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Abstract—This paper proposes two new open-circuit fault
detection methods suitable for the diagnosis of power elec-
tronics converters. The faulty semiconductor devices are
identified using conducted and radiated electromagnetic
signatures of the dc bus through nonintrusive measure-
ments. The first method uses a low-cost electromagnetic
interference filter to collect the common-mode emissions
signature. The second one utilizes an external antenna
to collect the emitted near-field signature. Both methods
are tested on a three-level neutral point clamped inverter
(NPC) inverter with the aim to identify the clamping diodes
open-circuit faults. Indeed, each open-circuit fault affects
the common-mode emission signature in the time-domain,
while the fast Fourier transform of the emitted near-field
showed substantial reduction of spectrum amplitude at a
specific radio frequency range and the appearance of a new
spectral rail. The effectiveness of these two methods has
been tested through numerical simulations and validated by
experimental results which confirmed its high performance
in detecting single as well as multiple open-circuit faults for
three-level NPC inverter.

Index Terms—Converter’s reliability, electromagnetic in-
terference (EMI) filter, electromagnetic signature, fault diag-
nosis, multilevel converter, near-field, neutral point clamped
inverter (NPC) converter, open-circuit fault.

I. INTRODUCTION

IN RECENT years, multilevel converters have received a re-
markable interest and have been widely studied especially

for medium-voltage and high power industrial applications
[1]–[3]. The three-level neutral point clamped inverter (NPC) is
one of the most promising topologies that has been introduced
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on the commercial market several years ago. Nowadays, the lat-
ter is widely used in many industrial processes, such as motor
drives, grid-connected renewable resources interface, etc. [4].
However, the large number of switching devices involved in-
creased the failure probability of the converter as compared, for
example, with the conventional two-level inverter. This concern
has therefore stimulated the research effort toward the develop-
ment of accurate and fast identification techniques to identify
the faulty power semiconductors with the aim to prevent fault
propagation and hence limiting the resulting failure cost [5].

Power semiconductor devices failure can be classified into
two categories: short-circuit and open-circuit faults [6]. A short-
circuit fault may have some inherently undesirable impacts on
the system due to excessive current flowing through the affected
device and associated path. Therefore, an immediate shutdown
of the inverter is required to guarantee limited damage. On
the other hand, the open-circuit faults are not likely to cause
serious damage compared to the short-circuit ones. Still, they
lead to some secondary disturbances in the remaining part of
the converter [7].

Though the methods proposed in this paper are based on
new nonintrusive diagnosis techniques, the state of the art of
the conventional intrusive fault detection methods is hereafter
presented with the aim to discuss their performance.

Most of the conventional intrusive diagnosis techniques ap-
plied to detect open-circuit faults in NPC inverters are based on
current or/and voltage signature analysis methods. In [8], Lee
et al. proposed an open-circuit fault detection method for grid tie
NPC inverter based on grid current distortion analysis. However,
injection of reactive current is needed in order to identify the
faulty switch. In [9], the fault detection method is based on the
comparison of the dimension of the Concordia current pattern
with the healthy case. The main drawback of this method is the
need of one additional fundamental load cycle to estimate the
current pattern angle for the identification of the faulty switch.
In [10], the average current Park’s vector is used to perform the
identification of a single faulty IGBT. However, the identifica-
tion algorithm needs the analysis of three additional variables
to be diagnosed. In [11], the slope method, based on the anal-
ysis of the phase current distortion is proposed with the aim to
identify the faulty switches of a back-to-back NPC converter.
This method is able to detect the faulty switch in the rectifier
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stage. However, for the inverter stage, the identification of the
faulty device among the two upper or two lower switches re-
mains impossible. In [12], Farnesi et al. used a Rogowski coil
in series with each clamping diode and three current sensors
to identify the faulty transistors of the NPC inverter. For each
leg, the detection of the open-circuit fault of switches needs the
knowledge of the currents in the clamping diodes, along with
the phase current. The main drawbacks of this method are the
need of six additional Rogowski type of coils, and also accu-
rate knowledge of the instantaneous devices switching states to
identify the outer transistors fault. Nonetheless, one common
remaining problem of current-based identification methods is
their sensitivity to low-frequency disturbances, which affect the
currents waveforms and may cause false detection alarms. Meth-
ods relying on currents’ signature, are also supposed to become
ambiguous for small values of load currents [13].

