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Abstract

Safety—critical applications rely heavily on multilevel inverters. This article introduces a fault tolerant (FT) multilevel inverter
sustaining an uninterrupted operation with an open switch fault occurred in a single and multiple power switches. Power
semiconductor devices used in dc-ac converters increased in numbers to obtain high-quality voltage waveform which makes
them vulnerable to failure. As a result, reliability is one of the biggest challenges in the utilization of multilevel inverters
(MLIs) in many industrial applications. At the same time, reduced component multilevel inverters can achieve the highest
resolution in output voltage waveform by compromising significant features (such as fault tolerance ability, charge balance
control, etc.) but it is required to be preserved. For effective fault tolerant operation of MLIs, redundant switching states have
given the highest priority in terms of switch level failures. A study is being undertaken to develop a novel fault-tolerant MLI,
in the event of an open circuit fault on single and multiple switches. Therefore, the proposed FT-MLI structure can fulfill the
operational requirement for a time being and claimed to be reduced components. A valid fault tolerant switching technique
along with appropriate fault clearance is employed to obtain the desirable output voltage waveforms. In order to determine
the feasibility of FT-MLI, performance evaluations are carried out based on results obtained under normal and abnormal
operating conditions through the use of a laboratory prototype.
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structures are designed in such a way that reliability improve-
ment and system availability would be given the highest
priority. Multilevel inverters (MLIs) are a versatile and high-
performance power electronic converter which is popular in
medium voltage to high power applications for their unique
characteristics. A power electronic converter is used in many
research, academic, and industrial applications—for exam-
ple, in HVDC, renewable energy systems, adjustable speed
drives, hybrid electric vehicles, AC motor drives, diversifi-
cation of solar energy, and unified power quality correction
and so on [1]. Moreover, the reliability of the whole con-
verter system is in the challenge as widespread and increasing
demand in various applications. MLIs are more popular
than two-level inverters because of their advantages such
as their capability to have medium voltage to high power

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00202-023-01744-3&domain=pdf
http://orcid.org/0000-0002-1001-4858

1656

Electrical Engineering (2023) 105:1655-1668

output, low harmonic contents, less common mode voltage
and lower dv/dt stress on load, reduction in filter size, wide
range of power operation, better electromagnetic compatibil-
ity, reduced voltage stress on switches, draws input current
with low distortion, less switching losses and higher effi-
ciency.

The basic configurations of inverters commercially avail-
able are neutral point clamped (NPC) or diode clamped,
flying capacitor (FC) or capacitor clamped and cascaded
H-bridge (CHB) converters. One of the most widely used
converters is CHB due to its modular design. Complex cir-
cuitry, reduction in efficiency and low reliability are the major
complications in these basic inverters as the number of levels
increased.

According to a survey on multilevel converter topolo-
gies, it is concluded that all these topologies encounter an
increased number of component count and require huge
capacitors leading to sophisticated control techniques [2]. In
the current scenario, advancement in inverter circuits which
can meet the issues above is greatly recommended. To over-
come these drawbacks, a new breed of MLI topologies is
developed with reduced component (RC) and improved per-
formance to further advancement in converters.

RC-MLIs offer significant advantages over conventional
converters such as a minimum number of switches require-
ment, protection circuit and heat sink, fewer diodes as the
number of output level increases. Hence, results in low cost,
reduced circuit complexity and reduced weight to RC-MLIs.
Each of these has its pros and cons proposed in various liter-
ature [3, 4]. Due to the significant upswing in voltage levels
with a reduction in power switches, RC MLIs can be con-
sidered as a good alternative for converters to be used in
power applications. However, comparing with other inverter
structures containing a large number of components, MLIs
have lower reliability resulting in a higher possibility of mal-
functioning. Anyone of the single open switch fault (OSF)
may cause abnormal operation of the electrical drive systems.
Practically, open circuit and short circuit faults are associated
with the types of faults arises in the power switches. The sys-
tem is fatally damaged when a power switch experiences a
short circuit and requires extra circuitry to safeguard. To anal-
yse open circuit faults in power switches, this work considers
open circuit faults in power switches. In case of RC-MLIs
lowering the components tend to a reduction in redundant
states that means any device failure directly affects the whole
system interruption. In recent years, a new pace in topolo-
gies design has been attracting attention with the specific
objective of reducing component counts. An improved volt-
age waveform can be obtained by adding more levels at the
output [5]. Moreover, reduction in device count is achieved,
but certain features such as reduction in several switching
states and loss of control complexity can be affected. As a
result, many RC-MLIs suffered from lack of charge balance
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control, incapable of sustaining in fault scenarios. Addition-
ally, preserving an aspect of redundant states is being actively
pursued in addition to reducing device count.

