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Abstract  

 

In different industrial and mission oriented applications, redundant or standby semiconductor systems can be implemented to 
improve the reliability of power electronics equipment. The proper structure for implementation can be one of the redundant or 
standby structures for series or parallel switches. This selection is determined according to the type and failure rate of the fault. In 
this paper, the reliability and the mean time to failure (MTTF) for each of the series and parallel configurations in two redundant 
and standby structures of semiconductor switches have been studied based on different failure rates. The Markov model is used 
for reliability and MTTF equation acquisitions. According to the different values for the reliability of the series and parallel 
structures during SC and OC faults, a comprehensive comparison between each of the series and parallel structures for different 
failure rates will be made. According to the type of fault and the structure of the switches, the reliability of the switches in the 
redundant structure is higher than that in the other structures. Furthermore, the performance of the proposed series and parallel 
structures of switches during SC and OC faults, results in an improvement in the reliability of the boost dc/dc converter. These 
studies aid in choosing a configuration to improve the reliability of power electronics equipment depending on the specifications 
of the implemented devices.  
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NOMENCLATURE 

1N sh  : Failure rate of switch 1 when switch 2 is 
operating. 

1F sh  :  SC failure rate of switch 1 when only switch 1 is 
operating. 

1N o  : OC failure rate of switch 1 when switch 2 is 
operating. 

1F o  : OC failure rate of switch 1 when only switch 1 is 
operating. 

N sh  : SC failure rate of switch 2 when switch 1 is 
operating. 

F sh  : SC failure rate of switch 2 when only switch 2 is 
operating. 

N o  : OC failure rate of switch 2 when switch 1 is 
operating. 

F o  : OC failure rate of switch 2 when only switch 2 is 
operating. 

SP : Perfect operation relay probability. 

n: Normal switching operation. 

 
sh: SC fault occurrence on a switch. 
o: OC fault occurrence on a switch. 
s: Standby structure of a switch. 
S.C Sys: System short-circuit. 
O.C Sys: System open-circuit. 

b : Base failure rate. 

T : Temperature factor. 

E : Environmental factor. 

Q : Quality factor. 

 

I. INTRODUCTION 

Although the technology of semiconductor power devices 
has been improved, they are still known as the weakest 
devices in power system technology [1]. The most commonly 
occurring failure mechanisms are thermal runaway, bursting 
and reverse voltage. Most power electronics systems are not 
equipped with redundant systems, which means that any fault 
occurrences in devices or sub-systems result in a failure [2]. 
These unscheduled interruptions, cause security concerns and 
reduce the advantages of power electronics systems. That is 
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why recent papers have focused on the reliability of power 
electronics systems. Many methods have been presented in 
the literature for improvements in the reliability of power 
electronics systems, such as active supervising, fault 
management, and establishing fault resistibility using control 
strategies and restructuring [3]-[7]. The reliability prediction 
and modeling of high power switches (IGBTs and MOSFETs) 
have been studied in [8]-[12]. Reference [13] conducts a brief 
analysis of an assessment of reliability and the development 
of power electronics in three levels: 1) indexes and methods 
for the reliability assessment of current systems; 2) reliability 
improvement of available systems using algorithmic solutions 
with no hardware change; and 3) designing solutions 
according to reliability that are based on resistant functioning 
in fault conditions. In reference [14] a review of the 
improvement in the reliability of capacitors for the DC-links 
in power electronic converters is presented. One of the main 
methods to establish fault resistibility and to reduce 
unexpected system failures is to design using redundant or 
standby elements which is introduced in [15]-[17]. Different 
studies on multi-level inverters have been done that include 
the effects of redundant parts, different frameworks, control 
strategies and fault control. The reliability of multi-level 
inverters is calculated and presented in [18]. In this article, 
the reliability of two, three and five level inverters is 
calculated and compared with each other. Given that the 
reliability of power electronics inverters depends on the 
accurate operation of power electronics switches, the proper 
switching function is an important issue in terms of the 
reliability of power electronics devices. Accordingly, in [19] 
the reliability of MOSFET switches in parallel and standby 
structures and with different numbers of redundant elements 
is discussed, and the effect of power losses on junction 
thermal increases and its effect on the failure rate of 
MOSFET switches is analyzed. In this paper, the Markov 
model is used to determine the reliability and the Mean Time 
To Failure (MTTF). In mission-oriented systems, reliability is 
directly proportional to the MTTF. Therefore, by increasing 
the operation time, the reliability will be improved. Since the 
impairment of power switches can be SC or OC, it is 
necessary to study the switching functions in series and in 
parallel separately, and to choose the best configuration to 
improve the switching reliability. In [20] mathematical 
models have been presented to quantitatively evaluate the 
reliability of parallel inverters, and a framework has been 
proposed to determine the number of inverters in parallel in 
terms of reliability and cost optimization. A new approach for 
the mitigation of permanent-magnet ac motors and a 
methodology to calculate the mean time between failures 
both with and without mitigation have been presented in [21]. 
In reference [22] an analysis of a high-power and high 
frequency voltage-fed inverter with a series resonant load 
circuit has been presented, and it is characterized by a 

full-bridge inverter composed of isolated-gate bipolar 
transistors. [23] calculates the reliability of an interleaved 
boost DC-DC converter, and presents a comparison between 
this and the reliability of the conventional boost converter. 

