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Abstract—In this article, the inherent fault-tolerant capability of
the soft-switching cell for boost-based dc–dc converters is investi-
gated. The main switch of boost-based dc–dc converters withstands
high-temperature stress, which is expected to be failed with a higher
probability than other devices. Providing soft-switching condition
for the main switch and employing fault-tolerant capability are
effective approaches to solve this problem. When a fault occurs
for the main switch, the proposed converter can be reconfigured
such that the soft-switching cell can change its duty to continue the
normal operation of the converter without interruption. Inherent
redundancy, low failure rate, high integration, and high efficiency
are the specifications of the presented converter. The reliability
analyses are presented and the functionality of the active soft-
switching cell to provide soft-switching condition and fault-tolerant
capability are verified by experimental results.

Index Terms—Active soft-switching cell, boost dc–dc converter,
fault-tolerant capability, inherent redundancy feature, reliability.

I. INTRODUCTION

POWER electronic converters are used to transfer power
from energy sources to the loads. In applications such as

aerospace systems, military devices, and medical equipments,
in which loads must be continuously supplied, avoiding power
interruption is very important. Thus, using converters with high
reliability is necessary [1].

Power switch devices in dc–dc converters have a high risk
of burning during the operation of converters, which challenges
the reliability of the converters. Since most power electronic
converters do not have the redundant capability, any unexpected
fault that occurs to the switches would result in an interruption in
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converter operation [2]. To solve this problem, reducing failure
rate and providing fault-tolerant capability are two important
approaches to increase the reliability of dc–dc converters [3].

In modern applications, high efficiency and high power den-
sity dc–dc converters are required. To increase power density, the
switching frequency must be increased. However, by increasing
the switching frequency, the losses increase. This results in a
reduction in the converter efficiency and reduces the life-time of
the converter components. The approach to solving this prob-
lem is applying soft-switching methods. Using soft-switching
methods not only reduces the switching loss drastically but also
decreases the switches failure rate [3], [4].

When a fault occurs, the converter must use the fault-tolerant
mechanisms to keep normal operation. To provide fault-tolerant
capability, some solutions are addressed in the literature, which
are generally divided into two categories.

The first approach is implementing fault-tolerant techniques
without additional redundant power devices [5]–[8]. Interleaved
structures belong to this fault-tolerant category in which if a fault
occurs for the switches of a converter branch, other branches can
take the tasks of the faulted branch [6]–[9]. Increasing the input
and output voltage and current ripples, imposing additional elec-
trical stresses to the power devices, and complex mechanisms of
fault-managing system are the main problems of this method.

Another approach is to provide the fault-tolerant capability
for dc–dc converters by adding circuitries that contain some
redundant switches to the converter topologies [10]–[15]. In
general, equipping converters with redundant power switches,
legs, or modules [3] are the most desired solutions. In [13], by
adding a redundant switch to the boost and buck converters, a
new converter is introduced that can operate as a buck or boost
converter in normal condition and can operate the same as a
buck-boost converter under fault conditions. In [12], the cascade
connection of z-source converters is used to reduce voltage stress
of the components and also, to keep feeding load under fault
conditions. Fault-tolerant single switch converters are presented
in [14] and [15] using standby switch configurations. However,
increasing the component counts, design complexity, and cost
of the converter are some disadvantages of these methods. All
the mentioned topologies have low efficiency in high switching
frequencies and require large heat sinks to keep the junction
temperature of the switches far from critical junction temper-
atures. Thus, their components failure rate is high. Besides, a
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long transition time between forward blocking mode to forward
conduction mode is required in order to replace the redundant
switch (e.g., TRIAC or relay) with the faulty switch in case of
failures. The mentioned challenges are motivated to use inherent
fault-tolerant configurations.

Adding soft switching and fault-tolerant circuitries to the
power converters simultaneously causes a severe increase in
the number of converter components. One of the approaches to
reduce the components count is using soft-switching cells that
can be acted as redundant structures when a fault occurs. Chang-
ing the task of the converter components according to different
operating modes is a good solution to meet both improving the
performance and increasing the integration of the converters.

So far, many soft switching techniques have been introduced
in the literature. However, due to limitations in the structure of
soft switched converters, by losing the main converter switch, the
converter functionality would be missed [16]–[20]. In order for
a soft-switching cell can provide inherent redundancy property,
three essential requirements must be satisfied.

1) Its topology must contain at least one switch.
2) The soft-switching cell must have the capability to be

placed in parallel with the main switch of the converter.
3) All components of the soft-switching cell must not disrupt

the converter functionality in fault conditions.
In this regard, the zero-voltage-transition (ZVT) soft switch-

ing circuits have the ability to change their task under fault con-
ditions. The ZVT circuits mostly consist of a capacitor, inductor,
diode, and switch that are placed in the node in which the main
converter switch is connected [21], [22]. This configuration of
the soft switching circuits can act as the main switch of the
boost converter when a fault occurs. Thus, the ZVT circuits can
meet the reliability requirements by considering high-efficiency
performance.

