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Abstract—Cascaded H-bridge multilevel inverter (CHBMLI) is
the most popular topology for high power industrial
applications. There are total 4m number of power electronic
switches in a CHBMLI having m numbers of modules (m>1).
Because of higher number of switches; the possibility of faults
in switches is more. A fault-tolerant structure is proposed for
CHBMLI having 3 modules. If any 1 out of 3 modules gets
faulty; the remaining 2 healthy modules will continue
delivering output voltage with the same amplitude and the
same voltage level asin case of normal operation having all the
3 modules are healthy. In this way, the proposed fault-tolerant
structure of CHBMLI improves the system reliability by
preventing the breakdown of the whole system ewven if 1 out of
3 modules gets faulty.

Keywords—fault detection, fault tolerant, cascaded H-bridge,
multilevel inverter, LS-PWM

Introduction

With widespread application of multilevel inverters in
various industrial systems; there has been a rising interest in
system reliability analysis and fault-tolerant capabilities [1].
The three most popular and widely used families of multilevel
inverters in industry are neutral point clamped (NPC), flying
capacitor (FC) and cascaded H-bridge (CHB). Among these;
cascaded H-bridge multilevel inverter is extensively used in
high power industrial applications because of its modularity
feature [2]-[3].

Since the multilevel inverters use a large number of power
electronic switches; the probability of switch faults is more.
Power electronic switches are the most wulnerable components
in a multilevel inverter as compared to other components.
Open switch and short circuit are the most frequent faultsin a
power electronic switch [4]. Due to a large number of power
electronic switches; detection of type and location of a fault can
be complicated in principle. Hence, the detection of probable
faults and the operation under faulty conditions are of
paramount importance. Since most of the multilevel inverters
do not exhibit redundancy; any fault that occurs to
components or subsysttms will result in interruption of the
operation.

In order to improve reliability of an inverter; some
methods include additional hardware and reconfiguration of
the structure, which allows operation of the inverter under
fault condition. These methods also modify the software,
principally the modulation strategy [5]. For most of fault-
tolerant solutions; the physical fault isolation is the first step,
especially in case of short circuit fault. The fault-isolation
unit forces damaged switches or poles to be electrically
isolated from the system, which can eliminate its influence
over the remaining healthy part of the system. After the fault
isolation; fault reconfiguration is activated. This process
relies on hardware redundancy design and corresponding
fault-tolerant control [1]. The availability of powerful
microprocessors made it possible to develop intelligent
methods to recognize faults quickly; using a reduced number

of sensors by analyzing the inverter output parameters viz.
voltage and current [5]. Basically, input voltage and output
voltage or input current and output current characteristics of
an inverter under normal condition and fault condition are
different from each another. These electrical parameters are
sensed and compared with reference performance metrics to
determine whether a fault has happened and identify faulty
component and type of fault [6]
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Fig. 1. Classical cascaded H-bridge multilevel inverter

Multilevel inverters and especially cascaded H-bridge
mu ltilevel inverters can tolerate open switch and short circuit
faults after bypassing faulty modules and reconfiguring the
switching pattern to operate rest of the healthy modules [7].
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A fault-tolerant structure is proposed for CHBMLI having 3
modules. In which, if any 1 module gets faulty; the
remaining 2 healthy modules will continue delivering output
voltage with the same amplitude and the same voltage level
as in case of normal operation having all the 3 modules are
healthy [8]-[9]. The faulty module is bypassed using
ordinary relays. Continuity of operation is the key feature of
the proposed fault-tolerant structure.

PROPOSED FAULT TOLERANT STRUCTURE FOR CHBMLI

A. Cascaded H-Bridge multilevel inverter

Cascaded H-bridge multilevel inverter consists of series
connected H-bridges. A CHBMLI with N number of similar
DC voltage sources gives (2N+1) levels at the output phase

voltage.
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Fig. 2. Proposed fault-tolerant structure for CHBMLI

Fig. 1 shows a classical single phase 7-level cascaded H-
bridge multilevel inverter having 3 modules viz. Module-A,
Module-B and Module-C. To generate 7-level output
voltage; CHBMLI uses 3 separate voltage sources having

equal magnitude i.e. Vo = Vg = V¢ = V.. In Fig. 1; Al-A4,
B1-B4 and C1-C4 are IGBTs forming 3 H-bridges. Voa, Vos
and Vqc are instantaneous output voltages of individual
modules. Vo represents total instantaneous output voltage of
CHBMLI.