This article discusses the reliability and MTTF for two 
series and parallel configurations without the repair ability in 
three structures: a “redundant structure equipped with similar 
relays”, a “standby redundant structure with a relay” and a 
“redundant structure without a relay.” In addition, the failure 
rate of the power switches has been studied in both 
short-circuit and open-circuit fault conditions. 

 

II. THE UTILIZATION OF REDUNDANT SWITCHES 
FOR RELIABILITY ENHANCEMENT 

The ability of a system to perform its duty under 
circumferential conditions and specified exploitations for a 
certain period of time is called the reliability of the system. 
There are two analytic and simulation methods for reliability 
evaluation and MTTF calculation, and the analytic method is 
used in this paper. There are different ways of achieving the 
reliability enhancement of a system such as: implementation 
of high-quality utilities, using redundant equipment, variation 
in products, providing spare parts and repair-observance. The 
main method for improving reliability is the usage of 
redundant equipment. In this paper, a redundant switch 
connection has been proposed to increase the MTTF and 
consequently the reliability. In addition, different structures 
have been compared. Redundant switches can be added to the 
system in both series and parallel configurations. In this 
article, [3] structures are considered both in parallel and in 
series connections of redundant switches: redundant with 
relays in similar structures, standby redundant with relay and 
redundant without relay. These structures are described in the 
upcoming sections. Before any analysis, it has to be 
mentioned that these relays only operate during fault 
conditions of power electronics switches. In other words, they 
do the task of removing the faulty part or entering the safe 
part just once. In a specific alternation period and frequency, 
they are not switched on/off. Therefore, it is not necessary to 
use switches with fast-switching capability. According to the 
fact that the control system and the power circuit are two 
separate parts, redundant and standby systems are discussed 
and their reliabilities are compared with each other in this 
paper. It is assumed that switches are controlled ideally i.e. 
there is no problem in controlling the power switch gates. It is 
possible to discuss the control contribution for each of the 
switches using the Markov model. 

A. Series Configuration 

In series circuits, an OC fault condition in one part of the 
system results in a failure of the whole system. Meanwhile, in 
a SC fault condition in the same circuit, the system can keep 
on operating. Therefore, it is enough to have only one active 
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part in the system to provide a routine system process during 
a SC fault condition. According to the above mentioned 
conditions, relays are used in series circuits so that during an 
OC fault condition, they can remove the damaged (faulty) 
part from circuit to guarantee the routine procedures of the 
system. In this paper, a series configuration with two forming 
parts (power electronics switches) has been analyzed. The 
challenge here is to choose the best initial structure for the 
relays in the two-part series configuration, so that the system 
can have a better structure. Therefore, an analysis had been 
done on the 3 structures of the relays i.e. “both are initially 
open”, “one open- one closed” and “no relays.” Finally, by 
finding the Markov model of these structures, it is possible to 

acquire the ( )R t  and MTTF equations. By comparing these 

equations, the best structure for a two-part series 
configuration can be found.  
1) Markov Modeling and Reliability & MTTF Calculations 

of a Redundant Structure with Similar Relays (both 
Relays are Initially Open) 

In this structure, two switches are connected together in 
series, and both of these switches are also in parallel with a 
relay. Both of the relays are initially open and during an OC 
fault occurrence for one of the switches, its respective relay is 
closed to remove the faulty switch from the circuit. During a 
SC fault condition in a switch, the system can perform 
regularly without the need to close the relay. In this 
configuration, half of the total network voltage will be seen 
on each of the switches. Therefore, the failure rate of the 
switches will be lower in this structure. However, when one 
switch is damaged, the grid voltage completely goes through 
the second switch and the failure rate of the second switch is 
high. Fig. 1 shows the series configuration with two open 
relays.  

