
 

  

Abstract— In this paper, an FPGA-based fault tolerant back-

to-back converter without redundancy is studied. Before fault 

occurrence, the fault tolerant converter operates like a 

conventional back-to-back six-leg converter and after the fault it 

becomes a five-leg converter. Design, implementation and 

experimental verification of an FPGA-based reconfigurable 

control strategy for this converter are discussed. This 

reconfigurable control strategy allows the continuous operation 

of the converter with minimum affection from a fault in one of 

the semiconductor switches. A very fast detection scheme is used 

to detect and locate the fault. Implementation of the fault 

detection and of the fully digital control schemes on a single 

FPGA is realized, based on a suited methodology for rapid 

prototyping. FPGA in loop and also experimental tests are 

carried out and the results are presented. These results confirm 

the capability of the proposed reconfigurable control and fault 

tolerant structure. 

 
Index Terms— Fault tolerant converter, Five-leg converter, 

Hardware in the Loop (HIL), Fault detection, back-to-back 

converter, Field Programmable Gate Array (FPGA). 

 

I. INTRODUCTION 

ACK-TO-BACK converters are widely used in many 

applications like Uninterruptable Power Supplies (UPS), 

electrical drives and Wind Energy Conversion Systems 

(WECS) with series full-rate converters or with Doubly-Fed 

Induction Generators (DFIG). However, this type of converter 

is sensitive to switch faults occurring in the power electronics. 

Failure in the power switches is critical: it decreases the 

system performance and can lead to hard failure. Therefore, 

once a fault occurs, the system operation has to be halted. This 
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is not desirable in the systems where the operation of the drive 

is of essential importance and continuous operation of the 

system is mandatory. Examples of such systems are some 

military processes, most aerospace processes and automotive 

industries like steering, fuel pumps, and brake-by-wire [1-3]. 

Also in power generation units like Distributed Generation 

(DG) and renewable power units, halt of the system after a 

fault results in financial loss. 

Therefore, to prevent unscheduled shutdown, real-time fault 

detection and converter reconfiguration schemes for back-to-

back converter must be implemented. 

In order to make a suitable reaction to a fault in one of the 

semiconductor devices, the first step consists of fast detection 

of the fault and its location. Several papers have discussed 

fault detection schemes for power electronic converters. Fault 

detection in a multilevel converter is studied in [4, 5]. A 

detection method for faults in IGBT switches based on gate 

signal monitoring is presented in [6]. An observer-based 

method is used in [7] to detect the fault in the sensors of a 

converter. Open-circuit faults in matrix converters are studied 

in [8]. Nonlinear observers are used in [9] to detect open-

switch faults in induction motor drives. Another method for 

detection of open-switch faults in voltage source inverters 

feeding AC drives based on analyzing the load currents is 

presented in [10]. In our earlier contributions, very fast FPGA-

based fault detection is presented that is based on a “time and 

voltage criterion” for a two-level converter; it can detect and 

locate a fault in a few tens of micro-seconds [11, 12]. Here, 

operation of the ensemble of the driver and switch is observed 

for converter fault detection. Therefore once a fault in the 

driver or in the switch is occurred, the “driver+switch” cannot 

perform the desired action, and the fault must be detected. In 

order to have very fast fault detection, the detection algorithm 

must be implemented on a very fast digital target. Thanks to 

its parallel architecture, FPGA can run the tasks very quickly. 

Therefore, FPGA appears as the most suitable choice for 

implementation of the real-time fault detection scheme [11]. 

Besides, the high performance of FPGA for many power 

electronic and drive applications has been proved [13-16]. 

More, by implementing both fault detection and converter 

control units on a single FPGA chip, cost will be decreased. 

Therefore, in this paper, a FPGA is used to perform both these 

tasks. 
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Once the fault and its location are detected, appropriate 

changes must take place in the hardware fault tolerant 

converter and also in the digital control part. Several 

reconfigurations for different fault tolerant converters are 

presented in [17-19]. In our earlier studies, three-phase 

inverter topologies with and without a redundant leg are 

studied [11, 12]. Although applicable for a back-to-back 

converter, these approaches should be used as two separate 

control and detection schemes. However, another more suited 

possibility is to have a generalized control and fault detection 

scheme for a fault tolerant six-leg back-to-back converter 

without redundancy. In such a topology and after a fault, the 

six-leg converter becomes a five-leg converter. The fault-

tolerant back-to-back topology studied in this paper is based 

on this topology, and is referred to as the “6/5 leg converter” 

or the “fault tolerant converter” hereafter. The associated 

reconfigurable control for this type of fault tolerant converter 

has never been studied and experimentally validated before, 

especially with a single FPGA chip for control, fault detection 

and reconfiguration. Also for the verification purpose, 

Hardware in the Loop (HIL) methodology is used [20, 21]. 