B. Proposed fault-tolerant structure for CHBMLI

Fig. 2 represents proposed fault-tolerant structure for a
7-level CHBMLI. Additional 16 relays are used to divert
current path during faulty operation. In Fig. 2; RS1-RS7 are
single pole single throw (SPST) relays and RD1-RD9 are
single pole double throw (SPDT) relays. When any 1
module gets faulty; operation of CHBMLI remains continue
by two actions: (i) isolation of faulty module and (ii)
connecting the source of faulty module in series with one of
the sources of healthy modules. Different modes of
operation for proposed fault-tolerant CHBM LI are shown in
Table I.

TABLE I. MODE OF OPERATION

Module-A  Module-B Module-C Operation
H H H Mode-0
F H H Mode-1
H F H Mode-2
H H F Mode-3

In TABLE I; H indicates healthy condition of module
and F indicates faulty condition of module. Mode-0 is
normal condition of CHBMLI. Mode-1, Mode-2 and Mode-
3 are faulty conditions of CHBMLI.

TABLE Il. RELAY OPERATION

Relay Mode-0 Mode-1 Mode-2 Mode-3
RS1 0 1 0 0
RS2 0 1 0 0
RS3 0 1 1 0
RS4 0 0 1 0
RS5 0 0 1 0
RS6 0 0 0 1
RS7 0 0 0 1
RD1 0 1 0 1
RD2 0 0 0 0
RD3 0 1 0 0
RD4 0 0 1 0
RD5 0 1 0 0
RD6 0 0 1 0
RD7 0 0 0 1
RD8 0 0 1 1
RD9 0 0 0 1

TABLE Il shows relay condition in different mode of
operation. 0 indicates rest or unchanged state and 1 indicates
operated or changed state of respective relay. In Mode-0; all
the relays remain in rest state. When any 1 module gets
faulty; 6 out of 16 relays are operated to ensure isolation of
faulty module and utilization of the source of faulty module.
CHBMLI normally operating in symmetrical configuration
starts operating in asymmetrical configuration during faulty
condition in order to generate 7-level output voltage with
the same voltage amplitude.

978-1-7281-0837-7/19/$31.00 ©2019 |EEE
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Fig. 4. Simulink model of proposed fault-tolerant structure

C. Sector-based switching

As CHBMLI changes its operational nature from
symmetrical to asymmetrical during faulty condition; sector-
based PWM has been utilized to change modulation strategy
of CHBMLI. Phase disposed LS-PWM using 6 carrier
(triangular, C1-C6) and 1 reference (sinusoidal, Ref) as
shown in Fig. 3 has been utilized to form 8 sectors which
indeed represents 7 output voltage levels [10]. Sector
segregation as Ref travels through C1-C6 has been described
in TABLE lII.

TABLE Ill. SECTOR SEGREGATION

w
=

Condition Sector

Ref > C1
Cl 2Ref> C2
C2 >Ref> C3

C3 >Ref>0
0 > Ref > C4
C4 > Ref> C5
C5 > Ref> C6
Ref'< C6

© N wWwN -
BLABRLYBR

Il. SIMULATION AND RESULTS

Proposed fault-tolerant CHBMLI has been validated by
carrying out simulation in MATLAB Simulink as shown in
Fig. 4. In Fig. 4; SUB-1, SUB-2 and SUB-3 are subsystems
to form logical combination of relays. SUB-1 consists of
RD1and RD2, SUB-2 consists of RS3, RD4 and RD5, SUB-
3 consists of RD7 and RDS8. Interconnections between the
relays of the respective subsystems are shown in Fig. 2 itself.

