Signal Analysis-based Diagnosis Method for Multi-Level Flying
Capacitor Converter under Open-Circuit Fault
Thiziri BEN ALI1, Abdellah KOUZOU1, Ahmed HAFAIFA1, Ali TETA1
1

Applied Automation and Industrial Diagnostics Laboratory (LAADI), Djelfa University, Algeria, University Ziane
Achour of Djelfa, Algeria
Abstract

Multi-level inverters have become widely used in several high and medium power applications owing to their
improved output voltage compared with the output voltage provided by two level inverters. However, when a fault
occurs in a cell in the converter it could lead to a failure or malfunction on the application chain of the whole
system. Therefore, automatic failure detection is becoming more and more essential. In this paper, a new algorithm
is developed for switch open-circuit fault detection and localisation in a flying capacitor multilevel converter. The
proposed algorithm is not dedicated only for the fault detection, but also for faulty switch localization. Since the
output voltage of the FC converter is totally related to the control applied on the switches, the proposed technique
requires only the output voltage and pulse width modulation (PWM) switching signals. A mathematical model is
developed to provide a reference signal for all the considered faulty cases. Next, the faulty switch is precisely
located after performing a procedure through several comparators and filters. This paper aims first to provide
detailed explanation of the proposed algorithm, followed by a validation through an extensive simulation and finally
the analysis of the results, which confirm the performance of the proposed technique.
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1. Introduction
In high voltage applications, the use of conventional
inverters that provide two output levels is limited due
to the switching losses and constraints of device
rating [1].
To overcome the drawbacks of conventional two
level inverters, a new topology has been introduced in
early 1975[2], namely, multi-level converters.
The introduced topologies are easily able to convert
DC voltage from a continuous source such as a battery
or photovoltaic system into a multi-level AC voltage
waveform. These inverters are used for the purpose of
adjusting the speed of rotation in motor drives [3–5],
avoiding the loss of information in case of power failure
in UPS (Uninterruptible Power Supply) systems and
ensuring the energy transfer between two different
frequency networks in power system drives. Currently,
their use has been increased in industry, especially in
high voltage applications, where a high level of
reliability must be ensured [6, 7].
To generate a multilevel voltage, different
structures have been proposed, such as the Neutral
point clamped multilevel inverter (NPCMI), the Flying
capacitor Multi-level Inverter (FCMI) and the Cascaded
H-Bridge Multi-level Inverter (CHBMI) [8]. As the number
of levels increases, the output signal approaches to the
sinusoidal form, which has a reduced harmonic

