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ABSTRACT Presently, condition monitoring and fault diagnostics in the three-phase voltage-source
inverter (VSI) system are already considered essential to improve maintenance efficiency and increase
reliability levels. This paper presents a new open-switch fault real-time diagnosis method in the VSI based
on the phase currents. First, on the basis of real-time measured two phase currents, the sum of the absolute
value of the normalized phase currents is calculated, whose average value is less relevant to the transient
condition such as load variations and current frequency variations. Second, the current zero-cross detection
method is employed to avoid the influence of current distortion caused by the transient condition. Then,
the fault detection signal is built to precisely localize the faulty switches, and the real-time fast diagnosis for
three-phase VSI with the open-switch fault is realized. Finally, the experiment results verify the reliability
and effectiveness of the proposed method.

INDEX TERMS Voltage-source inverter, open-switch, fault diagnosis, load variations, current frequency
variations.

I. INTRODUCTION
Because of the increasingly severe energy crisis in today’s
society, power electronics technology has been extensively
applied in the fields of Smart Grid, new energy power genera-
tion and rail traffic, among which the voltage-source inverter
plays a prominent role. However, the semiconductor power
device fault will bring about an inevitably destructive damage
to the system, especially for the unnoticeable open circuit
fault [1]–[3]. Therefore, this paper studies the current char-
acteristics of three phase inverter system and presents an
accurate and fast fault diagnosis method, which possesses
both theoretical and practical significances [4].

The average value of the normalized converter phase cur-
rents and the absolute normalized currents were employed
as principal quantities to formulate the diagnostic variables
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in [5]. Through the diagnostic variables and the adaptive
threshold, the method for open-switch faults in the back-
to-back converter of a doubly fed wind turbine can realize
the detection and identification of single and multiple open-
switch faults. An online diagnosis method was presented
for three-phase PWM voltage source rectifier system in [6].
The current distortion was used in the proposed method to
diagnose faults. The proposedmethod can diagnose the faulty
switch at low currents as well as under abrupt load transient
conditions without false alarms. However, it only can realize
the diagnosis of single open-switch fault. Through analyz-
ing the impact of open-switch switch failures of the series-
connected identical submodules (SMs) on the operation
of the modular multilevel converter (MMC), a clustering
algorithm-based method and a calculated capacitance-based
method were proposed in [7]. Based on the normalized
dc-components method, the average absolute values are
employed instead of using the fundamental components as
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the normalizing quantities in [8]. By combining the normal-
ized average currents with additional diagnostic variables,
the certainty of the diagnoses under transients and light loads
had been improved. The fault diagnosis method based on the
slope of the current-vector trajectory were proposed in [9],
which was independent of the mathematical model and load
transient characteristic while required longer diagnosis time
(around 1.5 to 2 times of current fundamental period).

The current Park’s vector phase for inverter open-
switch fault diagnosis was presented in [11]–[13]. In [11],
the authors compared and analyzed several different current
Park’s vector phase approaches. The proposed methods were
suitable for integration into the drive controller and triggering
remedial actions. In [12], the Park’s vector normalized cur-
rents and errors of their average absolute values were utilized
to improve the processing speed. The proposed method can
allow for the diagnosis of single and multiple open-switch
failures. In [13], a method suitable for closed-loop system
was exhibited which avoided extra current sensors or electric
devices and was independent of load and rotating speed.
Besides, it can handle the extremely transient condition
within short diagnosis time. Nevertheless, this method is not
fit for open-loop control such as V/F control system.

In order to reduce the amount of additional hardware, the
observer-based diagnosticmethodswere introduced for open-
switch faults in [10], [14]–[18]. The residual values between
the actual signal and the observation signal were used to
detect the faulty switches. A nonlinear current observer and
the residual evaluation in the dq-frame were employed to
detect faults in [10] and [14], and these residuals are con-
structed to identify the faulty switches in at least one funda-
mental period. Based on the state space model, a Luenberger
observer is used to observe the output current of three-phase
inverter in [15], [16]. The current residuals were used to
design the normalized current factor and adaptive threshold
which can be constructed to detect open-switch faults. The
hybrid system is adopted in three-phase VSI and according
to the fault model of inverter the fault events collection and
fault model are determined in [17]. An observer is used to
estimate the phase voltages from a model based on Fourier
coefficients of the BLDC motor waveform in [18].

