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Abstract

Inverters play a vital role in the distributed generated energy systems. Hence,
the reliability of the entire distributed energy system depends on the con-
sistent and continuous operation of the inverter. Consequently, to maintain
a reliable operation, effective condition monitoring and fault diagnostic
schemes have to be incorporated. In this paper, a method based on current
trajectory is analyzed for the fault detection and diagnosis of open-switch
faults in three-phase two-level voltage source inverters (VSI). The current
trajectory-based method of fault diagnosis has been already presented lit-
erature for the identification and localization of open-switch fault in the
three-phase two-level VSI. The main drawback of the existing current trajec-
tory method is that the fault diagnosis and detection is dependent on the phase
currents selected to plot the current trajectories. Therefore, in this paper, a
generalization is proposed for the fault diagnosis and diagnosis based on the
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current trajectory, which make the method independent of the selection of the
phase current used to plot the current trajectory. The validity and effectiveness
of the proposed generalization is verified by simulation and experiments in a
laboratory prototype of three-phase two-level VSI.

Keywords: Three-phase two-level inverter, gate-open circuit fault, current
trajectory, fault detection, fault diagnosis.

1 Introduction

Inverters play a crucial role in the conversion and integration of elec-
trical energy in distributed generations in grid-connected and stand-alone
modes [1, 2]. Now a days, inverters are employed in distributed energy
systems in applications such as solar PV systems, wind energy systems,
V2G/G2V modes of electric vehicles, reactive power control, motor drives,
etc. [3–7]. All these applications are highly dependent on the consistent and
continuous working of the inverter. However, the inevitable power semicon-
ductors in the inverters makes the applications more probable to faults. It is
reported in [8] that about 80% of the faults in the power converters is due
to the power semiconductor switch faults. In order to make the applica-
tions employing inverters, an effective fault diagnostic schemes have to be
incorporated to improve the overall reliability and to reduce the influence
of the power semiconductor faults. The leading causes of inverter faults are
open-circuit (OC) and short-circuit (SC) faults [9]. Out of these two faults,
SC fault is the most critical fault. Now a day all the inverter fed applica-
tions are equipped with the SC fault mitigation techniques as a standard.
In contrast, the OC fault may remain unnoticed in the inverter system, and
operating under such faulty condition may result in other cascading failures
and serious consequences. This fault mainly happens due to the gate circuit
failures or connection cut-off [9, 10]. Therefore, this work focuses on the
most commonly occurring single-switch OC fault diagnostic schemes in the
three-phase two-level inverters.

Fault detection and diagnosis (FDD) in three-phase two-level Voltage
Source Inverter (VSI) has been a vibrant research field from the starting of the
1990s, and since then, several FDD schemes have been introduced. Various
methods have been presented for the FDD such as method based on rule-
based expert system [11, 12]; methods based on current trajectory [13–18];
methods based on phase currents such as Park’s vector [19], simple DC cur-
rent method [20] and reference current errors [21]; methods based on inverter
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output voltage [22, 23]; methods based on control theory such as bond
graph [24], Extended Kalman Filter [25] and non-linear PI observers [26].
In addition, a number of methods of based on artificial intelligence such as
wavelet-adaptive neuro-fuzzy inference system [27], wavelet-neural network
method and wavelet-fuzzy algorithm [28, 29] also have been introduced.
In spite of the extensive research work in this area, the recent publications
show that FDD in three phase two-level VSI is still an active and potential
area of research [30, 31].

Out of the various methods of fault diagnosis presented, one of the
stimulating diagnostic schemes is the method based on the current trajectory
of the inverter currents [13–18]. In [13], Concordia transformation is used
to convert the three-phase current to the two-phase system. Then the slope
of the current trajectory of the two-phase system is calculated and used
to detect and locate the fault. Implementation of this method on a pulse
width modulation (PWM) current-controlled inductor motor drive with the
aid of real-time controller is reported in [14]. A different approach of this
method is covered in [15], where, the current trajectory of stator current
space phasor with respect to stator reference frame is used for the FDD. It is
also reported that the current trajectory patterns obtained by methods based
on 3D current trajectory mass center [16] and principle component analysis
and mean value [17] also confirm the possibility of switch fault diagnosis in
two-level inverters. Another method based on the current trajectory of any
‘two’ phase current is presented in [18]. The main drawback of this method
is that the FDD is dependent on the phase currents selected to plot the current
trajectories.