distortion [9]. One of the major characteristics of these
converters is that they can operate with a very low
switching frequency, therefore reduced switching
losses [10].
To control these converters, several control
strategies have been developed, including sinusoidal
pulse width modulation (PWM), selective harmonic
elimination and space-vector modulation (SVM), etc.
The reliability of the converters is a crucial factor,
since a fault in these circuits may provoke a failure or
malfunction over the entire application chain in case of
no fault-tolerant strategy is used[11].
The present paper focuses mainly on flying capacitor
multi-level inverter based on the use of Insulated Gate
Bipolar Transistors (IGBTs). Indeed, faults in IGBTs can
be classified into three types [12-13]. The open-circuit
faults lead to a significant degradation and distortion in
the output current and voltage, hence a nonsymmetrical waveform results within the output current
and voltage. In this case, an immediate shutdown is not
required, but it degrades the performance of system
[14-15]. Contrariwise, the short-circuit faults (or
transistor latch-ups) can cause several damages due to
the overheating of IGBTs [16], this will affect the other
components and lead to complete failure [17]. The third
type is intermittent gate-misfiring faults, this kind of
faults leads to a degradation and malfunction of the
applied control strategy [15].
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Two main types of strategies are adopted for fault
detection.
Firstly, the quantitative diagnosis that requires the
use of a mathematical model like the parity space,
parameter estimation method and observers based
method. There are also some methods based on signal
processing techniques such as filtering, thresholding and
spectrum identification approaches, where in the
residues, which is the gap between the estimated and
measured outputs, is highly needed.
Secondly, the qualitative diagnosis that is based on
data exploitation such as Pattern Recognition and
artificial intelligence methods [18].
In recent years, many strategies have been proposed
in the field of fault detection in IGBTs.
In [19], a technique is proposed to single out the
short circuit of a cell based on the vector analysis of the
output phase voltage.
In [20], a model-based predictive control was
developed for the purpose of singling out the faults of
short circuit and identifying the failed switches.
However, to perform the detection using this method, a
complicated and huge calculations are required, on the
other side, the voltage level of the healthy case will not
be ensured in case of fault occurring. Therefore, this
technique has two main drawbacks, the limitation of the
protection speed and the limitation of its application for
multilevel inverters.
In [21], the author uses a detection method based on
sliding mode observer where the open circuit faults can
be located. However, its performance is limited when
the systematic measurement error is higher than 7%.
In [22-23], a detection approach based on analysing
the switching frequency component of the output phase
voltage in FC converter was proposed. This method is
able to identify the faulty cell. However, the faulty
switch cannot be located in addition to the complication
of the used algorithm.
In [7], the authors proposed to involve the artificial
intelligence to detect the faults in cascaded H-bridge.
In [24], a fuzzy logic-based technique was used to
find out the faulty switches in the inverter for induction
motor drives, although the good performance of these
two last methods, they require long computation time
to ensure the diagnosis process.
In [11], a fault-diagnosis and fault-tolerant control
scheme were proposed by using the charging state of
capacitors and the applied switching states.
In [25] and [26], an algorithm based on analysing the
inverter switching signals besides the line-to-line
voltage is proposed.
In [27], a fault detection and an isolation technique
was proposed by comparing the measured pole voltage
with the estimated pole voltage obtained from the
mathematical model. These methods provide a fast
response compared to other methods. However, they
were applied only for two level inverters.
One of the major drawbacks in the aforementioned
methods is the need to a complicated mathematical
model in all the methods, which is quite difficult to
obtain, and it can be inaccurate in case of switching
devices-based system. On the same time, these
methods require an extensive computation and a long

time diagnosis due to the used data processing
approaches.
In this paper, we have modified the mathematical
equation of the converter in its normal state to obtain
the defective converter model. As the open-circuit fault
occurs due to the disconnection of an IGBT, the control
signal of each cell in the proposed equation must be
neglected to model the fault in the same cell. Thus, a
comparison will be performed after a signal processing
for the output signal of the converter and the estimated
output calculated by the equations to locate the fault.
The comparison between the two extracted signals
provides information on the defective switch. The
proposed strategy overcomes several limitations in the
aforementioned methods, so that it does not require an
observer or complicated calculations.
The rest of the paper is constructed as follows: in
the first section, a review on the flying capacitor multilevel inverter (FCMLI) structure is presented with its
mathematical model and then the PWM technique that
is used for the control of the switches of the studied
multi-level inverter is explained in details. The next
section focuses mainly on the proposed fault detection
method. The third section presents the simulation
performed for the validation of the proposed algorithm,
where the obtained results are illustrated and
discussed. Finally, the conclusion.
2. Multi-cell converter topology descriptions
Flying capacitor multi-cellular converters appeared
in the early 1990s, following a patent presented by
Maynard and Foch [28]. This topology did attract
considerable attention by many researchers and
industries due to the inherent property of natural
voltage balancing. Indeed, this topology has a main
feature that it allows splitting the input voltage among
the cells following precise percentage and hence
clamping the voltage stress across the used
switches [29].
In this modular topology, only one DC source is
needed: (n-1) floating capacitors and n pairs of switches
forming the cells, which are connected in series to
generate (n + 1) output voltage levels, as shown in
Figure1A).
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Figure 1. General structure of a multi-cellular N-level
inverter: A) single phase; B) three-phase
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On the other side, it does not require any clamping
diodes and it can operate without snubber circuits [30].
In this topology, the switches pairs are considered as
cells, between which floating voltage sources are
interleaved by means of capacitors [31].
The general structure of the multi-cellular threephase converter (FC) is shown in Figure 1B). The
architecture of the multi-cell converters has a modular
structure that allows improving the waveform quality of
the output voltage of the converter by increasing the
number of levels without increasing the switching
frequencies [32].
It can be said that this topology ensures an output
waveform voltage who’s a fundamental that follows
accurately the reference output voltage. In addition, it
offers the advantage of obtaining a reduced amplitude
spectrum, hence less ripples in the output voltage, this
is explained by the obtained THD which is minimized
remarkably [32].
At the terminal of all the switches, the blocking
voltage is the same. It has also the advantage of
decrease of the stresses on switches.
This structure is able to operate as a chopper or
inverter in full bridge or half bridge.