Fig. 2 shows the state space or the Markov model for the 
series configuration with two open relays. As shown in Fig. 2, 
nine different states are possible in this configuration. 
Consider that both parts of the system initially work in a 
normal state and that both of the relays are initially open. If a 
SC fault occurs in switch 1, state 1 changes to state 2 with a 

failure rate of 1N sh   in this state. Under the same fault 

condition for switch 2, a transition from state 1 to state 3 

occurs with a failure rate of N sh   . No interference of the 

relaying probability ( SP ) is necessary, because there is no 

need for relay operation in these states. Consider state 1 when 
an OC fault occurs in one of the switches. If the relay 

operates correctly with a failure rate of S N oP    or 

S N oP    , the transition is from states 5 or 6, respectively. 

Otherwise it will get to state 7 with a failure rate of 

(1 )S N oP    or (1 )S N oP    and the system is 

completely open-circuit.  
Because of the large number of parameters and for a better  

 
 

Fig. 1. A series configuration with 2 open relays. 
 

 
 

Fig. 2. The Markov model for a series configuration with 2 open 
relays.  

 

understanding of the MTTF equation, in the final equation of 
each configuration, some assumptions are made for the sake 
of an easy comparison: 
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According to the Markov model, the probability matrix in 

this model is named 1sP  as in the following: 
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The quantities of ( 0  11)ia i to   are given in (2) in the 

appendix. 
The MTTFs of the above mentioned configurations 

determine the expected lifetime of these configurations. Thus, 
they can be good measures to compare the reliabilities of the 
different configurations. To calculate the MTTF, the 
absorbing state method is used in this paper. When the 
absorbing state occurs, the state escaping ability of the system 
is unavailable. However, when starting one non-absorbing 
state, a new mission starts. Such states are mentioned as 
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disastrous failures for mission-oriented systems, and their 
occurrence probability should be the lowest available in order 
to provide a more reliable operation for the system. 
Considering P as a stochastic transitional probability matrix, 
the Q-matrix is formed based on P and by omitting rows and 
columns of the absorbing state. According to the state space 
block diagrams in this model, the states 1, 2, 3, 5 and 6 are 
non-absorbing states that keep the system active. Therefore, 
the Q-matrix is as follows: 

0 1 2 3 4

6

1 9

9

6

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

s

a a a a a

a

Q a

a

a

 
 
 
 
 
 
  

(3)

According to the non-absorbing state method, the MTTF is 
described by the following equation: 

1
MTTF I Q


    (4)

Where I is the Unit Matrix, and placing (2) into the above 
equation yields: 
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By simplifying (5) and according to the given quantities 

for  ( 0  11)ia i to  in the appendix, starting from state 1, the 

MTTF can be written as: 
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In general, the time-dependent probability equation is as 
follows: 
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(7)

According to the probability matrix, the n nA   matrix is  

obtained as follows: 

( )
n n

T
n nA P I

   (8)

It is assumed that the initial state starting from state 1 is as 
follows: 

(0) [1 0 0 0 0 0 0 0 0]P  (9)

According to equations (1), (2), (8) and (9), the reliability  

 
 

Fig. 3. A series configuration with one open relay and one 

closed. 
 

 
 

Fig. 4. The Markov model of a series configuration with one 
open relay and one closed. 
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2) Markov Modeling and Reliability & MTTF Calculations 
of a Standby Redundant Structure with Relays (Initially 
Relay 1 Open and Relay 2 Closed) 

The difference between this structure and the previous one 
is that here, instead of both relays being initially open, the 
respective relay for switch 1 is initially open and the 
corresponding relay of switch 2 is closed. In the case of an 
OC fault in switch 1, its related relay will be closed to 
remove the faulty switch from the circuit. At the same time, 
relay 2 is open to let switch 2 into the circuit, but in the case 
of a SC fault in switch 1. There is no need for the closure of 
relay 1 under these conditions and only relay 2 is open. In 
this configuration, one of the switches is always in operation. 
Therefore, the whole network voltage is seen in one switch 
and its failure rate is high. Fig. 3 shows the series 
configuration with one open and one closed relay. 

Fig. 4 presents a Markov model for a series configuration 
with one open and one closed relay. As shown in Fig. 4, five 
states are likely to happen in this configuration. Assuming 
switch 1 is initially working and that the other one is in the 
standby state, relay 1 is open and the other one is closed. 
According to the Markov model, the state matrix in this 

model is named 2sP , and is shown as: 
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The quantities of  ( 0  7)ib i to  are given in (11) in the 

appendix. According to the state space block diagram of this 
model, states 1, 2 and 3 are non-absorbing states that keep the 
system active. The calculation of the MTTF, is similar to the 
procedure for the configuration shown in figure 1. According 
to equation (11), it is obtained as follows: 

 -  -  -  -
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2

2
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To calculate the reliability, it is assumed that the initial 
state starts from state 1, and according to equations (1), (8), 
(9) and (11) the reliability is achieved as follows: 
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3) Markov Modeling and Reliability & MTTF Calculations 
of a Redundant Structure without a Relay 