The current trajectory-based method of fault diagnosis is an effective
method of diagnostic method for the identification and localization of open-
switch fault in the three-phase two-level VSIs [13–18]. Some these methods
need transformation to other domains [13–15]; and few methods need
advanced plotting techniques such as 3D current trajectory [16]. All these
methods require ‘three’ phase currents and transformation, which call for
higher number of current sensors and computational requirement. On the
other hand, the method methos presented in [18] need only ‘two’ current
sensors and no transformation. However, this method depends on the selec-
tion of phase currents to plot the current trajectory. Therefore, in this paper, a
generalization is proposed for the fault diagnosis and diagnosis based on the
current trajectory presented in [18], which make the method independent of
the selection of the phase current used to plot the current trajectory. The valid-
ity and effectiveness of the proposed generalization is verified by simulation
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and experiments in the three-phase two-level VSI. The contents of the paper
are as follows: in Section 2, the modulation, simulation and experimental
setup of three-phase two-level VSI is explained. The open-switch fault is
analyzed in Section 3. Sections 4 and 5 describes the FDD based on current
trajectory and the proposed generalization. Finally, the conclusions are given
in Section 6.

2 Three-Phase Two-Level Voltage Source Inverter

A typical structure of the three-phase two-level VSI power circuit is shown
in Figure 1. It consists of six power semiconductors switches. The upper
switches are denoted by T1, T3 and T5, while, the lower switches are denoted
by T2, T4 and T6, respectively. The inverter is supplied from a fixed DC-link
voltage (Vdc) obtained from a three-phase rectifier or DC power source or
Solar Panels.

2.1 Modulation Scheme of Three-phase Two-level Inverter

Various modulation techniques such as modulation techniques such as sinu-
soidal pulse width modulation (SPWM), space vector modulation (SVM)
and selective harmonic elimination (SHE) are presented for the modulation
three-phase two-level inverters. Among these, the SPWM is the most widely
used modulation method in two-level VSI, which is used in this case. In this
method, the gate signals are generated based on the comparison of the three
sinusoidal reference signals (vra, vrb, vrc) and a triangular carrier signal (vt),

Figure 1 Three-phase two-level VSI topology.
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Figure 2 SPWM modulation of three-phase two-level VSI.

Table 1 Parameters of three-phase two-level inverter
Parameter Value
DC-link voltage (Vdc) 150V
Rated current (RMS) 5A
DC-Link Capacitors (C) 2200MFD
Fundamental frequency 50 Hz
Triangular carrier frequency 1 kHz
Modulation index 0.8
RL-Load R = 35 Ohm, L = 10 mH

as tabulated in Table 1. Typical SPWM waveform with three reference signals
of 50 Hz and the triangular carrier signal of 1 kHz with a modulation index
of 0.8 is illustrated in Figure 2.

2.2 Simulation and Experimental Setup of Three-phase
Two-level Inverter

A simulation model of a three-phase two-level VSI has been realized using
MATLAB/Simulink block set. Similarly, the three-phase two-level VSI con-
figuration shown in Figure 1 has been fabricated in the laboratory. The
three-phase two-level VSI is developed using six FGA15N120 IGBTs. The
SPWM scheme is implemented using a microcontroller, and the PWM gate
pulses have been given to respective switches using TLP250 gate driver ICs.
A three-phase star connected RL-load is connected to the output terminals.
This load condition is set to maintain the peak current values to 2A. The
parameters of the inverter are indicated Table 1.

The simulation results of line voltages (vab, vbc, vca) and the three-phase
currents (ia, ib, ic) with an RL-load of R = 35 Ohm and L = 15 mH are
shown in Figure 3. Similarly, the experimental waveforms of line voltages
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Figure 3 Simulation results: (a) line voltages (b) three phase currents.

          
(a)                                                                          (b) 

Figure 4 Experimental results: (a) line voltages and b-phase current (b) three-phase load
currents.

(vab, vbc, vca) along with b-phase current (ib) and three-phase load currents
(ia, ib, ic) are shown in Figure 4(a) and (b), respectively.

3 Gate Open-Circuit Fault in Three-Phase Two-Level VSI

In this work, gate open-circuit fault in one of the power switches of the three-
phase two-level VSI at a time is considered, as the chances for multiple switch
faults are rare. The simulation model and experimental setup discussed in
Section-1 are used to undertake the gate-open circuit fault study. The fault has
been intentionally introduced into the properly working inverter in simulation
and experiments by removing the gate pulse, resulting in gate-open circuit
fault.

The results of an upper-leg switch is analysed first. The gate-open circuit
fault has been introduced to the upper-leg switch ‘T3’ switch in simulation
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Figure 5 Simulation results with faulty upper switch T3: (a) line voltages (b) three-phase
load currents.