Enhancing the fault-tolerant capability of power converters
by changing the role of active soft-switching cells is the main
contribution of this article, which has not been considered in the
previous literature. In this article, the ZVT boost converter relia-
bility is analyzed, and its potential to have inherent redundancy
in fault-tolerant conditions is investigated.

II. APPLICATION OF THE ZVT CELL IN BOOST CONVERTER

FOR ENHANCING RELIABILITY

So far, the ZVT cells have been used in many converters to
provide soft-switching condition [21]–[39]. In general, the base
of most ZVT circuits is derived from the references [21]–[26].
However, according to the aforementioned points, most ZVT
cells cannot be utilized for reliability issues. In [32], [36], and
[39], the ZVT cell does not place in parallel with the main switch
of the converter. In [23]–[25], [27]–[31], and [35], the ZVT com-
ponents disrupt the converter functionality in fault conditions.
Although, by applying slight changes to most of the ZVT circuit
topologies, they can operate under fault conditions. Moreover,
according to the reliability design considerations, some other
design considerations such as the number of components, volt-
age and current stresses, and soft-switching conditions must be
considered to select the proper ZVT cell. In the following, a

Fig. 1. Topology derivation of the proposed converter. (a) Conventional ZVT
boost converter (C-ZVT). (b) Improved ZVT boost converter by utilizing clamp-
ing diode (I-ZVT-D). (c) Improved ZVT boost converter by utilizing thyristor
(I-ZVT-SR).

Fig. 2. Key waveforms of the ZVT boost converter under normal conditions.

ZVT cell is selected and the topology derivation procedure of
this cell to operate under fault conditions is discussed.

In [21], a ZVT boost converter is introduced which is shown in
Fig. 1(a). In this converter, S1 is the main switch, D1 is the output
diode, and LM acts as the inductor of the boost converter. The
ZVT cell consists of N1–N2 coupled inductors (n=N2/N1) along
with leakage inductance (LLK), S2 is the auxiliary switch, and D2

is the auxiliary diode. In this converter, the coupled inductors
technique is used. Thus, a single magnetic core is utilized in
which the volume of the converter is reduced. Also, S1 operates
under zero-voltage-switching (ZVS) and S2 operates under zero-
current-switching. Fig. 2 shows the key waveforms of the ZVT
boost converter under normal conditions. In [21], circuit analysis
and design considerations are presented in detail.

In the conventional boost converter, the S1 main switch has
a high potential to burn. However, in the introduced ZVT boost
converter, the ZVT cell can change its task and the auxiliary
switch can operate instead of S1. When a fault occurs for S1, at
first physical fault isolation unit [3] forces the damaged switch
to be electrically isolated from the converter and eliminates
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Fig. 3. Steady-state equivalent circuits of I-ZVT-SR converter when S1 is
failed due to the fault. (a) S2 is in ON mode. (b) S2 is in OFF mode.

its influence over the converter operation. Then the postfault
reconfiguration would be activated. In this stage, the ZVT cell,
which is connected in parallel with the main switch can continue
the operation of the converter. Thus, the reconfigured converter
can operate similarly to the conventional boost converter and
supply the output load.

In the S1 failure condition, S2 operates as the main switch
of the converter. At the turn-OFF instance, there is no path to
discharge the stored energy in the leakage inductance series
with the auxiliary switch. Thus, the leakage inductance generates
spikes and increases the losses and voltage stress of S2. Instead
of over-designing the voltage stress of S2, a simple practical
solution is, clamping the vS2 on output voltage through a clamp-
ing diode (D3) which is shown in Fig. 1(b). In the following,
this converter is called I-ZVT-D converter. Although S1 can
operate under soft-switching conditions, but this diode disturbs
the soft-switching operation of the S2 in a normal state. To solve
this problem, a technique must be used such that the voltage of S2
be clamped to the output just in a fault condition. And, in normal
conditions, it does not affect the soft-switching operation of the
converter. Accordingly, the structure of Fig. 1(c) is proposed in
which a thyristor (SR1) is used instead of the clamping diode. In
the following, this converter is called the I-ZVT-SR converter.
In normal conditions, SR1 is always OFF and the operation of the
converter would be the same as the C-ZVT boost converter (see
Fig. 2).

And, when a fault occurs, a constant trigger voltage would
be applied to the gate of the thyristor. Through this method,
the thyristor acts similarly to a diode. Thus, the operation of the
converter in fault conditions would be similar to the conventional
boost converter. And, a power flow path is provided to discharge
the stored energy in the leakage inductance and the voltage stress
of S2 is clamped to the output voltage.

The steady-state operations and the key waveforms of the
improved ZVT converter (I-ZVT-SR) under fault conditions
are shown in Figs. 3 and 4, respectively. When S2 is ON, the
energy stores in magnetizing inductance and due to n<1, the less
amount of current circulates in the primary side of the coupled
inductors [see Fig. 3(a)]. And, when S2 turns OFF, the stored
energy in LM transfers to the load [see Fig. 3(b)].