In this structure, two switches are connected in series 
without any relay. During an OC fault condition for one of 
the switches in this configuration, the whole system faces a 
total failure. However, during a SC fault occurrence in one of 
the switches, the system can keep on working normally with 
one switch until the other switch becomes active. In this 
configuration, half of the network voltage is in each switch. 
Therefore, the failure rates of the switches are low. During a 
SC fault condition for one of the switches, the other switch 
operates normally and supports the total voltage of the 
network. In this structure, the failure rate of the active switch 
is higher. On the other hand, during an OC fault condition for 
one switch, the whole system stops operating. Fig. 5 shows 
the series configuration without a relay. Fig. 6 presents a 
Markov model for a series configuration without a relay. As 
shown in Fig. 6, six states are likely to happen in this 
configuration. It is assumed that both system parts are 
initially operating in a normal state. 

According to the Markov model, the state matrix in this 

structure, 3sP  is presented as follows: 

0 1 2

4 5 6

3 7 8 9

0

0 0

0 0

0 0 0 1 0

0 0 0 0 1

s

c c c c

c c c

P c c c

 
 
 
 
 
 
    

(14)

The quantities of  ( 0  9)ic i to  have been given in (14) 

in the appendix. Based on the state space block diagram in 
this model, states 1, 2 and 3 are non-absorbing states. 
Therefore, the system will be active. According to equation 
(14) the MTTF is obtained as follows: 
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For calculating the reliability, it is assumed that the initial 
state starts from state 1, and according to equations (1), (8), 
(9) and (14) the reliability is achieved as follows: 

 
 

Fig. 5. A series configuration without a relay. 
 

 
 

Fig. 6. The Markov model for a series configuration without a 
relay. 
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B. Parallel Configuration 

Unlike series circuits, in parallel circuits during a SC fault 
in any part of the system, the entire system experiences a 
failure. In such circuits, during an OC fault condition, the 
system can continue its regular duty. Therefore, due to the 
occurrence of an OC fault, the operation of one part leads to 
the regular operation of the whole system. Under the above 
conditions in parallel circuits, relays are needed so that during 
a SC fault condition for one part, the damaged part can be 
removed from the circuit to guarantee system’s routine 
procedure. Like the previous configuration (series 
configuration) in this paper, a two-part (switch) parallel 
configuration has been analyzed. The Markov model of the 3 
relaying structures – “both initially closed”, “initially one 
open and one closed” and “no relay” – and their reliability 
and MTTF have been calculated. 
1) Markov Modeling and Reliability & MTTF Calculations 

of a Redundant Structure with Similar Relays (both 
Relays are Initially Closed) 

In this configuration, there are two switches in parallel, 
with each connected to a relay in series. In this structure, both 
of the relays are initially closed. In the case of a SC fault in 
one of the switches, its respective relay becomes open to 
remove the faulty switch from the circuit. However, in an OC 
fault condition in one of the switches, there is no need for the 
relay to be open and the system can operate regularly. In this 
configuration, half of the whole network current goes through 
each of the switches when both switches are active. Therefore, 
the failure rate of the switches decreases. 

When one of the switches is damaged, the entire current of 
the network passes through the other switch and its failure  
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Fig. 7. A parallel configuration with two initially closed relays. 

 
rate increases. Fig. 7 shows the parallel configuration with 
two initially closed relays. Fig. 8 shows the Markov model of 
a parallel configuration with two closed relays. As can be 
seen in Fig. 8, nine possible states can occur in this 
configuration. It is considered that all of the system parts are 
initially working in a normal state and that both of the relays 
are closed. As an example, some probable events in the case 
of a SC fault in switch 1 are mentioned. Under these 

conditions with the failure rate of 1S N shP    , a transition 

occurs from state 1 to state 2, and with the same fault in 

switch 2 with the failure rate of  S N shP    , the state 

changes from 1 to 3. Even if none of above states occur, the 
system gets totally short-circuited. When an OC fault takes 
place in one of the switches in state 1, because there is no 
need for relay operation in this state, the relaying probability 

( SP ) has no effect on the equations. Therefore, the transition 
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The quantities of  ( 0  11)id i to  have been given in (17) 

in the appendix. According to the state space block diagram, 
in this model, states 1, 2, 3, 5 and 6 are non-absorbing states 
that keep the system active. According to equation (17) the 
MTTF is obtained as follows: 
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To calculation the reliability, it is assumed that the initial 
state starts from state 1, and according to equations (1), (8), 
(9) and (17) the reliability is obtained as follows: 
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2) Markov Modeling and Reliability & MTTF Calculations 
of Standby Redundant Structure with Relays (Initially 
Relay 1 Open and Relay 2 Closed) 

 
 

Fig. 8. The Markov model for a parallel configuration with two 
closed relays. 