{

𝑉𝑐𝑗 ̇ =
𝑖̇𝑠̇ =

𝑢𝑗+1 −𝑢𝑗
𝐿

𝑢𝑗+1 −𝑢𝑗
𝐶𝑗
𝑅

𝑖𝑠

𝑖𝑠 − 𝑖𝑠 +

𝑉𝑑𝑐

𝐿

𝐿

(5)

𝑢𝑗+2

Taking into account that the load is RL and the
structure is in half bridge, the output voltage can be
expressed as follows: [33]
𝑉𝑐ℎ = 𝑉𝑠 −

𝑉𝑑𝑐
2

= 𝑅𝑖𝑠 + 𝐿

𝑑
𝑖
𝑑𝑡 𝑠

(6)

Equation (7) gives the evolution of the current 𝑖𝑠 ,
which can be expressed as follows:
d
i
dt s

=

Vs
L

R

Vdc

L

2L

− is −

(7)

2.1.1. Sinusoidal Pulse Width Modulation control
The PWM pulses are generated by the comparison
between the sinusoidal modulus wave 𝑅(𝑡) and the
triangular wave 𝑇𝑟𝑛 (𝑡) (or Sawtooth) where their
intersections present the switching instants, as shown in
Figure 2.

2.1. Mathematical model
The switches are considered ideal, so the switching
time is zero, and the supply voltage 𝑉𝑑𝑐 is constant.
For a multi-cellular inverter with 𝑛 cells, the voltage
between each cell can be expressed as follows:
𝑉𝐶𝑒𝑙𝑙 𝑗 = 𝑉𝐶𝑗 − 𝑉𝐶𝑗−1

(1)

For 𝑗 = 1, … , 𝑛
where:
{

𝑉𝑐0 = 0
𝑉𝑐𝑛 = 𝑉𝑑𝑐

The capacitor voltage can be obtained by the
following equation:
𝑉𝑐j (𝑡) = 𝑉𝑐j (0) + (𝑢𝑗+1 − 𝑢𝑗 )

1
𝐶𝐽

∫ 𝑖𝑠 𝑑𝑡

(2)

where:
𝑢𝑗 : the stat of the switch 𝑗, and
{

𝑢𝑗 = 0 , (𝑗 ∶ 𝑜𝑝𝑒𝑛𝑒𝑑),
𝑢𝑗 = 1 , (𝑗: 𝑐𝑙𝑜𝑠𝑒𝑑).

𝐶𝑗 : The capacitor𝑗
𝑖𝑠 : The output current.
The output voltage can be expressed by the
following equation:
𝑉𝑠 = ∑𝑛𝑗=1(𝑉𝐶𝑗 − 𝑉𝐶j−1 )𝑢𝑗

(3)

At steady state:
𝑉𝑐j = 𝑗

𝑉𝑑𝑐
𝑛

{

𝑉𝑠 = 𝜆

𝑛

𝑉𝑑𝑐

(4)

𝑛

where 𝜆 =

It is worth mentioning that the frequency of the
Sawtooth signal must be higher than the frequency of
the reference signal 𝑅(𝑡) [11].The frequency of the
reference signal determines the frequency of the output
signal.
1, 𝑅(𝑡) ≥ 𝑇𝑟𝑛 (𝑡)
𝑢𝑗 (t) = {
0, 𝑅(𝑡) < 𝑇𝑟𝑛 (𝑡)

(8)

𝑅(𝑡) = 𝐴𝑟 𝑠𝑖𝑛 2𝜋𝐹𝑟 𝑡

(9)

where 𝐴𝑟 , and 𝐹𝑟 are the amplitude and frequency of
the reference signal.
The carrier signal 𝑇𝑟𝑛 (t) is defined by [33-36].
1

1

2

𝜋

𝑇𝑟𝑛 (t) = 𝐴𝑐 ( + 𝑎𝑟𝑐𝑠𝑖𝑛(sin (2𝜋𝐹𝑐 𝑡 − φn )))