A diagnosis method based on measurement of the modulated
pole voltages duration times was proposed in [14]. Several diag-
nosis methods have also been developed based on the analysis
of both ac currents and modulated pole voltages signatures. In
[15], the inverter’s output voltage and load current are used to
perform a real-time identification of single and multiple open-
circuit faults in each power device within one modulation pe-
riod. In [16], a detection method of faulty power switch or faulty
clamping diode based on the analysis of both output currents
and voltage waveforms was proposed. This method allowed the
exact identification of the faulty power switch or/and the clamp-
ing diode through a modified control algorithm. Notice that
most diagnosis methods based on the analysis of the modulated
output voltages are costly due to the extra wide bandwidth volt-
age sensors needed. Moreover, they require prior knowledge of
power devices’ switching states. This implies that the diagnosis
algorithm requires data from the modulation algorithm.

The conventional intrusive diagnosis methods have been like-
wise applied to diagnose other multilevel topologies mainly the
modular multilevel converters (MMC). In [17], the modulated
output voltages are utilized to diagnosis open-circuit faults in
MMC by applying the support vector machine method. In [18],
a diagnosis method based on the frequency analysis of output
voltage has been proposed. This method is able to identify only
the faulty cell of the MMC. In [19], a state observer of the
current circulating through the upper and lower arms and the
load current is constructed with the aim to identify the faulty
arm. Thereafter, the faulty submodule (SM) of the specified arm
is identified based on its capacitor voltage value; the latter in-
creases as compared to the healthy case operation. This method
is able to identify the faulty switch only in half-bridge (SM)
and has not been extended to the case of H-bridge (SM). In [3],
a diagnosis method based on the monitoring of the load cur-
rent and phase-to-neutral output voltage has been proposed for
cascaded H-bridge multilevel inverter. This method allows the
identification of the faulty active switch and permits to isolate
the faulty cell. However, it needs prior knowledge of the switch
state, implying therefore that the diagnosis algorithm needs data
from the modulation algorithm.

On the other hand, few nonintrusive diagnosis methods were
recently proposed for open-circuit fault diagnosis of two-level

Fig. 1. Three-level NPC inverter power circuit.

inverters and dc/dc converters. In [20], an open-circuit fault is
detected, based on the harmonic spectrum of the stray mag-
netic and electric fields provided by a two-level inverter. This
method is nonintrusive and it does not need any additional sen-
sor. However, it is limited to the low-frequency band and it
cannot locate the exact faulty switch. In [21], a monitoring and
diagnosis method based on the magnetic near-field measurement
is proposed to detect the open-circuit faults of dc–dc converter.
The major restriction of this method can be generalized in its
disability to identify the exact faulty switch of the full bridge
converter.

In this paper, two pioneering methods for the detection of
open-circuit faults in power converters are proposed. The first
method uses the dc-bus conducted emissions signature measured
across an electromagnetic interference (EMI) filter. The second
method is based on the frequency spectrum signature of the near-
field emitted above the converter’s dc bus. The proposed two
methods need only the use of one of the following nonintrusive
sensors. A simple EMI filter connected between the inverter
dc-terminal and the dc source, or a near-field antenna placed
above the dc-bus cable. It is shown that the gathered information
from these sensors is sufficient to detect the clamping diodes
open-circuit faults in a three-level NPC inverter. Notice that
clamping diodes open-circuit faults are chosen as a case study
to validate this new approach. Diodes failures are, certainly,
not the only recurrent fault in power electronic systems [22].
Clamping diodes are however chosen in this paper because they
are fault-tolerant. Therefore, the correct identification of a faulty
clamping diode will allow the use of a fault-tolerant algorithm
and avoid an immediate shutdown of the NPC inverter.

Compared to conventional intrusive techniques, the proposed
nonintrusive methods are not sensitive to low-frequency dis-
turbances since the diagnosis is based on high-frequency EMI
signatures. Moreover, only one extra voltage sensor is needed
compared to three extra sensors required by the output voltages
signatures-based diagnosis techniques. Notice also that the near-
field-based diagnosis sensor (antenna) is completely decoupled
from the electrical circuit. Therefore, any fault on the power cir-
cuit would not have the chance to propagate into the diagnosis
circuit.

The remainder of this paper is organized as follows.
Section II describes the functional bloc diagram and the opera-
tion standards of the three-level NPC inverter. It also provides an
inclusive explanation of the clamping diode open-circuit fault
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Fig. 2. Typical waveforms of the pole voltages (VA z , VB z , and VC z ) and common-mode voltage CMV obtained in (a) healthy condition, (b) DCA1
fault, and (c) DCA2 fault.

effect on the output voltages and currents along with a theo-
retical analysis. Section III discusses the numerical simulations
based on a high-frequency model of the converter. Experimen-
tal results and fault detection methods based on the conducted
emissions and near-field signatures are presented in Sections IV
and V, respectively. Finally, general remarks and conclusions
are provided in Section VI.