III. RELIABILITY ANALYSES

In this section, the reliability analyses of the proposed con-
verter are evaluated. At first, all possible operating states of the
converter are investigated, and the graphical transitions of the

Fig. 4. Key waveforms of the ZVT boost converter under fault condition.

Fig. 5. Markov chain of the studied converter.

possible routes from one state to other states are presented. Then,
the transition matrixes and mathematical equations to calculate
the probability function of each state are derived. After that,
the failure rates calculation method is introduced to derive the
probability rate of transitions between each state.

A. The Markov Chain of the Proposed Converter

In a multistate system that may operate in different probability
states, Markov chain theory can be employed to model stochastic
changing of all states [40]. In [2], [8], [12], and [13], the
Markov chain is used to derive reliability models of fault-tolerant
converters. In the Monrovian theory, a Markov model of a system
is built base on the probabilistic state-transition scheme of all
operating conditions. In the proposed fault-tolerant converter,
the health situation of the switches determines the operating
states of the converter. The proposed converter can continue its
duty in case of the main or auxiliary switch failures. Thus, two
acceptable operating states are realized for the converter. After
that, when the survived switch fails, the converter shuts down.
According to [1], [12], [13], [41], and the results of this article,
the failure rates of diodes and the thyristor are low enough to
negligible in reliability analyses. However, to cover all possible
events, the operation states of the proposed converter in case
of these semiconductor devices failure are also considered in
this section. Accordingly, four states can be considered in the
Markov chain. Fig. 5 shows the Markov chain diagram for
the studied converter. This diagram consists of four states as
described in the following.
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State 11: In this state, the main and the auxiliary switches
and other semiconductor devices are healthy. In other words,
the converter operates under normal soft-switching conditions.

State 10: If the main switch fails, the fault managing system
must detect the fault, isolates the main switch, and reconfigures
the converter to operate the auxiliary switch as the main con-
verter switch. Therefore, the auxiliary switch tackles the main
switch duty to feed load without interruption. The failure rate
of the main switch and successful operation probability of the
fault-managing system are denoted by λ1m and PC, respectively,
in Fig. 5. The transition probability from state 11 to state 10 is
λ1mPC. The auxiliary switch, the D2, and thyristor with the rates
of (λ2aux), (λD2), and (λT) may fail while the converter operates
in state 10 which causes the converter shutdown.

State 01: It is possible that the ZVT cell would be lost due to
the auxiliary switch fault. Therefore, this cell must be isolated
by the fault-managing system. If the fault-managing system
operates successfully with the rate of PC, state 01 appears. The
transition probability from state 11 to 01 is λ1auxPC. In case of
the main switch or output diode failure in state 01, the system
would be OFF. Thus, the transition probability from state 01 to
State 00 is λ2m+ λD1.

State 00: This state indicates the conditions in which there
is no solution to supply the load power demand. If the main
or auxiliary switch fails and the fault managing system cannot
handle the faulty conditions, two possible transition paths from
state 11 to 00 are realized. The transition rates from state 11 to 00
are determined by λ1m(1 – PC) and λ1aux(1 – PC), respectively.
There is another path from state 11 to 00 that appears when the
diodes fail with the rate of λD1+ λD2.

According to the theoretical concepts of Markov chain analy-
ses, a differential equation-based matrix is required to be derived.
The general form of the matrix is presented by the following
equation:

d

dt

⎡
⎢⎢⎣
P1(t)
P2(t)
P3(t)
P4(t)

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

−λ1 − λD 0 0 0
λ12 −λ22 0 0
λ31 0 −λ33 0

(1− PC)λ1 + λD λ22 λ13 0

⎤
⎥⎥⎦
⎡
⎢⎢⎣
P1(t)
P2(t)
P3(t)
P4(t)

⎤
⎥⎥⎦ .

(1)

To derive the matrix elements, some general simple rules are
used as follows.
� To calculate λii, all transition rates from state (i) to other

states must be summed together. For example, (2) shows
the calculation of λ11as an example

λ11 = λ1mPC + λ1auxP
C + (1− PC)λ1m

+ (1− PC)λ1aux + λD1 + λD2. (2)

By simplifying (2), we get

λ11 = (λ1m + λ1aux) + (λD1 + λD2) = λ1 + λD. (3)

� λij is the transition rate from state (i) to (j). For example,
considering Fig. 5, the operating state of the converter may
change from State 11 to 01 with the rate of λ1auxP

C . Thus,

λ12 is equal to λ1auxP
C . Considering the mentioned ex-

amples and rules, all elements of the matrix can be derived
easily. In this matrix,λ11 = λ1m + λ1aux, λ22 = λ2m +
λD1 + λD2, λ33 = λ2aux + λD2 + λT , λD = λD1 + λD2

and λ13 is equal to λ1mPC .
According to Markov chain theory, the initial probability

values of states are as follows:[
P1(0) P2(0) P3(0) P4(0)