Fault tolerant solutions are presented by several inves-
tigators to commercially available MLIs (NPC, FC, and
CHB) with multilevel voltage output [6]. In recent times,
the issues related to failures in MLIs are getting attention
of investigators. These concerns are to be resolved to fulfill
the operational requirements of the system. The subject of
reliability in MLIs is prevalent as they have a more signif-
icant number of devices resulting in a high probability of
fault occurrence. The main reason behind overall inverter
failure is the failure of active power semiconductor devices,
drivers, and sources [7, 8]. Due to the large number of com-
ponents used in converters, it is always possible for an open
circuit fault to occur concurrently at one or more compo-
nents. Therefore, it is required to stop the operation of the
system to prevent damage. Additionally, it may be possible
to provide continuous power supply to the load and tolerate
open circuit faults in order to maintain an acceptable output
voltage.

Various FT topologies are proposed to address the relia-
bility issue in DC-AC converters [9]. The main disadvantage
of traditional two-level inverters is their low reliability; they
are being replaced by MLIs. An increase in switching devices
and their vulnerability leads to this issue [10]. A bidirectional
switch or relay is connected to CHB inverter to isolate the
faulted cell from the primary system [11]. NPC structure is
made FT with the use of switching elements in place of the
clamping diodes [12]. Bidirectional switches are included in
the modified NPC 3-® structure [13]. A hybrid structure is
proposed in [14] by combining one leg of a diode-clamped
inverter with a half bridge and the addition of a bidirec-
tional switch. This structure is capable of tolerating faults
in case of switch/source failure along with equal power shar-
ing, thereby increasing the overall number of device count
and cost of the inverter. In [15, 16], FT structure of FC is pre-
sented. Although, the circuit itself has capability of fault ride
through, however, the major issues of concern are increase in
devices and complexity in capacitor balancing technique. In
case of short circuit faults in switches, additional circuitry is
required to protect the inverter as they are catastrophic faults
[17].

A brief review is included in [18, 19] regarding the
operation and control of MLIs with reduced components.
According to a survey presented in [20], 21% and 13% MLIs
being used in several industrial appliances are found to be
prone to the power switch and soldering failures, respectively.
Thus, an overall failure of 34% of the device module can
be observed leading to whole system dysfunction. Another
study shows a total of 38% of variable speed ac drives mal-
function due to power switch failure [21]. A study mentioned
in [22-24] examined the switching device failure rate and
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Fault-Tolerant Techniques for Power
Electronic Converters [6,10]

v
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Fig. 1 Chart of fault-tolerant methodology for power electronics con-
verter

reliability of MLI configurations. From the past literature,
several solutions that are found to meet fault tolerant opera-
tion are discussed in [22, 25-29]. In general, power electronic
converters are divided into four categories based on their fault
tolerance capability and depending upon hardware redun-
dancy as depicted in Fig. 1. This study is confined to a
switch-level fault, i.e. OSF in the proposed novel reduced
components dc-ac converter.

The overall system can shut down and take a longer time
to get back to normal after failure of any single/multiple
device in RC-MLIs, despite the reduction in semiconduc-
tor device count. These limitations bring the need for fault
tolerance strategy to the affected systems to maintain its oper-
ation continuously by supplying power to the load. Hence, in
this paper, a FT RC-MLI structure is proposed. RC-MLIs
are compromising itself in terms of redundant states and
therefore, OSF may cost substantial loss by system interrup-
tion. The proposed FT structure generates required redundant
states (RS). The redundant states play a strategic role in case
of switch level fault occurrence. The stated paper fills the gap
by developing novel fault tolerant RC-MLI.