A knowledge-based diagnosis method was adopted in
[19]–[22], where [19] used the current pattern recognition
method, [20] used the wavelet fuzzy logic method, [21] and
[22] adopt the wavelet neural network method. These series
of methods do not depend on the system model whereas the
complex computations increase the diagnosis time.

In this paper, a novel real-time open-switch fault diagnosis
method in three phase inverter is proposed, which holds
advantages of simple operation, fast diagnosis and free from
load transient. The phase current analysis of VSI will be
introduced in Section II. In Section III, the detection and
localization method will be presented. To test and validate the
proposed method, the simulation and experimental results are
given in Section IV and V, besides a false detection is checked
under sudden load transient in this section by comparing with

FIGURE 1. The three-phase voltage-source inverter system with dSPACE
controller.

several previous methods. Finally, the conclusions will be
summarized in the last section.

II. PHASE CURRENT ANALYSIS OF VSI
The three-phase voltage-source inverter system adopted in
this paper is shown in Fig.1, which includes LC filters and
dSPACE controller. The system sampling signal processing
and control for VSI is implemented by dSPACE controller.

In the normal operation mode, the modulating signals of
three phases fed by Pulse-Width-Modulation (PWM) differ
120 electrical degrees from each other. The drive signals for
the upper and bottom switches of same phase are complemen-
tary. The output three phase currents are sinusoidal of same
magnitude and phase difference with 120 electrical degrees,
which is: 

ia = Im sin(ωt)

ib = Im sin(ωt −
2π
3
)

ic = Im sin(ωt +
2π
3
)

(1)

where Im is the magnitude of current and ω is the current
angular frequency.

Take an open-switch fault in the phase b bottom switch
as an example. In the negative half cycle of the current,
the current in this phase is strongly affected, so the current
of phase b is zero during its negative half-cycle. Under these
conditions, during one fundamental period, the current of
phase b can be given by

ib =


Im sin(ωt −

2π
3
),

2π
3ω

< t ≤
5π
3ω

0,
5π
3ω

< t ≤
8π
3ω

(2)

Through above analyses, on the basis of measured currents,
the fault can be diagnosed using methods such as signal pro-
cessing, coordinate transformation and pattern recognition
etc [23]–[25].

III. FAULT DIAGNOSTIC METHOD
Generally, in a typical VSI, if an open-switch fault occurs in
an upper switch, the current in that phase will only take nega-
tive values. Otherwise, if a fault occurs in a bottom switch, the
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FIGURE 2. Block diagram of fault detection and localization method.

current in that phase will only take positive values. Therefore,
the fault localization can be conducted based on the above-
mentioned current characteristics. The block diagram of fault
detection and localization method is exhibited in Fig.2.

A. FAULT DETECTION METHOD
The output currents of VSI are state parameters that cannot
reflect the fault information on time. And the output current
based diagnosis method is dependent of fundamental period.
Hence, this paper proposes a novel detection method.

Since current amplitude is often related to the load and
other factors, in order to make the algorithm overcome
the impact of load change and other factors, simplify the
diagnosis method, the current is normalized. Through Clark
transform, the three-phase current is transformed from three-
phase static coordinate system to two-phase static coordinate
system: 

iα =
2
3

(
ia −

1
2
ib −

1
2
ic

)
iβ =

2
3

(√
3
2
ib −

√
3
2
ic

) (3)

The current can be handled with normalization method,
which is:

inN =
in√

i2α + i
2
β

=


iaN = sin(ωt)

ibN = sin(ωt −
2π
3
)

icN = sin(ωt +
2π
3
)

(4)

Here, we define

ρ = |iaN | + |ibN| + |icN | (5)

Substitute equation (4) into (5), therefore:

