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Abstract— Globally increasing energy demand, running short of 
fossil fuels and researches for finding environment friendly choices 
strengthen a solution of local electricity production, especially from 
renewable energy sources. In this type of systems, inverters play a 
key role by providing power transforms. Multilevel inverters can 
achieve very low total harmonic distortion (THD) values at low 
switching frequencies without using any filtering units when 
compared with classic two-level inverters. However, multilevel 
inverters use high number of semiconductor elements, which 
increases the probability of any fault in the circuit, which may cause 
the whole system stopping for a long time. This is very critical issue 
for the buildings that have vital importance like hospitals or the 
industries where faults cost large amounts of money. In this work, a 
Fault-tolerant cascaded H-Bridge quasi-eight-level multilevel inverter 
with a single DC source and with output side transformers was 
designed and application of reconfiguration technique was shown. 
The proposed inverter system can continue working if a fault occurs 
in one of H-Bridges with a one level decrement in the output voltage 
in quarter period. 

Keywords- Fault tolerance; power conversion; multilevel 
systems. 

I.  INTRODUCTION 

Reliability is a big challenge for the inverters using 
multilevel technology, due to used high number of 
semiconductor elements. The increasing number of switching 
elements causes the probability of switching errors to rise. 
These switching errors may cause the whole system to shut 
down for a long time. Besides these errors, also short-circuit 
fault conditions may occur within the network system. It is 
wanted that the inverters simultaneously detect this error and 
keep the desired level of output voltage so that the energy flow 
continues. These issues become even more important in the 
buildings of vital importance (hospitals etc.) or in the 
institutions where these collapses cost large amounts of money. 
As a result, the industry leans to fault analysis and 
reconfiguration strategies so that the collapse time of such 
systems is shortened. 

The fault tolerant ability was resulted from the inherent 
redundant nature of the multi-switching-states topology and 

control signals modification and the performance of a 
reconfiguration technique that allows a cascaded H-bridge 
inverter to keep working even with a faulty bridge. The theory 
of fault-tolerant algorithm and reconfiguration was thoroughly 
investigated and its performance was verified by simulations 
in MATLAB-SIMULINK environment. 

   Conventional multilevelinverters are introduced to improve 
the harmonic profile of output voltage in [1], but issues like 
voltage balancing and increased device count limits the use of 
conventional multilevel inverters in PV generation system.For 
PV generation system which consists of dual inverter 
configuration with three phase transformer are proposed in [2] 
and [3].  
 
   In case of feeding loads under any fault in one of the 
inverter, grid can still be continued with reduced voltage and 
current [4]. This flexibility of continuous operation even under 
a fault is not inherent in case of PV generation system. 
 
 

 
 

Figure 1. Single-Phase Fault Tolerant Configuration System 
 
By properly choosing the turn’s ratio of the transformer the dc 
link voltage requirement for inverters can be reduced 
considerably. But high value of turn’s ratio increases current 
in the primary which in turn requires switches of high current 
rating. In case of multi-level cascaded inverter configuration 



as total power rating is shared between both the inverters, 
rating of switches will reduce considerably compared to a 
centralized inverter for the same power rating. This makes the 
configuration best suitable for low voltage high power 
application as in [5] with multilevel voltage profile. 
 
      The proposed inverter system was designed and tested for 
10 kVA inverters in MATLAB-SIMULINK environment and 
comparisons were made by using two types of bi-directional 
switches, Diode-Bridge MOSFET and Common-Source 
MOSFETs, up to the quality parameters, THD and efficiency, 
under no-fault and fault conditions with resistive-inductive 
load. 

II. GENERAL SYSTEM DESIGN 

   The objective of this paper is to show the performance of a 
reconfiguration technique that allows a cascaded H-bridge 
inverter to keep working even with a faulty bridge as shown in 
figure 1. This is of much importance on a multi-stage 
converter used for critical loads, like active power generators 
from fuel cells in a hospital or where a failure may cost 
thousands of euros of losses. The topology of the 
reconfiguration system was described and simulations and 
experimental results were exposed. The main objective of this 
paper is to design and implement a multilevel inverter which 
is based on the multi-winding-transformer topology. The 
purpose of the system design is to provide output voltage 
during faulty inverter cases. Fault analysis studies focus on 
analyzing the fault modes and providing operation methods 
for these modes [6], [7] and [8]. 
 
