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topologies are identical. The voltage across the capacitors is controlled using
the phase currents and hence does not require any additional pre-charging cir-
cuit. The direction of phase currents flowing through the capacitors deter-
mines their charging and discharging states. Hence the proposed topologies
are categorized as flying-capacitor leg based topology (FCLBT) and switched-
capacitor based topology (SCBT) considering the technique employed for gen-
erating intermittent voltages. Although these topologies require three sources,
the output voltage peak across each phase winding would be twice the source
voltage, hence lower rating renewable energy sources can be employed as
input sources. Conventional level-shifted carrier sinusoidal pulse width modu-
lation technique (SPWM) is employed for generating switching pulses. The
proposed topologies employ reduced number of devices compared to existing
similar nine-level topologies and also exhibit fault-tolerance for switch faults.
The post-fault operation of the proposed topologies does not require any addi-
tional hardware but necessitates the modifications of switching pulses. Simula-
tions are performed in the MATLAB/Simulink environment and results are
presented. A prototype is constructed to validate the performance of the pro-
posed topologies and experimental results are presented.
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1 | INTRODUCTION

In recent days, multi-level voltage-source inverters (VSIs) have been receiving greater acceptance from the industry in
the range of medium- and high-power induction motor (IM) drive applications. Owing to the certain advantages of
multi-level inverters (MLIs) such as operation with higher DC-link voltages using lower rating semiconductor switching
devices and producing output voltage with superior harmonic profile mark their importance in industrial applica-
tions.* Conventional topologies such as (a) neutral point clamped (NPC) inverter, (b) flying-capacitor (FC) inverter
and (c) cascaded H-bridge (CHB) inverter belong to early era of MLIs and are employed in applications with lower
levels of output voltage. These topologies have their own advantages and disadvantages based on their control and oper-
ation. NPC and FC topologies will have capacitor voltage balancing issues and require complex control techniques
when designed for higher levels in the output. CHB topology can be designed for any level of output voltage but
requires increased number of isolated sources. Although these topologies can be configured for the increased number
of levels in the output, the power and control circuit complexity increases as the number of switching devices required
are high. Hence this provides the scope of research for developing MLI topologies with reduced complexity in power
and control circuits. A comprehensive MLI topology combining NPC and FC inverter topologies is presented,’in which
the self-balancing of the capacitor voltages is achieved without complex algorithms but this topology requires additional
capacitors and several active switches to produce the multi-level output voltage. A modified topology designed for a
single-phase system employing CHB with single DC source and an FC is proposed.*This topology can deliver multi-
level output voltage but the floating-capacitor voltage gets unbalanced with change in modulation range and requires a
complex control scheme. Recent years have witnessed vast research in areas of MLI topologies and many of such topol-
ogies that are present in the literature are the blend of conventional topologies.”” Several topologies were proposed to
satisfy the desires of the industry such as reduced device count and fault-tolerance.®***

Certain MLI topologies are designed based on the application, such as the topologies for open-end winding induc-
tion motor (OEWIM) drive. The three-phase stator winding terminals of IM are brought out and are fed from both ends
to achieve multi-level output voltage across the phase windings.'* Several effective and efficient modulation techniques
were proposed for three-level and four-level operation of the dual inverter fed OEWIM drive configuration.'>'” Apart
from dual inverter configuration with conventional two-level inverters, several topologies were proposed for OEWIM
drive with increased number of levels in the output voltage. MLI topologies employing conventional three-phase VSIs
and FC connected H-bridges are proposed to generate nine- and seven-level output voltage. These topologies employ an
increased number of components, complex modulation technique and deliver a peak output voltage equal to the magni-
tude of a single source voltage.'®'°A modular fault-tolerant seven-level inverter topology configured with conventional
two-level and NPC inverters for OEWIM drive is also proposed. This topology exhibits better fault-tolerance with
reduced modulation range during switch faults but employs a large number of components and complex control
scheme.”® A 17-level inverter topology with low-switch count for OEWIM drive is presented. This topology employs DC
sources of unequal magnitude and a complex modulation scheme for operation.?" A nine-level inverter topology for
OEWIM drive is proposed with minimum component count and employs a simple control scheme. This topology pro-
vides fault tolerance to switch faults but cannot produce average sinusoidal output voltage in post-fault operation.>

MLIs with a high number of levels in the output voltage are desired in drive applications as the increase in the num-
ber of levels decreases harmonic distortions and hinders the need for expensive and bulky filters. However, the increase
in the levels of the output voltage is obtained at a cost of an increased number of components, hence the industry is
reluctant for a higher number of levels as it makes the system bulky, less reliable and complex. Therefore, there is a
necessity to attain an increased number of levels in the inverter output voltage without an enormous rise in the number
of components, and reliability of the system is also important. The power circuit complexity can be reduced with lower
switching devices and hence control complexity can be reduced proportionally. As the component count of MLIs
increases, the reliability of the system decreases. Failure of any one switch may lead to a complete shutdown of the sys-
tem. Thus, fault tolerant reduced device topologies find importance in the MLI family.>*** A fault-tolerant MLI topol-
ogy with reduced switching devices for OEWIMs that can be controlled by conventional sinusoidal pulse width
modulation (SPWM) techniques is also presented.?