      
(a)                                                                              (b) 

Figure 6 Experimental results with faulty upper switch T3: (a) line voltages and b-phase
current (b) three-phase load current.

by removing the gate pulse at the instant ‘t1’, and the three-phase line
voltages (vab, vbc,vca) and three-phase load current (ia, ib, ic) during the fault
are illustrated in Figure 5. Similarly, the fault has been introduced in the
experimental setup. The experimental waveforms of three-phase line voltages
(vab, vbc, vca) along with b-phase current (ib) and the three-phase current
waveforms (ia, ib, ic) under fault condition is illustrated in Figure 6.

Similarly, the gate-open circuit fault has been introduced to the lower-leg
switch ‘T4’ switch in simulation by removing the gate pulse at the instant ‘t1’,
and the three-phase line voltages (vab, vbc, vca) and three-phase load current
(ia, ib, ic) during the fault are illustrated in Figure 7. Similarly, the fault has
been introduced in the experimental setup. The experimental waveforms of
three-phase line voltages (vab, vbc, vca) along with b-phase current (ib) and the
three-phase current waveforms (ia, ib, ic) under fault condition is illustrated
in Figure 8.
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Figure 7 Simulation results with fault in the lower switch T4: (a) line voltages (b) three
phase load currents.

       
(a)                                                                              (b) 

Figure 8 Experimental results with fault in the lower switch T4: (a) line voltages and b-
phase current (b) thee-phase load currents.

Similar procedure is carried out in other upper and lower switches and
it is observed that, when an upper switch is faulty, the positive half cycle of
the corresponding phase current vanishes as illustrated in Figures 5 and 6.
When a lower switch is faulty, the negative half cycle of the corresponding
phase current vanishes, as illustrated in Figures 7 and 8. In the case of line
voltages, it is observed that the fault occurrence in any switch in a particular
inverter-leg affects only the line voltages associated with that inverter-leg in
which fault has occurred.

4 FDD Based on Current Trajectory in Three-Phase
Two-Level VSI

As it is clear from the literature, the current trajectories of the three-phase
currents also can be used for the FDD [13–18]. In this section, current
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    (a) 

                (b-i)                                            (b-iii)                                             (b-v) 

                (b-ii)                                            (b-iv)                                             (b-iv) 
Figure 9 Simulation of current trajectory of ia vs ib: (a) all switches under normal condition
(b) fault condition in switches (i) T1 (ii) T2 (iii) T3 (iv) T4 (v) T5 (vi) T6.

trajectories formed by the combinations of different currents such as ia vs
ib, ib vs ic and ic vs ia are investigated in detail. The trajectory of the
currents ia and ib are plotted in XY-mode in simulation. The trajectory under
normal operation is shown in Figure 9(a). Now, current trajectories are plotted
with the fault in each of the six power switches, and the resultant current
trajectories are illustrated in Figure 9(b–i)–(b–vi). Also, the trajectory of the
currents ib and ic under the healthy condition is depicted in Figure 10(a) and
with fault conditions are shown in Figure 11(b–i)–(b–vi). A similar approach
is carried out in the case of currents ic and ia, the current trajectory under
normal operation is shown in Figure 11(a), and the faulty condition are
illustrated in Figure 11(b–i)–(b–vi).
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    (a) 

                (b-i)                                            (b-iii)                                             (b-v) 

                (b-ii)                                            (b-iv)                                             (b-iv) 
Figure 10 Simulation of current trajectory of ib vs ic: (a) all switches under normal condition
(b) fault condition in switches (i) T1 (ii) T2 (iii) T3 (iv) T4 (v) T5 (vi) T6.

The current trajectories of phase currents ib and ic from the experiments
are plotted in the XY-mode of the DSO. The trajectory under normal opera-
tion is shown in Figure 12(a). Now, current trajectories are plotted with the
fault in each of the six power switches, and the resultant current trajectories
are illustrated in Figure 12(b–i)–(b–vi). Similarly, other combinations of the
current trajectories are also plotted. It is found that, they are exactly matching
with the simulation results.

