faulty transistor is on the upper,Dm < 0; if the faulty
transistor is on the lower,ODm > 0; if both the lower and the
upper transistors are faulty,ODm D 0.

For two faulty legs, such as leg-mand leg-n, absolute val-
ues of normalized fundamental components in phase current
will be: j OAm;1j < 1; j OAn;1j < 1, j OAl ;1j D 1. Specially,
ODm > 0; ODn > 0 indicates both two faulty transistors are
on the lower of the legs,ODm < 0; ODn < 0 indicates both two
faulty transistors are on the upper of the legs,ODm > 0; ODn < 0
indicates the upper transistor of leg-mand the lower transistor
of leg-n are faulty, ODm < 0; ODn > 0 indicates the upper
transistor of leg-mand the lower transistor of leg-nare faulty.

Considering system noise and measurement errors, two
symmetrical boundaries near prede�ned constant are set
as Fig. 6, where the prede�ned constant isv, the distance
between boundaries is 2�. If a variable is inside two bound-
aries, shown as the light green zone, it is considered equal
tov. Otherwise, if a variable is larger than the upper boundary,

FIGURE 6. Illustration of equality to a constant.
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TABLE 3. Proposed transistor open-circuit fault location table.

it is considered larger than thev, if a variable is smaller than
the lower boundary, it is considered smaller than thev, the
criterion is given as,

F D ODm; OAm;1

8
><

>:

F D v; jF � vj � �
F > v; F � v > �
F < v; v � F < �

(21)

Based on the analysis above, a fault location table to locate
twenty-one single and multiple open-circuit faults are pro-
posed as Table 3. Where� means a does not care condition,
D�

m; A�
m are �ltered values ofODm; OAm, given as,

8
>>>>><

>>>>>:

D�
m(k) D

1
L

kX

jDt

ODm(j)

A�
m(k) D

1
L

kX

jDt

OAm(j)

(22)

Absolute values ofA�
m;1 are applied to locate faulty legs,

sign, and values ofD�
m are applied to locate the position of the

faulty transistor. The �owchart of the proposed fault location
algorithm is given as Fig. 7, which includes three steps:

1) CDR to eliminate' m(k)
2) Normalized DC and fundamental components calcula-

tion, equation(17)-(22)
3) Look up Table 3

C. TUNING EFFORT
An important property of diagnosis algorithm is low tuning
effort. The proposed fault location method needs four param-
eters,N1, N2, � 0and� 1. N1, N2 are two constants applied to
ZCS calculation,N1 is a �lter constant, it makes sense when

FIGURE 7. Algorithm flowchart of transistor open-circuit fault location.

the currents contain high harmonics.N2 is applied to search
for the position of ZCS. It plays an important role in the
proposed algorithm. In fact, the number of positive samples
on the right of ZCS is smaller thanL=2. Hence, the upper
limit of N2 is L=2, andN2 is suggested to set as large enough
to improve the accuracy of CDR.� 0, � 1 are applied to measure
the equivalent relationship with 0, 1, respectively. The value
ranges of these four parameters are shown in Table 4, where
large ef�cient value ranges show low tuning effort.

TABLE 4. Efficient value ranges of parameters in proposed algorithm.

IV. EXPERIMENTAL RESULTS
The following analyses are based entirely on the experimental
results since they give an understandable presentation of the
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algorithm performance in the presence of nonideal properties,
such as model uncertainty, measurement noise, dead-time
effects, etc. FOC with SVPWM was the control algorithm in
the experiment. Some indices were presented to evaluate the
performance of the proposed fault location method, such as
location time, effectiveness, etc. Four typical faulty operating
conditions were investigated. All kinds of transistor open-
circuit faults were performed by inhibiting their respective
gate signals while keeping the bypass diode still connected.
The experimental results are presented by signalFaultType.

The experimental validation of the proposed fault diag-
nosis method was implemented in a TMS320F2806 board.
The experimental setup was shown in Fig. 8, consisting of a
2.2kWsquirrel-cage IM with 380Vrated voltage, 4:9Arated
current, a power converter with a switching frequency of
20kHzand the dead time of 3:2�s, a control board, a magnetic
power brake, and a constant current source. The parameters
of IM were listed in Table 2. The thresholdsN1, N2 for CDR
were set as 4, 50, respectively. The thresholds� 0 was set 0.2,
� 1 was set 0.25.

