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ABSTRACT A Fault-Tolerant Multi-Level Inverter (FT-MLI) is essential to ensure power supply continuity
for crucial applications. At the same time, the cost and efficiency of MLI is also important for its successful
use in the commercial market. The existing seven level FT-MLI topologies demand more than one input
DC source, which increases the cost function. This article proposes a single DC source seven level FT-MLI
topology with minimum number of switches (IGBT) to reduce the cost function. The proposed FT-MLI
topology generates seven level output voltage with 1.5 times voltage boosting. In case of open or short circuit
fault on any single or multi switch, the topology continues to operate with five level output voltage using
reserved switches. It consists of eight active switches, two diodes, two capacitors, six thermal fuses, and three
reserved switches. In comparison to the existing seven level fault tolerant (open circuit and short circuit fault)
topologies, the suggested structure requires minimum number of component count. The efficiency and power
losses of the proposed structure are analyzed theoretically. The proposed topology has an efficiency of 96 %
at an output power of 600 W under healthy condition and 97% at an output power of 272 W under post fault
condition. The level shift pulse width modulation approach is used to generate required triggering pulse for
the switch during pre-fault and post-fault. The proposed topology is simulated in the MATLAB/Simulink
platform and experimentally verified using dSPACE 1104. The response of the output voltage and current
during the transition from pre-fault to post-post fault for each switch fault are presented.

INDEX TERMS Fault tolerant multi level inverter (FT-MLI), switched-capacitor multi-level inverter
(SC-MLI), open circuit fault (OCF), short circuit fault (SCF).

I. INTRODUCTION

Power electronic equipments play an important role in today’s
Power conversion system due to increasing interconnectivity
and intelligent automation. Power electronic devices are the

electric aircraft [1], and smart home applications, among
other applications.

A. MOTIVATION AND INCITEMENT

medium between the processor and real time application. The
demand for multi-functional power electronic converters with
robust operation is increasing in telecommunication system
(power and signal transmission), renewable energy grid inter-
connection, electric vehicles, biomedical equipment, military,

The associate editor coordinating the review of this manuscript and

approving it for publication was N. Prabaharan

The basic two level inverter gives a quasi-square wave output,
that consists of lower-and higher-order harmonics. By apply-
ing the Pulse Width Modulation (PWM) technique to the
conventional two level inverter, the lower order harmonics at
the output voltage can be reduced. However, the switching
frequency of modulation for the basic two level inverter is
in the order of kHz or MHz. Due to this reason, the electro-
magnetic interference, dV/dt, and switching loss are higher.
In case of medium and high power applications, the current
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carried by the switch is high. So turning ON and OFF of
the switch with a high switching frequency results in huge
switching losses and heat generation. Therefore, conventional
two level inverters with adapted high switching PWM tech-
niques can be preferred only for low power applications but
not for medium and high power applications. As well, the
conventional two level inverter is not preferred for critical
applications (example: electric aircraft, biomedical, etc.) due
to huge electromagnetic interference.

Multi-Level Inverters (MLIs) are a preferable choice for
medium and high power applications. In MLI, the small
voltage sources are combined in series to get a large voltage,
with an increasing number of levels such that the output
voltage waveform is nearer to sinusoidal. As a result, the
power quality will be improved in MLI with lower switching
frequency, ‘fl—‘t/ variations, and electromagnetic interference.
However, the main drawback of conventional MLI’s are its
component count. It requires more number of DC sources,
switches, diodes, and capacitors based on its structure.

The Single DC Source (SDCS) conventional MLI’s are
widely used for motor drives, Flexible AC transmission
system, and electric vehicle [2], [3], [4], etc. It has the
disadvantage of capacitor voltage unbalancing problem, less
fault tolerant capacity, and greater requirement of component
count. The multi DC source MLI has better fault toler-
ant capability in comparison to the SDCS-MLI. However,
it requires more number of DC sources, which is not con-
venient for most of the drive applications. In the recent years,
researchers have presented many Reduced Device Count MLI
(RDC-MLI) topologies. The presented topologies in [5], [6],
and [7] are able to generate higher number of voltage levels
with reduced component count. However, it losses reliability
by loosing the redundancy of switching states for each voltage
level. The RDC-MLI’s are unable to provide continuity of
power supply, if any switch fault occurs. The continuity of
power supply is essential for the critical applications, oth-
erwise it leads to an immeasurable economic and life loss.
A Fault Tolerant Multi Level Inverter (FT-MLI) with optimal
device count is required to ensure the continuity of power
supply, low initial cost and higher efficiency [8], [9], [10].

B. LITERATURE REVIEW
SDCS seven-level RDC-MLIs are presented in [11], [12],
and [13]. But, these topologies are unable to boost the out-
put voltage. SDCS seven-level RDC-switched capacitor MLI
topologies presented in [14] and [15] with voltage boosting
capabilty. However, the switched capacitors are not self-
balanced. It requires additional voltage sensor to balance
the capacitor voltage. SDCS seven-level RDC self-balanced
switched capacitor boost MLI’s are presented in [16], [17],
[18], and [19]. However, the redundancy states in these
topologies are almost zero. If any switch fault occurs, inverter
will shutdown completely.