II. NPC INVERTER OPERATION UNDER OPEN-CIRCUIT

CLAMPING DIODE FAULT

A. NPC Inverter Operation in Healthy Condition

The schematic bloc diagram of the three-level NPC inverter
is illustrated in Fig. 1. Each inverter leg consists of four power
switches connected in series and of two clamping diodes con-
nected to the midpoint z of the dc-bus capacitors. The inverter
is fed by a dc voltage source through two series-connected elec-
trolytic capacitors. For each leg, three switching states are pos-
sible, namely P (positive), O (zero), and N (negative). These
states provide a three-level pole voltage referred to the midpoint
z. The three voltage levels are −V DC/2, 0, and +V DC/2,
respectively. Several modulation algorithms can be applied to
synthesize the required target output voltages VAz , VBz , and
VC z . Though the space vector modulation technique provides
better performance than the multicarrier sinusoidal pulse width
modulation method in terms of current THD, the latter is adopted
in this paper because of its digital implementation simplicity.
Knowing the operation mode of the three-level NPC inverter,
each clamping diode operates when the switching state O is acti-
vated. DCA1 is able to conduct during the positive half-cycle of

the phase current, whereas DCA2 conducts during the negative
half-wave of the same phase current.

As an example, for a time interval equal to the half-period of
the output voltage fundamental cycle, that is to say for a 50 Hz
output signal, the clamping diodes are solicited during 10 ms
only. Typical waveforms of the pole voltages and common mode
voltage (CMV) under normal operation conditions are shown in
Fig. 2(a).

The CMV is computed as follows:

CMV = Vgz =
VAz + VBz + VC z

3
. (1)

Therefore, the diode DCA1 is able to conduct the load current
during the time interval [0, 10] ms; while the diode DCA2
conduction occurs during the second half-period [10, 20] ms.
The same explanation is valid for the other two remaining legs
of the inverter, considering a phase shift of 2 π/3.

B. NPC Inverter Operation Under Faulty Conditions

In case of an open-circuit fault affecting DCA1, the switch-
ing state “O” becomes impossible for a positive phase current.
Indeed, under normal conditions, when the switching state “O”
is activated, the positive phase current flows through T12 and
DCA1 as shown in Fig. 3(a). However, under faulty condition
of DCA1, the current path is established through D13 and D14.
Thus, the output pole voltage becomes (−V DC/2) instead of
zero, leading to a significant modification of the CMV signature
as shown in Fig. 2(b). One can observe a substantial increase
of its dv/dt. This distortion will in turn affect the phase current
quality. If an open-circuit fault occurs in DCA2, the negative
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Fig. 3. Current paths for normal and open-circuit fault conditions of:
(a) clamping diode DCA1 and (b) clamping diode DCA2.

current will inherently flow through D12 and D11, instead of
DCA2 and T13. Fig. 3(b) shows the corresponding path of the
negative current under both faulty and normal situations. Conse-
quently, the pole voltage of the corresponding phase is changed
to +V DC/2 instead of zero which affects the CMV signature as
illustrated in Fig. 2(c), where an important increase of its dv/dt
is also observed. The latter situation also causes undesirable
distortions in the phase current waveform.

C. Diodes Failure Effect on the Conducted Emissions

Basically, the commutation phenomenon of static power con-
verters gives rise to common-mode emissions caused by the
following two reasons.

1) The CMV defined in (1) is not constant because of the
modulation principle [23]. The high-frequency variation
of this voltage creates in turn a common-mode current
(icmg ) that circulates from the inverter’s ac terminals to
the ground through the load and the parasitic capacitor
cpg as shown in Fig. 4. Since each clamping diode failure
affects the waveform of CMV and increases its dv/dt,
it consequently modifies the common-mode emissions
signature.

2) High-frequency voltage oscillations are induced by the
commutation process of the power switches, the leak-
age inductors found in the printed circuit board (PCB)
board, and the parasitic capacitors. This phenomenon
causes common-mode current icm =

∑

i

icm i flowing to

the ground through the parasitic capacitors cpi which
link the heat sink to the power semiconductor devices.
Moreover, it is well known that a diode drastically con-
tributes to the generation of the electromagnetic inter-
ferences mainly because of the reverse recovery current
associated to the carrier majority type of diodes [24]. Con-
sequently, the absence of a clamping diode caused by an

Fig. 4. Common-mode current-loop (Cpi are parasitic capacitors em-
ulating the common-mode propagation paths to the ground of currents
icm i ).

open-circuit fault has a direct impact on the signature of
icm .

The total common-mode current as defined by (2) and shown
in Fig. 4 follows the path to the dc voltage source through
the ground plane. Using Kirchhoff’s law, one can write the
following equation:

icmT = icmg +
∑

i

icm i . (2)

Since this current includes useful information about the state
of health of the clamping diodes, an image of this current can be
obtained by connecting an appropriate EMI filter between the
dc source and the inverter’s dc terminals. A true image of the
conducted emissions is therefore collected by measuring VR1
and VR2 voltages across both resistors R1 and R2 of the EMI
filter.