FIGURE 8. Experimental setup.

A. COMPARISON OF PROPOSED FOURIER SERIES
APPROXIMATED ALGORITHM WITH FFT
The comparison of proposed online simpli�ed Fourier series
approximated algorithm with of�ine FFT algorithm for nor-
malized DC and AC components were made when T1 and
T1T4 fault occur at a reference speed of 1000rpm with
30% IM RLT, showed as sub�gure (a) and (b) of Fig. 9,
respectively. The absolute values of normalizedDm

� ; Am;h
�

(h D 1; 2; : : : ; 9) coincide with that of FFT besides parts of
3rd harmonics, the ef�ciency of the assumption to eliminate
' m(k) by CDR is proved.

B. RESULTS OF PROPOSED FAULT LOCATION ALGORITHM
Fig. 10 (a),(b),(c) present three-phase reconstructed CLs in
every sampling instant for single open-circuit fault in T4

FIGURE 9. Comparison of proposed real-time Fourier series
approximated algorithm with FFT. (a) T1 fails, (b) T3 and T4 fail.

at 1000rpm with 30% RLT, the left sub�gures are the 3-D
view of the reconstructed CLs during 0.4s, the color of bar
represents the amplitude, the right sub�gures are the side
view of reconstructed CLs during 0.4s. The number of current
samples during a period is 300, calculated by Equation (10),
representing the length of CLs, the fault occurs at 0.28s.
All phase differences are eliminated in three-phase currents
in every instant. For8p; g(p 6Dg), there is' m(p) D ' m(g),
showed in three sub�gures respectively.There is' a(k) D
' b(k) D ' c(k), showed among three sub�gures, the phase
angles of three-phase CLs nearly coincide. In every phase,
reconstructed CL has two states, healthy states, and faulty
states, shown as the side view sub�gures.

Fig. 11 presents the experimental results for a single fault
in T6, under 30% IM RLT and 500r/min reference speed.
Torque ripples and distorted currents occur after fault, showed
as sub�gure 1, 2. The normalized DC and fundamental com-
ponents of the simpli�ed Fourier series by the proposed
method are presented in sub�gure 3, 4, respectively. Sub�g-
ure 5 gives out the fault location result.

In healthy conditions, three-phase currents are sinusoidal,
j OAm;1j D 1, normalized DC components, and harmonics are
nearly equal to zero. After T6 fails, DC component of leg-c,
ODc raises. Due toODaC ODbC ODc D 0, DC components will also
exist in healthy legs. Meanwhile, the fundamental component
is nearly equal to 1 in the healthy leg, while it is smaller
than 1 in the faulty leg. In sub�gure 4,OAa;1; OAb;1 are inside the
boundaries made up by� 1, while OAc;1 are outside� 1, which
indicates leg-cis faulty. In sub�gure 3, ODc is larger than� 0,
the DC component in phase current of leg-cis positive, which
indicates the lower transistor is faulty. Combining the results
of sub�gure 3 and 4, the fault can be located to T6 by looking
up Table 3, the location �agFaultTyperaises to 8, showed in
sub�gure 5.

Fig. 12 presents the experimental results for multiple open-
circuit faults, under 30% IM RLT and assuming a reference
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FIGURE 10. Three phase reconstructed CLs both in healthy condition and faulty condition. (a) CLs of phase-a, left: 3D view, right: side view. (b) CLs of
phase-b, left: 3D view, right: side view. (c) CLs of phase-c , left: 3D view, right side view.

speed of 1000r/min. Motor measured speed and three-phase
currents are showed in sub�gure 1, 2, respectively. Normal-
ized DC, fundamental and 2th � 8th components are given
in sub�gure 3-4. In sub�gure 4,jA�

a;1j D jA �
c;1j D 1, A�

b;1
are smaller than� 1, which indicates leg-bis faulty. In sub-
�gure 3, D�

b is inside the boundaries made up by� 0 before
and after fault occurrence, which indicates both the upper

and lower transistors are faulty. As a result, the open-circuit
fault can be located in T3 and T4. The location �ag is showed
in sub�gure 5.