A single phase form of the proposed FT-MLI is presented
in this work to address earlier discussed subjects of concern.
To make it more reliable and fault-tolerant, the least changes
in the switching pattern is accomplished. The minimum prob-
ability of possible power device failure is given in tabulation
of the presented FT-MLLI. In the event of OSF, the minimum
levels required to maintain the functionality of the systems
with acceptable output voltage levels are generated. A suffi-
cient number of desired redundancy can be generated by the
proposed FT-MLI. It confirms the continuation of operation
of the structures in instance of OSF. A brief discussion is
presented in the next section. A comparative study based on
the component count, FT feature and reliability analysis are
presented for the proposed FT-MLI with some recently pub-
lished structures. Detection and identification of faults are
not covered and kept out of the scope of this research work.
Figure 2 shows a flow chart in relation to working of fault
tolerant operation of proposed MLI in the event of OSF.
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Proposed FT
MLI

:

1. Tabulate all
switching states
&

2. Perform OSF
analysis

System
functions with
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Fig.2 Flow chart illustrating fault tolerant operation of proposed FI-
MLI
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Fig.3 The Proposed FT MVSI structure

2 Switching states analysis for the proposed
novel FT-MLI under OSF

In this section, the proposed FT-MLI is briefly analysed based
on their various combination of ON state switches and evalu-
ated accordingly to sustain faults in one of the switches. The
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single phase form of the proposed FT structure is outlined
for simplicity of operation.

2.1 Proposed novel FT-MLI

A fault-tolerant multilevel voltage source inverter (FT-
MVSI) with an innovative design is introduced. The pro-
posed power circuit minimizes the overall device count and
maximizes the output voltage levels. The FT-MVSI signifi-
cantly reduces power losses compared to classical inverters.
Figure 3 illustrates the proposed basic inverter unit. The
inverter circuit includes two input DC voltage sources (V1,
V») of same value, four unidirectional (S, S», S3, S5) and
two bidirectional (S4, S¢) power switches accompanied by
gate drivers. A number of combinations of switching states
are shown in Table 1 for generating corresponding levels at
output voltage for the basic inverter unit. From Table 1, it
can be seen that there are more than one switching states for
each voltage level (+ V and — V). These redundant switch-
ing states enable fault-tolerant operation of the proposed FT
structure.

According to Table 2, the occurrence of OSF in single
and multiple switches cannot interrupt the function of the
converter and able to generate acceptable output voltage
waveforms by altering switching combination with a reduc-
tion in magnitude. Moreover, failure of S| and/or S> leads
to the presence of levels such as 0 (state «3), + Vo (state
os), — V1 (state o7). Fault in S7 and/or S4 able to synthesize
levels like O (state 1), + V5 (state a5), — V| (state a7) and
+ V1 + V; (state ag). Open circuit fault in S| and/or S5 can
accommodate O (state 1), O (state «r3), + V1 (state a4) and —
V1 (state «7) voltage levels, respectively. Furthermore, fault
in §7 and/or S3 able to provide voltage levels O (state «2), 0
(state @3), + V7 (state as) and — V; (state «g), respectively.
OSF in §> and/or S4 can avail voltage levels such as 0 (state
o), + Vp (state as), — V1 (state a7) and — V| — V, (state
a9). Open circuit failure of S3 and/or S5 that cause the FT
MVSI to synthesize O (state a3), + V1 (state aeg), — V7 (state
a) voltage levels. In addition, S3 and/or S¢ faults are capable
of supplying voltage levels O (state «2), + V' (state a), — V2
(state ) and + V| + V; (state ag), respectively. Also, Fault
in S4 and/or S¢ can supply voltage levels O (state 1), + V1 +
V, (state ag), — V1 — V; (state ag). The fault in S5 and/or S¢
can provide voltage levelsO (state 1), + V1 (state ag), — V>
(state o) and — V| — V) (state «g). Thus, by updating the
proposed FT switching scheme timely, output voltage lev-
els with reduced magnitude can be generated in the case of
failure of some of the switches in the aforementioned analy-
sis. In these cases, the available redundant states provide the
required voltage levels to support the operation by altering
the faulty switches. The failure of different switches men-
tioned above thereby enables the proposed structure to be
partial fault tolerant in fault scenarios.

@ Springer

Similarly, if any one of the switches S or S¢ fails, the
FT structure synthesizes five-level output voltage level for
reliable operation of the proposed circuit from the available
redundant states. The failure of these switches (if any) assures
full fault-tolerant operation of the proposed unit. The fault
tolerant operation can be possible for the proposed FT topol-
ogy in a similar way by updating the switching strategy.

The theoretical evaluation justifies the desired level of
operation after OSF to the presented topology as per expec-
tation. The alteration to three from five level output voltage
waveform occurred for some of the switches except S4 and
Se.

3 Detailed analysis
3.1 Calculation of losses

Switching losses ( Psy) and conduction losses ( Pcop) are con-
sidered to calculate losses for the proposed FT MLI.

