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Design and Reliability Analysis of a New
Non-Isolated DC-DC Converter Without
Coupled Inductors

R. Rajesh”, Natarajan Prabaharan

Abstract—This article proposes a new non-isolated de—dc con-
verter without coupled inductors to attain a higher voltage gain at
a low duty ratio, less voltage stress across the switch, and improved
reliability. The operation of the proposed converter is examined
through the steady-state mathematical equations in continuous
conduction mode and discontinuous conduction mode. The bound-
ary condition mode of the proposed topology is also discussed.
Reliability analysis is performed using the MIL-HDBK-217F stan-
dard to predict the failure rate of the individual components. A
laboratory-based prototype is developed and tested with 250 W to
validate the operation of the proposed converter. Also, the proposed
converter is tested with steady-state and dynamic conditions by
changing the duty ratio and load values. The efficiency and power
density of the proposed converter are 91.8% and 37.71 W/in2
(2.3 kKW/L).

Index Terms—Converter, high gain, power density, reliability.

I. INTRODUCTION

HE increase in global warming, pollution, and energy
T consumption has pawed the path for researchers to focus
on adopting renewable energy sources [1]. Renewable energy
sources require a power electronic converter interface to connect
it to the appropriate load, where the dc—dc converter is one of the
crucial converters [2], [3]. DC-Dc converters are broadly clas-
sified as isolated and non-isolated converters. The non-isolated
converters have been preferred in many applications to avoid
core loss, weight, space, and cost [4]. Several attempts have been
made in non-isolated converter configurations by considering
distinct features, such as the number of semiconductor devices,
input and output ports, passive components, size, efficiency,
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power density, and cost [5], [6]. A quadratic boost converter
(QBC) is one of the non-isolated converters categories, pro-
viding higher voltage gain for all duty ratio than conventional
converters. The different QBC topologies have been developed
in the literature with three categories: combining different con-
ventional converters, incorporating the voltage multiplier cells
(VMC) with conventional converters, and adding the passive
components to the existing converters.

The converter in [7] has been developed by combining the
modified quadratic converter with the SEPIC to attain a higher
voltage gain. However, the converter has been demonstrated at
an extreme duty cycle (D > 70%), which increases the overall
power loss of the converter. The quadratic-based buck—boost
converter has been developed in [8] that utilizes two semicon-
ductor switches, which may increase the switching losses of
the converter. Also, the converter developed in [7], [8], and [9]
utilizes three inductors, which increases the size of the converter
and thereby reduces the power density.

In [10], the converter has been designed by combining the
switched inductors with a QBC. The converter utilizes two
semiconductor switches, operating at a switching frequency of
100 kHz, which increases the switching loss, capacitance loss,
and body diode loss of the switch. The converterin [11] and [12]
has been developed by combining a QBC with VMC. In [11],
the voltage stress of the switches, capacitors, and diodes suffers
due to high voltage stress that increases the failure rate of the
components and thereby reduces the reliability of the converter.
The converter developed in [12] has been demonstrated to obtain
an efficiency of 88% and achieves a lower voltage gain to
component count ratio. The converter in [13] and [14] has been
designed by integrating the QBC with a switched inductor and
VMC, respectively. These topologies suffer from higher voltage
stress due to the placement of the semiconductor switch near
the load side of the converter, which leads to an increase in
the failure rate of the switch. The topologies developed in [15]
and [16] utilize two semiconductor switches that increase the
overall size and control complexity. In [17], the basic QBC
has been altered by adding one additional capacitor. The less
voltage gain of the converter has been obtained, and reliabil-
ity analysis has been examined using FIDES. The converter
developed in [18] has three inductors and two semiconductor
switches that reduce the power density of the converter. It has
been demonstrated to attain an efficiency of 83.52% . The
developed converter in [19] and [20] utilizes more component
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count to attain a higher voltage gain, increasing the size and
its cost also decreasing the power density. The developed con-
verter in [21] and [22] utilizes a two-semiconductor switch,
which increases the power loss of the converter. Therefore,
an attempt is made to develop a unique non-isolated dc—dc
converter in this article to overcome the drawbacks mentioned
above.

The aspect of innovation of this article is given as follows.

1) A new non-isolated dc—dc converter is developed with a
few advantages, such as higher voltage gain at less duty
ratio, low voltage stress on the semiconductor switch, and
high lifetime of individual components.

2) The voltage stress across the switch is less than half of
the output voltage. Therefore, the lifetime of the switch is
increased.

3) Failure rate of the individual components is determined by
using the military handbook for the lifetime prediction.

II. OPERATING PRINCIPLE OF THE PROPOSED CONVERTER

Fig. 1(a) shows the configuration of a proposed converter. It
consists of a single semiconductor switch (M), two inductors
(Ly and Ls), four capacitors (Cy, Ca, Cs5, and Cy), and five
diodes (D1, D2, D3, Dy, and Ds) to attain a higher voltage gain
with less duty ratio and less voltage stress across the switch.
The proposed converter operation is examined in continuous
conduction mode (CCM) and discontinuous conduction mode
(DCM). Fig. 1(b)—(d) shows the analytical voltage and current
waveform of inductors and switch, diodes, and capacitors, re-
spectively. The operation of a proposed converter in CCM has
two different modes, which are discussed as follows.