   There are two main goals aimed in this work. The first is to 
apply a system-driven approach to define the requirements for 
a new generation of inverters for all renewable and distributed 
energy applications. High efficiency, high reliability, low cost, 
low maintenance, plug and play for multiple applications, 
manufacturability, meets EMI, thermal and safety constraints 
were specifically included for the inverter performance and 
cost goals. A second and major goal of the work is to fulfill 
the operation requirements of faulty inverter system. If the 
first inverter has faulty case, the system delivers the output 
voltage with the help of the rest inverters (2nd and 3rd inverter). 
 
   When the short circuit occurs, the faulty signal will be also 
delivered to control unit (DSP Controller) in order to change 
the control signals for each of the inverters. At the output side 
of the transformers, the bi-directional switch was used to 
follow up the current direction to the load. Also the windings 
of secondary sides of the transformers were designed to 
achieve the 6-level output voltage instead of 7-level voltages. 
 

III.   
Figure 2. Single-Phase Fault Tolerant Configuration System 

       
 
   As seen from the figure 2, the general illustration of the 
system is composed of battery pack, inverter module, breaker 
DSP controller and switches.  The combination of accurate 
fault detection with automation will allow the rapid isolation 
of faulted sections and restoration of load on unfaulted 
sections. The monitoring at these locations will feed 
information to the central controller, allowing for optimization 
of system configuration and management of the protection 
settings based on actual conditions (generation, weather, risk 
analysis, and other factors).  
 

   If a fault exists, the fault signal is delivered at the same time 
to the single-phase breaker and DSP controller. The breaker 
shuts down the line and DSP controller changes the control 
signals for each of the inverter while here the 1st inverter does 
not work anymore, so the 2nd inverter takes the duty of the 1st 
inverter and operates as PWM inverter. The 3rd inverter works 
like as before.  

   In the proposed inverter system, each H-Bridge module was 
connected to the primary side of a transformer. The objectives 
of using the transformers in the systems are to achieve 
galvanic isolation between input and output stages, to avoid 
using separate DC sources and to sum up the produced 
voltages in H-bridge modules. By adjusting the turn ratios of 
the transformers to suitable values, more voltage levels can be 
obtained at the load.  

A. Multi-Level-Systems with Transformers 

Different from standard circuits, the 4-2-1 windings ratio 
used in the proposed circuit is shown in figure 3. The total 
output voltage is built by a binary weighted sum of the 
individual 2-level inverter voltages as illustrated in figure 4. 
Inverter 3 has to contribute 4 times the voltage and hence also 
4 times the apparent power as inverter 1. Inverter 2 has to 
contribute 2 times the voltage and hence also 2 times the 
apparent power as inverter 1. 



 
Figure 3. Quasi-8-level inverter topology with 3 transformers 

 

 
 

Figure 4. Quasi-8-level inverter topology with voltage composition 
 

   The formula for determining the voltage levels in this 
system is  

N=2n+1-1    (1) 

where N is the voltage level and n is the number of H-Bridge 
cells. If the turns-ratios of the transformers are selected as 2, 
turns-ratios will be as followings; the first transformer’s 1:20, 
the second transformer’s 1:21, and for the third transformer’s 
22. As a result at the output stage will have 15-level (7-level 
positive, 7-level negative and level’0’).  

   The transformers have different turns-ratios. The 1st 
transformer had 1:1 ratio before, but now it has 1:2 ratio. The 
2nd transformer 1:2, the 3rd 1:4 but now they have 1:4 and 1:4 
respectively. So this change makes it possible to have a 
sinusoidal output voltage after a fault occurs.  

 
   Each transformer always carries all the load current at any 
time and conversion efficiency of the multi-transformer 
inverter is limited by the use of several transformers. The cost 
of the transformers is considered high and therefore the number 
of power devices and drivers can be increased. 
 

B. Bi-directional switches (BDS) 

 

   The bi-directional switches in the proposed system play a 
key role which provides an opportunity to design a fault 
tolerant system and application of reconfiguration technique. 

The BDSs are connected to the output of the transformers so 
they act like being fed by AC voltage source.  