3.1.1 Switching losses

The switching losses (Psw) is the power dissipated dur-
ing switch transition from ON to OFF and vice-versa. The
linear approximation model of an ideal switch is used to
calculate the switching losses for typical power devices
(IGBTs and Diodes) [19]. Turn-on and turn-off energy losses
(Eon, 7 Eofr, 7) for switch can be calculated as:

tOﬂ

fon V t I t—t
Eon, T = / U(t)i(t)dt — ,f |:( SW )(_ 1( On))]dl‘
0 Toff Ton
0
1
= EVSWIIIOn 1)
toff ) v o t
off i _
Eoti, 7 = [ v(®)i(t)dt = [ [( W ><_ 2( off))i|dt
0 foff toff

»—Ao\

= = Vswlatoff (2)

[\

where Vgw represents the voltage across switch before
turning-on or after turning-off. Furthermore, the numbers
of switches which undergo ON/OFF during a fundamental
period T are denoted by N, and N . The switching losses
are expressed according to Eq. (4).

1
Py = F(NonEon"'Nofonff) 3)
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Table 1 Different switching
states of the proposed FT MVSI State Switching Sequence (ON = 1, OFF = 0) Vo(t)
St So S3 S4 Ss Se
ag 0 1 1 0 0 0 0
ar 1 0 0 0 1 0 0
a3 0 0 0 1 0 1 0
aq 0 1 0 1 0 0 +V
as 0 0 0 0 1 1 +V>
ae 1 0 0 1 0 0 - Vs
a7 0 0 1 0 0 1 -V
oy 0 1 0 0 1 0 Vi+Vy
o9 1 0 1 0 0 0 -Vi—V,
Table 2 Switching states for
open switch fault (OSF) under Failed Unavailable states Possible states Number of levels in Output
normal, single and multiple switches output power
switch failed cases
Normal ap, 02,03, 04, 05, 006,  — Five Full
operation a7, g, o
S1 and/or Sy ap, a2, 04, O, 08, 009 a3, o5, o7 Three Full
S1 and/or Sy ), o3, A4, 06, 09 o, o5, a7, 08 Three Full
S1 and/or S5 o, A5, 06, 008 09 o, 03, 04, 07 Three Full
S> and/or S3 ap, 04, 07, 08, 09 oo, a3, A5, 06 Three Full
S» and/or S4 oy, o3, a4, 06, O o, as, 07, a9 Three Full
S3 and/or 55 ap, o, 05, 07, A8 09 o3, 04 g Three Full
S3 and/orSf, al, 03, 05, X7, X9 o, 04 06, A3 Three Full
Sa o3, 04, Qg or, ay, As, 07, 08, A9 Five Full
S4 and/or Sg a7, o3, 04, A5, 06, 007 o, a8 o9 Three Full
S5 and/or S6 ap, a3, 05,07, g 09 o], 04 g, 09 Three Full
Se o3, A5, A7 oy, a, A4, 06, O, A9 Five Full

3.1.2 Conduction loss

The conduction losses in a switch (Plogs, con, sw) and a diode
(Pioss, con, 4) can be written as follows [23]:

2
Ploss, con, sw — Von, SW Isw, avg + Ron, szgw, rms (4)
2
P]oss, con,d — Von,dld,avg + Ron,dla’,rms (5)
Pcon - Ploss, con,sw T Ploss,con,d (6)

where Von,swand Von, g are the power switch and anti-
parallel diode ON-state voltages, respectively. The average
and rms currents across the switch and anti-parallel diode are
represented by Isw, avg and Iy, ms, respectively. The equiva-
lent resistances of the power switch and anti-parallel diode
are Rop,sw and Ry, 4, respectively.

Thus, the total power loss of MLI is evaluated by using
Egs. (3), and (6). In addition, efficiency () is obtained from
Eq. (7):

_ Pout _ Pout
P Pout + Ploss

N

where P, and Pj, are output and input power of the inverter
respectively [19]. The IGBT (GW30ONCI20HD) is used to
hardware implement the proposed topology. Figure 4 shows
the efficiency and power losses of the propesed FT MLI under
healthy and various OSF conditions.

3.2 Comparision on the basis of reliability
Reliability (denoted by R(¢)) of an inverter is the probability

that it will perform the desired functions during a certain time
period (¢). There is a range of reliability between 0 and 1.
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Fig.4 Efficiency and power losses of the propesed topology under
healthy and various single OSF conditions

Fig.5 Markov state transition model

R(t) can be calculated using the following equation:
R(t)=e ™ ®)

where ‘A’ represents the failure rate, and ‘¢’ represents the
time elapsed until the first failure occurs. Markov chain reli-
ability analysis can be used to evaluate and compare the
reliability of various power electronic systems and devices.
The Markov state transition model is formulated as presented
in Fig. 5. In this Markov state transition model, three states
have been considered: Normal state (), post-fault state (P)
and complete failure state (F).