Hence, this paper presents two nine-level inverter topologies for OEWIM drive with fault-tolerance capability to
switch fault conditions. The proposed topologies are designed with a minimum number of switching devices. The two
nine-level inverter topologies proposed are envisioned for an IM with open-end stator winding construction. In these
topologies, the six terminals of the three-phase windings of the IM are fed from three three-phase VSIs along with the
FCs. The modulation techniques employed can effectively charge and discharge the capacitors to realize middle voltage
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levels throughout its modulation range. The proposed topologies employ a reduced number of switches and lower volt-
age rating isolated DC sources than conventional topologies.

The content of this paper is organised as follows: the working principle of the proposed topologies is detailed in Sec-
tion 2, modulation scheme employed is presented in Section 3; comparative analysis and determination of capacitance
value are presented in Sections 4 and 5, respectively. Operation of the proposed topologies during normal condition,
with switch faults and with fault-tolerant strategy along with simulation results, is illustrated in Section 6. Experimental
results and conclusions are presented in Sections 7 and 8 respectively.

2 | DESCRIPTION OF PROPOSED TOPOLOGIES

The proposed topologies are designed to feed an OEWIM with lower-rated voltage sources. These inverters are config-
ured to feed the three-phase IM stator windings from both the ends to yield nine-level voltage across each phase wind-
ing. This configuration produces increased voltage levels with reduced devices and the output voltage peak will be
twice the magnitude of input source voltage. This allows us to employ lower-voltage renewable energy sources as input
elements. The scheme of connection employed exhibits inherent fault tolerance for switch faults as well. The scheme of
connection employed for the proposed topologies is illustrated in Figure 1.

Figure 1A presents an FC-leg based topology (FCLBT) and Figure 1B presents a switched-capacitor based topology
(SCBT). The FCLBT is designed with three inverters, in which each inverter consists of an FC leg and a conventional
H-bridge and are connected across an isolated DC source. SCBT is designed with three three-phase inverters and each
of these inverters are fed from an isolated DC source and also are provided with a capacitor with two series-connected
switches across it. In the proposed topologies, switches S;5 through Sga constitute inverter-A. Similarly, switches S,
through Sgg constitute inverter-B and switches S;c through Sgc constitute inverter-C.

In FCLBT, the circuit configuration for inverter-A is done in the following manner: the series connection of
switches S;a, Soa, S3a and Sy constitute a leg of the inverter and a capacitor is connected across the switches S,, and
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FIGURE 1 Proposed topologies: A, flying-capacitor leg based topology (FCLBT); B, switched-capacitor based topology (SCBT)
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TABLE 1 Possible switching states

Inverter-A Inverter-B
to generate different voltage levels for

Voltage level Sia Soa Ssa Si8 S;8 S, Capacitor state FCLBT.
2V 0 0 1 1 1 0 No change
3V/2 0 0 1 1 0 0 Cp-charging

0 1 1 1 1 0 Ca-charging
\% 0 0 1 0/1 0/1 0/1 No change

0/1 0/1 0/1 1 1 0
V/2 0 0 1 1 0 1 Cp-charging

0 1 0 1 1 0 Ca.charging
0 1 1 1 0/1 0/1 0/1 No change

0 0 0 1/0 1/0 1/0
-V/2 0 1 0 0/1 0/1 0/1 Ca-discharging

0/1 0/1 0/1 1 0 1 Cg-discharging
-V 1 1 0 0/1 0/1 0/1 No change

0/1 0/1 0/1 0 0 1
-3Vj/2 1 1 0 1 0 1 Cg-discharging

0 1 0 0 0 1 Ca-discharging
-2V 1 1 0 0 0 1 No change

S;a. The mid-point of switches S,5 and S;, is taken as output terminal-1 of inverter-A. Similarly, the mid-point of
switches S5, and Se, is considered as output terminal-2 and mid-point of switches S,4 and Sgp is considered as output
terminal-3. In SCBT, the switches S;, and S,, constitute a leg of the inverter and to the point between these two
switches the negative terminal of the capacitor is connected. The switches S,, and Sg, constitute a leg and are connected
across the capacitor. The mid-point of switches S;, and Sg, is taken as output terminal-1 of inverter-a. Similarly, the
mid-point of switches S;, and S,, is considered as output terminal-2 and mid-point of switches Ss, and Sg, is considered
as output terminal-3. Hence, in both the proposed topologies, each inverter has three output terminals and output
terminal-1 of all the three inverters is shorted to form a neutral connection. The phase-A winding of OEWIM is con-
nected between output terminal-2 of inverter-a and output terminal-3 of the inverter-b. Similarly, the phase-B and
phase-C windings are connected in the same configuration. The scheme of connection and the components required
for both the topologies are the same.

The proposed topologies are proficient of generating output voltage across any phase winding with nine levels, namely
+2V, £3V/2, +V, +V/2, 0. The possible switching states to generate nine-level output voltage across the terminals of
phase winding A-A’ of OEWIM are presented in Table 1 for FCLBT and in Table 2 for SCBT. However, the reduction in
the number of switching devices has a divergent influence on the number of overall redundant switching states as evident
from Tables 1 and 2. However, an observation of switching tables depicts the information that the charging and dis-
charging times of FC in both the proposed topologies are equivalent over one complete cycle of output voltage.