A. Continuous Conduction Mode

Mode I(tg < t < t1) : During this period, the switch M is
turned ON and the diodes D5 and D, are in forward biased con-
dition. Fig. 2(a) shows the current traversal path of the proposed
converter in Mode I operation. The inductors L; and Lo are
magnetized by the source V; and the capacitor C1, respectively.
The capacitors C, C3, and Cj are discharged, and the capacitor
(5 is charged

Vi =V, (1)
Vi = Vo1 = (Vea — Ves). (2)

Mode II(t1 <t < t3) : During this period, the switch M is
turned OFF and the diodes Ds and D, are in reverse biased
condition. Fig. 2(b) shows the current traversal path of the
proposed converter. The inductors L, and L, are demagnetized.
The capacitor Cs is discharged, and the capacitors C'y, C'3, and
Cy are charged

Viin=Vi=Vo1 =V, + Vo2 +Vez — Wy 3)
Ve = —Ves = Vo1 + Ve — W 4

Applying the volt-sec balance principle to the inductors L
and Lo, then the voltage across capacitors and voltage gain
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Fig. 1. (a) Configuration of a proposed converter, analytical waveforms in

CCM. (b) Inductors (L1 and L) and switch (M7). (c) Diodes (D1, D2, Ds,
Dy, and Ds). (d) Capacitors (Cq, C2, Cs, and Cp).
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Fig. 2. CCM operation. (a) Mode 1. (b) Mode II.
equations are obtained
Vi Vi ViD
Ver=—=iVeo= ———=5iVes = ——5. (5
(1-D)’ (1—D)* (1— D)

The voltage gain of the proposed converter under CCM is

Vo _ L (6)

G = — =
MUV, T 1-D)?
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Fig. 3.  DCM operation: (a) Mode III; (b) Mode IV; (c) analytical waveform.

B. Discontinuous Conduction Mode 1

Four different modes of operation are found in DCM oper-
ation. The operation of Mode I is similar to CCM. In Mode
II (t; <t < ty), both inductors current 77 and iz» start to
decay. The inductor current izo decays to zero in Mode III
(ta <t < t3),asshowninFig. 3(a), butstill inductor current iy,
supplies the load through diode Dj5. In Mode IV, (t3 < t < ty4),
the inductor current i, decays to zero, as shown in Fig. 3(b),
and therefore the diode Dj is in blocking condition. During this
mode, the energy present in the capacitor Cy supplies to the load.
Fig. 3(c) shows the analytical waveform of the DCM.

Mode I (to < t < t1): During this period (o < t < t1), the
semiconductor switch M7 is turned ON at the instant ty. The
inductors L, and L, are magnetized in the same way as the
Mode I operation of CCM. The peak current of inductors L
and Lo are identified as follows:

) ViDTs
p— 7
irip I @)
Vil ®)

P I D) L,

Mode Il (t; < t < t2): During this period, the semiconductor
switch M is turned OFF. At instant ¢, the inductors L and Lo
start to decay, and it is noted that the inductor Lo decays faster
than the inductor L and it reaches to zero at the instant ¢5. Do
is the decaying period of an inductor current L. In this mode,
the inductor L; continues to decay and does not reach zero. The
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peak current of inductor Lo in Mode II is as follows:

2Vi(1 — D) = Vo(1 - D)*

Lo(l— D) DasTs. (9)
o(1 —

irop =

Mode III (t2 < t < t3): During this period, the semiconduc-
tor switch M is turned OFF. At instant ¢, the current of the
inductor Lo is zero, so the diode D, gets forward bias. This
allows the current of the inductor L; to discharge its stored
energy to supply the capacitor Cy through the diode D5 and Cs.
Also, it supplies to load through diode Ds. It should be noted
that the inductor L reaches zero at the instant ¢3. The current
of the inductor L, is calculated for the period (t; < ¢ < t3) is
as follows, and “D,” is the decaying period of inductor current

(10)

Vi(D? — D +2) — Vo(1 - D)?
Li(1 — D)?

DaiTs.  (11)

iLip =

ModelV (t3 < t < t4): During this period, the semiconductor
switch M is turned OFF. At instant ¢3, no current flows through
the diode D5 and the diode enters into blocking state. The
parameter “D,” can be determined by equating (7) and (11)

V;D(1 — D)?

Dy = 2
Vi(D> —D +2) — Vo(1— D)

] .12

The average current of the capacitor Cy can be expressed as
follows:

tco = zDg1ip1p — fdo. (13)

2

By substituting (11) and (12) in (13), the capacitor current ¢c
can be expressed as follows:

V;D2(1 — D)?