The majority of faults in MLI are caused by Open Circuit
Fault (OCF) and Short Circuit Fault (SCF) in semiconduc-
tor switches. The recently presented single phase FT-MLI
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topologies are reviwed in [20]. The seven level FT-MLI’s are
presented in [21], [22], [23], [24], [25], [26], [27], and [28].
The topology presented [21], [22], [23], [24], [25] can provide
continuity of power supply with reduced voltage levels in
the post fault condition. However, it works only for OCF not
for SCF. The topology presented in [26], [27], and [28] can
continue to give seven level output voltage in the post fault
condition for OCF and SCF. The topologies presented in [21]
and [22] requires two DC sources and the topologies men-
tioned in [23], [24], [25], [26], [27], and [28] requires three
DC sources. But, most of the drive applications use SDCS
MLI. The SDCS switched capacitor FT-MLI topologies are
investigated in [29] and [30]. The topology presented in [29]
and [30] are for fifteen level and twenty six level respectively.
For higher voltage levels, the device count has become huge.
Most of the commercial applications are prefered for five
level and sevel level only [6]. A fault tolerant five level flying
capacitor MLI is presented in [31] by using extra bidirectional
switches to bypass the fault. Similarly a FT three level neutral
point clamped MLI is presented in [32] by using resonant legs
to handle the fault. But, it requires more number of switches
than the conventional MLI. In order to address these problems
a novel optimal device count SDCS FT switched capacitor
MLI is introduced in this article for providing continuity
of power supply even if any OCF or SCF occurs in the
semiconductor switch.

The primary issue with SCMLI is its impulse charging
current. The switches present in the capacitor charging loop
damages, if the surge current exceeds the limit. The impulse
current of the capacitor depends on its voltage deterioration.
That capacitor draws a very high impulse current, if the
voltage reduction is large. For the topologies labelled in [16],
[17], [18], [33], [34], [35], and [36], the capacitor discharges
at consecutive output voltage values. As a results the capaci-
tor voltage degradation becomes large.

Seven level FT-MLI topologies presented in the literature
require more than one DC source. The existing SDCS seven
level switched capacitors inverters are not FI-MLI topolo-
gies. Therefore, this article proposes a single DC source seven
level switched capacitor FT-MLI topology with minimum
number of switches.

C. CONTRIBUTION AND PAPER ORGANIZATION
The following are the key features of the proposed topology.

o The proposed FI-MLI requires only single DC source.

« To obtain the seven level output voltage with 1.5 voltage
gain, only 8 switches and two diodes are required.

o Three reserved switches are used in addition to the
healthy switches to provide continuity of power supply
for any OCF and SCF in the semiconductor switch.

« Proposed topology gives five level output voltage under
post fault for single and multiple switch fault.

o Only six thermal fuses are used to convert the SCF into
an OCF.

« Ateach voltage level, only three switches are in conduc-
tion to carry the load current.
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FIGURE 1. Proposed Single DC source 7-Level FT — SCMLI.

TABLE 1. Redundancy for each voltage level.

VOLTAGE | SWITCHING TURN ON STATE OF
LEVEL REDUNDANCY SWITCHES CAPACITOR

C, C,

0Vpe Zo S1,55,86,57 C C

Zo S5,S5,S6,Ss C C

ZO3 S],S3,R3 NC NC

Zos S2,S4,R3 NC NC

Zos R.,Ss,S; NC NC

Zos R},S5,S6, S7 C C

Zy R,S6,Ss NC NC

Zox Rz,Ss,Sﬁ,Sg C C

+0.5Vpe Py S12,S4,87 D NC

P S1,83,S7 D NC

Pi3 Rg,Sﬁ,R} NC D

Py R2,S6,R3,S5 C C

Pys S5,33,Ss NC C*

-O.SVD(‘, Nll RI,SSsRB D NC

N, R},S5,S6,R3 C C

Nis S1,S3,Ss NC D

Nig S2,84,Ss NC D

+Vpe Py S1,S5,S6,S7 C C

Py S5,83.Rs NC NC

Py S6,S7,R» D D

P24 SS7S(7;S77R2 C C

-Vbe Noy S1,55,36,Ss C C

N3 Ry,S5,5¢ D D

Noy R1,S5,56,58 C C

+1.5Vpc Py S1,S5,S7 D NC

« The proposed topology keeps the capacitor voltage
almost constant even for high power loads, which is not
possible with similar kind of existing topologies.

o The cost function of proposed FT-MLI is less than the
existing similar topologies.

The following is how the paper is organized. Segment II
introduces the proposed topology, segment III presents power
losses and efficiency, segment IV presents experimental and
real time simulation results, segment V presents comparative
analysis, segment VI concludes the paper.
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Il. PROPOSED 7-LEVEL SCMLI

A. PROPOSED TOPOLOGY DESCRIPTION

The proposed single DC source 7-Level FT-SCMLI with a
voltage gain of 1.5 is shown in Fig.1. It consists of eight
healthy switches (S, S2, S3, S4, S5, S¢, S7, and Sg), two
diodes, two capacitors, six thermal fuses, and three reserve
switches (R, Ry, and R3). The two self-balanced capacitors
(Cq and C») are charged to 0.5Vpc by using an input DC
source (Vpc), through the switches Ss, S¢, D1, and D;. The
Switches S1:S, S3:S4, and S7:Sg are switched in a com-
plementary manner, to protect IGBT leg from shoot-through
fault.