𝑓𝑜𝑟𝑗 = 1, … , 𝑛

𝑉𝑐𝑒𝑙𝑙 =
𝑉𝑑𝑐

Figure 2. Principle of the sinusoidal PWM control

∑𝑛𝑗=1 𝑢𝑗

The behaviour of the inverter can be presented by
the following equations:

(10)

where 𝐴𝑐 and 𝐹𝑐 are the triangular carrier amplitude
and frequency respectively.
Remark: switching frequency is set by the carrier,
and the triangular waves must be phase-shift by 𝜑n .
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𝜑n = (𝑝 − 1)

2𝜋
𝑛

𝑝 ∈ 1, … , 𝑛

(11)

Frequency modulation rate (𝑚f ):
𝑚f =

U4

U3

U2

U1

Vdc/2

Fc

(12)

Fr

RL load
Cell 4

C3 Cell 3

C2 Cell 2

C1 Cell 1

-Vdc/2

Vs

Modulation rate (the coefficient of adjustment (𝑟f )):
𝑟f =

Ar

(13)

Ac

In order to avoid provoking a short circuit in the
inverter switches connected in the same leg, the control
signals of each pair of switches must be complementary [31].
For 𝑛 cells, 2𝑛 different switching states can be
configured to control the flying capacitor converter,
which is able to generate n + 1 voltage levels in steady
state.
In three-phase, the three sinusoidal references of
2𝜋
the PWM control are phase-shifted by at the same
3
frequency 𝐹𝑟 .
The switching states and output voltage of the three
cells FC inverter are listed in Table 1.
Table 1. Switching states and output voltage of three
cell FC inverter
𝒖𝟏

𝒖𝟐

𝒖𝟑

̅𝒖̅̅̅𝟏

̅𝒖̅̅̅𝟐

̅𝒖̅̅̅𝟑

1

0

0

0

1

1

1

2

0

0

1

1

1

0

3

0

1

0

1

0

1

4

1

0

0

0

1

1

5

1

1

0

0

0

1

6

1

0

1

0

1

0

7

0

1

1

1

0

0

8

1

1

1

0

0

0

𝑽𝒔
𝑉𝑑𝑐
−
2
−

𝑉𝑑𝑐
6

𝑉𝑑𝑐
6
𝑉𝑑𝑐
2

3. Transistor Open Faults Behaviour
The problem of the disconnection of an IGBT from
the inverter circuit, caused by gate-driver failure or the
lifting of bonding wires (thermic cycling), causes an
open circuit fault as shown in Figure 3b) [12], [37].

U4

U3

U2

U1

U4

U3

U2
U2

U1

Vdc/2

RL load
Cell 4

C3 Cell 3

C2 Cell 2

C1 Cell 1

-Vdc/2

Vs

U4

U3

U1

U2

Figure 3. A five-level FC inverter leg: a) normal
condition; b) open-circuit fault in the upper
switch of the second cell

This fault distorts the shape of the output signal and
creates several significant harmonics.
The open circuit fault in the upper switch of any cell,
in the flying capacitor converter causes a loss of the
positive sign of the output signal part.
Likewise, for the lower switch blocks the negative
output signal part. These criteria are a very useful key
to locate the open circuit in the upper or in the lower
arm.
4. The proposed method for the diagnosis
In this section, we present the principle of the
proposed fault diagnosis technique, wherein we will
focus more particularly on the open circuit fault. The
short circuit fault can cause an explosion. For such
reason, a hardware solution is proposed, which can be
achieved by insulating the defective switch using a fastacting fuse or the circuit breakers to pass to the case of
an open switch. [24,25].
The output voltage of the inverter and the PWM
switching signals are used to perform the fault detection
and diagnosis based on their shape.
The output Voltage of the converter 𝑉𝑠 results from
the choice of 𝑛 PWM pulses, as can be seen in equation
(3), the output voltage is in term of the internal voltage
and the control signal. In our diagnosis, we will use
another equation that depends only on the control
signal.
For n cells inverter, the mathematical model is given
by the following equation:
𝑉𝑟𝑗 = (2𝑢1 + ⋯ + 2𝑢𝑗 + 2𝑢𝑛 − 𝑛)