 

 
 

Fig. 9. A parallel configuration with one open and one closed 
relay. 
 

 
 

Fig. 10. The Markov Model of a parallel configuration with one 
open relay and one closed. 

 
In this structure, instead of both relays being initially 

closed, the corresponding relays for switches 1 and 2 are 
closed and open, respectively. In the case of a SC fault 
occurrence in switch 1, its related relay is opened to remove 
the faulty switch from the circuit. At the same time, relay 2 is 
closed to bring switch 2 into the circuit. In the case of an OC 
fault in switch 1, there is no need to open relay 1 and only 
relay 2 is closed. In this configuration, one of the switches is 
always active and all of the network current goes through it. 
In this structure, the failure rate of the operating switch 
increases. Fig. 9 shows the parallel configuration with one 
open relay and one closed relay. Fig. 10 shows the Markov 
model for the parallel configuration with one open relay and 
one closed relay. As can be seen in Fig. 10, five possible 
states can occur in this configuration. It is considered that 
switch 1 is initially active and that the other switch is in the 
standby state. Therefore, relay 1 is closed and the other relay 
is open. 
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Fig. 11. A parallel configuration without a relay. 
 

 
 

Fig. 12. The Markov Model for a parallel configuration without a 
relay. 

 
Based on the Markov model, the state matrix in this model, 

2pP  is shown as: 

 

0 1 2 3 4

5 6 7

2 5 6 7

g g

0 0 g g
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p

g g g

g

P g

 
 
 
 
 
 
  

(20)

The quantity of  ( 0  7)ig i to  is given in (20) in the 

appendix. According to the state space block diagram, the 
states 1, 2 and 3 are non-absorbing states. Therefore, the 
system is active. According to equation (20) the MTTF is 
obtained as follows: 

2
 -  -  -  -

2 2
 -  -

( )

( )
F sh F o S F sh F o

h F o

S
p

F s

P
MTTF

P   
 

  


 (21)

In order to calculate the reliability, it is assumed that the 
initial state starts from state 1, and according to equations (1), 
(8), (9) and (20) the reliability is obtained as follows: 

(2
2

)( ) (1 . . )e F sh F o
s S F sh S F o

tR t P t P t     


 
   (22)

3) Markov Modeling and Reliability & MTTF Calculations 
of a Redundant Structure without a Relay 

In this structure, two switches are connected in parallel 
without a relay. In this configuration, in the case of a SC fault 
in one of the switches, the system experiences a total failure. 
However, when there is an OC fault condition in one switch, 
the system can keep on working until the next switch that is 
not damaged. Half of the network current goes through each 
switch and the failure rate is low. When one of the switches is 
under an OC fault condition, the second switch continues 
working regularly and transfers the entire network current, 
which results in a higher failure rate. In the case of a SC fault 
in one switch, the system is totally damaged. Fig. 11 shows 

the parallel configuration without a relay. Fig. 12 shows the 
Markov model for the parallel configuration without a relay. 
As shown in Fig. 12, five states can occur in this 
configuration. It is considered that both system parts are 
initially working in a normal state. 

According to the Markov model, the state matrix in this 

configuration is 3pP , and is shown as: 

0 1 2 3
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3 7 8 9
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h h h h

h h h

P h h h

 
 
 
 
 
 
  

(23)

The quantities of ( 0  9)ih i to  have been given in (23) 

in the appendix. Based on the state space block diagram, the 
states 1, 2 and 3 are non-absorbing states. Therefore, the 
system is active in these states. The MTTF is obtained 
according to equation (23) as follows: 

- - -
3

- - - -

2 ( )

2( )( )
N o F sh F o

p
N sh N o F sh F o

MTTF
  

   
 


  (24)

For calculating the reliability, it is assumed that the 
initial state starts from state 1, and according to equations 
(1), (8), (9) and (23) the reliability is achieved as follows: 
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(25)

 

III. THE UTILIZATION OF REDUNDANT SWITCHES 
FOR RELIABILITY ENHANCEMENT 

According to the above analysis, the aim of this study is to 
find a configuration with the best reliability. Because the 
current and voltage stresses in switches in parallel operation 
are less than those in single switch operation, the failure rate 
is less when two switches work at the same time. These 
assumptions are independent from the fault type, i.e. they are 
always true for OC and SC faults. Therefore, it can be written 
that: 

N sh F sh

N o F o

 
 

 

 


 

(26)

In this article, the SC and the OC failure rates account for 
70% and 30% of all failures [24]. The failure rate for each of 
the power switches is presented in [25]. The MOSFET failure 
rate has been used in this paper for numerical analysis. The 
failure rate of power switches depends on environmental 
conditions, their quality and temperature. It is described as: 