Four switches (S, S», S3, S4) have Maximum Blocking
Voltage (MBV) of Vpc, the five switches (Ss, S¢, S7, Sg,
and Rj(bidirectional switch)) have MBV of 0.5Vpc, and the
two switches (Rj, Ry) have MBV of 1.5Vpc. Therefore,
the summation of voltage stress acros each switch (Total
Standing Voltage (TSV)) is shown in (1)

TSV =8Vpc 4+ 6 (0.5Vpc) = 11Vpce (1)

The current stress of switches Sy, Sy, S3, S4, S7, Sg, Ry,
R», and Rj3 is equal to load current. The current stress of
switches S5 and Sg is equal to load current plus capacitor
charging current. At each voltage level, only three switches
are in conduction to carry the load current. The possible
switching redundancy for each voltage level are mentioned
in the Table-1. Except the 1.5V pc state, all the remaining
states are having redundant states to tolerate the fault in any
switch. Here, Zp is zero voltage level, P; is the positive
0.5Vpc level, P, is the positive Vpc level, P is the positive
1.5Vpc level, Nj is the negative 0.5Vpc level, N is the
negative Vpc level, N3 is the negative 1.5Vpc level, C indi-
cates capacitor charges with the source voltage, Cx indicates
capacitor charges through the load, D indicates capacitor
discharge, and NC means no change.

The proposed topology can generate seven level output
voltage under healthy condition. If any OCF or SCF occurs in
single or multi switch, the proposed topology operates with
a five level output voltage. A thermal fuse is used in series
with the IGBT leg as shown in Fig.1 to convert the SCF into
an OCF. Thermal fuse is designed in such a way that it isolate
the IGBT from the circuit, after crossing prescribed current
limit. The proposed topology becomes FT against SCF in
each switch with the help of thermal fuses.

In most of the FT topologies the switching pattern is
different for each switch fault. In the proposed topology,
the control approach is made easier by allocating a set of
switching patterns for a group switch faults shown in Table 2.
Group-I switching pattern is to generate 7 level output volt-
age during healthy condition and no reserve switches are in
operation. Group-II switching pattern will generate 5—level
output voltage, when OCF occur on Sy or Sy or S3 or Sy or
(S1 and S») or (S3 and Sy) or (Sy, Sp, S3, and Sy4), or SCF
occur in Sy or Sy or Sz or S4 or S5 or Sg or (S; and Sj)
or (S3 and S4) or (Ss and Sg) or (Sy, Sz, S3, and Sy).
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TABLE 2. Possible switching combination during pre fault and post fault condition (single and multi switch fault).

FAULT STATUS NUMBER OF GROUP VOLTAGE LEVELS
OUTPUT +1.5Vpe +Vpce +0.5Vpe 0 0.5Vpc -Vpe -1.5Vpc
LEVELS
Healthy condition 7-Level I Ps Py Nis Zo Py Ny Nii
Open or Short circuit fault in Si/ So/ S5/ So/ S1,So/
S3,S4/ and Sl,SZ,S3,S4. 5-Level 11 X P24 P14 Z% N]z N24 X
Short circuit fault in Ss/ S¢/ Ss,Se.
Open circuit fault in S5/ Ss/ S5,Sa. 5-Level I11 X P2 P15 Z(]3 N]3 Na, X
Open or Short circuit fault in S/ Sg/ S7,Ss. 5-Level v X P» P Zo3 N Na» X
S3 S7 Si | & S S3
Cl= Ci=
YDC Y[)(‘ -|—
- Vo + -Vo+ - .
'ml_A,%!i 'Lo%| '%‘r '%,2%‘—

(a) Vo= +1.5Vic

(b) Vo =-1.5Voc

R Cls
¢ 4 |Charge]
i || loop

Ve | Charge
+ 4 -
: loop

(c) Vo =+0.5Vnc (d) Vo =-0.5Voc

\ pc Charge
! floop

T oo T MR i I AR SN ' ISR R ForT- MR S I N O N (P SNSINY o M S (N N S (N [P S
D2 S0
-Vo + (ii) -Vo+ -Vo+ (ii) -Vo+
TCOAD} —{LOAD} TOAD {TOAD ——

(e) Vo =+Voc. (i) When Vo and o are positive (ii) When Vo positive and Io is negative (f) Vo =-Voc. (i) When Vo and lo are negative (ii) When Vo negative and lo is positive

| Im)p

\”‘ (h\rc -|—

D1 S5

- -
Vbc| (harge
+ 4 -

d

H toop

(g)Vo=0. (i) When Vo is zero and Io is negative (ii) When Vo zero and Io is positive

FIGURE 2. The current paths of proposed topology in each voltage level during healthy condition (Group-I).

Group-III switching pattern will generate 5-level output volt-
age, when OCF occur in S5 or Sg or (S5 and Se).