In this case, the probability of state transition rate is
defined as the sum of all possible states. Accordingly, 12,
A23 and A13 are the probabilities of state transition from Nor-
mal State (N) to the post-fault state (P), post-fault state (P) to
complete failure state () and Normal State (V) to complete
failure state (F).

1 1
MTTF=—= ——F——
A A2+ A3+ A3

€))
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where MTTF is mean time to failure.

3.3 Calculation of failure rate

The failure rates of the power semiconductor switch (MOS-
FET IRF640N) are estimated according to [22]. This paper
uses the Military reliability handbook MIL-HDBK-217F
[23] to estimate the failure rate of each component, which is
defined as the number of components that fail over the course
of time. Further, the required parameters of the components
and values from their datasheets are provided in Table 4 [22].
The Military Reliability Handbook is used to determine the
relative enhancement in MTTEF, despite the fact that the hand-
book itself has received so many criticisms for numerous
reasons. The following equation can be used to calculate the
failure rate of each component:

n
Acomponent = Ab Z T (fallure 106h0urs) (10)
i=1

A failure rate of a device is given by Ap, and n is the num-
ber of m; factors that affect that failure rate. Moreover, it is
determined as the failure rate per million hours (failures/10%
h).

Various power electronic components like switch, diodes,
and capacitors are provided in Table 3. In aforementioned
table, failure rates across three components such as switch
As (failures/10° h), diode Ap (failures/10° h), electrolytic
capacitor A¢ (failures/10° h) and temperature factor of the
components are combined.

Component failure that changes with different circum-
stances is the temperature and effectiveness factors of
devices, so they fail differently in space and in the ground.
Hence, the component’s operating condition on ground is
represented by mg = 1,  represents the component’s qual-
ity of 1 and w4 represents the switch’s application factor.

As a capacitance factor for a capacitor, 7wcyp represents
the dielectric material and depends on the capacitor’s rated
capacitance [22]. Equation (11) can be used to calculate the
capacitance factor in a dielectric capacitor.

Tcap = 0.34C013 (11)

In the equation, Capacitance is measured in microfarads
by ‘C’.

In diodes, 7¢ is the contact construction factor and g is
the electrical stress factor. A metallurgical diode is consid-
ered to have a contact factor of 1, whereas a non-metallurgical
diode has a contact factor of 2. Here, T; stands for junction
temperature, and T¢ is the ambient temperature of the diode
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Table 3 Temperature and

Effective factors

Temperature factor

effective factor for each Components
component [22]
Switch
Diode
Capacitor

AS = ApTITTATIRISTTQTE
AD = ApTITTICTSTQTE

AC = ApTTASTTCapTQTE

T, switch = exp[—l925(ﬁ - ZTIS)]
T, diode = eXP[‘”“(ﬁ - ﬁ)]

_ 0.15 1
7T, Cap = exp[3'617*1075 (Ta+273 298>i|

and switch, which can be calculated using the following equa-
tion:

T; =Tc+0icPp (12)

Tc = Ty + 6cA Pp (13)

Oic OC /W) is the maximum junction to case thermal
resistance and maximum power dissipation is given by for
switch or diode.

The power loss of the switch (Pp, switch) and diode (Pp)
is given in the following equations:

Pp, switch = PcL + PsL

Ts
1
= 5= [ [Ros.ni30r+ viisto)] ars [ co svis]
0

(14)
Ts
Pp = l/[R i2(6) + Vi (z)] dt (15)
D=7 dis Fip
0

In the above equation, Rps, o is the drain-source on-state
resistance of the switch, and R, is the on-state resistance
of the diode. A reliability analysis is dependent upon the
temperature factor and the diode and switch power losses
[23]. Conduction loss (Pcr) and switching loss (Psr) are
primarily responsible for estimating power loss (Table 4).