 610b T Q E f h      (27)

In the above equation, b  is the power switch base failure  
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Fig. 13. Changes in the failure rate based on the semiconductor 
junction temperature. 

 
rate, which is normally related to electric tension and 

temperature and is equal to 60.06 10 )f h   for a 

MOSFET. As the temperature rises, the failure rate increases, 
and the probability of failure rises. Moreover, the temperature 

factor T  is a function of the device junction temperature

jT . 
The failure rate also depends on the application of the 

device in a circuit. The quality and the type of materials used 
in the fabrication of the device affects its failure rate. More 
information about the quality factor can be found in 

MIL-S-19500. In this work, Q  is considered to be equal to 

5. The environment of operation also effects the failure rate 
of a device. For instance, a device operating on the ground 

will have a different E than a device operating in space. In 

this paper, the environment for all of the parts is assumed to 

be the ground  BG . Therefore, 1E   is considered in the 

reliability and MTTF calculations. 
According to (27) and the above cases, the failure rate of a 

switch is determined based on the temperature rate coefficient. 
It is assumed that the temperature of a semiconductor 
junction varies from 25 C  to 60 C . Fig. 13 shows the 

failure rate based on different semiconductor junction 
temperatures according to [25]. Therefore, for the total failure 
rate, the variation range below is assumed, and it is not a 
constant in studies. 

7

3 5.9154

0.9 1.77462

2.1 4.14078
F o

F sh

failure

hour










  
        
   

(28)

In this part, the operation of the presented systems over 
10000 work hours has been analyzed. Equation (29) shows 
the equation of the reliability and MTTF. 

0

( )MTTF R t dt


  (29)

According to the above equation, the reliability and MTTF 
are directly related to each other. Therefore, by analyzing one 
of these concepts, most available systems can be specified.  

 
Fig. 14. Comparison of structures 1, 2 and 3 in series 
configuration. 

 
Because of this, first the reliability of the series 
configurations are analyzed and compared, and then the 
parallel configurations are compared. Finally, according to 
the obtained results, the most reliable or available model in 
power electronics convertor configurations will be selected. 

To prevent confusion, instead of a “redundant structure 
with similar relays”, a “standby redundant structure with a 
relay” and a “redundant structure without a relay,” the terms 
“structures 1, 2 and 3” are used, respectively. 

A. Comparison of Series Configurations 

In series switch configurations, a SC fault in one switch 
does not result in a total system failure, and it operates 
regularly. Therefore, in a series configuration, the importance 
of an OC fault in these structures, leads to relay 
implementation. Under these conditions, the SC failure rate is 
assumed to be constant. Due to variations of the switch 

failure rate from -N o  to F o   in an OC fault for one of 

the switches, F o   is assumed to be a variable. The 

variation range according to (28) is described as 

 7 71.77462 10F o f h 
     , and the relaying 

probability is assumed to be 0.9sP  . In addition, N o   

and N sh   are equal to the minimum values of F o   and 

F sh  . They are chosen using (28). F sh   is selected as the 

maximum value of the F sh   range. 

Fig. 14 shows the reliability variations for the structures 1, 
2 and 3 in a series configuration. According to this figure, it 
is obvious that the reliability of all three structures is equal to 

1R   (ideal value) at first. However, it can also be seen that 
it decreases gradually. This decrement is the maximum for 
structure 3 and the minimum for structure 1. For a 
relay-implemented system, it can be deduced that the relay’s 
proper operation leads to a reliability improvement and a 
longer lifetime of structures 1 and 2 when compared with 
structure 3. Therefore, in a series configuration, a redundant 
structure with a relay under the same conditions has the best 
reliability and lifetime characteristics. 
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Fig. 15. Comparison of structures 1, 2 and 3 in parallel 
configuration. 

 

B. Comparison of Parallel Configurations 

In parallel configurations, unlike series configurations, the 
system will not face a total failure under an OC fault 
condition on one switch. Therefore, it can perform its duty 
regularly. The importance of a SC fault in this configuration, 
leads to the implementation of relays. Under these conditions, 
the OC failure rate is assumed to be constant. Meanwhile, in 
a SC fault condition for one of the switches, the switch failure 

rate changes from N sh   to F sh  . Therefore, F sh   is 

assumed to be variable. The variation range for F sh  , 

according to (28) is described as 

 7 74.14078 10F sh f h 
     , and the relaying 

probability is assumed to be 0.9sP  . N o   and N sh   

are equal to the minimum values of F o   and F sh  , and 

are chosen using (28). F o   is selected as the maximum 

value of the F o   range. 