Group-IV switching pattern will generate 5-level output
voltage, when OCF occur in S7 or Sg or (S7 and Sg). or SCF
occur in S7 or Sg or (S7 and Sg). Fig.2 displays the cur-
rent paths at each voltage level under healthy conditions
(Group-I). Similar to this, Group-II, Group-III, and Group-1V
for 5-level operation can also be drawn in accordance with the
Table-2 switching arrangement. For identifying the fault and
detection of faulty switch, researchers are introduced many
techniques in the literature [37]. This paper basically provides
a solution for the post fault operation. The flow chart shown
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in Fig.3 gives an implementation of control algorithm during
healthy and post fault conditions.

B. SELF-BALANCED CAPACITORS AND THEIR
CAPACITANCE CALCULATION

Self-balancing of capacitor is an important feature of SCMLIL.
In the proposed 7 level SCMLI topology the charging time of
each capacitor is independent of load current in the healthy
state, since the capacitors are charged by the source volt-
age. So, the charging time of each capacitor is less than
the period of output voltage level. However, the capaci-
tor discharges through the load from its nominal voltage

VOLUME 11, 2023
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pattern from the Table II
according to the switch
implementing 7 level fault by implementing 5
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| Switching Pulse I

Y VLI d
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FIGURE 3. Flowchart for selecting the switching pattern based on the
fault condition.

until the succeeding charging state. The two capacitors are
charged to 0.5Vpc during the states of £0, and £Vpc.
The capacitor C; discharges during the states of +0.5Vpc,
and +1.5Vpc. Similarly, capacitor C, discharges during the
states of —0.5Vpc, and —1.5Vpc. Therefore, the capacitors
C; and C; are self-balanced to keep the constant voltage
across it, irrespective of output load parameter values. the
maximum discharge of the C; and C, are during the state
of +1.5Vpc and —1.5Vpc respectively. The maximum dis-
charge amount of capacitors C; is during the period from 63
to m-03 (+1.5Vpc level). Similarly, C; is during the period
from m + 63 to 2w-03 (+1.5Vpc level). So, the maximum
discharge amount of capacitors C; and C; is calculated as
follows.

1 T—603
AQci = AQc> = ﬁ/@ I, (wt) dwt 2

where f is the frequency of output voltage. From the (2) the
maximum change in voltage is calculated as follows.

T—63

1
AVer=AVeyp = —— I,(wt)dwt 3
c1 c2 27rfxC/93 ow)dwt  (3)

By considering the voltage ripple (AV,,) of each capacitor
as 10% of the input DC source voltage. The capacitance
value of each capacitor is as follows. Where I, is the the
inverter output current and AV, is the ripple voltage of
capacitor.

1

C=C=——
2nf x 0.1Vpc

T—63
/ I, (wt)dwt “4)
03
C. PRE CHARGE PROCEDURE AND CHARGE CURRENT
The capacitor’s voltage will drop below the desired amount
if it is left idle for an extended length of time. Therefore,

the capacitor must be pre-charged before the converter oper-
ates. The precharge circuit can be difficult in some SCMLI
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designs, if various capacitors must charge at different volt-
age levels. The pre charge procedure of proposed SCMLI is
easy [38]. Initially, the switches S5 and S¢ must be turned
ON. The series-attached capacitors C; and C; are connected
to the DC source as shown in Fig. 4. The pre charge resistor
control the peak of charging current in pre charge operation.
The charge resistor is bypassable using the contactor after a
set period of time.

The charging current is one of the important specification
in SCMLI topology. If the charging current is not with in
the limit, it may damage the switches. The average discharge
current is equal to the average charge current in the self
balanced capacitor. The capacitor charge current is shown in
equation (5).

7—015

/ " wt)
015

&)

Ieh = Liseh = 2 *fO I/ io (Wt) +f0
0.5

o [ 1€

25 D1 _|_
P AR S5 ¢y
Eg /*gi Pre. :
i, L4 O | Charging

Loop = (2

FIGURE 4. Capacitor Pre charging operation.

D. MODULATION STRATEGY

The required gate pulse to the IGBT is generated using
the Level Shift Pulse Width Modulation (LSPWM) tech-
nique [39]. In this approach, the modulating or reference
signal ‘Vi.’ (Sinusoidal) is compared with the carrier sig-
nals ‘V.’ (Triangular) shown in Fig.5. All the triangular
waveforms have the same peak to peak voltage, but their
positions are level displaced shown in Fig.5. The logic dia-
gram is implemented to generate required switching pattern
based on the selection of switching group from Table-2
shown in Fig.6. The modulation Index (m;) value is changed
according to the variation in the reference signal shown
in (6). Where Vyax carrier 15 the peak of carrier wave and
VMax_rer 1s the peak of reference waveform. The output
voltage will be controlled based on the m; value. The out-
put voltage levels will be seven only if the m; value is in

between 0.66 to 1.
VMax,,
m; = _ Maxer (6)
3% VMaxcam'er
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FIGURE 5. LSPWM for (a) 7 level (Group-l) (b) 5 level (Group-11/111/1V).