3.4 MTTF calculation and reliability comparison

3.4.1 Proposed FT-MLI topology

The proposed topology is FT for all switches (MOSFET)
and therefore enters from post-fault state (P) from Normal

State (V) occurs if any one of the four unidirectional and two
bidirectional switches is failed. So A1, is defined as

A2 = 6AT (16)

For any remaining MOSFET, if OSFs occur, the system
may transition to a failure state (F) from a post-fault state
(P). So Ay3 is defined as

A2z =2A1 + 8Ap (17)
where A¢ represents the failure rate of capacitor. When fault
occurs simultaneously in two switches from the remaining

circuit structure, the system enters the failure state (F) from
normal state (N). So A3 is defined as

A3 =613+ 81 (18)

3.4.2 CHB-MLI
All of the eight unidirectional switches in [23] have FT, which
allows the CHB-MLI to enter the post-fault state (P) from

the normal state (N) if any of them fails. Therefore, 11> is
defined as follows:

A2 = 8AT (19)
For any remaining MOSFET, if OSFs occur, the system

may transition to a failure state (F) from a post-fault state

(P). So A3 is defined as

A3 = OAT (20)
In the event of a fault occurring simultaneously in any

two MOSFETS from the remaining switches, the system will

enter into failure mode (F'). So A3 is defined as

A3 = 2407 (21)

3.4.3 ANPC-MLI
The ANPC-MLIin [24]is FT for four unidirectional switches

(MOSFET). The transition from normal state (N) to post-
fault state (P) occurs if one of the MOSFETS fails. So A3 is

@ Springer
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Table 4 Required parameters of the components, explanation and values taken from their (MOSFET IRF640N) datasheet

Parameters Explanations Value Parameters Explanations Value
Rps(on) conductive resistance 0.07 Vi Forward voltage of diode 05V
Vr Threshold voltage 0.5 (V) Rporry Diode conductive resistance 02Q
(]
Co Capacitance of power switch out 330 pF Oc A Case to ambient temperature 63 ( C/ W)
capacitor Diode
0 0
Oy Junction to Case temperature of power 1 ( C/ W) Orc Junction to Case temperature 1.5 ( C/ W)
switch Diode
0
Oca Case to ambient temperature of power 62 ( C/ W) Ab Basic failure rate of Diode 0.0038
switch
Ab Basic failure rate of power switch 0.06 Ab Basic failure rate of Capacitor ~ 0.00254
1 : :
defined as Proposed Topology
—— ANPC-MLI
A2 =4AT (22) 0.8 | —— CHB-MLI 1
Let, the OSFis occurred in any one remaining seven MOS- £ 06| 1
FET, the system transition probability to failure state (') from S
post-fault (P) state. So A,3 is defined as EJ 04l i
A3 = 7)"T (23) 02+t 1
When OSF occurs simultaneously inside any two MOS- o | I
FETs from remaining switches, the system enters the failure 0 0.1 0.2 0.3 0.4 0.5

state (F) from the normal state (N). So A3 is defined as

A3 = 4Ar + 2833 (24)

Probabilities of the multilevel inverter being in a certain
(i.e. either Normal State (V) or post-fault state (P)) state can
be calculated as follows:

Pi(t) = —(hiz + 213) PL(1) 25)

Pa(t) = —(A3) P2 (1) + (A13) P1(2) (26)

The reliability function R (¢) can be obtained as follows:

R(t) = Pi(1) + Pa(r) 27)

hioe B 4 (g3 — Agg)e” HrathiX

R(t) =
A2 +A13 — A23

(28)

It is noteworthy that the proposed fault-tolerant topology
has greater reliability in terms of MTTF. In the preceding
equations, the reliability of the proposed FT-MLI topology,
conventional CHB-MLI and ANPC-MLI topologies are plot-
ted against time for easy understanding. The reliability curve
is plotted for the conventional CHB, ANPC and proposed

@ Springer

Time [Hours]*10°

Fig.6 The reliability curve of the proposed topology compared to MLI
conventional topologies

FT-MLI topology using Eq. (28) and is shown in Fig. 6. has
higher reliability than the conventional topologies.

4 Simulation results

To authenticate the performance of the proposed FT concept,
the newly developed single phase FT-MLI is simulated using
MATLAB/SIMULINK along with Sim-Power-Systems tool-
box. The arbitrarily considered inverter parameters for the
proposed FT topology are mentioned in Table 5. The pro-
posed FT topology is controlled by a multicarrier pulse width
modulation strategy. The generation of switching pulses
is governed by continuous comparison of carrier signals
(3000 Hz) and fundamental signal (50 Hz). The trigger-
ing pulses so obtained are employed to each an individual
switches to achieve different voltage levels. The number of
carrier signals proportionally increases with the increase in
levels.
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Table 5 Simulation and experimental parameters

DC supply (V1 =V>) 48V

Power switch (S1-S7) GW30NC120HD
M57962L
fm=50Hz
fe=3000 Hz
mg = 0.85

R=20Q,L=20mH

Gate driver circuit
Modulating wave frequency
Switching frequency
Modulation index