Considering the output voltage and also current have half-wave symmetry, the average current (Average[i.]) that
flow through the capacitor during output voltage levels +3 V/2 and +V/2 with the load impedance of Z can be given as
follows:

V-
Average[i ]V/z = ZVC; (1)
. V+v,
Averageli; |5y = 7C; (2)
. 2V—-v
Average [l:]w/z = TC; (3)
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TABLE 2 Possible switching states

to generate different voltage levels [nvertera fnverter
for SCBT Voltage level Sia Sza S7a Sib Ssp S Capacitor state
2V 0 1 0 1 0 0 No change
3V/2 0 1 1 1 0 0 C,-charging
0 1 0 0 0 1 Cyp-discharging
\% 0 1 0 0/1 0/1 0 No change
0/1 0/1 0 1 0 0
V/2 0 1 1 1 1 0 C,-charging
0 0 0 0 0 1 Cyp-discharging
0 0 0 0 0/1 0/1 0 No change
1 1 0 0/1 0/1 0
-V/2 0 1 1 0 0 1 C,-discharging
0 0 1 0 0 0 Cy-charging
-V 1 0 0 1/0 1/0 0 No change
0/1 0/1 0 0 1 0
—-3V/2 0 0 1 0 1 0 C,-discharging
1 0 0 0 1 1 Cy-charging
-2V 1 0 0 0 1 0 No change
Averageli; |y = % (4)
Therefore, the net charge (Q) absorbed/supplied for a time period (T) can be expressed as follows:
. . — — 2V -4y,
Q= {Average [iF] v, +Average [lﬂwé—Average li: }V/Q — Average i ]3V/2}*T = {T} (5)

Owing to the symmetric property of the output current in steady-state, the average charge Q over a complete cycle
is zero, substituting charge (Q) as zero in Equation (5) will result in a relation of v. = 0.5 V. The voltage across the FC is
maintained as 0.5 V where V is the voltage rating of each source in the proposed topologies. This self-balancing prop-
erty of maintaining voltage 0.5 V across the FC is achieved without any additional circuitry or closed-loop control that
expedites lowered overall inverter design cost.

The voltage at the output terminals is reliant on the switching states of the power switches. Considering the
switches as ideal, let the binary variables 0 and 1 represent their blocking and conduction states, respectively. In other
words,

that is, if Sy, = 0 then S,,, = 1; switch S, is OFF and switch S,,, is ON

if Syu = 0, then S, = 1; switch Sy, is OFF and switch S, is ON.

-WhereueA,B,Candvel, 2,5 7and we4, 3,6, 8 for FCLBT.

-Whereuea,b,candvel, 3,5 7and we 2, 4, 6,8 for SCBT.

With this depiction and considering S1a = San, Soa = S, Ssa = Sea. Ssa = S7a and Soa = Sga, for FCLBT and simi-
larly S12 = Sz S3a = Saas Ssa = Seas S3a = Ssas Sua = Sea and S, = Sg, for SCBT, the output voltage across the terminals
of OEWIM for the proposed topologies can be written as follows:

For FCLBT

v v Ssa (SIASZA + 0-5§1A52A) +S7m (S18S28 + 0-5§1BSZB) (©)
AN = A A PN N .
—Ssa(S14S524 +0.5514524) —S78(S18S28 + 0.55155:8)

For SCBT
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S3a (§1a§7a + 0-5§1as7a) +Ssp (Slb§7b + 0-5§1b57b)

2\ 1 X 107 ! . (7)
—S3a(S1aS7a + 0.551a872) —Ssp (S16S7b + 0.5516S7p)

VAA/ =

The proposed topologies are capable of providing balanced three-phase output voltage even under switch fault con-
ditions. This makes the proposed topologies reliable when used for low-voltage medium-power applications such as
feeding motors in an electrical vehicle. For operation of the proposed topologies during switch fault conditions does not
require any additional hardware, but requires modification of switching pulses. To obtain balanced output voltage
across all the phases, the switching of the inverters should also be identical. Hence when switch fault occurs in any of
the switches, some of the healthy switches are also turned-off in post-fault operation to ensure symmetrical switching
of the inverters. Under normal operation of the proposed topologies, nine-level voltage is fed to the windings of the
OEWIM drive, whereas with switch fault, the levels in the output voltage reduce to five and the power delivered will
also be reduced to half for most of the switch faults. The output power supplied might be reduced during switch fault
conditions but it ensures continuity in operation of the OEWIM drive.

3 | MODULATION SCHEME

The gate pulses for the switches in the proposed topologies are produced by the conventional SPWM technique. A fun-
damental frequency sinusoidal reference signal, Vger is compared with the high-frequency level shifted triangular car-
rier signals to generate the gate pulses. In general, the magnitude of the sinusoidal reference signal is taken as unity
that represents the modulation index, Ma = 1, where the magnitude of the level-shifted carriers is half the reference

(A) Reference Wave Carrier (B) Vrei-a Vrer- b
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FIGURE 2 Modulation scheme employed to generate gate pulses for the proposed topologies: A, modified reference wave with a single
carrier wave to generate gate pulses; B, representation of nine-level generation with two reference signals, Vger, and Vgerp; C, switching
logics for switches in FCLBT; D, switching logics for switches in SCBT
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voltage magnitude. For such a modulation scheme, the number of level-shifted carriers required for an N-level inverter
will be (N — 1). To reduce the number of carrier signals required, the reference wave can be modified in such a way
that the negative cycle is flipped as positive cycle, which reduces the number of carrier waves required.*® The refer-
ence wave can be further modified as shown in Figure 2A, in such a way that the number of carriers required is only
one.”” This reduces the computational burden on the controllers while implementing on digital platforms like
dSPACE and digital signal processors (DSP). The gate pulses for the proposed topologies are generated using
dSPACE 1104.