Terminal B Terminal C

N

el |

Cail l
e \ Coil terminals | C2U
Pole
LI T T

\TerminaIA N
Fig. 5. Typical SPST relay

/Terminal B

Coil terminals

Pale

Terminal A

Fig. 6. Typical SPDT relay

MB+

8
~

Fig. 10. Fault detection logic

Fig. 5 and Fig. 6 show typical diagrams of SPST and
SPDT relays respectively which have been utilized to form
logical switches represented as SUB-1, SUB-2 and SUB-3
as shown in Fig. 7, Fig. 8 and Fig. 9 respectively. These
logical switches ensure isolation of faulty module and
utilization of source of faulty module. Different connection
can be possible within this logical switches as per mode of
operation. As shown in Fig. 7; SUB-1 is connected to
Module-A, C represents common rail of fault-tolerant

978-1-7281-0837-7/19/$31.00 ©2019 |EEE



Monika D. Patel Et.al Fault-Tolerant Structure for Cascaded H-bridge Multilevel Inverter using Relays

CHBMLI, VA + represents positive terminal of V4 and MA+ faulty Module-A is connected in series with the source of
represents positive terminal of Module-A. Similar notations the healthy Module-B. In this way; the source of Module-B
are usedin Fig. 8 and Fig. 9. is 2V4. and the source of Module-C is V4. Switching of
Fault detection logic for CHBMLI shown in Fig. 10 is IGBTs of various modules under Mode-1 is shown in
based on average values (mVOA, mVOB, mVOC) of TABLE V to generate 7-level output voltage. This can be
individual modules [4]. The fault detection logic decides the validated from Fig. 11. Mode-0 is observed up to 0.4s. Fault
mode of operation by producing signak (MA, MB, MC) as occurs in Module-A at 0.4s. Non-uniform power sharing has
shown in TABLE 1V. In Mode-0; output voltage waveforms been observed among three modules due to LS-PWM
is symmetrical having average value equals to zero. During strategy of switching. Module-A is bypassed by operating
faulty conditions; module output gives non-zero average RS1. The source of Module-A is connected in series with
voltage due to asymmetrical output voltage waveform the source of Module-B by operating RS2, RS3, RD1, RD3
across the faulty module. When any module is faulty; relay and RD5. It takes only half cycle to tolerate the fault. Output
operational logic and sector-based PWM logic will be voltage waveform and its amplitude remain same.
changed according to the mode of operation as per TABLE

IV. Simulink model of relay operational logic and sector TABLE IV. FAULTDETECTIN LoGIC
k?as:ed.PWM logic have not shown in this paper due to MA MB MC Operation
limitation of space. 0 0 0 Mode-0
1 0 0 Mode-1
A. Mode-0to Mode-l 0 1 0 Mode-2
As shown in TABLE 1V; when Module-A gets faulty; 0 0 1 Mode-3

CHBMLI operates in Mode-1. In this mode; source of the

100 T T [ -]
-100 | | | | | ]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (second)

- Al—l_.—._l_lﬁ.—._l—l_l_I I I I I ﬂ
=200
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A0 N ™ ™ ™™ i
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Volt

Volt

CHBMLI
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Time (second)

Fig. 11. (i) Module-A output voltage, (ii) Module-B output voltage, (iii) Module-C output voltage and (iv) CHBMLI output voltage under Mode-1

TABLE V. SWITCHING OF IGBT SUNDER MODE-1

Sector Module-A (Faulty) Module-B (Healthy) Module-C (Healthy) Voltage
N3 Al A2 A3 Ad B1 B2 B3 B4 Cc1 Cc2 Cc3 c4 Level
S1 0 0 0 0 1 1 0 0 1 1 0 0 +3Vdc
S2 0 0 0 0 1 1 0 0 0 1 0 1 +2Vdc
S3 0 0 0 0 0 1 0 1 1 1 0 0 +Vdc
S4 0 0 0 0 0 1 0 1 0 1 0 1 0
S5 0 0 0 0 0 1 0 1 0 1 0 1 0
S6 0 0 0 0 0 1 0 1 0 0 1 1 -Vdc
S7 0 0 0 0 0 0 1 1 1 0 1 0 -2Vdc
S8 0 0 0 0 0 0 1 1 0 0 1 1 -3vdc
Module-C by operating RS3, RS5, RD4, RD6 and RDS8. In
B. Mode-0 to Mode-2 this way; the source of Module-C is 2Vq and the source of