VC] 7 > Sl
—~ S
ch —» j§ N SZ
IREINS
Vs —f Selection of S S ™S,
carrier and =) S ) :3 ~ S5,
Ves— @) S S
reference o = 6
V.s—|  signal 20 2 S
%)
Vc6 - — Rl
- R,
Vref - L, R3
f t
Healthy / fault condition

FIGURE 6. LSPWM logic diagram to generate switching pulse in healthy
condition.

lll. POWER LOSS AND EFFICIENCY

The conduction loss (Pc), switching loss (Ps), and capaci-
tor loss (Pca) are three basic losses in SCMLI. Ps occurs
when the switch is switched from ON to OFF or vice
versa. Pc occurs during the ON state of the switch.
Similarly, Pca occurs due to the capacitor’s Equvialent
Series Resistance (ESR) and ripple voltage. The conduction,
switching, and capacitor losses of the proposed single DC
source seven level FI-SCMLI are given in the following
sub sections.

A. CONDUCTION LOSS (P¢)

The conduction losses mainly depend on the on state resis-
tance of the switch and diode. It is indicated as Rg and Rp
respectively. Each switch’s conduction loss is computed using
equation (7) [40]. Where I¢_avg, I pys- and, 1 i I3 pus
are the average and RMS currents through the switch and
diode, respectively. Similarly, Vs, Vp are the ON state volt-
ages across the switch and diode, respectively.

Pcs = {VS*ICm,g + Rg * IgRMS}

+ {VD s Ly + Ro¥D%, } %
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B. SWITCHING LOSS (Ps)

The switching loss occurs during the transition of the switch
state. The time taken by the switch to change its state from
OFF to ON is termed as turn ON time (Toy). Similarly, the
time taken by the switch to change its state from ON to OFF
is termed as turn OFF time (Tof). The total switching losses
are the sum of Ty, power losses and To, power losses of all
the switches [41]. Where, Loy_final,s» Lon_intial,s» Vb,s are final
current after complete turn ON, initial current before turn
OFF, blocking voltage across the S™ switch, respectively. The
switching frequency is fy,. The switching loss of each switch
is computed using (8).

1
PS,S - [g*fsw*vb * Ion_ﬁ,,a[*Ton}
1
+ E*fSW*Vb * Lon_intial* T off (8)

C. CAPACITOR LOSS (Pcp)

The internal resistance of a capacitor, which is called Equiv-
alent Series Resistance (ESR), causes ohmic loss in the
capacitor. The self balanced series coonected capacitors
(C; and Cj) are charged by the DC sources. Therefore,
the RMS current flow (Ic; = I¢2) and change in voltage
(AV 1 = AV 2)ineach of capacitor are the same. The resis-
tive and ripple loss of each capacitor is computed using (9).
The total capacitor losses are given in equation (43). Where
f, is the fundamental frequency.

Pcac = ESR*I? +f, % Cx AVZ 9)

Total losses are calculated by adding the conduction,
switching, and capacitor losses shown in (10). Therefore, The
efficiency can be expressed using (11). Where P; and P, are
input and output powers, respectively.

P =Pc+Ps+ Pca (10)

P, P,
Efficiency = — = —— 11
fficiency P. " P, iPL (11)

The theoretical efficiency of the proposed topology is
calculated by considering the input voltage, switching fre-
quency, fundamental frequency are 230V, 5KHz, and 50Hz
respectively. The SKM75GB12T4 IGBT is used for the
switch positions Sy, Sz, S3, S4, Ss, S¢, S7, Sg, R1, Ra, and R3.
Similarly, a 10A10 diode is used for the diode positions
D; and D;. The required parameters are taken from the data
sheets of the IGBT and diode shown in Table-3. The conduc-
tion and switching losses of each switch, conduction (ESR)
and ripple loss of each capacitor at an output power of 600W
are tabulated in Table-4. The conduction, switching, and
capacitor losses share in terms of percentage are represented
in Fig.7. Similarly, the loss shares of each switch in terms of
percentage are represented in Fig.8.

The theoretical efficiency of the proposed topology at dif-
ferent output powers is computed, as shown in Fig.9. The
efficiency of the proposed topology during healthy (Group-I)
and post fault (Group-1I/III/IV) is calculated at a fixed load.

VOLUME 11, 2023
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TABLE 3. Specifications of IGBT, diode and capacitor.

IGBT Diode Capacitor
(SKM75GB12T4) (10A10) (B43464-S5478-M2)
Vs =1.85V, V4=1.3V V =1V C =4700pF
R,=0.014Q. R4 =0.012Q Rp=0.02Q ESR =0.0054 Q
Ton =150ns
Toff =370ns

TABLE 4. Power losses of each switch, diode and capacitor.

Conducting Switching Capcitor
Loss (W) Loss (W) Ripple Loss (W)

S 3.53 0.109 -

S, 3.53 0.109 -

S3 141 0.042 -

S4 141 0.042 -

Ss 2.07 0.054 -

Se 2.07 0.054 -

S; 3.53 0.109 -

Ss 3.53 0.109 -

D, 1.17 - -

D, 1.17 - -

Ci 0.02 - 0.33

G 0.02 - 0.33
Total 23.48 0.631 0.66

Total Power Loss = 24.77W

The efficiency of proposed topology for group-I switching
pattern is 96.03% at an output power of 600 W. Simi-
larly, for group-1II, group-III, and group-IV switching patterns
are 95.16%, 97.14%, and 96.95% respectively, as shown
in Fig. 10. The post fault output power is less than the pre fault
output power, as the peak of the output voltage decreases.