) o
1 =
0 [ZLlfs(DQ—D—i—Q)—“f_’(l—D)Q

ik

(14)

By further simplification, the dc voltage gain (Gpcym) in DCM
is determined as follows:

D 1 D+38 2D
Gpem = ———— 4+ —|D | —°_ =2 15
PM T 9D —1) 2\/ [(D_1)2 Km] (1
where
Ly fs
K= }{f. (16)

C. Boundary Condition Mode (BCM)

When the proposed converter is operated at the boundary
of CCM and DCM, then the voltage gain of CCM is equal to
DCM. The boundary normalized inductor time constant (K )
is obtained as follows:

D*(1 - D)*
Kp = ( ) . a7
V2 (1+ D — D2?)
Fig. 4(a) depicts the plot of the boundary normalized inductor
time constant (K p) versus duty cycle (D). If K, > Kp, then
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Fig. 4.
parasitic and non-parasitic elements.

the proposed converter is operated under the CCM region.
Otherwise, it enters into the DCM operation.

D. Effect of Parasitic Elements on Voltage Gain

The equivalent circuit of the proposed converter considering
the parasitic elements is shown in Fig. 4(b). The voltage gain
of the proposed converter considering parasitic elements can be
determined using the equation of inductor Lo in the two modes
of operation under CCM. The voltage equation of the inductor
L+ in Mode I operation

Vie = Vo1 —iciRc1 —ir2Rrs —isRs. (18)

The voltage equation of the inductor Lo in Mode II operation

Via = Vo1 —iri(Rey + Rp1) + Vo2 —ir2Rre — Vb
— Vips —ic2(Re2 + Reo + Rps) +ioRco — Vo
(19)
The voltage gain of the proposed converter considering parasitic
elements is derived as follows:

(1%‘2)2 — (Vep1 + Vips) — —(iCIR(ij;SRS)D‘F _v
: ‘ . =W
% —ic2(Re2 + Rps + Reo) +ioReo

(20)

where Vep1, Vep2, Vips, Vepa, and Veps and Rp1, Rpa, Rps,
Rp4, and Rps are the cut-in voltages and internal resistances
of the diodes Dy, D, D3, Dy, and D5, respectively. Ry, and
Rio, and Ro1, Roo, Res, and R are the internal resistance
of the inductors and capacitors, respectively. Fig. 4(c) shows
the different voltage gain of the proposed converter consider-
ing without parasitic elements, with parasitic elements, and its
practical voltage gain. It is noted that the voltage gain with
parasitic elements and practical voltage gain differs from the
theoretical voltage gain. The output voltage of the proposed
converter considering the parasitic elements, without parasitic
elements, and experimental voltage for a duty ratio of 0.6 is 300
V, 296 V, and 283 V, respectively.
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(a) “K p” versus duty cycle. (b) Equivalent circuit of the proposed converter considering parasitic elements. (¢) Comparison of voltage gain considering

III. DESIGN CONSIDERATION
A. Calculation of Currents

The capacitor current equation for the turn ON period of the
switch M7 is as follows:
dVen
dt

dVeo
dt

dVes
dt ’

dVeo

= —ip2;Co

= —10.

2D
The capacitor current equation for the turn OFF period of the
switch M is as follows:

01 - CB CO

dV, . . dV, . .
Cy dfl =ip1 —ir2;Co d? = —ig —ico (22)
dV, . . dV/ . .
Cs dfg =iz —ic2; Co% =ice —i9.  (23)

Applying the amp-sec balance principle with the (21)—(23), the

following current equations are obtained:
io , io

gl =

(1 _ D) 3y VL2

10

m?icz = m (24)

i1 =

B. Current Ripple of the Inductors

The current ripple of the inductors L; and Lo are obtained
from the Mode I as follows:

) ViD .
Aip = Tfs; Aipg =

ViD

- 25
L2(1_D)fs ( )

C. Voltage Ripple of the Capacitor

The voltage ripple of the capacitors is obtained as follows:

VoD 21 — D)
AV = — 07 Ay, = 00T P) 56
T RO—DEC T T T RO (26)
VoD VoD
AVpg = —02 AV = =22 2
Ves = R D)aar, 2V T Rao @

D. Voltage Stress of the Switch and Diodes

The voltage stress of the switch and diodes are calculated
during their respective nonconduction period
Vi Vi

(1—-D) (1-D)

ViD

Vi1 = e
D1 (1—D)2

Vi = i Vpo = (28)
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Vi

Vps =Vps =Vps = ——.
D3 D4 D5 (1—D)2

(29)
It is found that the voltage stress across the switch and diodes
is less than 50% of the output voltage. The voltage stress of
the components may significantly affect the reliability of the
converter.