The connection of phase windings is done such that two ends of each winding are fed from two different inverters.
For example, considering SCBT, the phase winding terminal-A is connected to inverter-a and winding terminal-A’ is
connected to inverter-b. Similarly, phase winding terminals B-B' are also connected between two different inverters.
Three inverters are operated by gate pulses generated by SPWM technique. The reference waves used for three inverters
are displaced by 120°. Therefore, each terminal of every phase winding is operating with a phase difference of 120° with
respect to its other terminal. This scheme of connection permits the phase winding to experience the output voltage
with nine levels with maximum output voltage as twice the source voltage. The modified reference PWM used to pro-
duce gate pulses for the proposed topologies is illustrated in Figure 2A. Figure 2B illustrates the logic of generating nine
levels in the output voltage with two reference waveforms displaced by 120°. The switching logics employed for FCLBT
and SCBT are presented in Figure 2C,D, respectively.

TABLE 3 Comparison of proposed topologies with other similar topologies feeding OEWIM drives

Active switches DC capacitors Clamping diodes Sources
Type of inverter N Vg N Vg N Vg N  Rating
NPC 48  0.25 Vpe 8 0.125 Vpc 42 6diodes—0.125Vpe 1  Vpe

6 diodes—0.25 Vpc
6 diodes—0.375 Vpc
6 diodes—0.5 Vpc

6 diodes—0.625 Vpc
6 diodes—0.75 Vpc
6 diodes—0.875 Vpc

FC 48  0.25 Vpe 108  0.125 Vpe 0o — 1 Vpe
Conventional CHB (CCHB) 48 Vpc 0 — 0 — 12 Vpc/8
Asymmetrical CHB (ACHB) 24 12 switches—0.75 Vpc 0 — 0 — 3 3 Vpc/8
12 switches—0.25 Vpc 3 Vpc/8
[18] 36 12 switches—Vpc 6 — 0 — 2 Vpe

12 switches—0.5 Vpc
12 switches—0.25 Vpc

[19] 36 12 SWitCheS—VDC 6 0.33 Vpc 0 — 2 Vbc
24 switches—0.33 Vpc

[20] 48  0.166 Vpc 6 0.0833 Vpc 12 0.083 Vpc 6 Vpc/12

[21] 36 12 switches—0.125 Vpe 9 3Caps-0125Vpe 0 — 3 3Vpc/d
12 switches—0.375 Vpc 3 Cap's-0.375 Vpc 3 Vpc/4
12 switches—0.75 Vpc 3 Cap's-0.75 Vpc

[22] 24 18 SWitCheS—VDC 6 0.5 VDC 0 — 3 VDC/2
6 switches—0.5 Vpc

FCLBT 24 12 switches—Vpc 3 0.5 Vpc 0 — 3 Vpe/2
12 switches—0.5 Vpc

SCBT 24 18 SWitCheS—VDC 3 0.5 VDC 0 — 3 VDC/Z

6 switches—0.5 Vpc

Abbreviations: Cap's, capacitors; N, number; Vg, blocking voltage.
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4 | COMPARISON OF THE PROPOSED TOPOLOGIES

The proposed topologies are compared with other similar topologies in terms of blocking voltage capability (Vg) of
switches, DC capacitors, clamping diodes and number of sources required along with their rating, and are presented in
Table 3. The comparison is done based on the assumption that the voltage blocking capability of the components is cal-
culated when all these topologies are excited with a source voltage of Vpc and the actual source voltages required with
their rating are mentioned under the sources column. From Table 3, it is evident that the proposed topologies employ
least number of switches as that used in ACHB and topology in Reference 22, out of the total switches used in FCLBT
half of the switches have a blocking voltage equal to 0.5 Vpc and the other half have a blocking voltage of 0.25 Vpc,
Whereas in SCBT three-fourth of the switches have a blocking voltage equal to 0.5 Vpc and rest have a blocking voltage
of 0.25 Vpc (since the source voltage used for the proposed topologies is only 0.5 Vpc). It implies that the total switch
count is low and that the rating required is also low for the proposed topologies.

5 | DETERMINATION OF CAPACITANCE

The proposed topologies are designed based on FC. So, it is important to determine the value of capacitance of such a
capacitor that depends upon the peak value of load current, ripple voltage and discharging period. Capacitors designed
for lower ripple will yield lower power loss and work with higher efficiency.

The value of capacitance of the FC can be determined as*®

dv AV
[,=C—=C—,
Py AT

AT I,

C=I,— = , 8
PAV T AVES, ®)

where C is the minimum capacitance of FC required, I, is the maximum value of load phase current, AT is the inverter
switching time period (Ts) and AV is the maximum permissible peak-to-peak voltage ripple in the FC. For a switching
frequency of 1.5 kHz, if the capacitor peak-to-peak ripple voltage has to be limited to 4 V, capacitance required is
666 pF. To be on the safe side, the capacitance for the experimental prototype is taken as 1000 pF.