]
=

[
1 0 0 0

]
. (4)

Since the converter can operate in states (11), (10), and (01),
the reliability function of the studied converter is the summation
of P1(t), P2(t), and P3(t). The reliability of the converter can be
written as

Rp(t) = P1(t) + P2(t) + P3(t). (5)

The probability functions of different states can be derived by
solving the differential equation-based matrix. By solving (1)
and considering the initial conditions, the reliability function
can be derived as follows:

Rp(t) =

[
1− λ1mP c

λ1m+λ1aux−(λ2aux+λD2+λT )

− λ1auxP
c

λ1m+λ1aux−(λ2m+λD1)

]
e−(λ1m+λ1aux+λD)t

+

[
λ1mP c

λ1m+λ1aux−(λ2aux+λD2+λT )e
−(λ2aux+λD2+λT )t

+ λ1auxP
c

λ1m+λ1aux−(λ2m+λD1)
e−(λ2m+λD1)t

]
.

(6)

Meant time to failure (MTTF) is another reliability index.
MTTF predicts the elapsed time that the failure will occur for a
converter. This index can be calculated as follows:

MTTF =

∫ ∞

0

Rp(t) (7)

where R(t) is the reliability function [40], [42].

B. Failure Rate Analyses

The fault occurrence is a random phenomenon so that the
converter can operate randomly at any operating state. To de-
rive the reliability equation, failure rates of switches and other
semiconductor devices must be calculated. The failure rates
of switches are much more than other components [1], [4],
[12], [13], [41]. Thus, the detailed failure rates of switches as
the most vulnerable components are examined in this section.
Different factors affect the calculated failure rates of switches.
Each factor should be determined considering the environment
and operating conditions of the studied converters.
� Considering the environmental situation in which the con-

verter operates, the environmental factor πEnmust be de-
fined. It is assumed that the converter operates in the ground
benign environment. Thus, πEn = 1.

� The manufacturing process of components can be exam-
ined by some strict reliability standards. Depending on
screening levels of power devices, heritage qualification
factors (πQS) of power components can be provided for
industry communities. Nowadays, regular screening lev-
els are implemented by the manufacturing factors, thus
πQS = 5.5.
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� HDBK-217F considers an application factor (πAS) that
depends on the power rate of the converter. In this article,
πAS = 8.

� The base failure rate value is another factor that is consid-
ered as a constant value for calculation failure rates. In this
article, it is assumed that πb = 0.027(FIT ).

� The junction temperature factor as a variable factor de-
pends on the power profile of a switch, ambient temper-
ature, and thermal resistance. According to HDBK-217F
and some recent papers [12], [13], [41], this factor can be
calculated by using the following equation:

πt = exp

(
a

c
− a

Tj + b

)
(8)

where a = 1925, b = 273, and c = 298 [41], [42].
For a switch that is mounted on a PCB board, it is excepted that

the thermal factor and all other factors values are fixed duration
operation of the switch as an active element of a converter. Thus,
the failure rates (λ) of the power switches in the introduced
converter are calculated as follows:

λ = λbase exp

(
a

c
− a

Tj + b

)
(9)

whereλbase is the base failure rate and its value depends on
the manufacturing process and historical failure rate data. It is
constant for the main and auxiliary switches. To calculate the
failure rates (λ), the junction temperature (Tj) of the power
switch must be calculated. Thermal resistance between the
junction and the case (RthJC), the case and the switch heat sink
(RthCS), and the heat sink and ambient (RthSA) should be known
to calculate the junction temperature.RthJCand RthCS are given
by the selected power switch datasheets. Also, the heat sinks
datasheet determines the RthSA value. The relationship between
the junction temperature and power losses can be obtained as
follows:

Tj = Ta + (RthJC +RthCS +RthSA)× PLosses (10)

where Ta is the ambient temperature and Rth is thermal resis-
tance. The power losses of a switch consist of switching and
conductions losses. Thus, the (10) can be reformed as

Tj = Ta + (Rth) (αPLoss_Sw + PLoss_Cond). (11)

PLoss_Sw and PLoss_Cond are the switching and conduction
losses of a switch, respectively. In (11), α is the soft switching
factor. Rth(= RthJC +RthCS +RthSA)is total thermal resis-
tance. Thus, by replacing (11) into (8), (9) can be rewritten as
follows:

λ = λbasee
(a/c) exp

×
(
− a

Ta + b+Rth(αPLoss_Sw + PLoss_Cond)

)
.