According to the analysis which was just introduced, a failed
clamping diode can be identified by processing the conducted
electromagnetic signature as will be investigated in the remain-
ing part of this paper. Moreover, since the near-field emissions
are assumed to be the image of the conducted emissions, the
fault diagnosis based on the analysis of the near-field will also
be investigated in this paper.

III. NUMERICAL SIMULATIONS USING HIGH-FREQUENCY

MODEL OF THE NPC INVERTER

A. High-Frequency Modeling of Three-Level
NPC Inverter

In order to emphasize the effectiveness of the previously
presented theoretical analysis, showing the effect of clamping
diodes failure on the signature of common-mode emissions, a
high-frequency model of the NPC inverter feeding a three-phase
RL load is first developed as shown in Fig. 5(a). Each transistor
and its freewheeling diode are modeled using the spice three-
level model of a MOSFET and two parasitic inductors for the
source and the drain connection sides as depicted in Fig. 5(b).
Each transistor gate is connected to a programmable voltage
supply that emulates the gate signal provided by the controller.
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Fig. 5. High-frequency model of the three-level NPC inverter (a) gen-
eral setup, (b) high-frequency components associated with a transistor
and its freewheeling diode, (c) high-frequency components associated
with a clamping diode, and (d) EMI filter.

TABLE I
SYSTEM PARAMETERS USED FOR THE HIGH-FREQUENCY MODELING

Symbol Value Symbol Value

Cin 1000 μF LS1 5 nH
C1 = C2 220 nF RG1 8
C3 = C4 8 μF LG1 5 nH
CS1 = CD1 130 pF Rcin 0.2 Ω
Lcin 50 nH R1 50 Ω
Ls 100 nH R2 50 Ω
L1 50 μH LCD1 6.6 nH
L2 50 μH LCD2 17.27 nH
LD1 10 nH LCD3 20 nH

This connection is modeled by a leakage inductor along with
a resistor. The drain and source are coupled to the ground via
parasitic capacitors of a few tens of pF. The presence of these
capacitors is due to the virtual channels created between the
power components and the ground plane through the heat sink.
On the other hand, each clamping diode is represented by the
spice model and three leakage inductors as shown in Fig. 5(c).
The high-frequency coupling to the ground is modeled by a
parasitic capacitor connected to the cathode. A standard EMI
filter circuit model was chosen as shown in Fig. 5(d) [25]. The
latter behaves as a low-pass filter that isolates the dc bus and
dc source from the high-frequency conducted emissions. The
latter are filtered to the ground through the two C1 and C2 ca-
pacitors. The R1 and R2 resistors are inserted in the path to the
ground of the conducted emissions with the aim to measure the
signature of these emissions. The system parameters used for
the high-frequency modeling and for the numerical simulations
are presented hereafter in Table I.

B. Numerical Simulations

Numerical simulations are performed using a time domain
circuit simulator executing the numerical model at 100 ns time

Fig. 6. Simulated pole voltage VAz and load currents obtained with the
following conditions (a)–(d) healthy operation, (b)–(e) DCA1 open-circuit
fault, and (c)–(f) DCA2 open-circuit fault.

Fig. 7. Simulated voltage waveforms obtained across R1 EMI filter
resistor with faulty clamping diode (red) and without faulty clamping diode
(blue), (a) DCA1 fault, (b) DCA2 fault, (c) DCB1 fault, and (d) DCB2 fault.

step. Fig. 6 illustrates the waveforms of the pole voltage VAz and
three load currents obtained with the following three different
scenarios: normal steady-state healthy condition, open-circuit
fault of DCA1, and open-circuit fault of DCA2. The obtained
results are in good agreement with the theoretical analysis. In-
deed, each clamping diode failure causes undesirable distortions
in the load currents waveforms. Moreover, the failure of DCA1
affects the positive part of the pole voltage waveform, while
the failure of DCA2 affects only the negative part of the same
voltage waveform.

Fig. 7 displays the waveform of the voltage VR1 measured
across the EMI filter resistor R1 which is indeed an image of
the conducted emissions. The simulation results are obtained
with an affine sampling time equal to 10 ns. It is clear that
the signature of the conducted emissions changes only in the
region where the faulty diode is able to conduct. This signature
pattern change which is visible to the bare eye is characterized
by higher voltage peaks. It can therefore be considered as an
informative signature of the faulty device. Further analysis of
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Fig. 8. Near-field antenna location above the dc-bus cable.

Fig. 9. Photograph showing the EMI filter and near field antenna posi-
tions with respect to the NPC inverter power circuit.

the EMI signature will be investigated in the following section
based on experimental results.