 
   The switch shown in figure 5 (a) is easy to control. Only one 
unidirectional controllable switch (MOSFET) is used in a 
four-diode bridge. However, its voltage drop is high. It is 
equal to the sum of the voltage drops of two diodes and the 
transistor.  
 

 

(a)                                        (b) 

Figure 5. Different bi-directional switch implementations by using MOSFETs 
(a) Diode Bridge MOSFET BDS (b) Common-Source MOSFETs BDS [7]. 

   With MOSFETs, the switch of figure 5 (b) is the simplest 
one. It needs only two components because the diodes are part 
of the transistors. This configuration provides lower losses 
when compared to previously mentioned configurations 
because of the low on resistance of modern MOSFETs and its 
bi-directional channel conduction capability. When both 
MOSFETs are on, it can be modeled as a two times Ron 
resistance of a single MOSFET [9]. 

   In this work, two types of bi-directional switches namely 
diode Bridge MOSFET BDS (DB-MOSFET-BDS) and 
common-Source MOSFETs BDS (CS-MOSFET-BDS) were 
tested and compared in the simulation environment.  

   Here the structure of the switches which was connected to the 
secondary side of the transformers is illustrated. By applying a 
signal to the gate of MOSFET, the current flows over Diode1, 
MOSFET and Diode4 to the resistive-inductive load.  

 TABLE I MULTILEVEL  SYSTEM OVERVIEW 

Faulty Inverters Mosfet S1 Mosfet S2 Mosfet S3 

1st inverter ON or OFFON or OFF ON 

2nd inverter OFF ON ON or OFF

3rd inverter OFF ON OFF 

 

C. Fault -Tolerant Inverter System and Application of 
Reconfiguration Technique 

   When a fault exists in the system, the control techniques of 
H-Bridge inverters are changed and by the aid of bi-directional 
switches the turns-ratios of the transformers are reconfigured 
to hold the system at desired voltage level. At all modes only 
one H-Bridge inverter module is modulated by PWM 
technique. The system is presented in two main parts: 



• Normal Operation (no-fault) Mode 

• Fault Condition Modes 
 
   The power imposed on each transformer is directly depends 
on the secondary parameters of turns-ratio of cascaded 
transformers [10], [11] and [12]. When no fault exists in the 
system, the percentage of power transferred via first inverter is 
can be calculated as %28.14100).421/(11, =++=TRP . 

Similarly, the percentage power transferred via second and 
third inverters are 28.57% and 57.14%, respectively. In order 
to achieve high efficiency, lower power distribution imposed 
on first transformer connected to PWM inverter by the reason 
that it operates at high frequency. 

D. Fault Conditions 

   The BDS’ states according to the fault conditions of H-
Bridge inverters are shown in Table 3.8. In this table “X” 
indicates “don’t care”, “1” the switch is in conduction state, 
and “0” the switch is in “OFF” state. 

 TABLE II  BI-DIRECTIONAL STATES OF FAULT CONDITIONS 

Fault-Condition Bi-directional Switches' 
States 

First 
Inverter 

Fault 
(A) 

Second 
Inverter 

Fault (B) 

Third 
Inverter 

Fault (C) 

BDS 
1 

BDS 
2 

BDS 
3 

BDS 
4 

YES YES YES X X X X 

YES YES NO X X X X 

YES NO YES X X X X 

NO YES YES X X X X 

YES NO NO 1 0 1 0 

NO YES NO 0 1 1 0 

NO NO YES 0 1 0 1 

NO NO NO 1 0 1 0 

 

   Moreover, simulation circuit for these signals is shown in 
Figure 6. In case of first invert fault, the percentage power 
transferred via second inverter and third inverter becomes 
33.3% and 66.7%, respectively. The nominal power of the 
transformers were selected a bit high to meet the required 
power rate at fault instants. 

 

 
 

Figure 6. The simulation circuits of gating signals of the BDSs. 

   When a fault occurs in the second inverter, the first 
inverter’s turn ratio is changed to 1:2 by the aid of BDSs. The 
BDS1 turns to OFF state and BDS2 turns to ON, while BDS3 
and BDS4 are hold their own states. Now the first inverter is 
responsible for 2 level voltage production with PWM in 
quarter cycle. The third inverter’s modulation technique and 
its transformer’s turn ratio stay unchanged. It continues 
contributing 4 level at quarter cycle. The percentage power 
transferred via first inverter increases from 14.28% to 33.3% 
and this power rate for the third inverter is increased from 
57.14% to 66.7%.  