(12)

By applying soft-switching techniques, the value of α would
be 0≤α<1. If the switch operates under fully soft-switching
conditionsα= 0, while for hard-switching conditionsα= 1. It is
clear that the failure rate of the power switch has a direct relation

Fig. 6. Switches failure rates calculation flowchart.

with the switching losses. For fully soft-switching conditions,
the total switching losses decrease. As a result, the failure rate
of the switch would be decreased significantly. To determine the
failure rates values, the switching and conduction losses must
be calculated. The voltage stress of the switch (VDS), the switch
current (iS) and the ON-state resistance of the switch (RDS) are
used to calculate the power losses. The mentioned losses can be
calculated using the following equations:

Psw =
1

T

[∫ T

0

VDSiS(t)dt

]
(13)

PCon =
1

T

[∫ T

0

RDSi
2
S
(t)dt

]
. (14)

It should mention that the junction temperature (Tj) impacts
on parasitic parameters of the switches are considered in failure
rate calculations and the reliability analyses. With rising the
junction temperature, the ON-state resistance of power switches
would be increased. Thus, the losses increase. Then, the junction
temperature rises further, which degrades reliability. The failure
rates of diodes and the thyristor are evaluated the same as the
process that is given in [2], [10], [12], [13], and [41]. To prevent
prolongation, the failure analyses detail of diodes and thyristor
are not reported in this section.

C. Reliability Evaluation Flowchart

In this section, the calculation procedure of the failure rates
and MTTF of the studied converters in terms of different oper-
ating power levels and switching frequencies are presented. The
flowchart shown in Fig. 6 indicates that how failure rate curves
are achieved. In the first step of this flowchart, the switching
frequency, operation power points of the converter, and the char-
acteristics of each semiconductor device are initialized. Then,
the junction temperature and failure rates for different output
power levels and the switching frequency values are calculated.
As the thermal resistance value depends on junction temperature,
the junction temperature values are calculated in each iteration of
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Fig. 7. MTTF calculation flowchart.

Fig. 8. Failure rate of I-ZVT-SR and conventional boost converter semicon-
ductors. (a) S1 failure rates. (b) S2 failure rates. (c) Other semiconductor devices
failure rates.

the flowchart loop. Using this flowchart, failure rates of switches
are derived for defined power and switching frequency ranges.

To investigate the lifetime of the studied converters, the MTTF
of the converters for specific operation points must be derived.
Fig. 7 shows that how the MTTF values of the studied converters
for different switching frequencies and the desired output powers
are calculated.

D. Numerical Analyses

Fig. 8 illustrates the failure rates of the converter switches
in different operating states. Fig. 8(a) shows that due to the
operation of S1 under the ZVS condition, the S1 failure rate (λ1m)
is reduced drastically in comparison with the failure rate of the

Fig. 9. Reliability comparison. (a) Half-load power. (b) Full-load power.

switch in the conventional converter (λ2m) that operates under
hard switching condition. Also, Fig. 8(b) indicates the failure
rates of S2 in the normal operation of the ZVT boost converter
(λ1aux) and its failure rate when S2 operates in the faulty condi-
tion (λ2aux). Fig. 8(c) shows the failure rates summation of the
output and the clamp doides under different operating conditions
in which, in comparison with the switches failure rates are
negligible. Thus, the results show that soft switching reduces
the failure rate of the boost converter main switch drastically.
It should mention that the failure rates of main and auxiliary
switches while operating under hard-switching conditions are
not high, and the obtained failure rates are in the normal range
[12], [13].

The reliability curves of the studied converter (for fair compar-
ison and considering the failure of the fault-managing system,
PC = 0.9 is considered in this study), the reliability curves of
the studied converter without fault-tolerant capability [RP(t) =
P1(t)] and the conventional boost converter are shown in Fig. 9
for half-load and full-load operation modes. The results show
that increasing the switching frequency affects reliability. The
reliability of the hard-switched conventional boost converter is
deteriorated by increasing the switching frequency. And, the
ZVT boost converter has a more reliable structure for operating
in high switching frequencies. As shown in Fig. 9, due to
inherent redundancy, the ZVT boost converter in comparison
with the conventional boost converter has better reliability in
a wide range of the output power. Employing the ZVT cell
without fault-tolerant capability cannot improve the reliability
in the lower ranges of output power. Fig. 9(a) shows that in the
half-load condition, the effect of using the extra switch in the
ZVT boost converter dominates the effect of soft switching on
reliability for low switching frequencies.

Fig. 10 compares the MTTF of the studied converters in
different scenarios. In this figure, MTTFSF, MTTFSWF, and
MTTFC belong to the proposed converter, the converter without
fault-tolerant capability and the conventional converter, respec-
tively. According to Fig. 10, the MTTFSF/MTTFC proportion
in full load condition has more improvement than in light load
condition. However, due to the increased failure rate of the
auxiliary switch in the case of operating as the main switch, the
MTTFSF/MTTFSWF proportion has less improvement in the full
load in comparison with operating in lower output power. Due
to the use of soft-switching technique, the MTTFSF/MTTFC
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Fig. 10. MTTF comparison of the studied converters in different scenarios.
(a) In half-load power. (b) In full-load power.

improvement ratio of the studied converter increases. Also,
employing the inherent fault-tolerant capability of the ZVT cell
causes the MTTFSF/MTTFSWF to increase.