ρ = 2 sin(ωt +
kπ
3
),

kπ
ω
< t ≤

(k + 1)π
ω

(6)

where k = 0, 1, 2,. . .As can be observed from equation (4)
that ρ is a periodic function whose period is 1/6 of the current
fundamental period, and its average value is:

〈ρ〉 =
1
T1

∫ T1

0
ρdt =

1
π
3

∫ (k+1)π
3

kπ
3

2 sin(ωt +
kπ
3
)d(ωt)

=
6
π
≈ 1.91 (7)

However, when the three-phase VSI open-switch fault hap-
pens, the current will not be the same as shown in equation (6)
and its value will descend rapidly. Therefore, the diagnostic
variable can be reconfigured as:

Fd =

{
1, 〈ρ〉 ≤ sd
0, 〈ρ〉 > sd

(8)

where sd is the threshold value. When Fd = 0 it is under
normal operation and when Fd = 1 there is an open-switch
fault, which realizes a fast fault diagnosis of inverter. The
threshold value is properly determined through comprehen-
sively considering the variable change under normal and
fault condition and making compromise between rapidity and
reliability so as to avoid the false detection. Due to the applied
normalizationmethod, the threshold valuewill not be affected
by different faults. Therefore, sd can be fixed and it is selected
as 1.8 in the following simulations and experiments. Take
the bottom switch fault of phase b as an example, where the
state of T4 is ‘on’. The value of 〈ρ〉 will decreased rapidly
and is lower than sd inducing the diagnostic variable Fd to
be 1, which indicates the accurate diagnosis of open-switch
fault. In order to ensure the rapidity of the diagnosis as well
as avoid a false detection under sudden load transient, a fault
localization method is supplemented in the following section.
It should be noted that the diagnostic variable Fd is not fixed
after the fault, because the detectionmethod is only to provide
such a method. However in practical engineering, it can be
maintained until the fault is located. In addition, regarding
the experimental test with the change in the frequency, it is
not required to detect the frequency of the currents, because
the diagnostic variable in the detectionmethod is independent
of the frequency.

B. FAULT LOCALIZATION METHOD
The proposed method in the previous section can realize the
fast detection when the fault of the inverter occurs, but it can-
not determine the location of the fault power switch. There-
fore, the fault location algorithm is proposed as described
below.

The current zero-cross detection method is employed to
avoid the influence of current distortion caused by load
transient, where the sinusoidal current wave is converted
to square wave. In order to avoid the error caused by the
value near the threshold, a third level (zero) is introduced
to improve the traditional zero-cross detection method. Here,
we define:

γn(k) =


1, inN (k) ≥ sp
0, |inN (k)| < sp
−1, inN (k) ≤ −sp

(9)

where sp is the threshold value. The selection of threshold
value sp must ensure the ability to locate the faulty switches
in a wide range of loads. Nevertheless, it depends on sev-
eral factors, such as switching frequency, dead time, current
sensor offset, current signal to noise ratio, inverter topology
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TABLE 1. The relationship between diagnosis variables and faulty
switches.

configuration and so on. Therefore, sp was chosen as approx-
imately 2% of the rated current.

The fault localization can be based on the polarity of the
motor phase currents. To achieve this goal, the polarity of the
output currents can be described as the following relationship:

0n(k) =

∑k
j=k−L γn(j)∑k
j=k−L |γn(j)|

(10)

where L represents the number of current samples per fun-
damental period, which is determined by the sampling fre-
quency of dSPACE. The sampling values in each period are
updated with the arrival of new sampling points. The value
range of equation (9) is between -1 to 1. The value of equation
(10) is approximately zero when the inverter works normally,
but when a single switch fault or multiple switch open-switch
fault occur, the value will be approximately 1 or -1. When the
upper switch fails, its value is -1, and when the bottom switch
fails, its value is 1. The fault flags are defined as:

3n (k) =


1, 0n(k) ≤ −sl
0, |0n(k)| < sl
−1, 0n(k) ≥ sl

(11)

where sl is the threshold value. When 3n = 0 it is
under normal operating condition; when 3n = 1 there is
an open-switch fault in the upper switch of phase n, and
when 3n = −1 there is an open-switch fault in the bottom
switch of phase n, which realizes open-switch fault localiza-
tion of inverter. The threshold value sl should be between
0 and 1. Taking into account a tradeoff between a fast diagno-
sis and the robustness against the issue false alarms, a small
value can have a fast diagnosis speed, but a big value can be
reliable.