𝐸
𝑛

(14)

where:
𝐸=

𝑉𝑑𝑐
2

𝑉𝑟𝑗 : the calculated output voltage by the mathematical
model.
𝑢𝑗 : the PWM pulses of the switch 𝑗, (𝑗 ∈ 1, . . , 𝑛. ).
The open circuit fault can be characterized by an
interruption of IGBT control signal. In case, where the
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switch 𝑗 is defective, its control signal 𝑢𝑗 is not affecting
in any way the output voltage.
Therefore, the other signals are the responsible for
controlling the output voltage. Based on this principle,
we will modify the equation in normal mode by ignoring
the signal corresponding to the defective cell to obtain
a defective model, where 𝑢𝑗 = 0 for a defect in cell 𝑗
((𝑗 ∈ 1, . . , 𝑛. )).
This method based on comparing the measured
output voltage 𝑉𝑠 of the inverter and the reference
signals 𝑉𝑟𝑗 obtained from equation (14).
To get the defect mode equation we have to ignore
the signal 𝑢𝑗 of the switch𝑗.
This comparison is performed based on a signal
processing process to ensure an accurate comparison
where the delay and the magnitude limits are taken into
account in this process.
The proposed method has several stages to perform
the accurate diagnosis and to ensure the exact
identification of the defected switch.

Start
Measure Vs

Vs==Vrj

No

No

Task1:
Extract (EDDo)

Task2:
Calculate Vr1,
Vr2, ... and Vrn.

Task2:
Calculate Vr1,
Vr2, ... and Vrn.

Task3:
Extract EDDj
(j= 1,2,…,n)

Task3:
Extract EDDj
(j= 1,2,…,n)
No

EDDo==EDDj
J=1,2,…,n

𝐕𝐬 == 𝐕𝐫𝐣 ?
In the first step, the appearance of the fault can be
detected based on the comparison of the measured
output voltage of the inverter with the one obtained
from equation (14).

No

EDDo==EDDj
J=1,2,…,n

Yes

Yes

Defect in the
lower switch of
cell j

Defect in the
upper switch of
cell j

Return

2)

3)
After the identifying the whether the default is
in the upper or the lower switches, three signal
processing tasks is performed in order to precisely
localize the defected switch.

Yes

Vs < 0

Task1:
Extract (EDDo)

1)

𝑽𝒔 > 𝟎?
The next step is used to determine whether the
positive or negative current path that has been blocked
to determine whether the fault is in the upper or lower
switch based on the identification of the polarity of the
measured voltage by comparing the output voltage with
zero.

Yes

Figure 4. Flowchart of proposed algorithm for the
diagnostic

4.1 Algorithm test for five level FC converter
As a first step the proposed diagnosis method will be
tested on four-cell flying capacitor converter. All the
switching state and obtained output voltage are listed
in Table 2.
Table 2. Switching state and output voltage of the 4cellFC inverter

Task 1: Extract the sensed envelope
In this task, the required envelope (EDDo) is
extracted from the sensed output voltage Vs.

𝒖𝟏

𝒖𝟐

𝒖𝟑

𝒖𝟒

̅𝒖̅̅̅𝟏

̅𝒖̅̅̅𝟐

̅𝒖̅̅̅𝟑

̅𝒖̅̅̅𝟒

1

1

1

1

0

0

0

0

Task 2: Calculate the reference signals
The reference signals (𝑉𝑟1 … . 𝑉𝑟𝑚 ) for each case of
faults are calculated using the mathematical model of
equation (14). Therefore, for n cell converter we get n
references signals.

1

1

1

0

1

1

1

0

1

1

0

0

1

1

1

0

1

0

0

0

1

1

1

0

0

0

0

0

1

1

1

1

Task 3: Extract the required reference envelope
A processing treatment is performed to extract the
required envelop (EDDj) from the corresponding.
Finally, a comparison is performed among the
extracted envelopes in order to decide which cell is
defected. It is worth mentioning that, by using this
method, we can localize the fault and identify exactly
which cell is defective.
The operating principle and all the tasks of the
proposed algorithm are illustrated in the flowchart
(Figure 4).