Fig. 13 presents the experimental results for multiple open-
circuit fault at 0.28s, under 30% IM RLT and assuming a ref-
erence speed of 1000r/min. Motor measured speed and three
phase currents are showed in sub�gure 1, 2, respectively.
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FIGURE 11. Experimental results concerning the time-domain waveforms
of motor speed, three phase currents, real-time Normalized DC, AC
components and fault location flag for a single open-circuit fault in T6.

FIGURE 12. Experimental results concerning the time-domain waveform
of motor speed, three phase currents, real-time Normalized DC,
fundamental components, and fault location flag for multiple open-circuit
fault in T4 and T5.

Real-time calculated normalized DC, fundamental com-
ponents are showed in sub�gure 3, 4, respectively.
In sub�gure 4, onlyA�

a;1 is inside� 1, A�
b;1; A�

c;1 are outside
the boundaries made up by� 1, jA�

a;1j D 1, jA�
b;1j; jA�

c;1j < 1,
which indicates phase-ais healthy. In sub�gure 3,D�

b >
0; D�

c < 0 andjD �
aj D jjD �

bj � jD �
cjj, which indicates the

FIGURE 13. Experimental results concerning the time-domain waveforms
of motor speed, three phase currents, real-time Normalized DC, AC
components and fault location flag for multiple open-circuit fault
in T3 and T4.

FIGURE 14. Experimental results concerning the time-domain waveform
of motor speed, three phase currents, real-time Normalized DC,
fundamental components, and fault location flag for multiple open-circuit
fault in T4 and T6.

lower transistor of leg-band the upper transistor of leg-care
broken. As a result, fault is located to T4 and T5, showed in
sub�gure 5.

Fig. 14 presents the experimental results for multiple open-
circuit fault at 0.27s, under 30% IM RLT and assuming
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TABLE 5. Comparison with previous VSI fault location methods.

a reference speed of 1000r/min. Motor measured speed
and three phase currents are showed in sub�gure 1, 2,
respectively. Real-time calculated normalized DC, funda-
mental components are showed in sub�gure 3, 4, respectively.
In sub�gure 4, onlyA�

a;1 is inside� 1, A�
b;1; A�

c;1 are outside
the boundaries made up by� 1, jA�

a;1j D 1, jA�
b;1j; jA�

c;1j < 1,
which indicates phase-ais healthy. In sub�gure 3,D�

b > 0;
D�

c > 0 andjD �
aj D jD �

bj C jD �
cj, which indicates the lower

transistors of leg-band leg-care broken. As a result, fault is
located to T4 and T6, showed in sub�gure 5.

C. COMPARISON WITH PREVIOUS SPECTRAL ANALYSIS
BASED VSI FAULT LOCATION METHODS
The performance of the proposed transistor open-circuit
fault location method is compared with previous methods
in calculation consume, ef�ciency, cost, implementation,
and tuning effort. Reference [27] and the proposed method
can locate both single and multiple open-circuit faults.
References [19], [20] and the proposed method are both
low-implemented. In [19], [20], fundamental components are
calculated in�� -axis by calculating the rotating angle, the
Fourier series are calculated by FFT in [27], [28], the cal-
culation consume is O(LlogL). In the proposed method, the
fundamental components are approximated by CDR. The cal-
culation complex is O(log2 L). The tuning effort is relatively
lower because of the large ef�cient value ranges of thresholds.
Consequently, the proposed method shows advantages in ef�-
ciency, calculation consumption, and low implementation.

V. CONCLUSION
Signal spectral analysis based methods are widely used in
fault diagnosis. However, the calculation consumes limits the
application in the real-time system, such as transistor open-
circuit fault diagnosis in VSIs fed IM. In this paper, a real-
time, easy-implemented simpli�ed Fourier series algorithm
for low-frequency periodic signals by data reconstruction
with the position of ZSC is proposed, the Fourier series can
be calculated in every sampling instant by product between
reconstructed signals and reference signals. Especially, a
novel normalized method of DC and fundamental compo-
nents of simpli�ed Fourier series is proposed to VSIs transis-
tor open-circuit fault location. Comparison results show that
the proposed simpli�ed Fourier series algorithm nearly coin-
cides with FFT. Experimental results show the high ef�ciency
of proposed methods, both single and multiple of transistor
open-circuit fault can be located in VSIs fed IM.
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