Load resistance, inductance values

An illustration of the output voltage and current wave-
form from the proposed FT MVSI is shown in Fig. 7 based
on simulations under healthy, faulty and fault cleared condi-
tions. In healthy condition (before t = 0.94 s), the proposed
FT structure generates 5-level output voltage with identical
voltage steps of 20 V each. For simulation study, an OSF is
created at t = 0.94 s to t = 1 s in each of the switch(es),
respectively. The state during the period of OSF is known as
the faulty state. By the proposed FT control technique, the
faultis cleared after = 1 s and the output voltage waveforms
change from unacceptable to acceptable for all switch fail-
ures except S4 and S¢. In case of failure in power switches S4
and S, a five-level output voltage waveform are obtained. It
is evident from the above discussion that after the clearance
of fault, a full fault-tolerant operation can be achieved when
particular power switches S4 and S¢ fail while failure in other
switches as mentioned in Table 2 support partial fault tolerant
operation.

Losses associated with the FI-MVSI topology can be
analysed and assessed with the use of a thermal modelling
simulation performed on the PLECS platform. The PLECS
provides a domain for modelling thermal structures and
accurately computing switching and conduction losses in
switches utilzsing multi-dimensional lookup tables based
on manufacturer information or real data. Further, IGBT
(GW30NCI20HD) switches have been employed as power
switches in the PLECS-based simulation model, and the
datasheet was imported in order to analyse power losses. The
graph showing the steady state displays the loss patterns in
Fig. 8. A remarkable total efficiency of 97.40 per cent char-
acterizes the proposed topology. The experimental efficiency
of the proposed inverter is 96.94%, which is somewhat less
than the simulated efficiency due to losses in the driver units.
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Fig.7 Simulation results of FT MVSI: Output voltage and load current
waveforms under OSF (normal, faulty and fault cleared conditions).
a S| and/or S, failure, b S, and/or S4 failure, ¢ S3 and/or S5 failure,
d S, failure, e S5 and/or S¢ failure, f S¢ failure
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Fig.7 continued

B Switching loss
W Conduction loss

Losses (W)

S S S S0 Ss Ss

Fig.8 Loss distribution graph on steady-state

5 Experimental validation and discussion

To validate the idea of the suggested FT control approach,
the proposed FT-MLI is simulated using the MAT-
LAB/SIMULINK software package, and the practical pro-
totype is set up in an experimental setting. The prototype is
developed experimentally to ensure that the aforementioned
FT structure is feasible. A real-time digital controller, the
dSPACE DS1104 is used for the generation of the switching

@ Springer

pulses. A host-PC operating the MATLAB/Simulink soft-
ware tool, discrete power IGBT modules with built-in drivers
and protection units, DC sources, a ASPACE1104 controller,
a power quality analyzer (Fluke 43B), and a digital stor-
age oscilloscope are all employed in the experimental setup.
YOKOGAWA DL750E scope-coder is used to measure and
record all the waveforms. Figure 9 shows the laboratory pic-
ture of the experimental setup.

In order to verify the proposed FT MVSI structure experi-
mentally, a pre-programmed open circuit fault is created after
t = 0.94 s on different switches and cleared at t = 1 s. In
the duration of t = 0.94 s to r = 1 s, an unacceptable wave-
formis observed for individual switches. Figure 10a, b shows
the transition of output voltage waveform from five to three
level after fault inception. A partial fault-tolerant solution
with reduced magnitude of voltage and current is observed
for the proposed FT structure. Figure 10c shows the full fault-
tolerant solution to the proposed FT structure.

The similar switch failures have been investigated in a
simulation study, and the same results are observed. It is
worth to note that the simulated and experimented results
are identical to each other. Finally, the proposed FT-MLI
structure is validated satisfactorily. The proposed FT MVSI
is claimed to be reduced components FT-MLI. One of the key
outcomes of presented studies is the continuous operation of
proposed FT-MLI by adopting the proposed FT switching
scheme in spite of the occurrence of OSF.

Also, the proposed topology is tested for THD under RL
load which results in a good performance. Under this con-
dition, the recorded output voltage and load current THD
are 7.8% and 1.4% under healthy (before open-circuit fault)
condition as illustrated in Fig. 11a, b, respectively.

Similarly, the proposed topology is tested for THD under
a fault cleared state. Under this condition, the recorded out-
put voltage and load current THD are 19.6% and 13.6%
under fault cleared (after OC fault) condition as illustrated in
Fig. 12a, b, respectively.