This methodology seems very reasonable when testing 

systems operation under a fault, in order to minimize the risk 

of damaging the real setup. 

In this paper, a more general fault tolerant converter without 

redundancy is proposed for the back-to back three phase two-

level converters based on a 6/5 leg topology. Fault tolerant 

concept is explained briefly in section II. In section III, a 

reconfigurable control is proposed for the control in pre-fault 

and post-fault conditions. In order to perform fast fault 

detection for the studied 6/5 leg converter, the method 

developed in our earlier contributions is used [11] and 

generalized, as discussed in section IV. It is worth mentioning 

that short-circuit as well as open-switch faults in the switches 

are concerned by this study. Fault detection and control 

schemes are developed for this application for implementation 

on a single FPGA. The implementation procedure is based on 

an experimental platform for rapid prototyping which is 

explained in section V. Hardware in the Loop and 

experimental tests are carried out to validate the effectiveness 

of this system. Finally fully experimental results are provided 

in section VI. 

II. FAULT TOLERANT SYSTEMS 

In case of fault occurrence in sensors, actuators or other 

parts of a complex system, conventional systems may produce 

undesirable results. In critical applications where the need for 

safety, reliability and fault tolerance is high, it is necessary to 

anticipate the fault tolerance ability against unpredicted faults 

to increase the reliability and availability of the system while 

providing acceptable performances. These types of systems 

are known as the Fault Tolerant Systems (FTS). In the other 

words, an FTS can maintain the stability and acceptable 

performance after a fault occurrence. The performance of the 

system in normal and post-fault conditions may be different. 

In the first case, the emphasis is on the quality of the system 

performance, while in the second case, the most important 

issue is to achieve a stable and acceptable (probably degraded) 

performance. 

An FTS may be based on redundancy or not. In an FTS 

with redundancy, a redundant part will replace the faulty part, 

after fault detection and upon reconfiguration. In this case, by 

correctly designing the FTS, the same operation capability can 

be obtained. However in some cases, some degree of 

performance degradation is accepted. In these cases, a suitable 

reconfiguration might be enough to assure the minimum 

required performance. In Fig. 1, the redundant part and its 

switching mechanism are shown with dashed bounds, because 

they might be missed in some FTS without redundancy. 

FTSs are composed of different blocks. A Fault Detection 

and Isolation (FDI) unit is the most essential part. Its duty is to 

detect the fault, find its location and its magnitude. Once the 

fault is detected, a suitable response must be performed to 

compensate its effect. In many cases, FTSs use redundancy, 

but one can find the schemes that do not use redundant parts 

or subsystems. Fig. 1 shows general FTS architecture. Upon 

the fault detection, the Fault Tolerant Control (FTC) block 

makes the suitable changes in the references, in the controller 

and in the system and switches the redundant part in (in the 

case of an FTS with redundancy). 

After fault detection and isolation, a reconfiguration is 

necessary. Reconfiguration is required in both hardware and 

software parts of the system. Reconfiguration in the software 

part consists of modifying the references and the controller 

characteristics. All required control signals are generated by 

the FTC block. 

The overall performance of an FTS depends on different 

factors like speed and accuracy of the fault detection unit, 

method of using software/hardware redundancies and/or 

reconfiguration, control method and connection between these 

different parts.  

In the studied case, no redundant part (switch and driver) is 

used. Fault detection is implemented on a FPGA to assure 

very fast detection. Reconfiguration in the hardware 

(converter) is done using bidirectional switches (Triacs here), 

which make possible to change the structure from a six-leg 

converter to a five-leg one. Once a fault has been detected, the 

FTC switches and stays in the 5-leg mode until the 

maintenance. That is because it may be risky to go back to the 

normal state, since the system is clearly subjected to faults. 

This is especially true in safety critical systems. Software 

reconfiguration is applied in PWM signal generation unit, to 

generate the suitable gate signals based on the actual structure, 

Fig. 1.  Fault tolerant system. 

  



 

as explained in section III. Fig. 2 shows the studied FTS. All 

the control, fault detection and isolation are implemented on a 

single FPGA. The system is composed of three-phase 

electrical sources and loads, with an AC/DC/AC fault tolerant 

converter between them. All different parts are explained 

further in detail.   