IV. PROPOSED CONVERTER FAULT TOLERANT DESIGNS

The reliable performance of the converter is an important issue
for the postfault conditions. In this regard, the power components
must be selected according to the healthy and postfault condi-
tions. Moreover, the reconfiguration steps and the functionality
of the converter in postfault conditions must be investigated
to guarantee normal or seminormal operations of the converter
[43], [44].

A. Power Switches Parameters Design

The output voltage, the converter power rate, and the switch-
ing frequency are not changed in healthy and postfault condi-
tions. Thus, redesigning the passive components is not required.
However, the nominal current and voltage stresses of switches
are changed as described in the following.

Voltage Stresses: during the healthy mode, the nominal volt-
age stress of the main and auxiliary switches are 100 and
120 V, respectively. While these values would be 100 V in fault
conditions. Thus, the voltage stresses of the switches are not
increased in fault conditions.

Current Stresses: the nominal rms current of the main switch
in normal mode and the nominal rms current of the auxiliary
switch in fault mode are almost the same and they are ≈4 A.
The auxiliary switch tolerates low current stress in normal
conditions. However, under fault conditions, this switch must
tolerate the mentioned nominal current. Thus, the current rate of
the auxiliary switch must be high to tolerate faulty conditions.

Efficiency: to achieve a high-efficiency converter, employing
the switches with low ON-state resistance and low output capac-
itance for main and auxiliary switches are recommended. The
selected power switches are listed in Table III.

Heat Sinks: the power losses of the switches are very low
in normal conditions. However, the losses of the switch in fault
conditions are high. In this article, to achieve an optimum design
in fault conditions, it is tried to have minimum overdesigning.
Therefore, the heat sinks are designed to keep the junction tem-
perature of the switches far enough from the maximum critical
junction temperature (0.7∗175°C≈120°C), which is determined
by the switches datasheet [45], [46]. The desirable thermal

resistances of heat sinks can be calculated by the following
equation:

Rth <
120− Ta(= 25oC)

PLosses

− [RthJC(= 0.48) +RthCS(= 0.24)]. (15)

The maximum power loss value for the switches under hard-
switching condition is 3.9 W, thus

Rth < 23.64 oC. (16)

B. Fault Diagnosis

In this article, a simple method is presented to detect open-
circuit and short-circuit faults (SCFs) of power switches. To im-
plement the fault diagnostic system, only one additional voltage
sensor is required to measure the summation of voltage across
D2 and S2. Thus, the VD2+VS2 = VDA-SS is measured by the
voltage sensor. Considering the gate-driver signals of switches
and the measured VDA-SS, the type and occurrence time of the
faults can be detected easily. Fig. 11 shows the different signs
of VDA-SS values during healthy and different fault conditions.
In this figure, the behavior of the VDA-SS signal under switch
SCF, and switch open-circuit fault (OCF) is analyzed to detect
the time and type of the switches faults. To detect the faults,
the delayed signals of PWM pulses are used to ensure that the
signals passed their transient states [47]. The conditions that the
fault managing system can detect faults are also indicated in
this figure. Table I summarizes these conditions. In this table,
to simplify the analysis, each switch gate signal is denoted by
“1” and “0” when the gate signal is high-level and low-level,
respectively. According to the waveforms shown in Fig. 11 and
analyses in Table I, the logical-based circuits are designed as
shown in Fig. 12. When the output of each logic circuit function
would be “1”, the corresponding fault type can be detected.

C. Reconfiguration Strategy

After detecting the type and occurrence time of the faults, the
reconfiguration strategy shown in Fig. 13 is executed. In the case
of SCF of S1 or S2, SCFs can be cleared by fuses. After S1 fault
detection, whether fault type is open-circuit or short-circuit, the
SR1 is triggered and it would be ON forever. In the case of S2 SCF
fault, the leakage inductance current value would be high and
its energy must be discharged after clearing S2 SCF fault. Thus,
SR1 would be ON once that the fault is detected. It is not required
to trigger the SR1 in case of S2 OCF fault. Thus, the converter
can operate in reconfigured topology after faulty conditions.

V. COUPLED INDUCTORS TURNS RATIO DESIGN

CONSIDERATIONS

The voltage and current stresses of semiconductor devices
are formulated and listed in Table II. This table shows that
the electrical stresses do not depend on the turns ratio in a
fault condition. However, the turns ratio must be designed for
healthy mode. Equations (17) and (18) present the soft switching
resonance equations of the converter derived from a time interval
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Fig. 11. Key waveforms from the healthy state to: (a) S1 SCF, (b) S1 OCF, (c) S2 SCF, and (d) S2 OCF.