E. Current Stress of Switch and Diodes

The current stress of the switch and diodes are calculated
during their respective conduction period

‘ _ 2 - D)+ (1 - D)?
inm1(ave) = toD [( (1) l())g ) ] (30)
iD1(AVG) = (1_70D)232D2(AVG) = (1_0in (31)
) oD . .
1D3,DA(AVG) = ﬁ; ips(ava) = 2io(1 — D). (32)

IV. EFFICIENCY ANALYSIS

The efficiency of the proposed converter is determined by
calculating the power loss of inductors, capacitors, diodes, and
switch. The power loss of the inductors L, and Ly is calculated
as follows:

it
(1-D)*
where r7, and rzo are the equivalent series resistance of the
inductors Lq and Lo, respectively. The power loss of the capac-

itors Cy, Cs, C3, and Cj are determined by using the following
expression:

9
7
Pri = TLlﬁ; Pro =rp2 (33)

. .2
i i
Po1 =rc1—2—; Poy = rog—2— 34
c1 Cl(l—D)2 2 02(1_D)2 (34)
Pcs :TcziioQ;Pco = rcoig (35)
(1-D)

where rc1, o2, o3, and roq are the equivalent series resistance
of the capacitors C'y, C5, C'5, and Cy, respectively.

The total power loss of the diodes is calculated by adding
the forward resistance loss, forward voltage loss, and reverse
recovery loss. Forward resistance loss (Prpp) of individual
diodes is given as follows:

. o _ ig?
Prep1t = Rep1iD1_pas = RFD1(1707D)5

_ -2 _ ig?D
Prrp2 = Rrp2iho s = Rrp2 (l‘iD)a

_ -2 _ i
Preps = Rep3iDs3 rars = RFD3(1,07D)

(36)
Preps = Repaihy purs = RFD4%
Preps = Repsihs pars = 4Repsio®(1 — D)

where ¢p is the current flowing through the diode and Ryp is
the forward resistance of the diode.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 11, NOVEMBER 2025

Forward voltage loss (Pypp) of individual diodes is given as
follows:

= i — __to
Pyrp1 = VED11D1_avg = VED1 (_D)"

Pyrp2 = VED2iD2_qvg = %DQ%

Pypps = VEp3iD3_avg = VED3%0 (37)
Pyrpa = VED4ID4_qvg = V%D4(f3%

Pyrps = Vepsips_avg = 2Vipsio(1 — D)

where Vpp is the cut-in voltage of the diode.
Reverse recovery losses (FPrrL)
5 5
Z PrrL,i) = Z VIRRM, i) (RRM,3) b fs - (38)

i=1 i=1
where Vrrym i the peak reverse voltage, Irrym is the peak reverse
current, and ¢; is the time from peak Irgry to the instant where
25% of Irrm is reached. The forward resistance loss (Prep),
forward voltage loss (Pypp), and reverse recovery loss of the
diodes (Pgrr) are added to determine the overall loss of the
diodes.

The power loss of the switch (M) is calculated by adding
the conduction loss ( Prps ), switching loss (Psy ), output capac-
itance loss (Pcoss ), and reverse recovery loss of the body diodes
(Pgp) of the switch. The power loss of the semiconductor switch
(My) is obtained as follows:

PLoss_switch - PRDS + PSW + PCoss + PBD (39)
2
5| (2=D)+ (1 - D)
Prps = | io 1-D) Rps (40)
1
Psw = §fstIm(ton + tofr) (41)
V2
FPeoss = fscsm (42)

where Rpgs is the on-state resistance, V,,, and I,,, are the max-
imum voltage and current of the switch, respectively, fs is the
switching frequency, %o, is the turn ON time that combines the
delay time and rising time, and % is the turn OFFtime that
combines the delay time and fall time.

Fig. 5(a) shows the efficiency of the proposed converter for
various ranges of output power. Fig. 5(b) shows the efficiency
against various duty cycles for a constant load of 250 W. From
Fig. 5(a), it is noted that the maximum efficiency of the pro-
posed converter is 91.8% . The intrinsic body diode losses are
significant only when the converter operates at higher switching
frequencies (>100 kHz). Therefore, the reverse recovery loss
of the body diode (Pgp) is not considered in the power loss
calculation. Fig. 5(c) clearly depicts the loss breakdown of
individual components.

V. EXPERIMENTAL RESULTS

The prototype of the proposed converter is developed and
verified with 250 W under CCM operation. The operation of
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Fig. 5. (a) Efficiency versus different output power. (b) Efficiency versus
different duty cycle. (c) Power loss distribution for each component.

TABLE I
SPECIFICATIONS OF PROPOSED CONVERTER

Parameters Values Dimension

Switch IXFHI120N30X3 0.62%(L) x 0.19”(B)
Ly 1 mH 1.70(L) x 1.20”(B)
Lo 1.2 mH 1.30%(L) x 0.90”(B)
D1 SRA 2090 0.41%(L) x 0.177(B)
Do STPS30120C 0.39%“(L) x 0.17”(B)
D3, Dy4,and D5 STPS60SM200C 0.60“(L) x 0.19”(B)
Cy ESY156M100AE3 0.43%(L) x 0.25”(D)
Cy ECA2DHG3R3 0.44%(L) x 0.24”(D)
Cs ULD2C5R6MED 0.43“(L) x 0.24”(D)
Co ULD2G2R2MPD 0.45“(L) x 0.31”(D)

L- Length, B- Breadth, D- Diameter, L1,L2-Inductors,C,C2,
C'3,and Cy-Capacitors, D1,D2,D3,D4,and Ds-Diodes

the proposed converter is analyzed with a 60% duty ratio at a
switching frequency of 50 kHz for an input voltage of 24 V.
The parameters utilized for developing the prototype are given
in Table I. The maximum height of the prototype is 1.65 in, and
the total area is 4.02 in?. The power density of the proposed
converter is 37.71 W/in® (2.3 kW/L).