6 | OPERATION OF THE PROPOSED TOPOLOGIES

To demonstrate the viability of the proposed topologies and the control scheme, the models are developed and simu-
lated in the MATLAB/Simulink environment. The simulation results of three-phase output voltage and currents, total
harmonic distortion (THD) of the phase voltage and current, FC voltages during normal operating conditions of FCLBT
and SCBT are presented in Figures 3 and 4, respectively. The parameters considered for the simulation and experimen-
tation are presented in Table 4.

6.1 | Inverter operation during switch faults

The proposed topologies employ three-phase inverters, and the total number of switches employed is 24 for each
topology. Each winding is associated with six switches, at least, to deliver the output power. The switches in the
inverters can be faulted either with an open-circuit (OC) or with a short circuit (SC). The proposed topologies can
still be operated under such switch fault conditions with rated or reduced output power depending upon the switch
under fault and the type of fault (SC or OC). Simulation results for various switch OC faults in the proposed topolo-
gies are presented in Figures 5 and 6. From the results presented in Figures 5 and 6, it is evident that both the
topologies behave identical during switch faults (introduced at time 0.04 seconds) as well depending upon the
switch position in their respective topologies. The switches S, and S;4 in FCLBT are identical to switches S, and
Sga in SCBT and are meant for charging and discharging of the FC. And switches S;5 and S;4 in FCLBT are
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FIGURE 3 Simulation results of FCLBT. A, Three-phase output voltages Vaa/, Vg and Vcr; B, three-phase currents IA, IB and IC; C,
THD for phase voltage; D, THD of phase current; and E, voltages across the capacitor in each inverter

identical to switches S;, and S,, in SCBT and are meant for neutral connection. Hence OC fault in such switches
will yield similar output voltages and currents and hence experimental validation can be done with any of the
topologies.

In FCLBT, switch S;, operates in complimentary with S;4 and switch S,, operates in complimentary with Sz4.
Hence the results are presented only for S, and S,, OC faults. Similarly, switches Ss, and S;4 operate in complemen-
tary with Sga and Sga, respectively. Therefore, waveforms of output voltage and current for switches Ss4 and S;, OC
fault are presented. The output waveforms for OC faults in switch S¢a (or Sgo) would be the same as the vertical flip of
the results presented for OC fault of switch S5, (or S;4). Similarly, in SCBT, switches S, Sza, Ss, and S;, are operated
in complementary with switches S,,, S4., Sea and Sg,, respectively. Hence waveforms for OC faults in switches S;,, Ssa,
Ss, and S, are presented in Figure 6.

6.2 | Fault-tolerant operation

The proposed topologies are capable of operating even under switch fault conditions. The switching logic has to be modi-
fied when a fault occurs in a switch in any of the inverters. If the fault occurred in the switch is an OC fault, then the
switching strategy is that the gate pulses of the faulty switch are to be withdrawn and the switching logic has to be
designed for the available healthy switches only. For the proposed topologies, out of the 24 switches, if any of the switches
is either open-circuited or short-circuited, then the modulation index has to be reduced to half (ie, M, = 0.5) and the
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FIGURE 4 Simulation results of SCBT. A, Three-phase output voltages Vaa/, Vpp' and Vcc; B, Three-phase currents IA, IB and IC;
C,THD for phase voltage; D,THD of phase current; and E, Voltages across the capacitor in each inverter

TABLE 4 Circuit parameters used for simulation and experimentation

Particulars Value
Source voltage 100 V
Flying capacitors 1000 pf
Fundamental frequency 50 Hz
Switching frequency 1500 Hz

Load Open-end winding induction motor
Specifications

Rated torque

Stator and rotor resistance

Stator and rotor leakage inductance
Mutual inductance

Moment of inertia

3-phase, 4 Pole, 50 Hz, 400 V, 1440 rpm, 1 hp
3.5 Nm

2.23 Qand 2.13 Q

0.032 H and 0.032 H

0.219 H

0.05 kg/m?

inverter continues to operate as five-level inverter with modified switching logic (MSL). For example, if the switches Sy, or
Sya (Where x € 2 or 3, y € 7 or 8), are faulty, still the rated output power can be delivered with five levels in the output
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FIGURE 5 Simulation results of three-phase voltages and currents of FCLBT with open-circuit fault in switch: A, S14; B, Sza; C,
Ssa; D, S7a
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FIGURE 6 Simulation results of three-phase voltages and currents of SCBT with open-circuit fault in switch: A, S;,; B, Ss,; C,
Ssa; D, S7a

voltage, and for faults in any other switches than these, the power delivered will decrease. The maximum output voltage
is restricted to source voltage (V) under these conditions. The SPWM with reduced M, for MSL is shown in Figure 7.
Whenever an OC fault occurs in any of the switches, instead of complete shutdown of the supply system, the pro-
posed topologies are made to operate with MSL provided in Tables 5 and 6. If the OC fault occurs in switch S;4, then
the switching logic is designed for the healthy switches in the inverter-A and such logic is given in column-I in Table 5
for FCLBT and in Table 6 for SCBT. The switching logic for other switches when switch S;, is open-circuited in
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FIGURE 7 Modulation scheme
with Ma = 0.5 and corresponding gate
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TABLE 5 Modified switching logic for FCLBT during switch OC fault conditions