𝑽𝒔
𝑉𝑑𝑐
2
𝑉𝑑𝑐
4
0
𝑉𝑑𝑐
−
4
𝑉𝑑𝑐
−
2

The output voltage of a four-cell half-bridge
converter is described in equation (15).
𝑉𝑠 = (2𝑢1 + 2𝑢2 + 2𝑢3 + 2𝑢4 − 4)

𝐸
4

(15)

𝑉

where: 𝐸 = 𝑑𝑐
2
The default model of a 4-cell converter is:
𝑉𝑟1 = (2𝑢2 + 2𝑢3 + 2𝑢4 − 4)

𝐸

𝑉𝑟2 = (2𝑢1 + 2𝑢3 + 2𝑢4 − 4)

𝐸

4

4

(16)
(17)
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4

Table 3. Comparison between the output and
reference voltages
𝑽𝒔 < 𝟎
𝑉𝑠 == 𝑉𝑟2

𝑉𝑠 == 𝑉𝑟3

𝑉𝑠 == 𝑉𝑟4

𝑢1

1

0

0

0

𝑢2

0

1

0

0

𝑢3

0

0

1

0

𝑢4

0

0

1

0
𝑽𝒔 > 𝟎

𝑉𝑠 == 𝑉𝑟1

𝑉𝑠 == 𝑉𝑟2

𝑉𝑠 == 𝑉𝑟3

𝑢
̅̅̅1

1

0

0

0

𝑢2
̅̅̅

0

1

0

0

𝑢3
̅̅̅

0

0

1

0

𝑢4
̅̅̅

0

0

0

1

𝑉𝑠 == 𝑉𝑟4

5. Results and interpretation
To validate the proposed fault detection technique
in FC multi-level inverter, simulation tests of five-level
multilevel FC inverter topology under healthy and faulty
state have been performed using PWM control
technique. The signals used for diagnosis obtained by
equations (16) to (19) are taken for each case of failure.
The parameters used for simulation are summarized
in Table 4.
Table 4. Simulation parameters of the studied flying
capacitor multilevel inverter
Parameter
DC Link Voltage(𝑉𝑑𝑐 )
Flying Capacitors
Switching frequency
Load (R ,L )
Output Voltage frequency

Value
1600 V
33e-3Uf
1kHz
R=30Ω L=5e-2 H
50 z

5.1. Healthy state
The output voltage of the converter in normal mode
is shown in Figure 5a), wherein it is obvious that, the
inverter provide five levels voltage, as follows:
(

𝑉𝑑𝑐 𝑉𝑑𝑐
2

,

4

, 0, −

𝑉𝑑𝑐
4

,−

𝑉𝑑𝑐
2

s

I

s

Equations (15) to (19) allow us to characterize the
fault in the first cell, the second cell, the third cell and
the fourth cell, respectively.
The localization of defect is based on Table 3.

Switch in
𝑉𝑠 == 𝑉𝑟1
defect

V

(19)

).

The output current and the THD the output voltage
are shown in Figure 5b) and 5c).

Voltage (V) / Current X 20 (A)

𝐸
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0
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Figure 5. The output voltage of the converter: a) the
output voltage; b) the output current; c) THD
of output voltage

Before testing the proposed algorithm in the faulty
cases, it is activated in the normal mode as shown in
Figure 6a) where in it is obvious that once we activate
the algorithm at 0.02s it starts extracting the upper and
lower envelope from the output voltage.
1000
Voltage (V)

𝑉𝑟4 = (2𝑢1 + 2𝑢2 + 2𝑢3 − 4)

(18)

4

Vs

500
0
-500

-1000
-1500

Detection ON

-2000
1

EDDo

Extracted
envelope

𝐸

Detection
signals

𝑉𝑟3 = (2𝑢1 + 2𝑢2 + 2𝑢4 − 4)

0
1
N1,N2,N3,N4,N5
0
-1
0

0.01

0.02

0.03
Time (S)

0.04

0.05

0.06

Figure 6. a) Output voltage b) The extracted signal
EDDo, c) Algorithm indicators