IV. ANALYSIS OF CONDUCTED EMISSIONS BASED ON

EXPERIMENTAL RESULTS AND AUTOMATIC CLASSIFICATION

OF THE FAULT

A. Description of the Experimental Setup

Experimental tests are carried out on a laboratory prototype
of a three-phase three-level NPC inverter operating with and
without faulty clamping diodes. The NPC inverter makes use of
12 MOSFET power transistors IRF740 and the 6 clamping diodes
are of 15ETH06 type. The control signals are provided by the
DSP TMS320F28335. The inverter operates with a switching
frequency and modulation index equal to 3 kHz and 0.8, respec-
tively. A simple and low-cost PCB is realized for the EMI filter
that is used for the measurement of the conducted emissions
fed back to the inverter’s dc side. A near-field antenna is also
placed above the inverter’s dc-bus cable with the aim to collect
the radiated emissions as shown in Fig. 8. The photograph in
Fig. 9 illustrates the EMI filter and near-field antenna positions
with respect to the NPC inverter power circuit. The analysis of
the near-field emissions will be addressed in Section V. It is
also noteworthy to underline that the use of near-field antenna
allows avoiding any direct contact with the inverter circuit that
may cause system parameters changes. This can be considered
as an important benefit for the real-time diagnosis and monitor-
ing of industrial electronic devices.

B. Analysis of Conducted Emissions

1) Single Clamping Diode Open-Circuit Fault: A first test
is carried out under healthy operation condition. Six other tests

are also carried out with an open-circuit fault affecting only
one clamping diode. Fig. 10 illustrates the voltage waveforms
across the EMI filter resistor R1. All measurements are syn-
chronized with the gate signal first rising edge of transistor T11.
The peaks value of the voltage under healthy conditions does
not exceed 1 V. As for the DCA1 fault case, the peaks ampli-
tude may reach 4–5 V. This substantial variation only occurs
within the time interval [0, 10] ms, where the diode is sup-
posed to commutate. Similar results are obtained in case of
an open-circuit fault affecting the remaining clamping diodes.
The obtained results confirm therefore that the voltage across
R1 effectively includes a specific electromagnetic signature that
appears during the appropriate switching interval of the faulty
diode. This signature is characterized by a significant amplitude
increase of the conducted emissions during the time interval
where the diode is assumed to commutate. This phenomenon is
mainly due to the increase in the dv/dt of the CMV as already
explained in Section II-B. Consequently, the conducted emis-
sions sustain a certain increase. Notice that the amplitude of the
voltage peaks may change a bit according to the inverter’s topol-
ogy, PCB layout design, parasitic parameters, power electronic
systems technology, operating conditions, load values, etc. Nev-
ertheless, the variations in the amplitude of peaks are detected
to identify the fault, rather than their absolute level. The region
where the abnormal voltage peaks occurred is identified to point
out the faulty component. Moreover, the identification time is
equal to a half of the fundamental period, which corresponds to
the appearance of the fault signature. On the other hand, unlike
the diagnosis techniques based on the analysis of the pole volt-
ages [15], this method does not require a prior knowledge of
all power devices’ switching states. Only, an image of T11 gate
signal is used to identify the operation interval of each clamping
diode.

2) Multiple Clamping Diode Open-Circuit Fault: Many
experimental tests were carried out for different combination of
double open-circuit faults. An example of the obtained results
is illustrated in Fig. 11; the results depicted in top and middle
positions are for the voltages waveforms as measured across the
resistors R1 of EMI filter having an open-circuit fault of DCA1
and DCB2, respectively. The curve in the bottom position il-
lustrates the voltage across R1 with a multiple fault affecting
DCA1 and DCB2 simultaneously. The obtained results show
clearly that electromagnetic signature of the two simultaneous
clamping diodes open-circuit fault is equivalent to the superposi-
tion of DCA1 and DCB2 single fault signatures. In other words,
a double open-circuit fault does not create common-mode emis-
sions outside the operation intervals of the faulty diodes. This
very important result confirms therefore that this method is valid
for detection either single or double open-circuit faults.

C. Fault Classification

Though the conducted emissions signatures obtained with
both the simulation and experimental tests are well visible, an
automatic classification is necessary to perform a systematic dis-
tinction of each defective case. Given this fact, the time interval
of each signature zone should be scrupulously delimited. In case
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Fig. 10. Waveforms (blue) of voltage VR1 across the EMI filter in healthy and faulty operations (green) gate signal of T13 to show the synchronization
of experimental measurements.