III. FAULT TOLERANT SYSTEM 

A. 6/5 leg converter topology 

The studied converter is shows in Fig. 3 [19]. In normal 

operation (before the fault occurrence), the converter is a 

conventional back-to-back converter with three additional 

bidirectional switches (Fig. 3-a). These bidirectional switches 

are used for the converter reconfiguration after the fault 

isolation, i.e. before the fault occurrence these switches are all 

off. The converter configuration after a fault in one of the 

inverter legs is shown in Fig. 3-b. In this case, the fault has 

been occurred at either ��
�  or ��

� . 
Depending on the application, each side of the converter 

can be connected to a source, load or machine. For example, 

in drive application, one side might be connected to a three-

phase source and the other will supply a three-phase machine. 

For a WECS with DFIG, side 2 will supply the rotor of the 

machine. In this paper, it is assumed that side 1 of the 

converter is connected to a three-phase balanced sinusoidal 

source and the second side of the converter is connected to a 

balanced three-phase load. 

There are different options for the bidirectional switches 

used in this structure. The bidirectional switch can be a triac, 

an IGBT and a diode bridge or two anti-parallel IGBTs. In this 

study, triacs are used as bidirectional switches to minimize the 

additional cost. 

It should be noted that the voltage producing capability in 

the five-leg converter is lower than the six-leg converter, 

meaning that with the same dc-link voltage, it can produce 

smaller three-phase voltages at its AC terminals, compared to 

the six-leg converter. Also the current rating in the shared leg 

of the converter is larger than in the other legs. Therefore, 

when designing the fault tolerant converter, careful 

considerations must be taken into account to have the desired 

performance after reconfiguration, either by increasing the dc-

link voltage or by changing the control strategy to decrease the 

required voltages [19,22], and also by considering the current 

rating of the shared leg. In this paper, it is assumed that by a 

proper design, the dc-link voltage is large enough to produce 

the desired voltages in five-leg converter mode, therefore the 

converter can perform in nominal capacity after the fault 

detection and reconfiguration. 

It is also worth mentioning that in case where input and 

output frequencies are identical, the five leg converter can 

have dc-link voltage and switch currents close to the six-leg 

converter [19, 22]. Therefore in this case it may be possible to 

have almost the same power handling capability after the 

reconfiguration in the studied fault tolerant converter. 

Examples of such applications are some Uninterruptible 

Power Supplies (UPS). Other application may be the cases in 

which input and output frequencies can be forced to be equal 

after the fault. 

B. Reconfigurable Control of the converter 

Before the fault occurrence, the fault tolerant converter is 

performing as a conventional six-leg converter and any PWM 

method can be used for its control. After the fault detection 

and reconfiguration, one leg will be shared between the two 

sides of the converter and the faulty leg will be disconnected. 

So, the converter will become a five-leg structure. Among the 

several PWM approaches studied in the literature for this 5-leg 

post-fault topology, it seems that the suggested method in [23, 

24] which uses all 32 possible voltage vectors, produces less 

voltage harmonics and is simpler and better suited for practical 

implementation. Therefore this approach is used in this paper. 

In this method, a so called “double zero-sequence injection 

 
Fig. 2.  Studied fault tolerant system. 

  

 
Fig. 3.  6/5 leg fault tolerant converter (a) pre-fault (b) post-fault (after 
reconfiguration). 

 



 

method” is performed. Voltage reference signals 

���
∗ 	
�	��, �, ��, ��1,2�� for both sides of the converter are 

calculated using the appropriate methods depending on the 

targeted applications. Then, a Zero Sequence Signal (ZSS) is 

added to these values to form the modulation signals (1). In 

fact, ZSS does not change the output line-to-line and phase 

voltages, therefore it is used as a degree of freedom to reduce 

the current harmonics and improve the dc-bus utilization.  

 ���
�� � ���
∗ 
�� � ���
�� (1) 

where ��� 	
��1,2�� is the ZSS for side “i”. 

Since there is 6 voltage references and only 5 legs, a 

reduction in the number of voltage references is required. 