When Module-B gets faulty; CHBMLI operates in ~ Module-A is Vgc. Switching of 1GBTs of various modules

Mode-2. Module-B is bypassed by operating RS4. The under Mode-2 is shown in TABLE VI to generate 7-level
source of Module-B is connected in series with the source of ~ OUtput voltage. Fig. 12 shows transition from Mode-0 to

978-1-7281-0837-7/19/$31.00 ©2019 |EEE
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Mode-2. Fig. 12 shows occurrence of fault in Module-B at
0.4s. Asymmetrical configuration of two healthy modules
has possibility to generate 7-levels output voltage which is
shown in Fig. 12. Transition period has been observed for a
very short duration of less than a half cycle and hence
acceptable.

C. Mode-0 to Mode-3

When Module-C gets faulty; CHBMLI operates in
Mode-3. Module-C is bypassed by operating RS6. The
source of Module-C is connected in series with the source of
Module-A by operating RS7, RD1, RD7, RD8 and RD9. In
this way; the source of Module-A is 2Vy. and the source of
Module-B is Vq.. Switching of IGBTs of various modules
under Mode-3 is shown in TABLE VII to generate 7-level
output voltage. It shows that proposed fault-tolerant
structure for CHBM LI can be used for continuous operation
even during fault conditions.

In this project, the fundamental and most important
consideration is the impact on continuity and reliability of
inverter. During faulty condition; as the source of faulty
module is utilized to maintain the output voltage waveform
and its amplitude; IGBTs should be selected to handle twice
the voltage stress experienced in normal operation.

I11. CONCLUSION

Preserving the health of an inverter provides a basis for
achieving higher reliability, survivability and productivity in
industrial processes and energy systems. Proposed fault-
tolerant structure for CHBMLI is able to continue operation
with same output voltage waveform and amplitude; even if
any 1 module becomes faulty. During normal operation;
none of the relays in CHBMLI needs to be operated; while
during faulty condition 6 relays are operated for isolation of
faulty module and continue operation with same voltage
magnitude. Fault detection logic developed in this paper are
able to mitigate transition effect which has been observed
while connecting source of faulty module with one of the
healthy modules. Transition period from healthy operation

to faulty operation of CHBMLI observed to be very short
duration of less than a half cycle.
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TABLE VI. SWITCHING OF IGBT S UNDER MODE-2

Module-A (Healthy) Module-B (Faulty) Module-C (Healthy) Voltage

State | Al A2 A3 Ad B1 B2 B3 B4 c1 c2 c3 c4 Level

S1 1 1 0 0 0 0 0 0 1 1 0 0 +3Vdc

S2 1 0 1 0 0 0 0 0 1 1 0 0 +2Vdc

S3 1 1 0 0 0 0 0 0 1 0 1 0 +Vdc

S4 0 1 0 1 0 0 0 0 1 0 1 0 0

S5 0 1 0 1 0 0 0 0 1 0 1 0 0

S6 0 0 1 1 0 0 0 0 1 0 1 0 -Vdc

S7 1 0 1 0 0 0 0 0 0 0 1 1 -2Vde

S8 0 0 1 1 0 0 0 0 0 0 1 1 -3vde
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Fig. 13. (i) Module-A output voltage, (ii) Module-B output voltage, (iii) Module-C output voltage and (iv) CHBMLI output voltage under Mode-3
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0.1

Module-A (Healthy) Module-B (Healthy) Module-C (Faulty) Voltage
State 4 Al A2 A3 Ad Bl B2 B3 B4 C1l C2 C3 C4 Level
S1 1 1 0 0 1 1 0 0 0 0 0 0 +3Vdc
S2 1 1 0 0 1 0 1 0 0 0 0 0 +2Vdc
S3 1 0 1 0 1 1 0 0 0 0 0 0 +Vdc
S4 0 1 0 1 0 1 0 1 0 0 0 0 0
S5 0 1 0 1 0 1 0 1 0 0 0 0 0
S6 0 1 0 1 0 0 1 1 0 0 0 0 -Vdc
S7 0 0 1 1 0 1 0 1 0 0 0 0 -2Vdc
S8 0 0 1 1 0 0 1 1 0 0 0 0 -3Vdc
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Abstract: A fault-tolerant structure is proposed for Cascaded H-Bidge Multi-Level Inverters (CHBMLI)
consisting of three modules. In the event that one module becomes faulty, the remaining two healthy modules
will continue to deliver output voltage with the same amplitude and voltage level as during normal operation
when all three modules are healthy. If two modules develop faults, the remaining single healthy module will
still provide output voltage with the same amplitude, although at a reduced voltage level. This proposed fault-
tolerant structure for CHBMLI enhances system reliability by preventing a complete breakdown of the entire
system, ensuring that it continues to operate as long as at least one module remains in working condition. In
this paper, the circuit operation under the double module faults is addressed.