Switching Loss, 251/"\ Capacitor Loss, 2.8%

Conduction Loss,
94.66%

FIGURE 7. Conduction and switching losses share.

IV. EXPERIMENTAL AND REAL TIME
SIMULATION RESULTS
The proposed single DC source seven level FT SCMLI is veri-
fied using MATLAB/ SIMULINK software. LSPWM control
technique is used to generate the required triggering pulse
during pre fault (7)-level) and post fault (5)-level) condition.
A real time digital controller of dSPACE 1104 is used to
generate the trigger pulse of IGBT. Digital controller is inter-
faced with the MATLAB/Simulink model in the host personal
computer. The experimental setup is shown in Fig.11. The
apparatus model and ratings are displayed in Table 5.

The performance of proposed topology is verified at mj
one with a low (50Hz) and high (5SkHz) carrier frequency.
The model is tested using a 230V input source voltage for
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Capacitor Loss, 2.8%

D1, D2,47% S1, 14.5%
g 4T% | /
ey S2,14.5%
. _ﬂ\

S3,
5.8%

S7,14.5% S4,5.8%

S6,14.59

S5,8.5%

FIGURE 8. Power Loss shared by each switch and capacitors.

97 . . : :
=
— 965 7
2
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0 0.2 0.4 0.6 0.8 1 12
Output Power (kW)
FIGURE 9. Efficiency with respect to output power.
- 272
Group-1V 96.95
Group-III - 97.14 2725 = Output Power (W)
. 271 m Efficiency (%)
Group 11 I 95.16
- 600
Group-1 96—
0 100 200 300 400 500 600 700

FIGURE 10. Efficiency of each group for a fixed load.

Gate driver
power supply

B

Level shifting,

complementary
“and delay circu
B e

FIGURE 11. Experimental setup.

a resistive (R=100£2) and inductive (R=1002, L=200mH)
loads. The voltage and current of FT-MLI in case of seven
and five level for resistive load are shown in Fig.12(a) and (b)
respectively. By keeping the carrier frequency at SkHz,
the measured RMS voltage and current for the seven level
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voltages and source current for 7-level with R load (f) ) Capacitor voltages and source current for 5-level with R load.

TABLE 5. Apparatus used in the experimentation.

Apparatus /Model Number Rating
IGBT (SKM75GB12T4) 1200V/75A
Diode (10A10) 10A
Gate driver (Skyper32R) +15V
Capacitor (B43464-S5478-M2) 4700uf, 450V
DSO (DSOX3054A). 200MHz
Current Probe (GCP- 100) 140A Peak
dSPACE (1104) 8 Chanel /O
Resistor 100Q/ 7A
Reactor 0-200mH/10A
Level shit, complementary and delay LM339, CD40106,
ICs and CD4013

are 227V and 2.3A, respectively, and for the five level are
151V and 1.5A. Similarly, by keeping the carrier frequency
at 5S0Hz, the measured output voltage and current for induc-
tive load in case of seven and five level FI-MLI are shown
in Fig.12(c) and (d) respectively. The Fig.12(e) and (f) are
evident that the capacitors are not drawing any impulse charg-
ing current from the source. The voltage across capacitor
C; and C, are almost constant in both 7-level and 5-level
operation shown in Fig.12(e) and (f), respectively.

A pre programmed fault is created in the model for two
cycles and it is cleared by rearranging the switching logic
according to the Table-2. The FT capability of proposed
topology against single and multi switch OCF is tested exper-
imentally. The topology is able to regenerate all the losing
voltage levels except the —1.5Vpc and +1.5Vpc. These
two states do not have any redundancy. The topology is
reconfigured for 5 level output at each switch fault. The
experimental analysis for each fault is as follows.
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A. OCF ON SWITCH S,

OCF on switch S; causes loss of 0, —Vpc, —0.5Vpc and
—1.5Vpc voltage levels. In the experimental result shown
in Fig.13(a) displays —0.5Vpc, because of its anti parallel
diode. During the post fault, 0, —0.5Vpc and —Vpc levels are
able to reproduce by reconfiguration of circuit with Group-II
switching pattern.

B. OCF ON SWITCH S,

OCF on switch S, causes loss of +0.5Vpc, +Vpc and
+1.5Vpc voltage levels. In the experimental result shown
in Fig.13(b) displays +0.5Vpc, because of its anti parallel
diode. During the post fault, the 4+ Vpc level is able to repro-
duce by reconfiguration of circuit with Group-II switching
pattern.

C. OCF ON SWITCH S5

OCF on switch Sz causes loss of —0.5Vpc, and +1.5Vpc
voltage levels. In the experimental result shown in Fig.15(c)
displays —0.5Vpc, because of its anti parallel diode. The
circuit is reconfigured with Group-II switching pattern shown
in Fig.13(c).

D. OCF ON SWITCH S,

OCF on switch S4 causes loss of +0.5Vpc and —1.5Vpc
voltage levels. In the experimental result shown in Fig.13(d)
displays 4+0.5Vpc, because of its anti parallel diode. The
circuit is reconfigured with Group-II switching pattern.