Inverter-A  Open-circuited switch

Switch L Sia IL Sia IIL Sa IV. Ssa V.Ssp0rS;a VL Sga OF Sga

Sia 0 P¥(Q; + Qo) + Pc*(Qq + Q2) P*Q,

Pc*(Q: + Q2)
Saa P*(Q; + Qo) 0 P*(Q: + Q) + P*Q,
PCH(Q; + Qo)
Sza PT*(Q1 + Qo) P*(Q: + Qo) + 0 P*Q; + Pc*(Q; + Qo)
PTH(Q; + Qo)
San P*(Q; + Q) + PCH(Q; + Q) 0 P*(Q; + Qo) P*Q; + PC*(Q; + Q2)
Ssaand S;4  P*Qq P*Q + P*(Q: + Qo) 0 PX(Q: + Q) +
PcH(Q + Qo)
Sea and Sgp  P*Q, + PCH(Q; + Q) P*Q, P*(Q: + Qo) + 0
PTH(Q; + Qo)

TABLE 6 Modified switching logic for SCBT during switch OC fault conditions

Inverter-a  Open-circuited switch

Switch L Sia 1I. S,, III. S3, or Ss, IV. S4, Or Sga V.S, VI. Sga

Sia 0 P(Q: + Qo) + P*Q, + PC*(Q; + Q) P*Q,

Pc*(Q + Q2)
S2a P*(Q; + Qo) + 0 P*Q, P*Q; + PC*(Q; + Q2)
Pc*(Q: + Q2)
Ssaand Ss,  P*Q 0 P*(Q, + Qo) + P*Q,
PCH(Q; + Qo)
Sisaand Sg;  P*Q; + PTH(Q; + Qo) PX(Q; + Qo) + 0 P*Q, + Pc*(Q; + Qo)
Pc*(Q; + Qo)
S7a P*(Q: + Qo) P*(Q, + Q2) 0 P*(Q, + Q) +
PCH(Q; + Q2)
Sga PTH(Q; + Qo) Pc*(Q; + Q2) P*(Q: + Q2) + Pc*(Q; + Q2) 0

Note: P¢ is the complementary of gate pulse P.

inverter-A as presented in column-I in Table 5, the same switching logic has to be applied for all the corresponding
switches in the inverter-B and inverter-C, as well to make the switching identical in all the inverters. Identical
switching of inverters results in identical output voltages in all the phases.

Similarly, if the SC fault occurs in any switch, the healthy switch in such leg is completely turned-off and the gate
pulses for the other switches are dispensed as given in Table 5. For example, if an SC fault occurs in switch S; 4 then the
switching logic provided in column-II for switch S;, open-circuit condition is employed. This clearly shows that the
switching logic for SC fault in any switch is the switching logic of the OC fault condition of its complementary switch in
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FIGURE 8 Experimental set-up
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FIGURE 9 Experimental results of SCBT; A, three-phase output voltages V45, Vpp and Voo (X-axis: 10 ms/div, Y-axis: 50 V/div); B,
three-phase currents (X-axis: 10 ms/div, Y-axis: 500 mA/div); C, voltages across capacitor in each phase (X-axis: 1 s/div, Y-axis: 20 V/div); D,
output voltage V5 with variation in modulation index; E, THD for phase voltage; F, THD of phase current
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FIGURE 10 Experimental results for SCBT; A, output voltage across phase-A winding (X-axis: 1 s/div, Y-axis: 50 V/div), current
through phase-A winding (Y-axis: 5A/div) and speed of the motor during starting (Y-axis: 800 rpm/div); B, output voltage across phase-A
winding (X-axis: 2 s/div, Y-axis: 50 V/div), current through phase-A winding (Y-axis: 5A/div) and speed of the motor (Y-axis: 800 rpm/div)
with change in modulation index from 1 to 0.5 after 5 seconds

(A) : FIGURE 11 Experimental results of: A, three-phase output
voltage (X-axis: 10 ms/div, Y-axis: 50 V/div); B, no-load currents (X-
axis: 10 ms/div, Y-axis: 500 mA/div); C, floating capacitor voltages
(X-axis: 1 s/div, Y-axis: 20 V/div) for OC fault in switch Sal
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the same leg. The strategy applied to the OC and SC faults in any switch is the same for both the topologies. The proposed
topologies are capable of operating under switch faults, hence are more reliable compared to conventional topologies.
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FIGURE 12 Experimental results of: A, three-phase output
voltage (X-axis: 10 ms/div, Y-axis: 50 V/div); B, no-load currents (X-
axis: 10 ms/div, Y-axis: 500 mA/div); C, floating capacitor voltages
(X-axis: 1 s/div, Y-axis: 20 V/div) for OC fault in switch Sa3

Capacitor Voltages

7 | RESULTS AND DISCUSSIONS

The proposed topologies are designed such that the switches in neutral path act as level generators, whereas the
switches connected to the windings act as polarity generators. As a result, the output voltages obtained across every
phase have nine levels (+2 V, +3 V/2, +V, +£V/2, 0) in it and the maximum output voltage is twice the source voltage
(V), that is, 2 V. The proposed topologies are fed from three isolated DC sources each of 100 V to feed 1-HP OEWIM.
The modified-reference PWM technique is employed to produce switching pulses for the proposed topologies and are
dispensed using dSPACE 1104. A modified sinusoidal reference of the fundamental frequency is compared with the tri-
angular carrier of frequency 1.5 kHz to generate switching pulses. The experimental set-up of the proposed topology
(SCBT) feeding 1-hp OEWIM is presented in Figure 8.