Reduction of the number of voltage references can be made by 

using an inverse lookup table[25]. In [23], this is realized by 

adding another ZSS in accordance to the converter 

configuration in five-leg mode. The new set of voltage 

references assuming that two “c” legs of the two sides are 

connected in the five-leg mode are calculated as: 

 
v�� � v�� � v� 			; 			v"� � v#� � v�  

v� � v� � v��		; 		v" � v# � v�� 

v$ � v�� � v�  

(2) 

Since the same signal is added to all three reference values 

of the converter, the fundamental output voltage will not be 

affected. Fig. 4 shows the principle of this method. In Fig. 4(a) 

the ZSS for a conventional converter is shown. This ZSS 

injection will be repeated for both sets of three phase voltage 

references at the two sides of the converter, then by using (2) a 

new set of five voltage references are produced and sent to the 

PWM unit, as shown in Fig. 4-(b). Fig. 5 shows an example of 

five-leg voltage reference generation from two sets of three-

phase voltage references. 

C. Voltage reference generation 

The control unit of the 6/5 leg converter produces the 

reference voltages and sends them to the PWM blocks. For 

each application case, depending on the source/load connected 

at two sides of the converter, there are different methods for 

producing the reference voltages. For the studied application, 

the first side of the converter is connected to a three-phase 

balanced source. The objective is to have a regulated dc-link 

voltage with unity power factor at side 1. Side 2 of the 

converter is connected to a three-phase balanced RL load. It is 

required to have balanced sinusoidal voltages at this load side. 

Therefore, the output reference voltages are sinusoidal 

balanced ones. The input reference voltages are calculated 

based on the well-known voltage-oriented control for classical 

three-phase rectifiers.  

A general form of the reconfigured voltage reference 

generation and PWM can be explained as a software pseudo- 

code as follows. The required input data are six voltage 

references for the six legs of the converter, and the fault’s 

location. 

• Get six voltage references 

�%& 	, '()	�**	*, +	,-.).	*	 ∈ �, �, ��, + ∈ 1,2� 

• If there is no fault: 

o Use six voltage references �%& in the 

PWM unit to compute the gate signals; 

o Put the gate signals for all triacs to zero; 

• If a fault occurs: 

o Get the fault’s location (leg 

��	,-.).	�	��, �, ��, ��1,2�) from FDI; 

o Specify the corresponding leg and Triac: 

� Corresponding Triac: 0� 

� Corresponding leg: leg �
3 2 �� 

o Make the required changes in the 

references and the controller, if necessary. 

 

Fig. 4.  (a) Principle of PWM module for one converter; (b) for 5-leg 
converter when “c” legs are shared. 

 

Fig. 5.  Example of five-leg reference generation; (a): two sets of three-phase 
references; (b): two ZSSs; (c): resulted five-leg references. 

  



 

o For the faulty leg: 

� Cut the gate signals; 

o Turn on the suited Triac; 

o For the other legs (all legs 

*+	,-.).	*	��, �, ��, +�1,2�	�34	*+ 5 ��) 

� �%&	678 � �%& �	��
�9&� 

o Use five new voltage references in the 

PWM unit to calculate the gate signals for 

the five healthy legs. 

 

Required changes in the references might be necessary 

since the voltage production capability of the five-leg 

converter is lower than that of the six-leg converter. However, 

as mentioned before, in this paper it is assumed that by a 

proper design, the dc-link voltage is large enough to produce 

the desired voltages in five-leg converter mode. 

 

D. The reconfigurable control 

Fig. 6 shows the proposed reconfigurable control for the 

fault tolerant 6/5 leg converter. The fault detection and 

reconfiguration unit decides whether to use the commands 

from the “6-leg PWM” block, or to compute and use the 

appropriate 5-leg PWM signals based on the fault’s location. It 

is important to detect the fault and change the control strategy 

as soon as possible, to avoid any discontinuity or undesirable 

transient in the inputs and outputs of the converter. Therefore, 

the proposed reconfigurable control of Fig. 6 is implemented 

on an FPGA, due to its parallel structure and high speed. In 

fact, system monitoring for fault detection must be performed 

in parallel with other system tasks. Therefore, more 

conventional software based processors like DSPs are not the 

most suited to perform very fast fault detection and control 

reconfiguration. This is mostly because the main performance 

limitation of such processors is their serialized treatment of the 

instructions to execute the code, also having to wait for 

Interrupt Service Routine (ISR) loops [14]. On the other hand, 

FPGA can execute all its tasks simultaneously by hardware 

implementation of the design. This characteristic can lead to 

drastic reduction in execution time [26, 27]. Moreover, 

especially in the studied fault tolerant application for power 

electronic converters, processing at logic level seems to be the 

best choice for real-time consideration. Programmable logic 

enables rapid control/corrective action, which is mandatory in 

fault tolerant applications. Therefore FPGA appears as an 

excellent choice for our application. On the other hand, it 

could be possible to use a software based processor to 

compute the switching orders, and use an FPGA for fault 

detection and compensation.  However since the feasibility of 

FPGA for a variety of power electronics applications is 

already approved [13-16], in this paper a single FPGA is used 

for both purposes. In this manner, potential interface problems 

are avoided. In section V, the FPGA implementation is 

discussed. A methodology for rapid prototyping, developed in 

our laboratory, is used and expanded for fast implementation 

of the proposed reconfigurable control for the fault tolerant 6/5 

leg converter. 