of DCA1 fault, the temporal location of the signature is centered
in the first half-period (0 to 10 ms). More precisely, most sig-
nificant peaks appear between 3.3 and 6.6 ms. Therefore, this
interval will be associated with DCA1. Likewise, DCA2 signa-
ture peaks are expected to be well distinguished between 13.3
and 16.6 ms. The same interpretation is valid for the remaining
diodes DCB1, DCB2, DCC1, and DCC2. Accordingly, the fun-
damental period is divided into six equal time intervals namely
T1, T2 . . . T6. Fig. 12 shows the temporal locations of these six
time intervals associated with their corresponding diodes. On the
other hand, envelope detection is applied to voltage VR1 during
each time interval Ti (i = 1, . . . , 6) with the aim to follow the
general trend of the brief high-frequency signature peaks. The

fault diagnosis is therefore performed as follows: Each pattern’s
value of the envelope recorded during the actual time interval Ti
(i = 1, 2, . . . , 6) is subtracted from the one of the previous time
interval Ti–1. The subtraction results are thereafter integrated
along the entire time interval Ti (i = 1, . . . , 6) using the trape-
zoidal discrete integration method. This technique will allow
detecting the abrupt variation in the EMI signature with respect
to the previous time interval. Indeed, integration with respect to
time will provide high values when the HF peaks appear due to
a faulty component. Fig. 13 shows the EMI signature (voltage
VR1) and its envelope detection recorded in case of DCA1 fault.
Certainly, the integral of the envelope subtraction between the
samples of T2 and T1 will be greater than its value elsewhere
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Fig. 11. Measured waveforms of voltage across the EMI filter resistors
in case of DCA1 single fault, DCB2 single fault and DCA1–DCB2 double
fault.

Fig. 12. Allocation of each faulty diode signature zone with its exact
time interval Ti (i = 1, . . . , 6).

Fig. 13. (a) Envelope detection of the VR1 signal in case of open-circuit
fault in DCA1, (b) zoom in within the interval T1, and (c) zoom in within
the interval T2.

over the fundamental period. Moreover, a negative value of the
envelope integration is expected in the next time interval T3
because of the fall of the HF peaks in comparison with T2.

Table II shows the obtained results after subtraction of each
two adjacent envelopes and integration along an entire time in-
terval Ti (i = 1, . . . , 6). The results are obtained in healthy case
with m = 0.8, six possible single diode faults with m = 0.8,
DCA1 fault with a low modulation index (m = 0.4), and
(DCA1, DCB2) faults. The highest integral value in each case is
highlighted with blue color. The value in the next time interval
is highlighted with yellow color. It is clear that when a diode is
faulty, the value of the integral within its specific time interval

TABLE II
INTEGRATION RESULTS OF THE SUBTRACTED TWO ADJACENT ENVELOPES

OVERT THE SIX TIME INTERVALS Ti (i = 1, . . . , 6) (RESULTS
MULTIPLIED BY 10 000)

Fig. 14. Flowchart of the fault detection algorithm.

is greater than the remaining other cases. Therefore, a clamp-
ing diode fault is declared whenever an integral value is greater
than a threshold value (in this case, the threshold is fixed to 40).
Moreover, if the integral value corresponding to the next time
interval Ti + 1 is negative, this means that the diode associated
with this interval is safe. This scenario corresponds therefore to
a single diode fault. Otherwise, a positive value of the integral
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Fig. 15. Voltage VR1 obtained with three values of the modulation index (m = 0.4, 0.6, 0.8) and three operation scenarios (a)–(d)–(g) healthy
case, (b)–(e)–(h) DCA1 open-circuit fault DCA1, and (c)–(f)–(i) T11open-circuit fault.

in the next interval implies that the diode associated with this
interval Ti + 1 is also faulty. Therefore, a multiple diodes fault
is declared. The flowchart of Fig. 14 summarizes the whole fault
detection algorithm. This algorithm can easily be applied online
by simply choosing the threshold value and controlling the in-
tegral’s sign in the next interval. In addition, this classification
method does not require extra memory to store the healthy case
data. Thus, it is very useful for the diagnosis process.

D. Evaluation of Similarity With Active Switch Signature

To evaluate the signature similarity caused by T11 and DCA1
open-circuit faults, several experimental tests are carried out
with the following three scenarios: healthy case, DCA1 fault,
and T11 fault. Fig. 15 hereafter illustrates the experimental
waveforms obtained with three values of the modulation index:
m = 0.8, m = 0.6, and m = 0.4. For m = 0.6, and m = 0.8,
the open-circuit faults in DCA1 and T11 provide different eas-
ily distinguishable electromagnetic signatures as can be seen in
Fig. 15. Indeed, the DCA1 fault increases voltages peaks ampli-
tude in VR1 during the first half-period [0, 10] ms as compared

Fig. 16. (a) Zoom in of the voltage across resistor R1 within the signa-
ture area and (b) frequency spectrum within the zoom window.

to the healthy case. However, the T11 fault leads to a remarkable
decrease in the amplitude of the voltage peaks during the same
time interval.