Fig. 6(a) shows the experimental waveform of the input and
output voltage of the proposed converter. The output voltage
(Vo) achieved across the converter terminal for a 250 W load
is 283 V, and it is noted that the ripple voltage is 4 V, which
is 1.4% of the output voltage. Fig. 6(b) shows the experimental
waveform of the input and output current waveform. The input
and output current of the proposed converter is 10.2 A and 0.8
A, respectively. Fig. 6(c) represents the current waveform of the
inductors L1 and Lo.The average value of the inductor currents
of L; and Ly is approximately 11 A and 4.6 A, respectively.
The maximum voltage stress of diodes D and Dy, D3 and Dy,
and Dy and switch M are shown in Fig. 6(d)—(f), respectively.
The peak voltage across the diodes of D and D5, D3 and Dy,
and D5 are 60 V and 86 V, 144.5 V and 139 V, and 140.6 V,
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respectively. The maximum voltage stress across the switch M
is 144.5 V. The maximum voltage drop across the capacitors C;
and C5 and C3 and C is shown in Fig. 6(g) and (h), respectively.
The voltage stress across the capacitors C; and C5 and C'3 and
Cpis60Vand 137 Vand 86 V and 258 V, respectively. Also, it is
noted that the voltage stress of the diodes and capacitors closely
matches the theoretical values. To corroborate the performance
of the proposed converter under dynamic conditions, it is tested
with varying duty ratio values and load values separately. The
proposed converter is tested with varying duty cycles (i.e., D
=04, D = 0.5, and D = 0.6) for a constant load of 360 €2,
which is shown in Fig. 6(a). Also, it is tested with a constant
duty cycle of 60% by the varying load of 600 £2, 450 €2, and 360
Q, which is shown in Fig. 6(j). It is noted that the behavior of the
proposed converter responds well during the sudden change in
duty ratio value and load value. Fig. 6(k) shows the laboratory-
based experimental setup and the size of the converter. The
experimental results confirmed that the proposed converter can
provide a higher voltage gain with reduced voltage stress across
switch (My).

VI. COMPARATIVE ANALYSIS WITH OTHER TOPOLOGIES IN
THE LITERATURE

The proposed converter is compared with existing QBC
topologies developed in[7], [8], [9], [10], [11], [12], [13], [14],
(151, [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27], [28], [29], and [30]. Table II represents a detailed
comparison of a proposed converter based on different features,
such as component utilization, voltage gain (Gccm), voltage
stress, duty ratio to attain 12.5 voltage gain, operating duty ratio,
and its’ switching frequency with recently developed quadratic
boost topologies. Fig. 7(a) shows the voltage gain comparison
of the proposed converter with existing QBC topologies. It is
worth mentioning that the proposed converter’s voltage gain is
high among all existing QBCs in [7], [8], [9], [10], [11], [12],
(131, [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], and [28]. The converter in [29] and [30]
has higher voltage gain but the total component count is found
to be high as compared with the proposed converter. Due to
higher number of diodes, the power loss of the diodes are higher
than the proposed converter. Fig. 7(b) shows the ratio of voltage
gain to total component count (Gcem/TCC) and a ratio of the
voltage stress of a switch to the voltage gain (Vsw/Gcem) of
the existing QBCs and proposed converter. It is highlighted that
the proposed converter has a higher voltage gain to TCC ratio
than the existing QBCs. This ratio exhibits how effectively the
components are utilized to attain the desired voltage gain. The
ratio of the voltage stress on the switch to the voltage gain of the
proposed converter is low except for the converters developed
in [12] and [18] because it has the same ratio as aligned with the
proposed converter. Fig. 7(c) illustrates the operating duty cycle
and switching frequency of the existing QBCs. The converter
developed in [7], [12], and [24] are operated at a higher duty
cycle (D > 0.7), this may increase the conduction loss of the
switch and thereby decrease the efficiency of the converter. Also,
the converters found in [10], [11], [13], [18], [24], and [30] are
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TABLE II

COMPARISON OF PROPOSED CONVERTER WITH EXISTING QBC TOPOLOGIES

Reference C?g‘;{?g;‘;}s Voltage gain (Gcem) Voltage stress (V\S,:"’ Dutg:::;lo:ti)zz.a;tam Operating duty ratio | Frequency (kHz)