E. OCF ON SWITCH S5
OCF on switch Ss causes loss of 0, and +Vpc voltage levels
shown in Fig.13(e). If fault is not cleared immediately, the
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FIGURE 13. Experimental results for single and multiple OCF (a) Fault on S; (b) Fault on S, (c) Fault on S5 (d) Fault on S, (e) Fault on S5 (f) Fault on Sg
(g) Fault on S; (h) Fault on Sg (i) Fault on (S; and S,) or (S; and Sg) (j) Fault on S5 and S, (k) Fault on S5 and Sg(l) Fault on S;, S, S5 and S,.

Capacitor will discharge totally and leads to loss of £0.5Vpc
voltage level. It is difficult to recharge the capacitor again
to 0.5Vpc. The fault is cleared immediately and reconfigured
with Group-III switching pattern.

F. OCF ON SWITCH Sg

OCF on switch Sg causes loss of 0, and -Vpc voltage levels
shown in Fig.13(f). Similar to the fault on S5 condition, this
fault also needs to clear immediately and reconfigured with
Group-III switching pattern.

G. OCF ON SWITCH S,
OCF on switch S7 causes loss of 0, +Vpc and +1.5Vpc
voltage levels as shown in Fig.13(g) which is similar to the

VOLUME 11, 2023

S, fault The circuit is reconfigured with Group-IV switching
pattern.

H. OCF ON SWITCH Sg

OCF on switch Sg causes loss of —0.5Vpc, —Vpc and
—1.5Vpc voltage levels as shown in Fig.13(h), which is
similar to the S; fault. The circuit is reconfigurated with
Group-1V switching pattern.

I. OCF ON SWITCH S; AND S,

OCEF on switch S and S, causes loss of 0, +0.5Vpc, =Vpc,
and +1.5Vpc. The experimental result in Fig.13(i) shows
+0.5Vpc voltage levels, because of its anti parallel diodes.
The circuit is reconfigured with Group-II switching pattern.
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N

The OCF fault on switch S7 and Sg are also similar to this
fault.

J. OCF ON SWITCH S5 AND S,

OCF on switch S3 and S4 causes loss of +0.5Vpc
and +£1.5Vpc. The experimental result in Fig.13(j) shows
40.5Vpc voltage levels, because of its anti parallel diodes.
The circuit is reconfigured with Group-II switching pattern.

K. OCF ON SWITCH S5 AND Sg

OCF on switch S5 and S¢ causes loss of 0, and =Vpc as
shown in Fig.13(k). This fault is also similar to the fault
on S5 condition. The circuit is reconfigured with Group-III
switching pattern

L. OCF ON SWITCH S,, S5, S3 AND S,

OCF on switch S1,52, 53, and S4 causes loss of 0, £0.5Vpc,
+Vpc and £1.5Vpc shown in Fig.13(1). During the post
fault, the 0, £0.5Vpc and £Vpc levels are able to reproduce
by reconfiguration of circuit with Group-II switching pattern.
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TABLE 6. Comparison of different 7- level FT-MLI.

[22] | [23] | [25] [26] [28 | CHB | P
Npc 2 3 3 3 3 3 1
Nsw 12 12 12 16 12 12 12
Np 0 0 0 0 0 0 2
Ng 9 9 10 16 12 12 11
Nc 2 0 0 4 0 0 2
Relay or fuses 0 0 0 6 12 12 6
Component 25 24 25 45 39 39 34
count
TSV(XVpe) 12 18 20 18 12 12 11
TSVry 8 6 6.6 6 4 4 7.3
CF 13 12.8 | 13.5 21.8 184 | 17.1 | 54
SSOCF N N N N N N N
MSOCF X X X N N N N
SSSCF X X X N N N N
MSSCF X X X N N N N
Ppmfaull:Ppo,lfauu No NO NO YES NO NO NO
N at 5 5 5/3 7 5 5 5
Post fault
Voltage gain (B) 1.5 1 1 1 1 1 1.5
P= proposed topology, Npc- DC sources, Nsw- Switches, Np = Diodes,
Ng= Gate drivers, Nc= capacitors, N;= Relay or fuse, TSV =Total Standing
Voltage, CF= Cost Function, SSOCF= Single switch OCF, MSOCF=Multi
switch OCF, SSSCF= Single switch SCF, MSSCF= Multi Switch SCF, N, =
No. of voltage levels, = Voltage boosting, MBV= Maximum Blocking
Voltage, TCS= Total Conducting Switches, a =weighting factor =1.

M. SCF ON SWITCH S, WITH REAL TIME

SIMULATION RESULTS

The SCF does greater harm to inverter than the OCF. If SCF
arises on any of the complimentary switches, the DC source
or capacitor is shorted through the complementary switches
(S1, S2; S3, S4; S7, Sg). To protect the switch from the
SCF, connected a thermal fuse or relay in series with the
complementary switches, as shown in Fig.1. When the short
circuit current through the switch exceeds the limit, the switch
is disconnected from the circuit using a thermal fuse or
relay. As a result, the SCF of the IGBT leg is turned into
an OCF [42].

To analyze SCF experimentally, a specially designed ther-
mal fuse is required. Besides, the fault identification and
isolation are not the scope of this research work. This paper
is mainly on the reconfiguration of the proposed topology
after the fault is cleared. However, the SCF analysis is imple-
mented in real time simulation with the help of Typhoon HIL
(402-01-004). The main objective of this real-time simula-
tion is to determine the loss of voltage levels for the SCF
and reproduce possible voltage levels by reconfiguring the
topology.