Table 1 shows the relationship between the fault diagnosis
variables and the fault power switch. The diagnostic method
in this paper can diagnose 12 distinct signatures using Table 1.

IV. EXPERIMENTAL RESULTS
In this section, the experimental setup is set up to ver-
ify the fault diagnosis algorithm of the open-switch switch
fault mentioned, as shown in Fig. 3. The experimental setup

TABLE 2. System parameters.

FIGURE 3. Experimental setup.

includes the three-phase two-level voltage source inverter
feeding LC filter and resistive loads, dSPACE controller.
The dSPACE controller, together with Matlab/Simulink and
dSPACE ControlDesk software, allows providing functions
for real-time control and monitoring of the inverter and cap-
turing the data files. The system parameters used for the
experimental test are shown in Table 2.

The experimental results are showed to evaluate the diag-
nostic method performance under different failure conditions.
In this section, single open-switch fault and double open-
switch fault are considered, and the immunity to false alarms
is verified as a consequence of load and current frequency
transients. The threshold values sd , sp, sl are set to be equal
to 1.8, 0.02, and 0.3 in the experiments, respectively.

A. FAULT DETECTION AND LOCALIZATION
Fig. 4 shows the experimental results when open-switch fault
happens to T4 at t = 67.8145s. Under normal operating
conditions, it can be seen that the currents are sinusoidal,
which gets a null value for the diagnostic variables Fd and
3a, 3b, 3c since the actual currents follow their corre-
sponding reference signals. However, after open-switch fault
happens to T4 at the instant t = 67.8155s the phase current b
becomes null during the negative half-cycle immediately, and
as a result, the detection variable 〈ρ〉 decreases below sd at
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FIGURE 4. Experimental results for an open-switch fault In T4.

t = 67.818s and the localization variable 0b increases above
sl at t = 67.8195s, allowing for the identification of the
faulty switch T4. And the detection and localization times
correspond to approximately 12.5% and 20% of the currents
fundamental period, respectively.

Fig. 5 shows the experimental results for double switch
faults, where the open-switch faults occur in T1 and T4.
At the instant t = 51.217s, the faults occur. It can be see
that the values of the faulty phase a will have negative value,
while the phase b value becomes positive the faults occur.
The detection variable 〈ρ〉 immediately decreases below sd
after the failure occurs, and the detection time is 2ms which
is approximately 10% of the currents fundamental period.
Besides the localization variable 0a decreases below−sl and
0b increases above sl after the failure occurs less than 4ms,
which is approximately 20% of the currents fundamental
period, allowing for the identification of the faulty switches
T1 and T4.

B. TRANSIENTS BEHAVIOR
The detection and localization variables are responsible to
ensure the robustness to transients and prevent their misin-
terpretation under the transient condition, although all of the
switches are operated in a normal state.

Fig. 6(a) and (b) presents the time-domain waveforms of
the phase currents, the fault detection and localization vari-
ables during several load transients.

In Fig. 6(a), the loads Ra, Rb and Rc decrease from 25�
to 10� at t = 215.82s, which results in the increase of cur-
rents. The amplitude of current increases from 0.6A to 1.3A,
which about varies by 216.7%.At themeantime, the detection
variable 〈ρ〉 varies slightly in the range of normal operating
condition. It can be firmly convinced that there is no false
alarm when the load decreases. At t = 216.28s the loads

FIGURE 5. Experimental results for double switch faults in T1 and T4.

FIGURE 6. Experimental results during load transients.

increase from 10� to 25�, which results in the decrease
of currents. The amplitude of current changes from 0.6A
to 1.3A, which about varies by 46.15%. At the same time,
the value of 〈ρ〉 varies slightly above the threshold value sd ,
and the detection variable Fd still remains zero, and it does
not cause false alarmwhen the loads increase. During the load
transient, the value of 〈ρ〉 varies slightly above the threshold
valuesd , the detection variables Fd still remain zero, and it
does not cause false alarm.