7.1 | Experimental results

The three-phase output voltages, currents at no-load through three-phase windings and the voltage across the FCs
in the inverters feeding the OEWIM from SCBT are illustrated in Figure 9. Figure 9A presents the phase voltages
Vaa (blue trace), Vpp (red trace) and Ve (green trace) across the load terminals A-A’, B-B’ and C-C/, respectively.
The terminals A-A’, B-B’ and C-C’ represent phase-A, phase-B and phase-C windings of the OEWIM, respectively.
Figure 9B represents three-phase currents i, (blue trace), ig (red trace) and ic (green trace) drawn by the OEWIM
at no-load condition. Figure 9C presents the voltages V¢, (blue trace), V¢, (red trace) and V. (green trace) that
represent the voltage across the FC in inverter-a, inverter-b and inverter-c, respectively. The output voltage Va:
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(A) FIGURE 13 Experimental results of: A, three-phase output

voltage (X-axis: 10 ms/div, Y-axis: 50 V/div); B, no-load currents (X-
axis: 10 ms/div, Y-axis: 500 mA/div); C, floating capacitor voltages
(X-axis: 1 s/div, Y-axis: 20 V/div) for OC fault in switch Sa5
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for various values of modulation index (Ma = 1, 0.75, 0.5, 0.25) is presented in Figure 9D. The fast Fourier trans-
form (FFT) of THD in the output phase voltage (Vaa/) and current (i) in phase-A are presented in Figure 9E,F,
respectively.

The behaviour of the system during starting with an increase in modulation index from 0.2 to 1 is illustrated
in Figure 10A. The reference wave magnitude is determined by constant V/F ratio and speed requirement of the
motor. The transition of output voltage from three levels to nine levels can be observed clearly. During starting,
the current drawn by the IM is high and as the motor speed approaches the rated value, the current approaches
the rated value. Figure 10B illustrates the behaviour of the system for a change in modulation index from 1 to
0.5. Decrease in modulation index will decrease the number of levels from nine to five in the output voltage,
hence the output voltage magnitude reduces to half. The speed of the motor also reduces from 1440 rpm to
1270 rpm.

7.2 | Performance of SCBT during switch faults

The SCBT delivers nine-level output voltage across all the three phases under normal operating conditions. The
balanced and identical output voltage across all the three phases is obtained from the inverters owing to symmet-
rical switching of the switching devices. However, if any of the switch fails (either OC or SC), then it leads to loss
of symmetry in switching and results in unbalance in the voltage fed to the OEWIM drive. Therefore, the unbal-
ance in the supply fed to the motor will result in unbalanced currents that lead to excessive heating of the
winding.

858017 SUOWILLIOD BAEa.D 8|qed!|dde aL Aq peusencb ae S9pie YO ‘8SN JO SaInJ Joj A%eiq1 8ulUQ AB]IM UO (SUONIPLOD-PUR-SUBIAL0D A8 | 1M AfeIq 1 U1 |UO//SANL) SUORIPUOD PUe Swis 1 8y} 885 *[620Z/TT/92] Uo Akl auliuo A8]IM ‘JO @Imisu| euoiieN Aq 8T.ZT'8€0.-0502/200T 0T/10p/w0d A8 | Azl jpujuoy/Sdny wouy pepeojumod ‘Z ‘TZ0Z ‘8E0.0S02



KEDIKA anp PRADABANE WI L EY 17 of 21

FIGURE 14 Experimental results of: A, three-phase output
voltage (X-axis: 10 ms/div, Y-axis: 50 V/div); B, no-load currents (X-
axis: 10 ms/div, Y-axis: 500 mA/div); C, floating capacitor voltages
(X-axis: 1 s/div, Y-axis: 20 V/div) for OC fault in switch Sa7
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The effect of OC fault in switches on three-phase output voltages, no-load currents and the voltage across the
FCs are to be analysed. The OC fault is created by disengaging switching pulses to the switch. Since each inverter
is provided with an FC, the variation of capacitor voltages due to switch faults will be substantial depending upon
the fault location. To clearly understand the variation in the FC voltages during switch faults, the scale for X-axis
of capacitor voltages is taken as 1 s/div. The waveforms of the output voltages and currents for OC of switch Sy, in
inverter-a are presented in Figure 11A,B. The effect of switch S;, OC on FC voltages is presented in Figure 11C.
Switch Sy, is in the neutral path of the inverter topology and is linked with phase-A and phase-C. Hence the OC of
the switch S;, will affect the output of two phases. The negative peak of voltage V54 and the positive peak of the
voltage V¢ are affected. The voltages across FCs also get affected with this switch fault. The voltage across FC in
inverter-a increases to 60 V and the voltage across FC in inverter-b and inverter-c decreases to 10 V and 20V,
respectively.