Fig. 15 shows the reliability variations for structures 1, 2 
and 3 in a parallel configuration. Like the series configuration, 
the reliability decreases for all of the three structures, and this 
decrement is the maximum for structure 3 and the minimum 
for structure 1. In addition, due to the implementation of 
relays in structures 1 and 2, the reliability of these two 
structures is better than structure 3. This shows that relays 
also lead to improved reliability in parallel configurations. 
Therefore, in parallel configuration, a redundant structure 
with a relay under the same conditions has the best reliability 
and lifetime characteristics. 

C. Comparison between Series and Parallel 
Configurations 

In this section, an attempt is made to determine the 
configuration with the greatest reliability. To compare two 
series and parallel configurations with each other, structures 1 
from the two configurations being compared are presented in 
fig. 16. In this figure, the maximum values for the failure rate 
are assumed and reliability variations for each of the 
configurations are shown during 10000 work hours for  

 
 

Fig. 16. Comparison of structures 1 in series and parallel 
configuration with different SP  values. 

 

different SP . As shown in this figure, four different values for 

SP  i.e. 0.7, 0.8, 0.9, and 1 are assumed. 

The series and parallel configurations are presented with 

red and blue, respectively. Considering SP =1 , according to 

(10) and (34), the reliability in a series configuration is equal 
to that of a parallel configuration. It can be seen in the figure 
that the two red and blue diagrams have high conformity. For 

other SP  values, the series configuration is better than the 

parallel configuration in terms of the reliability and MTTF. 
 

IV. CASE STUDY 

The proposed series and parallel structures are applied to 
conventional boost dc/dc converters. The equivalent circuits 
of the boost converters with the proposed series and parallel 
structures are shown in Fig. 17. It is assumed that the 
switches of the converter turn on at the same time. Simulation 
results in PSCAD/EMTDC are presented in the following 
section. 

In the series structure, the occurrence of a SC fault in one 
of the power electronic switches does not impose a problem 
in terms of the performance of the converter. Meanwhile, an 
OC fault in one of the switches leads to malfunctioning of the 
converter. Simulation results of the performance of a 
converter during a SC fault and an OC fault have been 
presented in Fig. 18(a) and Fig. 18(b), respectively. In Fig. 

18(a), at 2t s   a SC fault occurs on 1S . However, due to 

the series structure of the switches, there is no disturbance in 
the performance of the converter. In Fig. 18(b), the 
performance of the converter during an OC fault has been 

analyzed. At 2t s  , 1S  has been confronted with an OC 

fault that disturbs the correct performance of the converter. 
Therefore, the reliability of the series structure in facing SC 
faults of the power electronic switches is higher than that 
when facing OC faults. 

In Fig. 18, 1Sv  and 2Sv  are the voltages across the 

switches 1S  and 2S , respectively. 
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(a)                      (b) 

 

Fig. 17. The equivalent circuit of the boost dc/dc converter, (a) 
with two series switches, (b) with two parallel switches.  

 

   
(a)                     (b) 

 

Fig 18. The voltage and current waveforms of the series structure, 
(a) during SC fault, (b) during OC fault. 

 
The aforementioned analyzes can also be carried out for 

the parallel structure. If an SC fault occurs in the circuit 
depicted in Fig 17(b), there is a disruption in the function of 
the converter as shown in Fig. 19(a). Meanwhile, despite the 
occurrence of a OC fault in one of the switches of the parallel 
structure, the converter can continue its operation as shown in 
Fig. 19(b). 

The problem caused by an OC fault in the series structure 
can be solved by parallel relays of the switches. The initial 
states of these relays are open. The equivalent circuit and 
simulation results of the aforementioned structure have been 
presented in Fig. 20(a) and Fig. 21(a), respectively. As can be 
seen in Fig. 21(a), despite the presence of an OC fault in one 
of the series switches, the converter can perform normally. 
This is in contrast to Fig. 18(b). Consequently, the presence 
of relays is necessary for eliminating faults in systems with 
sensitive loads, which improves the power quality of the load. 
In addition, in order to increase the reliability in parallel 
structures during SC faults, series relays with switches can be 
used. The initial states of these relays are closed. The 
equivalent circuit and simulation results of the parallel 
structure with relays have been presented in Fig. 20(b) and 
Fig. 21(b), respectively. As can be seen from these figures, 
the results shown in Fig. 21(b) are improved when compared 
to the ones shown in Fig. 19(b). It must be considered that the 
duration of the simulation is just for determining the 
performance of the proposed structure during a fault. 

      
            (a)                      (b) 

 

Fig 19. The voltage and current waveforms of the parallel 
structure, (a) during SC fault, (b) during OC fault. 
 