Proposed 1/2/4/5 e S1= aor 0.6 0.6 50
[7] 1/3/474 b \ = ooy 0.64 0.70 50
18] 213312 (25)? Si = g S = Gope 0.78 0.414 60
9] 1/3/4/4 (,ljg), S = (lljg)i, 0.64 0.64 20
[10] 2/2/3/3 1(,{’;3 - 0.74 0.55 100
[11] 173215 (lljg)z S = ﬁ, 0.64 0.594 10
[12] 1/3/475 oy S1= G pp 0.6 0.70 60
[13] 1737315 oy 51= oy 0.60 0.60 100
[14] 1/3/2/6 T S1= ks 0.64 0.558 60
[15] 202212 by S =125:8 = @%) 0.72 0.465 50
[16] 2121212 oy S1=pp 0.72 0.653 50
[17] 1/2/3/2 (e S1= atny 0.85 0.40 60
[18] 2/3/3/4 e 51 = app 0.60 0.60 100
[19] 1/2/4/5 (,2:,?), S = ﬁ 0.675 0.50 50
[20] 1/3/6/6 by S1= e 0.56 0.50 -
21] 2021313 RN S =155 = ;;j;z 0.64 0.50 50
122] 2121414 = Sy = 2p5: 82 = ((fjé’))z 0.56 0.40 10
[23] 1/3/474 o 51= 5y 0.64 0.50 50
[24] 2/2/313 320, S1=(1-D); S = %&M 0.625 0.70 200
[25] 1/416/5 B ne S1= 75 0.66 0.60 50
126] 1727273 =y 51= ipy 0.72 0.47 20
[27] 1/3/4/4 by S1= b 0.64 0.60 50
[28] 1/3/4/3 (lljg)z S1=pp 0.64 0.50 10
[29] 112/5/6 (fjf)’, S = (ljD)i, 0.57 0.50 10
[30] 1/2/617 oy 51 = 5y 0.51 0.60 200
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Fig. 7.

Comparison of the proposed converter with Quadratic based topologies. a) Voltage gain versus duty cycle. b) Ratio of Gcem/TCC and Vsw/Geewm-

¢) Operating duty cycle and switching frequency (kHz); other non-isolated topologies. d) Voltage gain versus duty cycle. ) Ratio of Gcem/TCC and Vsw/Geem-

) Operating duty cycle and switching frequency (kHz).

operated at high switching frequency (>100 kHz) this could
increase the switching loss, output capacitance loss of the switch,
and reverse recovery loss of diodes, which may resultin reducing
the overall efficiency of the converter. In addition, the uniqueness
of the proposed converter is portrayed by comparing the same
features of the proposed converter with other recently developed
non-isolated based converters [31], [32], [33], [34], [35], [36],
(371, [38], [39], [40], [41], [42], [43], [44], [45], [46], [47],
[48]. Fig. 7(d) indicates the voltage gain comparison, where the
proposed converter provides higher voltage gain. The voltage
gain and Gcem/TCC and Vsw/Geewm of the proposed converter
is compared with other recently developed non-isolated based
converters, as illustrated in Fig. 7(d). It is found that the proposed
converter has higher voltage gain and high Gcem/TCC than
the developed converters in [31], [32], [33], [34], [35], [36],
[371, [38], [39], [40], [41], [42], [43], [44], [45], [46], [47], and
[48]. From Fig. 7(e), it is noted that the ratio of Vsw/Gcem
proposed converter is low except for the converters developed
in [45] and [46]. From Fig. 7(f), it is seen that the converters
found in [31], [33], [35], [37], [39], [40], and [43] are oper-
ated at a higher duty cycle (i.e., D > 0.7) and the converters
in [35], [37], [38], [40], [41], [42], [44], and [47] utilize higher
switching frequency, which shall increase the overall power loss
of the developed converters. Fig. 8(a) shows the component
stress factor (CSF) of the proposed converter for varying duty
cycles. From Fig. 8(b), it is noted that the CSF of the proposed
converter is high for extreme duty cycle (i.e., D > 0.7). There-
fore, operating the proposed converter at D = 0.6 is preferable,
where the total CSF is 50. Fig. 8(b) shows the switch device
power (SDP) rating for different voltage gain. The SDP rating

0 CCSF 9x10°
= S —=—SSDP
7] —1—SCSF . 8r s’
O 400 f ——DCSF s —e—S,SDP
= +— WCSF z7r
-1 &~ 6f
£ 300 [Total CSF = 50| 8
8 40 z St
& 2 4L
Z 20 20 Ed
g Z 3
g P
2 3 =
£ 100 0506 07 z 2r
o @n
2
) 1k
0 === 0
02 03 04 05 06 07 08 2 4 14 16 18

8 10 12
Voltage gain (G)

(b)

Duty cycle (D)

(a)

Fig. 8. (a) CSF versus duty Cycle and (b) SDP versus Gcom-

considers the voltage and current stress of the semiconductor
devices (switch and diodes) and provides a quantifiable value
that indicates the power-handling capability of the devices. In
addition, it aids in cost estimation, selecting the appropriate
switching devices, and effective thermal management methods.
These comparisons show that the proposed converter has supe-
rior features to the recently developed non-isolated converters
and existing QBCs.