Similarly, if OC fault occurs in switch S,,, since the switch S,, is operating in complementary to the switch S,,
the positive peak of the voltage V5, and the negative peak of the voltage Vo will be affected. Consequently, the
OC fault in switch S,, would produce outputs as a vertical flip version of the results presented for OC of switch S;,.
Hence the faults in lower switches in the inverter legs that operate in complementary with upper switches are not
produced. Figure 12 presents the output voltages, no-load currents and FC voltages when switch S;, is open-
circuited. Since the switch S;, in inverter-a is connected to phase-A winding, fault in such switch will affect the
phase voltage V- and limits the flow of current during positive half cycle as illustrated in Figure 12A,B. The cur-
rent iy will be a positive clamped wave with this switch fault. The FC voltage V. is least affected with this fault,
whereas the voltage V¢, decreases slightly from 50 V to 46 V and the voltage V¢, rises to 60 V as illustrated in
Figure 12C.
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(A) FIGURE 15 Experimental results of: A, three-phase output
y Vaa

voltage (X-axis: 10 ms/div, Y-axis: 50 V/div); B, no-load currents (X-
axis: 10 ms/div, Y-axis: 500 mA/div); C, floating capacitor voltages
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Similarly, if OC fault occurs in switch Ss, in inverter-a, the output voltages, no-load currents and the voltage across
FCs will be as illustrated in Figure 13. As the switch Ss, is connected to phase-C, then the OC fault in Ss, will affect the
negative peak of voltage Vo and does not allow any current in the negative cycle as illustrated in Figure 13A,B. The
voltage across all the three FCs will be affected as illustrated in Figure 13C.

The output voltages, no-load currents and voltage across FCs when switch S;, gets OC are presented in Figure 14.
The OC fault in S;, will avoid FC C, from charging and discharging, hence the number of levels in the output voltage
will gradually decrease to five levels, keeping the maximum voltage the same as that with nine levels in the output volt-
age as illustrated in Figure 14A,B. The voltages Vaa’ and V¢ will get affected with this fault and the voltage V., will
rise to source voltage Vpc/2 as the switch S;, is open-circuited. The FC voltage V¢, rise marginally and V. increase
from 50 V to 60 V as illustrated in Figure 14C. Hence the withstanding voltage of the FCs used for this topology should
be the same as that of the source voltage (Vpc/2) such that the capacitors can withstand the voltage under such fault
conditions without any damage.

7.3 | Performance of the proposed topologies with MSL
The proposed topologies are capable of operating even under switch fault conditions. Whenever OC fault occurs in any

of the switches, instead of complete shutdown of the supply system, the proposed topologies are made to operate with
MSL provided in Tables 5 and 6 designed considering the available switches exempting the faulty switch.
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FIGURE 16 Experimental results of: A, three-phase output (A)
voltage (X-axis: 10 ms/div, Y-axis: 50 V/div); B, no-load currents (X- " "

axis: 10 ms/div, Y-axis: 500 mA/div); C, floating capacitor voltages
(X-axis: 1 s/div, Y-axis: 20 V/div) with MSL for Sa7 OC in SCBT l i
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Lowering the value of M, not only reduces the number of levels in the output voltage, its magnitude also reduces to
half and hence the output power reduces. The FCs are charged to the same voltage level of V/2 with MSL as illustrated
in Figure 15C. However, for the faults in switches S,; and S,s (Where x € a, b, ¢), the application of MSL will result in
five-level output voltage with maximum output voltage twice the source voltage as depicted in Figure 16A. Since the
FCs have no role to play in the post-fault operation, the voltages across the FCs drop near to zero as illustrated in
Figure 16C. Therefore, the presented results prove that the proposed topologies work satisfactorily as five-level inverters
with rated power even if the fault occurs in FC or the switches across the FC.

The proposed topologies ensure operation through normal conditions with nine-level output voltage with each
step level as V/2 across each phase winding. During fault conditions, such as switch OC or SC, the proposed topolo-
gies still ensure uninterrupted operation with the decrease in levels in the output voltage as well as power. This
uninterrupted operation of the proposed topologies is ensured by amending the switching pulses fed to the switches
for post-fault operation. Through this study of proposed topologies over normal and abnormal conditions with pre-
and post-fault analyses, it can be justified that the proposed topologies exhibit fault-tolerance property for switch
faults.

Every single MLI topology possesses both advantages and shortcomings based on the area of application, and the
proposed topologies are not an exemption. Compared with the conventional topologies (NPC, FC and CHB topologies),
the proposed topologies have certain shortcomings such as non-modular structure and require three isolated DC
sources. However, with the advantages of low source voltage requirement, simple construction and its fault-tolerance
property, the proposed topologies find applications in low-voltage applications such as solar PV or fuel cell fed battery-
driven electric vehicles or in industries such as steel rolling mills, paper rolling mills, etc.
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8 | CONCLUSION

This paper presents FC-based fault-tolerant MLI topologies that can deliver nine-level output voltage. The proposed
topologies employ a configuration that requires three three-phase inverters with an isolated DC source, FCs and addi-
tional active switches for each inverter. The FCs are charged and discharged to generate intermediate levels of the out-
put voltage. Conventional SPWM techniques can be employed to generate switching pulses for these topologies. The
proposed topologies are designed with fewer components compared to other nine-level topologies feeding OEWIM drive
that are present in the literature. The magnitude of voltage sources required is also less compared to conventional topol-
ogies, hence the proposed topologies find good scope in renewable energy source applications and industry as well. The
voltage rating of the FCs required is only half the source voltage rating, but to withstand the voltage during certain
switch faults, the rating of the FCs should be made equal to source voltage. Both the topologies are capable of delivering
power to the load during switch fault conditions. In the post-fault operation, the inverters are run with MSL and can
deliver balanced three-phase output voltage with reduced number of levels, thereby ensuring continuity of supply to
load even under switch fault conditions. The proposed topologies suit better for medium- and high-power traction and
industrial drive applications.
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