   The third inverter fault situation is the most critical situation 
for the system because this inverter transfers most of the 
produced power in the input stage to the output stage. When a 
fault occurres in the third inverter, the first inverter’s 
transformer’s turn ratio is changed from 1:1 to 1:2, and the 
second inverter’s transformer’s turn ratio is changed from 1:2 
to 1:4 by reversing the all conduction states of the BDSs’. At 
this situation, BDS1 and BDS3 are turned OFF while BDS2 
and BDS3 are turned to ON state as shown in Table II. 

III.  RESULTS AND DISCUSSIONS 

 

   The simulation results of the proposed inverter system 
according to the each fault conditions were presented. The 
simulations were done under different switching frequencies 
with resistive-inductive load. Moreover, Diode-Bridge 
MOSFET and Common-Source MOSFETs bi-directional 
switch models were tested separately and compared with each 
other considering the quality parameters like THD and 
efficiency.  



E. No Fault Condition-DB 

 

Figure 7.  The peak values of voltage and current at no fault condition 

   The proposed inverter system is fed by 52V DC source. In 
this mode, the inverter has 15 levels in one period at the output 
stage. The simulations are made for two different bi-
directional switch configurations: DB-MOSFET-BDS and 
Common- Source-MOSFETs-BDS. Furthermore, two types of 
loads are tested: purely resistive (R=50Ω) and series 
connected resistive-inductive load (R=50Ω, L=10mH). The 
switching frequency is altered from 1 kHz to 20 kHz to 
achieve best results.  

    

 

(a) 

 

(b) 

Figure 8.  (a) The THD-V and (b) THD-I values respectively 

   When R-L load is tested at the output stage, it is seen that 
output voltage reduces about 2V when compared with purely 

resistive load. The THD-I decreases dramatically by the factor 
of load inductance in case of increased switching frequency, 
but THD-V stays between the intervals of 2-3%. The 
efficiency becomes 77.5% for R-L load under 2 kHz switching 
frequency. Output voltage and current waveforms are shown 
in Figure 7.  As seen in figure 8, harmonic spectrum of the 
multi-cascade inverter output voltage and current waveform is 
shown. Figure 8 (a) indicates the harmonic spectrum under 
normal operation. Switching frequency of 2 kHz was proposed 
and center band harmonics were seen at 40th of fundamental 
frequency.  

F. Fault Conditions – DB/V 

 

 
Figure 9.  The peak values of voltage at t=0.04 under fault conditions 

   After fault condition, the efficiency becomes 77.02% for 
purely resistive load under 2 kHz switching frequency when 
DB-MOSFET-BDS is used and 77.51% when CS-MOSFET-
BDS is used. Output voltage and output current waveforms are 
presented in Figure 9 for DB-MOSFET-BDS. 
 

 

(a) 

 
 



(b) 
 

 
 

(c) 

Figure 10.  The THD-V values of faulty inverter conditions for (a) first 
inverter fault (b) second inverter fault and (c) third inverter fault. 

   Figure 10 shows the voltage harmonics under fault 
conditions. Here the switching frequency is also 2 kHz. As 
shown in figure 13, due to high switching frequency of the 
first inverter, THD-V is greater than the faulty conditions of 
the second and third inverters. 

 
(a) 

 
(b) 

Figure 11.  (a) THD-V values with increased switching frequency of DB-
MOSFET-BDS (b) THD-I values with increased switching frequency of DB-

MOSFET-BDS 

    

G. No Fault Condition-CS 

   When CS-MOSFETs-BDS is used with R-L load, 2V 
enhancement provided in output voltage peak value, but the 
THD values do not change significantly, as shown in Table 
4.4. The efficiency becomes 77.48% for resistive-inductive 
load under 2 kHz switching frequency. 