TABLE I
EQUATIONS AND SIGN ANALYSES OF THE VDA-SS DURATION HEALTHY AND POSTFAULT CONDITIONS

VDF: Diode forward voltage

(t4–t5) in Fig 2. In these equations, the turns ratio and leakage
inductance participate in soft-switching conditions and increase
the stresses. Thus, a tradeoff between the coupled inductors turns
ratio and the value of leakage inductance must be established

vCS(t) =
n

n+ 1
Vin +

[
− n

n+ 1
Vin + VO

]
cosω(t− t3)

+ [Z0ILM (t3)− Z0(n+ 1)iLK(t3)] sinω(t− t3)
(17)

Z0 =

√
LLK

CS

n+ 1
, ω0 =

n+ 1√
LLKCS

. (18)

During the normal operating of the converter, S1 is turned ON

under ZVS condition through two steps of the resonance process
(see Fig. 2). At first, when D1 turns OFF, the voltage induced

on the coupled inductors is applied to the leakage inductance
and causes the leakage inductance current to increase and then
discharges the CS snubber capacitor. Thus, the voltage on the
secondary side of the coupled inductors must be smaller than
the output voltage

VO ≥
(

2n

1 + n

)
Vin. (19)

This relation holds for any values of n>0. According to
Table II, increasing the turns ratio contributes to S2 rms current
stress reduction. However, by increasing the value of n, the volt-
age stress of the S2 increases. Equation (20) defines the current
stress and (21) defines the voltage stress of S2 in the normal
condition. The current stress of the S2 in normal conditions is
low. Therefore, an optimum value for the turns ratio must be
selected so that the voltage stress is reduced. Fig. 14 shows the
relation between the turns ratio of the coupled inductors and
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Fig. 12. Logic circuit functions of the fault-diagnostic system.

Fig. 13 Fault conditions managing diagram for the proposed converter.

TABLE II
COMPONENTS VOLTAGE AND CURRENT STRESSES

Fig. 14. Voltage stress of S2 proportion to turn ratio in normal operating mode.

TABLE III
KEY PARAMETERS OF THE IMPLEMENTED PROTOTYPE

S2 voltage

iS2_RMS = IO +
VO

Z0

√
DS2

3
(20)

vS2(t) = (n+ 1)VO − nVin. (21)

VI. EXPERIMENTAL RESULTS

To confirm the theoretical analysis, a 200-W prototype of the
I-ZVT-SR boost converter is implemented with specifications
which are indicated in Table III. As seen in Fig. 9(a), the relia-
bility of the soft-switching converter without fault-tolerant capa-
bility is more than the reliability of the conventional converter for
fS>83 kHz. For this reason and to have comparable experimental
results, the 100 kHz switching frequency is selected.

Fig. 15 shows the experimental waveforms. Fig. 15(a) and (b)
shows the waveforms of S1 and S2 under normal operation of the
converter. And Fig. 15(c) shows that when the fault occurs and
after isolation, S2 operates similar to the main switch of the boost
converter. Fig. 15(d) and (e) shows the key transition waveforms
of the converter at the interval time in which a fault occurs,
and then the converter continues the operation by the use of its
inherent redundancy capability. As shown in Fig. 15(d) and (e),
at first, the converter operates under normal conditions. Then, a
fault occurs for S1, and S1 is isolated from the converter. After
that, S2 continues the operation instead of S1. To confirm the fault
diagnostic system performance, the different fault detection sce-
narios are tested and shown in Fig. 16. According to the results,
the I-ZVT-SR converter can supply the load uninterrupted under
fault conditions.
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Fig. 15. Experimental waveforms (ts = time scale). (a) Operation of S1 under
soft switching condition in normal condition (ts = 2 µs/div). (b) Operation of S2
under soft switching condition in normal condition (ts= 2µs/div). (c) Operation
of S2 in fault condition (ts = 2 µs/div). (d) Transition waveforms between the
normal mode and SCF mode (ts = 5 ms/div). (e) Transition waveforms between
the normal mode and OCF mode (ts = 5 ms/div).

Fig. 16. Fault detection waveforms (ts = 5 µs/div). (a) S1 short-circuit. (b).
S1 open-circuit. (c). S2 short-circuit. (d). S2 open-circuit.

VII. COMPARISON

A. Losses Improvement and Efficiency Evaluation

In Fig. 17, the switches losses and efficiency of the studied
converters are evaluated. As mentioned, the leakage inductance
in the C-ZVT converter shown in Fig. 1(a) causes power dis-
sipation and increases voltage stress on S2 in fault conditions.
The solution to the problem is clamping the voltage of S2 to the
output voltage which can be done by a diode (I-ZVT-D) or a
thyristor (I-ZVT-SR).

Clamping the voltage of S2 in fault conditions can reduce
the converter losses in three aspects. At first, when S2 operates
as the main switch, the energy of the leakage inductance can
be conducted to the output. Also, the voltage of S2, which

Fig. 17. Switches losses and converter efficiency in different modes.

has the most impact on the switching loss is reduced to the
output voltage. And, by employing lower voltage stress switches,
the MOSFETs with lower Rds˙ON can be used that reduces the
conduction loss. To analysis the switches losses and efficiency
of the studied converters, six cases are considered.