For m = 0.4, it has become difficult to observe as well as to
detect the difference between the faulty cases of DCA1 and T11
without additional post processing of the obtained signatures.
To overcome this limitation, the fast Fourier transform (FFT)
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Fig. 17. VR1 obtained with m = 0.4 and filtered with an order 20 bandpass filter (a) healthy case, (b) DCA1 fault, and (c) T11 fault.

is applied to several samples of VR1 within the signature area.
The time window of FFT is set to 3.3 μs. Fig. 16(a) shows an
example of VR1 waveform within these specific windows for the
three operation cases (Healthy, DCA1 fault, and T11 fault). The
obtained frequency spectra are illustrated in Fig. 16(b). It is clear
that the DCA1 fault causes a substantial increase in the spectral
rails amplitude for frequency range [0.5, 3] MHz, compared
to the T11 fault case. According to this frequency analysis, it
is judicious to apply a bandpass filter to the fault signature
for low values of the modulation index. Fig. 17 displays the
voltage VR1 filtered with an order 20 bandpass filter for the
three operation cases (healthy, DCA1 fault, and T11 fault). The
filter bandwidth is set to [0.5, 3] MHz in order to be consistent
with the results obtained with the FFT analysis. The obtained
results show clearly the difference between the collected filtered
signatures of DCA1 and T11. Indeed, the DCA1 fault increases
the amplitude of voltage peaks in the filtered waveform of VR1,
while the T11 fault causes a decrease in peaks amplitude.

These results confirm the robustness of this method regardless
of the modulation index value. Indeed, for high values of the
modulation index, it is confirmed that the signatures of faults
caused by DCA1 and T11 are quite different. As for low values
of the modulation index, both signatures can be distinguished
from each other by applying simply a bandpass filter to VR1.

E. Fault Detection Under Transient Working Conditions

To testify the robustness of the proposed fault detection
method under transient working conditions, an additional
experimental test was carried out where the modulation index
is abruptly changed from m = 0.6 to m = 0.8 [see Fig. 18(c)].
Two other tests were carried out in steady-state operation with
m = 0.8 and m = 0.6 [see Fig. 18(a) and (b)]. The comparison
of voltage VR1 waveforms obtained during transient and
steady-state operation showed that EMI signature remains
almost unchanged despite the variation of the modulation
index. To confirm this observation, an automatic classification
is performed using the same method already explained in detail
in Section IV-C. The obtained results are given in Table III.
The values of integrals computed within diode DCA1 operation
time interval T2 are almost the same and superior to the
threshold value during the steady-state and transient operations
of the converter. This confirms that the DCA1 fault can also

Fig. 18. Measured waveforms of voltage VR1 across the EMI filter
resistor and load current iA obtained with: (a) DCA1 fault in steady state
operation with m = 0.6, (b) DCA1 fault in steady-state operation with
m = 0.8, and (c) DCA1 fault during a step increase in m from 0.6 to 0.8.

TABLE III
AUTOMATIC CLASSIFICATION UNDER TRANSIENT AND STEADY-STATE

OPERATION WITH DCA1 FAULTY CLAMPING DIODE (RESULTS
MULTIPLIED BY 10 000)

be detected during transient operation. Moreover, the integral’s
values calculated within the next time interval T3 remain also
negative during the transient operation. This implies that the
fault is effectively single. It can therefore be concluded that this
method is effective in detecting the appropriate faulty clamping
diode in case of transient operation of the converter.
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V. ANALYSIS OF RADIATED EMISSIONS BASED ON

EXPERIMENTAL RESULTS

Since the emitted near-field (radiated interferences) repre-
sents the image of the conducted emissions, a magnetic probe
(antenna) is therefore used to capture the near-field in order to
prevent any electrical connection with the inverter. The cap-
tured flux variations induce an electromotive force across the
near-field probe according to the Lenz–Faraday law. The volt-
age V (t) across the probe can be expressed as follows:

V (t) =
∮

−∂B

∂t
dS. (3)

Since the probe surface S is very small as compared to the
length of the near-field waves, therefore the magnetic induction
can be considered constant along the probe surface. Conse-
quently, the maximum amplitude of the induced voltage V at
a specific frequency fS of the magnetic near-field is deduced
from (3) as follows:

V (f
S
) = 2 π f

S
B S. (4)

B and fS are the amplitude and frequency of the magnetic
induction. By replacing in (4) the magnetic induction B by μ0 . H,
one can deduce that the amplitude of the near-field H at a specific
frequency is equivalent to the electromotive force induced by
the probe as given by the following equation hereafter, where
μ0 = 4π10−7 is the vacuum permeability:

H (f) = V (f) /2π μ0 f
S

S. (5)

For this purpose, the measured voltage across the near-field
probe is first saved in the scope memory as a data file and
exported to a signal processing software. Thereafter, the FFT is
applied to several samples inside and outside the signature area
of each clamping diode. The time window of the FFT is set to
3.3 μs.