 

Figure 12.  The peak values of voltage and current at no fault condition 

 

 

(a) 

 

(b) 

Figure 13.  The THD-V and (b) THD-I values respectively 

H. Fault Conditions – CS/V 

 



When R-L load is tested with CS-MOSFETs-BDS, the voltage 
impulses at fault instant, as in the second inverter fault 
condition, was shown in Figure 14. At fault instant voltage 
rises up to 4722V, but still THD of the system was not 
affected. When the switching frequency was increased, the 
THD of the voltage stayed at 4-5% by the reason of small 
fluctuations caused by the load’s inductance. These mentioned 
voltage impulses are beside the point for DB-MOSFET-BDS. 
The output voltage waveforms at 2 kHz switching frequency 
were presented in Figure 14. 
 

 
Figure 14.  The peak values of current at t=0.04 under fault conditions 

   

 

(a) 

 

(b) 

 

(c) 

 Figure 15.  The THD-V values of faulty inverter conditions for (a) first 
inverter fault (b) second inverter fault and (c) third inverter fault. 

Output voltage and current parameters for a RL load when a 
fault occurred in the third inverter was presented in Table III. 
After fault, at 2 kHz switching frequency, the efficiency 
becomes 76.43% when CS-MOSFETs-BDS is used with R-L 
load. Moreover, the efficiency is 76.15% when DB-MOSFET-
BDS is used with R-L load. 

 

(a) 
 
 
 
 
 



 
(b) 

Figure 16.  (a) THD-V values with increased switching frequency of CS-
MOSFET-BDS (b) THD-I values with increased switching frequency of CS-

MOSFET-BDS 
 

TABLE III  OUTPUT VOLTAGE AND CURRENT PARAMETERS FOR R-L 

LOAD 
 

In
ve

rt
er

 fa
ul

ts
 

DB-MOSFET-BDS CS-MOSFETs-BDS 

VTHD 

(%) 
I THD 
(%) 

VAC-

PEAK 
(V) 

I AC-

PEAK 
(A) 

VTHD 
(%) 

I THD 
(%) 

VAC-

PEAK 
(V) 

I AC-

PEAK 
(A) 

1. 6,39 2,08 306,23 6,10 6,37 2,02 308,21 6,14 

2. 5,77 1,87 304,96 6,07 5,71 1,81 306,96 6,10 

3. 4,88 1,64 302,07 6,00 4,75 1,58 304,02 6,04 

 
 
   When R-L load was tested, it can be seen from Table III that 
CS-MOSFETs-BDS has nearly 2V less conduction losses 
when compared with DB-MOSFET-BDS at different 
switching frequencies. As expected, THD of current decreases 
dramatically for both BDS types when the switching 
frequency is increased due to the load’s inductance. However, 
this inductance prompts to output voltage’s THD staying at 5-
6% levels. Especially for the CS-MOSFETs-BDS, the ripples 
in the output voltage block the reduction of THD with 
increasing switching frequency. 
 

 
IV.  RESULTS AND DISCUSSIONS 

 
      If any fault occurs in one of the H-Bridge inverters, the 
turn-ratios of the transformers and modulation techniques of 
the H-Bridge inverters are changed, so the proposed system 
can continue working with one level voltage decrease in 
quarter cycle. Two types of bi-directional switches: The 
Diode-Bridge MOSFET bi-directional switches (DB-
MOSFET-BDS) and Common Source MOSFETs bi-
directional switches (CS-MOSFETs-BDS) were tested 
separately for no-fault condition and fault conditions of each 
H-Bridge inverter. Moreover, comparisons were made for 
these bi-directional switches up to the quality parameters of 

the output voltage and current, total harmonic distortion and 
efficiency, with different switching frequencies (1-20 kHz). 
The simulation results show that the system has nearly 2% 
THD-V values when no fault exists and less than 5% THD-V 
values at fault conditions without any filtering stage at the 
output side. The efficiency of the proposed inverter is nearly 
78% at no fault condition and 77% at fault instants. Moreover, 
the results show that the CS-MOSFETs-BDS has 2V less 
conduction losses and better THD values when compared to 
DB-MOSFET-BDS. However, if CS-MOSFETs-BDS is used, 
some voltage impulses occur at fault instants of the second 
and third inverters. Moreover, the efficiency is a bit higher 
when CS-MOSFET is used.     The efficiency is about 80% 
and 2 kHz switching frequency for PWM inverter is sufficient 
for the system. 
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