 

IV. FAULT DETECTION AND RECONFIGURATION  

Fast fault detection is essential for fault tolerant systems. 

Here the method detailed in our earlier contributions is used 

for detection of fault and its location [11]. Using this method, 

it is possible to detect the fault quickly and efficiently. In [11, 

12] it is shown that the fault occurrence in each leg can be 

diagnosed by comparing the measured and estimated pole 

voltages. However, in reality, due to measurement and 

discretizing errors, and mainly because of non-ideal behaviors 

of switches and drivers (turn-off and turn-on propagation time 

and dead time generated by the drivers), the voltage error is 

not zero during normal operation. To avoid false fault 

detections, two adjustments are employed to compensate the 

effect of the measurement errors and delays. For this purpose, 

first the absolute value of the error between measured and 

estimated pole voltage is calculated. Then, this value is 

applied to a comparator with a threshold value ‘h’, to 

determine if the difference between the measured and 

estimated voltages is large enough to be considered as an 

error. Then, this signal is applied to an up-counter that 

computes the number of pulses while the output of the first 

comparator is high. In the other words, the output of the up-

counter corresponds to the time during which �:6; (measured 

voltage) and �:67<  (estimated voltage) are different. 

Consequently, the fault occurrence is detected using 

simultaneously a “time criterion” and a “voltage criterion”. To 

 
Fig.6.  Proposed reconfigurable control 



 

do this, the up-counter output is applied to a second 

comparator with a threshold value of ‘N’. In this way, false 

fault detection due to semiconductor switching is avoided and 

fault can be detected very fast. Fig. 7 shows one leg of the 

converter, while there is an open-circuit fault in the upper 

switch. Note that in some cases, based on the direction of the 

current �:, there might be a condition that =: conducts instead 

of �:; therefore in this case, the converter operates normally 

and the fault cannot be detected. For example, while 0: � 1 

and �: > 0, =: is on. Here 0: 	is the command signal for the 

upper switch of the leg k. 0: � 0 indicates that the switch is 

commanded to be open, whilst 0: � 1 means that the switch is 

commanded to be closed. The switch commands in each leg 

are complementary. 

Fig. 8 shows the mentioned fault detection principle. The 

state-flow diagram of the fault detection scheme is presented 

in Fig. 9.  

For a short-circuit fault of a switch, the very fast acting 

fuses isolate the faulty leg. Let’s now consider two converter 

legs as shown in Fig. 10 and suppose that there is a short 

circuit fault in �:. When 0: � 1, the leg k operates normally. 

However when the 0: � 0, the dc-link is short circuited. Fig. 

10-b shows the short circuit path. The short circuit current is 

limited by only the short circuit resistance, which is a small 

value. That is why a suitable protection is needed in this case. 

In this case, if the fuse clearing time is smaller than the fault 

detection time, the faulty leg will be isolated by the fuses. If 

the fault is detected before the fuses act, the command of the 

faulty leg switches are set at zero and the corresponding 

bidirectional switch will be turned on. In this case, there is still 

at least one fuse in the short circuit path; therefore the short 

circuit will be cleared after fuse operation (Fig. 10-c).  

Therefore with proper choice of fuse clearing time and the 

fault detection time, so that the fuse clearing time is shorter 

than the fault detection time, the short circuit fault will result 

in a similar situation as an open circuit fault and can be 

detected by the FDI unit. So, in the following, only open 

switch faults will be considered. 

V. FPGA IMPLEMENTATION AND VALIDATION 

A. Principle 

As already mentioned before, all the control, fault detection 

and isolation parts have been implemented on one FPGA chip. 