In the zoom box in Figure 6a), we notice that the
envelope coloured in red is following accurately the
upper band of the output voltage.
Next, the extracted signal is transformed to a binary
signal (EDDo) as shown in Figure 6b).
After, the treated signal will be compared with the
reference signal, which is treated using the same
mentioned concept.
Since the inverter is operating in its normal mode,
there is no output in the indicators of the algorithm, as
shown in Figure 6c), where in N1, N2, N3 and N4 are the
fault indicators for cell 1 to 4.
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Figure 7. a) Output voltage, b) The extracted signal
EDDo1, c) The reference signal EDD2, d)
Algorithm indicators

The positive part of the output voltage is eliminated
due the faulty conditions.
Figure 7b) demonstrates that, when the algorithm is
initialized, it starts extracting the required signals from
the output voltage following the aforementioned
procedure which is explained in the previous subsection.
Therefore, a binary signal is generated as shown in
Figure 7b). There generated signal will be compared
with the signal in Figure 7c) in order to perform the
detection and the localization.
Once the comparison is in processing, the algorithm
plotting the indicators shown in Figure 7d), where we
can notice that, the indicator N2 rising from 0 to 1 at
0.021s, which means that the inverter has a faulty
switch located in the second cell. While N1, N3 and N4
equals zero because the cells 1, 3 and 4 have nor faulty
switches. The fifth indicator N5 is rising to 2 which
means that the upper switch in the second cell is
defective. It is worth mentioning that, there is a delay
Td of 0.001s between the instant of the algorithm
activation and the instant of the fault detection.
However, the delay can be minimized using high
calculation processors.
The second test is performed under a faulty spot
located in the fourth cell in the lower switch.
The output voltage presented in Figure 8a) is
distorted and only the lower part is generated because
of the fault occurs in the lower switch.
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1

EDDo4
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0
1

EDD4

0
1
N1,N2,N3
N5
N4

0.5
0
0

0

1

800
600
400
200
0

Reference
envelope

Voltage (V)

5.2. Faulty state
In this scenario, the proposed algorithm is tested
first to detect and locate a fault in the switch located
at up in the second cell, as we can see in Figure 7a).

Detection
signals

N5 is to decide that the fault is in the upper or the
lower switch as follows:
0: no fault;
1: fault in the lower switch;
2: fault in the upper switch;

Voltage (V)
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0.03
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0.06

Figure 8. a) output voltage, b) the extracted signal
EDDo4, c) the reference signal EDD4,
(d) algorithm indicator

At 0.02s the algorithm is initialized and the
extracted signal to perform the detection is shown in
Figure 8b).
The extracted is further compared with the
reference signal to locate the faulty cell.
In Figure 8d), we can easily locate the faulty switch
through the results generated by the proposed
algorithm wherein the indicator N4 locates the faulty
switch which in the fourth cell, while the indicator N5
indicates that the fault is in the lower switch.
By comparing the output voltage in the healthy state
of the converter with the signals in faulty state:
−
It can be seen that there is a deformation of in
the output voltage.
−
The deformation is specific for each case of
fault. The signal extracted from the system
output in case of fault in the first cell matches
only to the signal extracted by the first
reference, the same for the others fault in case
of defect in any switch.
−
A half of the output voltage waveform is lost in
way if the fault is in the upper switch, only the
negative part of the signal remains and even
for the fault in the lower switch, only the
positive part of the signal remains.
By using the algorithm in the flowchart, we have
succeeded to detecting and locating the defect in the
converter.
6. Conclusions
This paper provides a detailed analysis of the
behaviour of the flying capacitor converter under
healthy and faulty situation, where we found that the
output voltages carry the default signatures.
A new diagnostic method is proposed for the
detection and the localization of open circuit fault in FC
converter that applied to a FC converter with four-cell.
The proposed technique is based on the extraction
of the envelope of the output voltage and compare it
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with the envelope obtained theoretically in order to
precisely localize the faulty switch.
On the same hand, the purpose of this method is the
diagnosis of defects in FC converter using only the
output voltage signal and the pulse-width modulation
(PWM) switching signals without the use of additional
sensors or observers, which eventually decreases the
complexity of the diagnosis operation and reduces
monitoring costs.
Through the simulations carried out for the propose
of testing the proposed algorithm to detect and localize
the open-circuit fault in a four cell flying capacitor
inverter, we can certainly say that, the proposed
technique is localizing the defective switch very
accurately without the need to perform complicated
calculations.
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