It is observed that, the current trajectories remain the same for healthy
operation in all three current combinations. Furthermore, the current tra-
jectories follow a unique pattern for each switch under fault conditions,
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    (a) 

                (b-i)                                            (b-iii)                                             (b-v) 

                (b-ii)                                            (b-iv)                                             (b-iv) 
Figure 11 Simulation of current trajectory of ic vs ia: (a) all switches under normal condition
(b) fault condition in switches (i) T1 (ii) T2 (iii) T3 (iv) T4 (v) T5 (vi) T6.

and based on the current trajectory pattern, the faulty power switch can be
identified. However, the trajectories under faulty conditions are dependent on
the choice of phase current selected for the plot. For instance, the trajectory
with switch T1 fault is different in ia vs ib, ib vs ic and ic vs ia plots as
shown in Figures 9(b–i), 10(b–i), and 11(b–i). In order to make this method
independent of the phase current selected to plot the current trajectory, a gen-
eralization between the various current trajectories and the power switches
has to be established. Hence, a generalized FDD based on current trajectory
is proposed.
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Figure 12 Experimental results of current trajectory of ia vs ib: (a) all switches under normal
condition (b) fault condition in switches (i) T1 (ii) T2 (iii) T3 (iv) T4 (v) T5 (vi) T6.

5 Generalized FDD Based on Current Trajectory

A generalized approach to correlate the current trajectory obtained and power
switch under faulty condition is developed based on the trajectory of ia vs
ib illustrated in Figure 12(b–i) to (b–vi), as the reference. For a generalized
approach three variables x, y and z are assumed. The relationship between
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Table 2 Fault inference with generalized current trajectory method
Current Trajectory Fault Inference
ix vs iy plot matches with
Figure 12(a)

No-fault
condition

ix vs iy plot matches with
Figure 12(b–i)

upper-leg switch in
the phase represented by ‘x’

ix vs iy plot matches with
Figure 12(b–ii)

lower-leg switch in
the phase represented by ‘x’

ix vs iy plot matches with
Figure 12(b–iii)

upper-leg switch in
the phase represented by ‘y’

ix vs iy plot matches with
Figure 12(b–iv)

lower-leg switch in
the phase represented by ‘y’

ix vs iy plot matches with
Figure 12(b–v)

upper-leg switch in
the phase represented by ‘z’

ix vs iy plot matches with
Figure 12(b–vi)

lower-leg switch in
the phase represented by ‘z’

these variables are as given below,

If x = a; then y = b and z = c
or

If x = b; then y = c and z = a
or

If x = c; then y = a and z = b

(1)

The generalization is summarized in Table 2. This approach clearly
identifies the faulty switch based on the current trajectory and the knowledge
of the phase current selected to plot the trajectory.

If the ix vs iy plot gives a current trajectory as shown Figure 12(b–i), then
the fault has occurred in the upper-leg switch in the phase represented by ‘x’.
If the ix vs iy plot gives a current trajectory as shown Figure 12(b–ii), then
the fault has occurred in the lower-leg switch in the phase represented by ‘x’.
A similar approach is applicable to all other switches as well.

5.1 Valuation of Generalized Current Trajectory Method

The generalized FDD method has certain advantages compared to existing
methods. This method requires only ‘two’ phase currents for the current
trajectory compared to other methods using three currents; thereby reducing
the number of current sensors and signal conditioning requirements. Also,
there is no need of transformation of the currents to any domain or frames.
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Table 3 Comparison of proposed generalized method with existing methods
FDD Methods Need of Transformation Number of Current Sensing Required
Based on
Concordia
transformation
[13, 14]

Park’s transformation Three-phase currents

Based on stator
current space
phasors [15]

Stator current space
phasor with respect to
stator reference frame

Three-phase currents

3D current
trajectory [16, 17]

Not required Three-phase currents

Current trajectory
based on phase
currents [18]

Not required ‘Any two’ phase currents; method
dependant on the phase currents
selected for the plot

Proposed
generalized
method

Not required ‘Any two’ phase currents; method
independent on the phase currents
selected for the plot

The comparison of the proposed method with existing methods is indicated
in Table 3. However, it is found that the current trajectory method is only
effective in a heuristic level of fault diagnosis, because the realization of this
method requires additional technique such as image processing or pattern
recognition or contour detection algorithms with data acquisition systems.

6 Conclusion

The gate open-circuit fault diagnosis based on the current trajectory is anal-
ysed in this manuscript, with the aim of improving the continuous and reliable
operation of three-phase two-level VSIs. Based on the analysis of the various
current trajectories plotted between the inverter output phase currents. A
generalized current trajectory-based fault diagnostic scheme in three-phase
two-level VSI is proposed. This scheme requires only ‘two’ of the phase
currents to be sensed for the fault detection, without any transformation to
other frames or domains. It can be inferred that this method is very effective
in a heuristic level of fault detection and diagnosis in three-phase two-level
VSIs. Moreover, as a future scope, the real-time or the online fault detection
and diagnosis can be developed, by plotting the current trajectories in a digital
platform using data acquisition system, and the realising the proposed method
with the aid of image processing techniques. Further, the online method shall
be extended towards the implementation of the fault tolerant operations in
three-phase level VSIs.
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