VII. RELIABILITY ANALYSIS FOR THE PROPOSED CONVERTER

The reliability of the converter depends mainly on the failure
rate of each component. This analysis could help to predict
the occurrence of failure so that sudden discontinuity of ser-
vice, mainly in critical applications, such as aerospace and
medical devices, can be avoided. The literature shows that
the power semiconductor devices and capacitors were more
prone to failure than other components in a power electronic
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Fig. 9.

Failure rate of capacitors (a) C'1, (b) C2, (c) C'3, and (d) C4. (e) Energy stored in capacitors; Impact of switching frequency and ripple voltage of

capacitors: (f) C1, (g) C2, (h) C3, and (i) Cy. Failure rate of diodes: (j) D1, (k) D2, and (1) D3 4 5. (m) Failure of inductors: (L1 and L2). (n) Failure rate of the
switch (M7 ). (o) Failure rate per million hours for all components (7’4 is the ambient temperature, 7'y is the junction temperature, Tis is the hot-spot temperature).

converter. The failure rate calculation can be estimated using
different standards, such as MIL-HDBK-217F, Telcordia SR-
322, Siemens SN 29500, FIDES, IEC-TR-62380, PRISM and
217 Plus, and China 299B/C [49]. Each standard has its own
merits and demerits. In power electronic converters, the voltage
stress of the semiconductor device and the rise-in-temperature
in the component are the two essential features that determine
the exact failure rate of the individual components. Perhaps
the PRISM and 217 plus standard describes multiple environ-
mental factors, but it does not account for the temperature rise
in the component [49]. FIDES is a newer standard (2000 s),
but it lacks the long-term historical validation of MIL-HDBK-
217F and the calculation method is complex [49]. On the other
hand, the MIL-HDBK-217F standard includes all electrical and
electronic components with 14 different operational environ-
ments and temperature rise in components, which is one of the
unique features. MIL-HDBK-217F uses component operating
conditions, such as electrical stresses, thermal stresses, and
environmental stresses [50], [51]. Therefore, MIL-HDBK-217F
is simpler to determine the failure rate than the other standards
available in the literature. The standard was re-reviewed and
validated on 2 June 2022, which indicates that it is to be used for
reliability of the equipment being designed. Therefore, compo-
nent failure analysis is done for the proposed converter using the
military handbook (MIL-HDBK-217F). The following values
are considered to determine the failure rate of each component in
the proposed converter. Ambient temperature is 25 °C, hot-spot

temperature of inductor is 105 °C, and junction temperature of
switch and diodes is 150 °C.

A. Capacitor

The failure rate of the capacitor directly depends on the
voltage stress and ambient temperature (74). The failure rate
of the capacitor can be obtained using the following expression:

)Vcapacitor = Ab,nﬂ'C'V,nﬂ'Q TE (43)

where 7oy is the capacitance factor, ¢y is the quality factor,
7 g 1s the environment factor, and A, is the base failure rate. The
base failure rate of the capacitor varies with respect to the change
in ambient temperature (T4) and the voltage stress across the
capacitors. Also, the capacitance factor (7wcy) depends on the
value of capacitance used. The base failure rate of the capacitor
can be obtained using (44):

Sn )’ Ty +273\°
Abn = 0.00254 1 5.09( ———
b, <0 5) e ( 378
(44)
The capacitance factor can be determined as follows:
Tevm = 0.34C, 0" (45)

where n = 0,1,2,3. The value of my and 7g is taken as 1.
Fig. 9(a)—(d) shows the failure rate analysis of the capacitor
plotted against the voltage stress and ambient temperature. From
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Fig. 9(a)—(d), it is inferred that an increase of ambient tempera-
ture and voltage stress causes higher chances of failures/million
hours. Based on the considered values, the failure rate of each
capacitor is identified, and the values of C, C5, C3, and Cj are
0.18, 0.22, 0.13, and 0.21 failures/million hours, respectively.
Compared with other capacitors, the failure rate of the capacitors
C5 and () is higher due to the higher voltage stress across Co
and Cy in the proposed converter.

1) Energy Stored in a Capacitor: The energy stored in a
capacitor is proportional to the capacitance value and the voltage
stress across the capacitor. The duty cycle selection and place-
ment of the capacitor are two significant factors in deciding the
voltage stress across the capacitor. The increase in voltage stress
could directly increase the energy stored in the capacitor. The
energy stored in the capacitors can be determined using (46):

1 2
Ecapm = §CnVCn (46)
where n=0,1,2,3. Increased voltage stress and energy stored in
the capacitor could simultaneously increase the power loss and
create voltage spikes. Fig. 9(e) shows the energy stored in the
individual capacitors.