However, designing and testing digital control systems for 

power electronics applications can be expensive and time 

consuming. More, traditional simulations cannot exactly 

reproduce the real condition, because they do not take into 

account some limitations of real controllers, like the limited 

resolution of registers or saturation of values in fixed point 

systems during the intermediate steps of calculations. Also the 

fully experimental tests may not be always possible or may be 

potential to damaging. One interesting solution to eliminate 

the risk of damaging the real plant while testing the digital 

controller in a realistic manner is Hardware-in-the-loop (HIL) 

analysis [20, 21]. It is especially interesting when examining 

fault tolerant systems, when faults are applied to the system 

and the ability of system in handling these faults may be 

unclear in practice. 

 

Fig. 7.  One leg of converter during an open-circuit fault in the upper switch. 

 

 

Fig. 8.  Fault detection scheme. 
 

Fig. 9.  State-flow diagram of the fault detection scheme. 

 

 

Fig. 10.  Equivalent circuit for the leg “k” – (a) a short circuit fault in �:. (b) 
short circuit path after the fault. (c) short circuit path when the fuse clearing 

time is larger than the fault detection time. 
 



 

In order to carry out the FPGA implementation for HIL 

experiments, a top-down design flow is used, as shown in Fig. 

11. The flow we proposed consists of four parts: fundamental 

simulations, mixed simulation, HIL and finally, fully 

experimental test. This procedure is explained in detail in the 

following. 

After HIL experiment, when the effectiveness of the FPGA 

implementation is experimentally approved, it is possible to 

move to the fully experimental tests. 

B. Fault tolerant control implementation  

The first step in the process of implementation of the 

control and detection units on a single FPGA chip is the 

fundamental simulation step. In this step, the studied system is 

modeled and simulated in the Matlab/Simulink environment, 

using Simulink and SimPowerSystem blocks. First 

continuous-time and then discrete-time simulations are 

performed. 

In the mixed simulation stage, the control blocks are 

replaced with proper Dspbuilder blocks. Dspbuilder provides 

the possibility of visual programming of the control system in 

MATLAB-Simulink environment. Each Dspbuilder block 

represents a VHDL module in the Simulink environment. This 

set of blocks is very efficient for rapid prototyping of FPGA 

devices. However some of desired functions are not available 

in Dspbuilder library and must be constructed from basic 

blocks or imported using HDL programming. The power part 

(fault tolerant converter, sources and charges) is remained 

unchanged in this step, modeled by using SimPowerSystem 

blocks. Appropriate Dspbuilder input and output blocks are 

necessary to convert the Simulink signals to fixed point 

signals for Dspbuilder. 

Finally in the third step, having validated Dspbuilder 

modeling by simulations, the blocks are translated into VHDL. 

This is done by using the signal compiler block which is 

available in the Dspbuilder library. After this step, a single 

HIL block replaces all of the Dspbuilder blocks. The VHDL 

design is compiled and downloaded to the FPGA via a Joint 

Test Action Group (JTAG) interface. Now the HIL block 

represents the FPGA in the Simulink environment. In each 

step of simulation, it gathers the inputs from system 

(i��, i#�, i��, VB� …) and sends them to the programmed FPGA. 

Using these inputs and based on the control schemes of the 

system, the FPGA calculates the gate commands for all 

switches and sends them back to Simulink environment. At 

this point one cycle of the “FPGA in the loop” experiment is 

performed. Fig. 12 shows the “FPGA in loop prototyping”. 

In our experiment, a Stratix DSP S80 development board is 

used, which includes the Stratix EP1S80B956C6 FPGA chip. 

This chip contains 79,040 programmable logic elements. The 

development board has an on-board 80-MHz oscillator. 

VI. VALIDATION AND RESULTS 

“FPGA in the loop” and fully experimental tests are carried 

out to evaluate first the performances of the FPGA 

implementation of the reconfigurable fault tolerant control and 

then the fault tolerant converter topology. First, HIL results 

are shown and analyzed. Then the results of fully experimental 

tests are presented and discussed. 

A. HIL results 

For HIL experiment, the controller and detection schemes 

are implemented on the same FPGA chip and the power 

 
Fig. 11.  The FPGA implementation flow. 

 

 
Fig. 12.  “FPGA in loop” prototyping. 

  



 

system is modeled in MATLAB/Simulink environment using 

the SimPowerSystem toolbox. As stated earlier, three-phase 

voltages at the source side are controlled to provide the ability 

of the dc-link voltage regulation at unity input power factor. 

This is done using a well known source-voltage oriented 

control method for three phase controlled rectifiers [28]. 

Voltage references at the load-side are balanced and 

sinusoidal.  