Notably, the value of THD can be increased by 5%, either
by increasing the number of levels at the output or by increas-
ing the switching frequency, although with the limitations of
increased switching losses and reduced efficiency.

6 Comparision with recent fault-tolerant
topologies

To illustrate the merits of proposed FT-MVSI, an appropriate
comparison is carried out with classical and recently pub-
lished MLIs. Table 6 summarizes the stated comparison. The
comparison shows that the proposed FT structure requires
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ulated
& Power Supply

Fig.9 Picture of the experimental setup

fewer components for its reliable operation. While the struc-
tures in [14, 25, 28] and NPC comprise extra circuitry like
clamping diodes which increase component count, whereas
NPC does not possess FT operation. The proposed FT-MLI
is highly competent to CHB along with minimum switch
count. The structures in [22, 26, 27, 29] have higher switch
count with FT ability in case of single OSF and unable to
produce output voltage in case of multiple swich failure. The
FT-MLI [28] requires more switches and highly competent
to presented FT-MVSI in the event of multi switch failure
scenario. Furthermore, four switches are conducting at an
instant to generate a level in CHB, but in the proposed one,
the conducting switches simultaneously (two) are less.

7 Conclusion

Reliability, continuity and fault related subjects in industries
have been studied for decades and MLIs have become a key
part in number of industry applications in which failures

Power

Module h
2 ae # Oscilloscope e
e S -l |

Power Quality
Analizer

Resistor

can have theatrical effects. An accident or fault in factory
and industries can create vast economic and social losses.
This research represents an approach to introducing fault-
tolerant operation of single-phase MLI by considering either
switch-open or multi-switch-open situation. The article has
underlined the importance of the operation of the proposed
FT structure even after OSF by providing continuous sup-
ply to the load with acceptable output voltage waveform.
Simulation is used to prove the proposed concept, and exper-
imental tests are used to verify the results. The obtained
results prove the reliable operation of FT MVSI which can
be achieved through the proposed FT control strategy. The
current study has investigated for a MLI structure having
symmetrical sources only. In addition to ensure fault toler-
ant operation in the event of a fault occurence in a single
switch, the proposed fault tolerant strategy ensures fault tol-
erant operation in multiple switches as well. The proposed
structure can be maintained at the rated voltage by using the
step-up transformers in a faulty scenario.
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Fig. 10 Experimental results of
FT MVSI: Output voltage

(50 V/div) and load current
(2A/div) waveforms under OSF
(normal, faulty and the fault
cleared conditions). a S; and/or
S, failure, b S»> and/or S4 failure,
¢ Sy failure
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Fig.11 Experimental results of
the proposed topology under
healthy condition a Output
voltage THD spectrum b current
THD spectrum

Fig.12 Experimental results of
the proposed topology under
fault cleared condition: a Output
voltage THD spectrum, b current
THD spectrum

HARMOHICS

nl 5 9 131?212529333?414549-

BACK RECALL W (B

196"
4305,

l]I 59 1317212529333?414549.

BACK RECALL W

()

Table 6 Comparative study of the proposed FT-MLI with classical and recent literature

HARMOHICS

uI 5 9 1317 21 25 29 33 37 41 45 49

RECALL W

(b)

BACK [13]

136"
c019a
12

4

1 5 9 1317212529 33 37 41 45 49

RECALL M

(b)

BACK

Components FT-MVSI  Classical MLIs References
NPC  FC CHB  [14] [25] [26] [27] [28] [29] [22]
Input dc supply 2 1 1 2 2 1 1 2 1
DC Capacitors 0 4 10 0 0 2 0 8 0 10
Unidirectional switches 4 8 8 8 7 6 20 22 14 18 12
Bidirectional switches 2 0 0 0 2 1 0 0 0 0 0
Driver circuits 6 8 8 8 9 7 20 22 14 18 12
Clamping diodes 0 12 0 0 6 2 0 0 4 0 0
Fuses 0 0 0 0 0 0 0 0 4 0 0
Output Voltage (Healthy  5-level 5-level ~ 5-level  5-level 5-level 5-level  5-level  5-level  5-level  5-level  5S-level
mode)
Fault tolerance Yes No No Yes Yes Yes Yes Yes Yes Yes Yes
OSF (one of the Yes No No Yes No No No Yes Yes Yes Yes
switches)
Multi Switch failure Yes No No No No No No No Yes No No
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