The SCF on S is created in the programmable model for
two cycles. So that the DC source is shorted through the
switches St and Sj. As a result, an impulse current is drawn
by the source through these switches. The switches S1 and S»
will be cut off from the circuit by a thermal relay, when the
current through these switches exceeds the permitted limit.
Then the SCF is converted into OCF. After the fault is cleared,
the circuit is reconfigured with the group II switching pattern.
The response of the output voltage and current during the
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TABLE 7. Comparison of single DC source 7- level 1.5 boost self balanced SCMLI (without reserve switches).

Topology Nsw Np Ng Nc¢ | Component | TSVpy MBV | No. Of unequal TCS CF
count (XVpc) | rating switches [ o $Vie| £1Vpe | £1.5Voe | =1

[38] 7 2 7 2 18 5.0 1.5 3 3 3 3 3.0
[43] 10 0 8 4 22 7.3 2 3 2 3 2 3.8
[16] 10 0 8 4 22 6.0 1 2 3 4 3 3.7
[17] 10 0 9 3 22 6.0 1 2 3 5 5 3.7
[18] 10 0 8 3 21 5.3 1 2 3 4 3 3.5
[33] 9 0 8 3 20 5.0 1 2 4 4 3 33
[35] 8 2 7 4 21 6.0 1 2 3 4 3 3.5
[36] 11 0 11 3 24 5.3 1 2 4 4 5 39
[34] 10 0 8 2 20 6.0 1 2 3 4 3 3.4
[19] 8 2 4 20 53 2 4 2 3 2 33
P 8 2 2 20 5.3 1 2 3 3 3 33

transition from pre-fault to post-fault is measured for the SCF
on switch Sy, as shown in Fig. 14. Similary, The SCFs on the
other legs can also be changed from SCFs to OCFs and then
reconfigured with the corresponding group switching pattern.

V. COMPARATIVE ANALYSIS

The proposed FT-MLI is compared with the existing 7-level
FT-MLI topologies in terms of component count and perfor-
mance indexed parameters shown in Table-6.

Most of the drive applications use single DC source MLI.
But, the existing seven level FT-MLI requires more than one
DC source. Whereas the proposed 7-level FT-MLI requires
only single DC source. The CF of MLI mainly depends on
component count and its TSVpy shown in equation(12) [44].
These two parameters has to keep at minimum to reduce
the CF. The proposed topology requires minimum number of
switches and TSV. As aresult, the CF of the proposed FT-MLI
is lower than that of the comparable existing topologies dis-
played in Table-6. The topology [22] and proposed (P) one
can boost the output voltage by 1.5 times but the remaining
topologies do not have boosting capabilty. The topology P
and [28] uses only 6 fuses to make the topology FT against
single and multiple SCF. The topology [28] use 12 relays.

Apart from maintaining continuous power supply during
post-fault conditions, some FT-MLI’s can also maintain the
same output power and voltage levels in both pre and post-
fault conditions. The topology presented in [26] can generate
same number of output voltage levels with preserving the
output power under post fault. The remaining topologies can
provide continuous power but the output power and voltage
levels are reduced. However, the component count and TSV
of [26] is highest among the existing topologies in Table—6.
The topology [26], [28], and P are FT against single and
multi switch faults. The topology [22] and P boost the output
voltage by 1.5 times.

Npc
CF = N Nsw +Np +Ng +Nc +N, +

o X TSVPU ]
L

B
12)
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The proposed topology (excluding the reserve switches)
is compared with existing self balanced 7-level 1.5 times
voltage boosting topologies shown in Table —7. The topol-
ogy [38] requires minimum number of switches among all.
However, It uses the switches with a blocking voltage higher
than the DC supply voltage. The topology [19], [35], and
P uses only eight switches. But, The number of capacitors
required in [19] and [35] is twice that of the suggested topol-
ogy. In the proposed topology, the number of switches with
different ratings is kept at a minimum. The CF of topology
of [19] and [33], and P are maintained at minimum, except
the topology [38]. However, the topology [38] uses three
unequal rating switches, which is not preferable for commer-
cial usage.

VI. CONCLUSION

This paper proposed a single DC source fault tolerant seven
level 1.5 boost SCMLI. It has a fault tolerant capability
against single and multiple switch faults (open circuit and
short circuit faults). The following are the conclusion points.

o The proposed FI-MLI is suitable for electric vehicles
and biomedical applications, where the continuity of
power supply is crucial in case of fault occurred at the
inverter.

« It generates the 5-level output voltage during post fault
for all single and multiple switch faults.

« Itrequires only twelve switches (8 working switches and
four reserve switches), two diodes, two self-balanced
capacitors, six fuses, and a DC source.

o The proposed topology has minimum number of
switches and minimum TSV. As a result, the cost func-
tion of proposed topology is less than the existing similar
kind topologies

o The power loss and efficiency of the proposed topology
under pre fault and post fault are analysed theoretically.
The efficiency is 96 % at an output power of 600 W
under healthy condition and 97% at an output power of
272W under post fault condition.
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