Keywords: fault detection, fault tolerant, cascaded H-bridge, multilevel inverter, LS-PWM

1. Introduction

Multi-level inverters, due to their utilization of a significant number of power switching
devices, are more susceptible to switch faults. It is imperative to implement a swift and
precise fault detection system to enhance the reliability of drives powered by multi-level
inverters. Common switching device faults include short-switch faults and open-switch
faults. In the event of a fault, traditional protection measures such as fuses, circuit
breakers, and relays result in a complete shutdown of the drive system, which is not a
desirable solution. Therefore, a systematic fault diagnostic scheme becomes essential for
achieving fault-tolerant operation and designing an optimal protection strategy.
Multilevel cascaded H-bridge inverter consists of series connected H-bridges. A
cascadedinverter with N number of similar DC sources gives (2N+1) levels at the
output phase voltage. Figure 1 shows a single phase 7-level cascaded multilevel
inverter. In the symmetric inverter in Fig.1.1 uses three separate voltage sources
having equal magnitude Vo = Vg = V¢ = V..

Mo

Madula-A
Maodule-B

Madule-C

Ve

Figure 1. Classical cascaded H-bridge multilevel inverter
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2. Proposed Fault Tolerant Structure for CHBMLI

Cascaded H-bridge multilevel inverter is basically a series connected multiple H-bridges
[10]-[11]. If N number of modules with similar DC source gets connected in series, the
overall configuration provides (2N+1) levels in output phase voltage [12]. Conventional
single phase 7-level CHBMLI is shown in Figure 1.1t has 3 modules viz. Module-A,
Module-B and Module-C. To generate 7-level output voltage; CHBMLI uses 3
separate voltage sources having equal magnitudei.e. Vo = Vg = Vo = Vg[13]. In
Figure 1, A1-A4, B1-B4 and C1-C4 are IGBTs forming 3 H-bridges. Voa, Vog and
Vocare instantaneous output voltages of individual modules. Vo represents total
instantaneous output voltage of CHBMLI.

Module-A
= 4
RS1

Module-B

Module-C

J )R IT“1 )]
; - R
) ) sy ]

1 65Y

‘/-
Figure 2. Proposed fault-tolerant structure for CHBMLI

The proposed fault-tolerant structure for a seven-level CHBMLI is depicted in Figure 2.
Additional 16 relays are utilised to reroute current flow in the case of a failure in any
semi-conductor switch. RS1-RS7 in Fig. 2 are single pole single throw (SPST) relays,
whereas RD1-RD9 are single pole double throw (SPDT) relays. When a single module
becomes faulty, CHBMLI continues to operate by taking two steps: (i) isolating the faulty
module and (ii) connecting the source of the faulty module to one of the sources of
healthy modules. Table I displays the various modes of operation for the proposed fault-
tolerant CHBMLI. In Table 1, H represents a module in a healthy condition and F
represents a module in a faulty condition. Mode-0 is the usual state of CHBMLI. Mode-1,
Mode-2, and Mode-3 are faulty states of CHBMLI.