 
(a)                        (b) 

 

Fig. 20. The equivalent circuit of the boost dc/dc converter with 
relay, (a) with two series switches, (b) with two parallel 
switches.  
 

     
(a)                       (b) 

Fig 21. The voltage and current waveforms of the proposed 
structure with relays, (a) during OC fault in series structures, (b) 
during SC fault in parallel structures 
 

In Fig. 19, 1Si  and 2Si  are the currents through switches 

1S  and 2S . 

If the performances of the diode, inductor, capacitor, and 
switches lead to better performance of the circuit, they can be 
considered as series unit elements. Thus, the total reliability 
of the circuit is equal to the multiplication of each of the 

elements of the circuit  ( ) ( ) ( ) ( ) ( )T Diod Inductor Capacitor SwitchR t R t R t R t R t    . 

In this paper, the principle idea is increasing reliability based 
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on the modification of MOSFETs structures while there are 
no changes applied to the other elements of the circuit. Hence, 
in this comparison, only the reliability of the switches (the six 
proposed structures) have been considered, which is 
representative of the total reliability of each circuit.  

 

V. CONCLUSIONS 
 

In this paper, redundant switches were used in two series 
and parallel configurations and three structures consisting of a 
“redundant structure with similar relays,” a “standby 
redundant structure with a relay” and a “redundant structure 
without a relay” to improve the MTTF and reliability. The 
above mentioned structures were also compared. Markov 
models of each of the mentioned structure have been found. 
Based on this, their Reliability and MTTF equations are 
calculated. A comparison indicated that in both the series and 
parallel configurations, a redundant structure with a relay 
under the same conditions has the best reliability and MTTF. 
Comparing the corresponding structures in the series and 
parallel configurations, the series configuration has a better 
reliability and MTTF, because the OC failure rate is lower than 
the SC failure rate. 
 

APPENDIX 

The values of  ( 0  11)ia i to  in (2) are as follows: 

0  1 -  2 -  1 -  2 -  1 -  2 -1-[ (1- )( )]N sh N sh S N o S N o S N o N oa P P P          

1  1 - 2  2 - 3  1 - 4  2N-, , ,N sh N sh S N o S oa a a P a P           

5  1 -  2 - 6  2 -  2 -(1- )( ), 1- ( )S N o N o F sh F oa P a         

7  2 - 8  2 - 9  1 -  1 -, , 1- ( )F sh F o F sh F oa a a          

10  1 - 11  1 -,F sh F oa a     

The values of  ( 0  7)ib i to  in (11) are as follows: 

2 2
0  1 -  1 -  1 -  1 -1-[ (1- ) (1- ) ]S F sh S F o S F sh S F ob P P P P        

2
1  1 - 2  1 - 3  1 -, , (1- )S F sh S F o S N shb P b P b P      

2
5  2 -  2 - 6  2 - 7  2 - 4  1 -1-( ), , , (1- )F sh F o F sh F o S F ob b b b P             

The values of  ( 0  9)ic i to  in (14) are as follows: 

0 1 2 1 21 ( )N sh N sh N o N oc                 

1 1 2 2 3 1 2, ,N sh N sh N o N oc c c                  

4 2 2 5 2 6 21 ( ), ,F sh F o F sh F oc c c                  

7 8 91 ( ), ,F sh F o F sh F oc c c                  

The values of  ( 0  11)id i to  in (17) are as follows: 

0  1 -  2 -  1 -  2 -  1 -  2 -1-[ (1- ).( ) ]S N sh S N sh S N sh N sh N o N od P P P          

1  1 - 2  2 - 3  1 -  2 -, , (1 )( )S N sh S N sh S N sh N shd P d P d P          

4  2 - 5  1 - 6  2 -  2 -, 1- ( )N o N o F sh F od d d          

7  2 - 8  2 - 9  1 -  1 -, , 1- ( )F sh F o F sh F od d d          

10  1 - 11  1 -,F sh F od d     

The values of ( 0  7)ig i to  in (20) are as follows: 

2 2
0  1 -  1 -  1 -  1 -1 [ (1 ) (1 ) ]S F sh S F o S F sh S F og P P P P         

2
1  1 - 2  1 -,S F sh S F og P g P     

2
3  1 - 4  1 -(1- ) , (1- )S N sh S F og P g P      

5  2 -  2 - 6  2 - 7  2 -1- ( ), ,F sh F o F sh F og g g          

The values of ( 0  9)ih i to  in (23) are as follows: 

0 1 2 1 21 ( )N sh N sh N o N oh                 

1 1 2 2 3 1 2, ,N o N o N sh N shh h h                  

4 2 2 5 2 6 21 ( ), ,F sh F o F sh F oh h h                  

7 8 91 ( ), ,F sh F o F sh F oh h h                  
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