1) Case 1: The C-ZVT operates under normal condition.
2) Case 2: The C-ZVT operates under fault condition.
3) Case 3: The I-ZVT-D operates under normal condition.
4) Case 4: The I-ZVT-D operates under fault condition.
5) Case 5: The I-ZVT-SR operates under normal condition.
6) Case 6: The I-ZVT-SR operates under fault condition.
In cases 1, 3, and 5, the ZVT cell reduces the switching loss of

the S1 significantly. Thus, the overall losses of the S1 are low. In
case 3, due to the use of clamping diode in I-ZVT-D, S1 operates
under soft-switching condition, but soft-switching operation of
the S2 is missed. Thus, in comparison with case 1, S2 losses are
increased in case 3. However, in comparison with case 2, the S2
losses decrease in case 4. Also, the efficiency of case 4 is better
than case 2.

In I-ZVT-SR, due to the controllability of SR1 to conduct
current in different modes, the S2 losses in case 5 are significantly
decreased in comparison with case 3. Also, in case 6, the S2 has
fewer losses than case 2. As a result, by establishing a tradeoff
between costs and S2 losses, each of the studied converters can
be used in different applications. Also, the power dissipation
overhead on S2 can be considered in the design of its heat sink.
And in general, the I-ZVT-SR has the best efficiency and the
least switches losses in both normal and fault conditions.

Also, the proposed method to use inherent redundancy prop-
erties of ZVT cell for enhancing the reliability of boost-based
dc–dc converters has some advantages in comparison with the
other reliability methods, such as adding redundant parallel
modules to the converter. The ZVT boost converter, by changing
the role of the converter components, not only provides relia-
bility without adding extra circuits and increasing the costs but
also increases the lifetime of converter switches, efficiency, and
integration of the converter.

B. Performance Comparison of the Proposed Converter With
Other Boost-Based Topologies

In this section, the effectiveness of the inherent redundancy of
the ZVT cell on enhancing MTTF is investigated and compared
with different fault-tolerant boost-based converters. To have a
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TABLE IV
FEATURES COMPARISON OF THE PROPOSED CONVERTER WITH FAULT-TOLERANT BOOST BASED CONVERTERS

Critical Rth_cr
∗ is the maximum thermal resistance that the maximum junction temperatures of the switches are kept under 120 °C/W.

Fig. 18. Proposed family of ZVT converters with inherent redundancy prop-
erty. (a) Buck converter. (b) Buck-boost converter.

fair comparison, similar conditions are considered for all studied
converters as follows.

1) Input and output voltage levels, nominal power, and the
switching frequency of all converters are the same.

2) In all converters, similar switches are used. In this case,
the IRF250P225 switch is selected.

In Table IV, the proposed converter and other counterparts
are compared in different aspects. According to the results of
this table, the proposed converter has a better MTTF value than
the other converters for different thermal resistance values. As
a result, small-size heat sinks can be utilized. Moreover, due
to soft switching operation, the proposed converter has the best
efficiency in normal conditions.

VIII. FAMILY OF ZVT CONVERTERS WITH INHERENT

REDUNDANCY PROPERTY

Similar to the boost converter, the ZVT technique can be ap-
plied to other basic buck and buck-boost nonisolated converters
to enhance reliability, as shown in Fig. 18. In both converters,
when S1 is isolated due to the fault, S2 can operate as the
main switch of the converters and the converters can supply

the load without interruption. In the buck and boost converters,
to provide a discharging path for leakage inductance in a fault
condition, a thyristor must be added to the converter. However,
due to the topology of the buck-boost converter, it does not need
to add any auxiliary thyristor. In all topologies, the theoretical
operating modes are very similar to the operation of the ZVT
boost converter explained in previous sections, and thus, further
explanation is neglected.

It worth noting that the introduced ZVT cell can be applied
to the wide range of step-up converters, which use coupled
inductors in their structures [48] and enhances their reliability
similar to the proposed converter.

IX. CONCLUSION

The aim of this article is to evaluate the potential of the
ZVT soft-switching cell for improving the reliability of boost-
based converters. Then, an improvement is applied to reduce
the switches losses. In the normal condition, the ZVT cell
provides soft-switching condition. And, in the fault condition,
the converter is reconfigured so that the role of the ZVT cell
switch is changed to operate instead of the faulty switch. The
functionality of the converter under different operating modes is
confirmed by experimental tests. Using the inherent properties
of the ZVT boost converter, the performance of the convert in
the aspects of reliability and efficiency are improved. Moreover,
the circuit complexity and cost are decreased. The MTTF index
shows that after the fault occurs, the converter would have a good
lifetime. Also, the ZVT cell can apply to the buck, buck-boost
dc–dc converters in order to improve the reliability.

It is recommended that for future research directions, the
potential of the inherent redundancy property of other ZVT
cells to enhance the reliability of power converters would be
investigated. Another interesting research topic is to improve
the performance of fault-tolerant ZVT converters by optimizing
the efficiency and power density.
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