Two sets of voltage references obtained from these control 

schemes are sent to the appropriate six-leg or five-leg PWM 

blocks, based on the state of the converter. PWM block for a 

five leg converter has a preprocessing unit as stated in (1) and 

(2). 

System parameters are reported in Table I. An open-circuit 

fault is introduced in one of the semiconductor switches in 

order to evaluate the response of the fault detection scheme 

and to validate the effectiveness of the fault tolerant converter. 

First, an open switch fault is applied at time t = 0,5s in the 

lower switch of the leg ‘3�’ in the inverter side (consisted of 

��
� 	�34	��

� , in Fig. 3). The goal is to evaluate the proposed 

reconfigurable control and its implementation on the FPGA. 

Fig. 13 shows the fault occurrence and detection, and also the 

output of the counter in the corresponding detection unit (Fig. 

8). A detection time of 32	CD is chosen to take into account all 

delays in the system. It is clear that the fault is detected very 

fast. 

It is worth mentioning that due to the mentioned delays in 

drivers and switches, there are small spikes in the counter’s 

output at the switching instants, as shown in Fig. 13. However 

by choosing a large enough value of N, false fault detection is 

avoided. 

Here, for a fault at t=0.5s, ��
�  is negative at the fault 

occurrence moment; therefore, the fault can be detected 

instantaneously. Fig. 14 shows the dc-link voltage upon the 

fault occurrence. Load-side currents are shown in Fig. 15. 

Clearly, the detection and reconfiguration scheme is capable 

of maintaining the converter performance without being really 

affected by the fault. 

However, if the fault occurs in ��
�  while ��

� E 0, the diode 

=�
�  conducts instead of ��

� , so the converter acts normally and 

the fault cannot be detected. This situation is shown in Figs. 

16-18. In this case, an open switch fault is applied in ��
�  at 

t=0.486s, when ��
� E 0. Fig. 16 shows the fault occurrence and 

detection times, the output of the counter in the corresponding 

detection unit and ��
� . Clearly, the converter acts normally 

when ��
� E 0, and fault detection is possible when the current 

becomes negative. A zoomed view of Fig. 16 is repeated in 

Fig 17. Fig. 18 shows the load side currents for a fault in ��
�  at 

t=0.486s. Dc-link voltage for this case is shown in Fig. 19. 

Obviously again in this case the fault detection and 

reconfiguration is successfully carried out. Evidently, even in 

the case of a fault occurrence, the load is still supplied with the 

desired currents. 

 

Fig. 13.  Fault occurrence and detection. Fault is detected when the counter 

output reaches the value of 32. 

 

 

Fig. 14.  Dc-link voltage (fault at 0.5s). 

 

 

Fig. 15.  Load currents (fault at 0.5s). 

 

TABLE I- SYSTEM PARAMETERS 

Load impedance FG � 2.75	, KG � 9MN 

Source filter impedance FO � 0.4Ω	, KO � 3MN 

DC-link capacitance Q � 2200	CR 

PWM carrier frequency 'S � 8UNV 

Detection Parameters N=32 , h=10 

 



 

 

B. Experimental results 

Now that the effectiveness of the fault detection and control 

schemes have been approved experimentally by HIL (on a 

FPGA device), it is possible to proceed to fully experimental 

validation. Experimental results are presented here. An 

experimental setup is built in our laboratory for this purpose, 

as shown in Fig. 20. Two three-phase IGBT converters and 

additional Triacs form the fault-tolerant converter. Parameters 

are the same as reported in Table I. A three-phase RL load is 

supplied by the studied fault-tolerant back-to-back converter. 

Control and fault detection is realized by using the FPGA. An 

open circuit fault is introduced in the lower switch of the leg 

“3�” at the inverter side (see Fig. 3). The open circuit fault is 

realized through the control signal of the switch, and no fuse 

component is used. 

For IGBTs, SKM50GB123D of SEMIKRON are used. 

These IGBTs are commanded by SKHI22A drivers. When 

using commercial three-phase two-level converters, it is 

possible to easily assemble the proposed fault tolerant 

converter by using two three-phase converters and connecting 

the corresponding AC side outputs with three TRIACS, as 

shown in Fig. 3. For fault detection and reconfigurable 

control, it is necessary to have the voltage references which 

are produced by the controller, as well as the measured 

voltages, as shown in Fig. 6. Having this necessary 

information, it will be possible to generate the command 

signals for the IGBTs and TRIACs of the converter (Fig. 6). 