Fig. 19(a) shows the waveforms of the near-field probe volt-
age measured in the time-domain obtained with healthy oper-
ation and DCA1 open-circuit fault. Unlike the former case of
conducted emissions, the variation in the emitted near-field am-
plitude is not distinguishable with the bare eye. For this purpose,
two zooms in of the emitted near-field are performed. The first
one is done outside the signature area of DCA1 and displayed
in the top of Fig. 19(b). The results show that the amplitude
and oscillating cycle remain unchanged. The latter oscillating
period is kept near 26 ns for both cases. The frequency spectra
shown in the bottom part of Fig. 19(b) emphasize this ascertain-
ment, where the most important spectral rail remains located at
40 MHz for the healthy and faulty cases.

A second zoom in is performed within the signature area
of DCA1 and illustrated in the top part of Fig. 19(c). The
obtained result shows a substantial decrease in the radiated
emission frequency, where the fundamental period is changed
from 26 (healthy case) to 290 ns (faulty case). This observa-
tion is confirmed by inspecting the frequency spectra displayed
in Fig. 19(c) (bottom part). We can clearly observe that the
open-circuit fault of DCA1 causes a substantial decrease in the
spectral rail amplitude located at 40 MHz, while giving rise to a
new spectral rail located at 3.4 MHz. This information extracted

Fig. 19. (a) Voltage across the near-field probe in healthy condition
(blue) and with DCA1 clamping-diode open-circuit fault (red), (b) zoom
in of the window outside the signature area and its corresponding near-
field spectrum, and (c) zoom in of the window inside the signature area
and its corresponding near-filed spectrum.

from the high-frequency emission within the signature area of
DCA1 is therefore very useful to detect the open-circuit fault of
DCA1.

It is worth noting that some specificities should be respected
with the aim to reduce the impact of the ambient EMI on the
accuracy of the proposed method: First, the location and the di-
ameter of the antenna have a significant impact on the near-field
measurement. Therefore, the antenna loop should be small and
close enough to the converter [26]. The loop diameter utilized in
this paper is very small (only 3 mm). The probe is placed close
to the inverter (10 mm above the dc-bus connector). Second,
the impact of ambient EMI can be further mitigated by apply-
ing a bandpass filter to the voltage across the near-field probe.
This filter bandwidth needs to be designed so as to preserve the
spectral rails that are located at the most informative frequency
and to exclude the unwanted components such those found in
the ambient EMI. A more robust solution against ambient EMI
uses a noise cancellation algorithm involving, for example, a
Weiner filter [27]. Note even when a disturbing noise is in-
tentionally produced in order to alter the detection system, it
should be applied exactly at the time/frequency location of the
fault, and should have the same amplitude of the fault signature.
Only under these specific conditions, a false alarm may be gen-
erated. Hence, it is almost impossible to disturb the obtained
signatures if the aforementioned conditions are completely
satisfied.



ABARI et al.: FAULT DETECTION METHODS FOR THREE-LEVEL NPC INVERTER BASED ON DC-BUS ELECTROMAGNETIC SIGNATURES 5235

VI. CONCLUSION

This paper presented two nonintrusive detection methods of
open-circuit faults affecting the clamping diodes of the three-
level NPC inverter topology used for medium power applica-
tions. The first one was based on the analysis of the common
mode emissions signature in the dc bus by sensing the voltage
across a simple and low-cost EMI filter. It was shown that a
clamping diode failure leads to a substantial increase in the con-
ducted emissions amplitude in the specific time interval, where
the faulty diode is assumed to commutate. This first technique
is also effective when it comes to detect a multiple open-circuit
fault, which constitutes a very important benefit. A classifica-
tion method was also proposed with the aim to perform an
automatic fault detection. The second technique was based on
the frequency domain analysis of the near-field emitted by the dc
bus. An FFT of the probe voltages performed for each window
enclosing the time interval where one of the six diodes is able to
commutate. The obtained results showed an open-circuit diode
fault leads to a substantial decrease in spectrum amplitude at a
specific radio frequency and the appearance of new spectral rail.
This second technique does not require extra hardware connec-
tion or modification on the inverter power circuit, which makes
it a fault diagnosis wireless promising technique for the already
existing industrial power electronics NPC inverters. In view of
expanding the proposed technique to diagnose complex struc-
tures involving great number of power devices, such as MMC,
the authors propose placing an EMI filter on the dc bus of each
isolated dc source. This will make the localization of the faulty
cell easier, since its electromagnetic signature is found in the
measured voltage of corresponding EMI filter.
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