In Fig. 6(b), the load Ra, Rb, Rc decrease from 50� to 7�
at t = 0.2s and back to 50� at t = 0.75s, which results the
amplitude of current changes from 0.35A to 1.75A and back
to 0.35A, which about varies by 20% and 500%, respectively.
Although the load transients greatly, the value of 〈ρ〉 varies
slightly in the range of normal operating condition and the
detection variable Fd still remains zero. It can be firmly
convinced that there is no false alarmwhen the loads decrease
or increase.
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FIGURE 7. Experimental results during current frequency variation.

After repeated experiment verification, when the load
changes in the range of 20%-500%, the value of 〈ρ〉 varies
slightly above the threshold value, there is no false alarm.
By comparing the results of experiment and simulation, it is
found that the results are the same and the experiment results
and the simulation results are in good agreement with the
theoretical analysis. It can be seen that the proposed detection
method has good resistance to load variation.

Fig. 7 presents the time-domain waveforms of the phase
currents, the fault detection and localization variables during
the current frequency variation.

In Fig. 7(a)-(d), the current frequency decrease from 50Hz
to 25Hz at t = 0.115s and back to 50Hz at t = 0.53s, which
about varies by 50% and 200%, respectively. In Fig. 7(b), the
current frequency decrease from 50Hz to 5Hz at t = 0.115s,
which about varies by 10%. Fig. 7(c), the current frequency
decrease from 5Hz to 50Hz at t= 0.53s, which about varies by
1000%. In Fig. 7(e)-(h), the current frequency decrease from
50Hz to 5Hz at t= 0.94s and back to 50Hz at t= 1.86s, which
about varies by 50% and 200%, respectively. In Fig. 7(f),
the current frequency decrease from 50Hz to 5Hz at
t = 0.115s, which about varies by 10%. Fig. 7(g), the current
frequency decrease from 5Hz to 50Hz at t = 0.53s, which

FIGURE 8. Detection and localization time when T4 fault occurs at
20 evenly-spaced moments in a fundamental period.

about varies by 1000%.Although the current frequency varies
greatly, the value of 〈ρ〉 varies slightly in the range of normal
operating condition in Fig. 7(d) and (h), and the detection
variable Fd still remains zero. It can be firmly convinced that
there is no false alarm when the current frequency decreases
or increases. After repeated experiments verification, when
the current frequency changes in the range of 10%-1000%,
the value of 〈ρ〉 varies slightly above the threshold value,
there is no false alarm.

In order to give an overview of diagnosis speed, the diag-
nosis time of the proposed method for single faults is inves-
tigated comparing to several methods in [8], [11] and [12].
By repeating experiments, the detection and localization time
for faults occurring to T4 at 20 evenly-spaced moments in a
fundamental period is shown in Fig.10. Tp represents the fun-
damental period. For instance, when the fault occurs at 13/20
Tp in Fig.8, the detection and localization time of proposed
method is about 20% of the currents fundamental period.
Similar conclusion can be drawn by repeating experiments
in [8], [11] and [12]. To sum up, the proposed method shows
better performance in the detection and localization speed.
For the same fault, detection and location takes less time and
has a faster speed.

V. CONCLUSION
The diagnosis method has been introduced for the detection
and localization of open-switch faults of three-phase voltage-
source inverter. The current zero-cross detection method and
the fault detection signal based on the phase currents are
built to precisely localize the faulty switches. The single and
double switches open faults can be detected and localized by
12 distinct fault signatures corresponding to a unique inverter
failure combination. Regarding the diagnostic method detec-
tion speed, the simulation and experiment results show that a
faulty switch can be detected within a time equivalent to one
eighth of the current fundamental period, which can be con-
sidered, comparing with similar techniques, relatively fast.
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In addition, the diagnosis method has the ability to ensure the
robustness to the transient condition, such as load variations
and current frequency variations, and prevent misinterpreta-
tion under the transient condition.
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