A 2200 µF capacitance is placed at the dc-link. Side 1 of the 

fault tolerant converter is connected to a three-phase 

sinusoidal source via a three phase inductance of 3mH and 

resistance of 0.4 Ω. A three-phase RL load with a resistance of 

2.75 Ω and an inductance of 9mH is connected to the load side 

of the converter. N=32 is chosen for fault detection, so the 

detection time is around 30	CD. 

For voltage sensors, LEM CV3-1200 is used. AMP02E op-

amp is used in order to amplify the output of voltage sensor, 

for analogue to digital conversion. The measured voltage is 

then digitalized using an ADS7810 Analog to Digital 

 

Fig. 16.  Fault detection when ��
� E 0 (fault at t=0.486s). 

 

Fig. 17.  Zoomed view of detection waveforms when i3’>0 (fault at t=0.486s). 
 

 

Fig. 18.  Source currents for fault when i3’>0 (fault at t=0.486s). 

 

 

Fig. 19.  Vdc for fault when i3’>0 (fault at t=0.486s) 

 



 

 
Fig. 20.  Fully experimental setup. 

 

Converter (ADC). The logic states at the output of the ADC 

are memorized during the conversion process using 

SN74HC174N D-type flip flops. 

Fig. 21 shows the currents of the phase “3�” of the load 

(which was connected to the faulty leg) and of the phase “1” 

of the source as examples of the converter currents before and 

after the fault occurrence. Fault appears when ��
� > 0 and 

therefore the fault can be detected. Clearly, even in the 

presence of a fault, the load is still supplied with the desired 

currents and the source current is also unchanged. Fig. 22 

shows a zoomed view of the fault detection process 

waveforms. The moments of fault occurrence, fault detection 

and the output of the up-counter unit (see Fig. 8) are shown in 

this figure. The fault is detected very fast. Note the low-

amplitude changes in the counter’s output that are due to 

delays in the control and measurement. Having defined a 

sufficiently large band (N) in the detection unit, these spikes 

are not considered as a fault, and therefore robustness of the 

fault detection method against false-alarms is experimentally 

achieved. 

In Fig. 23, the dc-link voltage is also shown, and it can be 

seen that the effect of the fault on the dc-link voltage is 

negligible. 

If ��
� E 0 at the fault occurrence moment, the converter will 

continue to operate normally and therefore the fault cannot be 

detected. This is shown in Figs. 24 and 25. In this case, the 

Fig. 21.  Experimental results-from top to bottom: Load current (5A/div), Fault, 

source current(10A/div)- (x-axis: 10 ms/div). 
 

Fig. 22.  From top to bottom: fault, fault detection and counter output- (x-axis: 

100 CD/div). 

 

Fig. 23.  From top to bottom: dc-link voltage (50V/div), fault- (x-axis: 100 

CD/div). 

 



 

fault will be detected upon the zero crossing of the defected 

leg’s current, as shown in Fig. 24. 

Experimental results are in accordance with the HIL ones. It 

is visible that in all studied cases, the fault tolerant converter 

can continue supplying the load and the proposed fault 

detection and reconfigurable control produces satisfactory 

results. These results show excellent operation of the proposed 

reconfigurable fault detection and control, as well as its FPGA 

implementation and the studied fault tolerant back-to-back 

converter. 

VII. CONCLUSION 

This paper presents and validates a high performance fault 

detection and reconfigurable control for a fault tolerant 

converter. A three-phase fault tolerant back-to-back converter 

with a very fast fault detection scheme and suited 

reconfigurable control is studied. A fully digital controller, 

fault detection scheme and a reconfigurable control strategy 

are proposed for this topology. The proposed reconfigurable 

control allows the continuity of service of the converter with 

minimum affection from the fault. More, in the proposed 

scheme, a single FPGA target is used for implementation of 

both reconfigurable control and fault detection units, therefore 

the total cost of the FTS is lowered. Rapid prototyping 

methodology is used to implement the detection and control 

units on the FPGA chip. This methodology is based on 

discrete simulation in Matlab/Simulink environment, using 

Dspbuilder blocks to replace the Simulink blocks, HIL 

experiments and finally experimental tests. Hardware in the 

Loop and fully experimental tests’ results are presented to 

demonstrate the effectiveness of the proposed fully digital 

reconfigurable control and detection unit for the studied fault 

tolerant applications. Faults are detected in a few tens of 

microseconds and the transition during the system 

reconfiguration is soft. Examples of the possible applications 

of this structure are wind energy conversion systems with 

doubly-fed induction generators and applications with two 

three-phase inverters fed from a single dc-bus. 
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