Table 1. Operating Modes

Module A Module B Module C Operation
H H H Mode-0 All Modules Healthy
F H H Mode-1
H F H Mode-2 One Module Faulty
H H F Mode-3
F F H Mode-4
H F F Mode-5 Two Modules Faulty
F H F Mode-6
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Table 2 demonstrates relay state for each mode of operation. O represents an inactive
or unchanging state, while 1 indicates an active or modified state. In Mode-0, all
relays are in their resting state. When a single module becomes faulty, six of sixteen
relays are activated to isolate the faulty module and utilise its source. CHBMLI,
which normally operates in a symmetrical configuration, switches to an
asymmetrical configuration in the event of a fault in order to provide a 7-level
output voltage with the same voltage amplitude. RS1 to RS9 are SPST relays. RD1
to RD9 are SPDT relays. ‘1’ indicates that a particular relay is operated and ‘0’
indicates a particular relay is not operated.

Table 2. Operating Modes

RELAY| MODE-0 MODE-1 MODE-2 MODE-3 MODE-4 MODE-5 MODE-6
A=H, B=H, C=H| A=F, B=H, C=H|A=H, B=F, C=H|A=H, B=H, C=F | A=F, B=F, C=H | A=H, B=F, C=F | A=F, B=H, C=F
RS1 0 1 0 0 1 0 1
RS2 0 1 0 0 1 0 1
RS3 0 1 1 0 0 1 0
RS4 0 0 1 0 1 1 0
RSS 0 0 1 0 1 0 0
RS6 0 0 0 1 0 1 1
RS7 0 0 0 1 0 1 0
RSS 0 0 0 0 0 1 0
RS9 0 0 0 0 0 0 1
RD1 0 1 0 1 1 0 1
RD2 0 0 0 0 0 1 0
RD3 0 1 0 0 1 0 1
RD4 0 0 1 0 0 1 0
RD5 0 1 0 0 1 0 1
RD6 0 0 1 0 1 1 0
RD7 0 0 0 1 0 1 1
RDS 0 0 1 1 1 1 1
RD9 0 0 0 1 0 1 1
TOTAL 0 6 6 6 9 11 10

3. Operation under Double Module Faults

When Module-A & Module-B are faulty, Module-C remains in operating condition.
Modified structure of CHBMLI in Mode-4 is shown in Figure 3. RS1, RD3 and RS4,
RD5, RD6 are operated to isolate Module-A and Module-B respectively. To maintain the
output voltage magnitude same as in healthy condition sources of Module-A and Module-
B utilized along with the source of Module-C. RD1 are operated to connect source of
Module-A to Module-C.RS2 and RS5 are operated to connect voltage sources of Module-
C and Module-B in series with Module-A. Series connection of all three sources provide
3V input voltage to Module-C. All the operated relays are highlighted in Figure 3.

When Module-B & Module-C become faulty, Module-A remains in operating condition.
Modified structure of CHBMLI in Mode-5 is shown in Figure 4. RS4, RD6 and RS,
RD7, RD8 are operated to isolate Module-B and Module-C respectively. To maintain the
output voltage magnitude same as in healthy condition sources of Module-B and Module-
C utilized along with the source of Module-A. RS3, RD4 and RD9 are operated to
connect source of Module-B to Module-C. RS8 are operated to connect voltage sources of
Module-A in series with Module-B. RS7 is operated to connect source of Module-C with
Module-A. Series connection of all three sources provide 3V input voltage to Module-
A. All the operated relays are highlighted in Figure 4.

When Module-A & Module-C become faulty, Module-B remains in operating condition.
Modified structure of CHBMLI in Mode-6 is shown in Figure 5. RS1, RD3 and RS,
RD7, RD8 are operated to isolate Module-A and Module-C respectively. To maintain the
output voltage magnitude same as in healthy condition sources of Module-A and Module-
C utilized along with the source of Module-B. RD5 is utilized to isolate source of
Module-B and RS2 is operated to connect it with source of Module-A. RD1 and RD9 are
operated to connect source of Module-A with source of Module-C. Finally, RS9 connect
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source of Module-C to Module-B. Series connection of all three sources provide 3V,
input voltage to Module-B. All the operated relays are highlighted in Figure 5.
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Figure 3. Current flow under Mode-4
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Figure 4. Current flow under Mode-5
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Figure 5. Current flow under Mode-6

4. Conclusion

The proposed fault-tolerant structure for CHBMLI can continue operating even when two
modules are faulty. The operation of all the double module faults is represented by means
of circuit diagram, current flow and operation of various relays. The proposed structure is
to be simulated for further verification.
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