2) Impact of Ripple Voltage and Switching Frequency: The
failure rate of the capacitors depends on the selection of the
capacitors. The selection of capacitors depends on the ripple
voltage and switching frequency. Therefore, it is essential to
discuss the impact caused by the switching frequency and volt-
age ripple of the capacitor. The failure rate of the individual
capacitors can be determined using the following:

Ta +273\°
exp (5.09(?;8) )

VoD 0.18
X
[R(l - D)zAvme

Ta+273\°
exp (5.09(%) )

Sp\®
Jcr = 0.0008636 | ( == ) +1

47)

S\ 2
Jc2 = 0.0008636 | ( == ) +1

0.18
RAVCQfs
ho.cs = 0.0008636 | [ 22 3+1 exp [ 5.00( L4213 i
6,03 = T 0.5 P 378
0.18
b (49)
R(1— D)AVis/f,s

So\®
Jo,co = 0.0008636 | ( === ) +1

Ta +273\°
VoD (50)

0.18
8 {RAvcofJ '

Using the above equations, the graph is plotted for differ-
ent switching frequencies (fs) and ripple voltages (AV().
Fig. 9(f)—(i) shows the failure rate of the capacitor for various
values of switching frequency and ripple voltage for Cy, Cy,
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(3, and Cy, respectively. From Fig. 9(f)—(i), it is evident that the
impact of voltage ripple with respect to failure rate is less when
compared to the failure rate with respect to switching frequency.
It is also noted that the failure rate of the capacitor increases for
a lower switching frequency.

B. Diode

The failure rate of the diode depends on the junction tempera-
ture and voltage stress of the diode. The failure rate of the diode
can be determined using the following expression:

Adiode = ATTTSnTCTQTE- (51)

where ¢ is the contact construction factor, 7 is the tempera-
ture factor, and 7g is the electrical stress factor. The electrical
stress factor (mg) can be calculated based on the following
expression:

Tsn = 0.54(Vs < 0.3),VE3*3(0.3 < Vs < 1) (52)

where n = 1,2,3,4,5. Also, the temperature factor (77) can be
determined using the following expression:

1 1

Ty +273 MD (53)

T = exp (—3091 [
where Vs is the voltage stress ratio and 7’y is the junction
temperature of the diode, the values of Ay, ¢, g, and 7g
are 0.003, 1, 5.5, and 1, respectively. Fig. 9(j)—(1) shows the
failure rate of the diodes D{, D5, and D(3’4’5), respectively.
From Fig. 9(j)—(1), it is seen that the increase in voltage stress
and temperature may increase the chances of failures/million
hours. Based on the considered values, the failure rate of each
capacitor is identified, and the values of D1, D, andD(3747 5) are
0.13, 0.18, and 0.27 failures/million hours, respectively.

C. Inductor

The failure rate of the inductor depends on the insulation class
and hot-spot temperature (Tys). The failure rate of the inductor
can be calculated using the following expression:

Ainductor = MTCTQTE- 54

The base failure rate of the inductors L and Lo can be found
using the (55) and (56)

Tus + 273\ ™

Jp1 = 0.000379 exp (HSS;) (55)
Tus + 273\ %7

Ab.2 = 0.000319 exp <HS3;4) . (56)

The values of 7¢, 7, and 7 are taken as 1, 20, and 1, respec-
tively. Based on the considered values, the failure rate of each
inductor L; and L» are found to be 0.11 and 0.02 failures/million
hours, respectively. Fig. 9(m) shows the failure rate of the
inductors. An increase in hot-spot temperature increases the
chances of failure.
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D. Switch

The failure rate of the switch (M) is calculated using the
following equation:

AMOSFET = MTTTATQTE (57)

where 77 is the temperature factor, 7 4 is the application factor,
7 g is the environmental factor, and 7 is the quality factor. The
temperature factor 777 can be determined using the following
expression:

1 1
T;+273 298])°

The valuesof 4, g, g, and A are takenas 8, 1,5.5,and 0.012,
respectively. Based on the considered values, the failure rate of
the switch (M7) is calculated as 3.56 failures/ million hours.
Fig. 9(n) shows the failure rate with respect to changes in the
junction temperature of the switch. It is evident that the increase
in junction temperature increases the chance of failure/million
hours. The failure rate of each component is shown in Fig. 9(0). It
is noted that the semiconductor switch (A/7) has a higher failure
rate than other components in the proposed topology.

7 = exp (—1925 [ (58)

VIII. CONCLUSION

A new non-isolated quadratic-based converter topology with
a single semiconductor switch has been proposed. The pro-
posed converter is operated at a 60% duty cycle with a switch-
ing frequency of 50 kHz. The voltage gain of the proposed
converter is 12.5 under CCM. The DCM and BCM of the pro-
posed converter are explained. The mathematical expression for
voltage stress and the current of the switch and diode are derived.
The semiconductor switch and the output capacitors have low
voltage stress compared to many other non-isolated topologies.
The detailed comparison of different parameters, such as voltage
gain and voltage stress of switch and capacitor, are analyzed with
quadratic-based converters and other non-isolated converters.
The experimental results for all the components of the proposed
converter under CCM are portrayed. The efficiency and power
density of the proposed converter is 91.8% and 37.71 W/in3.
The failure rate of each component has been determined using
reliability analysis. Due to high voltage gain, less voltage stress,
and high reliability, it is well-situated for photovoltaic and fuel
cells.
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