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Efficient and reliable high-gain DC-DC converters are critical in photovoltaic (PV) grid-connected systems to
bridge the gap between low-output PV voltages and the high input voltages required by the grid. This paper
presents a novel high-gain DC-DC converter that integrates a Y-source network with a hybrid switched-
inductor-capacitor (SLC) boost module, achieving superior voltage amplification at reduced duty cycles. The
proposed converter architecture can achieve a voltage gain of up to 16 times the input voltage with only an 18%
duty cycle, thereby minimizing conduction and switching losses and extending the converter’s operational
lifespan.The design enables continuous current draw from the source while maintaining reduced stress on
components, distinguishing it from conventional converters. A detailed steady-state analysis and design
methodology for the inductive and capacitive elements are provided, with final component values optimized for
performance and reliability. MATLAB/Simulink simulations validate the theoretical analysis, demonstrating an
efficiency of 88.8% at 100 W output power and a mean time to failure (MTTF) of 104.14 kHr, representing
substantial improvements over existing topologies.Experimental validation on a 100 W prototype confirms the
converter’s reliability and performance, achieving a stable output voltage of 192 V from a 12 V input.
Comparative analysis with traditional Y-source and SLC-based converters highlights the proposed topology’s
advantages in efficiency, voltage gain, and reduced component count, making it a promising candidate for PV
grid applications.
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1. INTRODUCTION under cloudy conditions, while wind energy depends heavily

Renewable energy sources, including solar, wind, fuel cells,
biomass, and tidal energy, are increasingly recognized as
essential components of the future energy sector. Their
importance stems from their widespread availability,
sustainability, and minimal environmental impact. Unlike
conventional fossil fuels, which are finite and environmentally
detrimental, renewable energy sources provide a cleaner and
more sustainable pathway to meet the growing global energy
demand driven by population growth and industrial expansion
(G.Buticchi et al.,2021). As societies worldwide seek to
decarbonize energy systems and address climate change, these
renewable sources are poised to play a central role in reshaping
the energy landscape.

However, efficiently harnessing energy from these sources
presents significant challenges due to their intermittent nature.
Variability in sunlight, wind speed, and other environmental
factors causes fluctuations in energy output, leading to
inconsistencies in power generation. For example, solar power
generation varies substantially between day and night and

on local wind patterns. This intermittency complicates direct
integration of renewable energy sources into the grid, as the
generated energy is often unregulated and inherently unstable,
producing a low and fluctuating DC voltage at the output.
Consequently, there is a critical need for power electronic
converters capable of converting and regulating this unstable
DC voltage to match the grid’s stable AC or DC voltage levels.
Significant research has therefore focused on developing power
electronic converters that are efficient, reliable, and capable of
providing high voltage gain. Such converters are essential for
integrating renewable energy into the power grid, as they boost
the low and variable DC output of renewable sources to a high,
stable DC or AC level suitable for grid-connected applications
(Y.Yang et al..,2015).Cost-effectiveness is another crucial
factor, as affordable converter solutions enable broader
adoption of renewable technologies and support the
development of sustainable energy systems globally (Anitha.P
et al.,2003).The development of high-gain, efficient, and
reliable DC-DC converters is thus central to advancing
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renewable energy technologies, with extensive research
dedicated to optimizing these devices for renewable energy
applications.

Figure 1 illustrates the essential role of DC-DC converters
in renewable energy power generation, highlighting their
contribution to stable and high-quality power integration into
the electrical grid (A.Chub et al..2015).

Initially, conventional topologies such as boost converters,
multilevel converters, cascaded converters, and voltage
multiplier cells were employed to enhance output voltage and
improve voltage gain (F.M.Shahir et al..,2019). However, these
approaches suffer from several limitations.

e They operate at high duty cycles, resulting in
significant conduction and switching losses.

e At duty cycles above 50%, inductor current
saturation  increases, reducing  converter
performance (M.Forouzesh et al., 2017).

e A high component count increases the converter’s
weight, complexity, and cost.

e System reliability is compromised, as the failure of
a single component may damage the overall
system.

e Voltage gain remains relatively low.

e These converters draw discontinuous current from
the source, which decreases lifetime and
introduces harmonics into the system

Therefore, it is essential to develop a power electronic
converter with the following characteristics:

e A high voltage transfer ratio
Low conduction and switching losses

e High reliability

e Continuous current draw from the source

e  Minimal component count
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Figure 1. The layout of DC-DC converters with renewable energy
application

Over the years, several DC-DC converter topologies have
been developed to meet these requirements (M.Forouzesh et al.,
2017). Among them, coupled inductor topologies and
impedance source networks have received -considerable
attention due to their inherent boost capability, extended
voltage range, and ability to draw continuous input current.
Importantly, these topologies can achieve high voltage gain at
lower duty cycles compared to conventional DC-DC
converters (Liu H.Ji, et al, 2018). Figure 2 illustrates the key
applications of impedance source networks. The impedance
source networks were first introduced by F.Z. Peng in the year
2003 (Fang Zheng Peng, 2003). Despite the numerous
advantages, their performance is affected by the parasitic effect

of inductance in the impedance network (BabayiNozadian,
Mohsen.et al.,2019).
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Figure 2. Applications of impedance source converters

Ever since their inception, numerous modifications have
been made to the conventional Z source network to improve
their overall performance (Y. P. Siwakoti et al,2015). Z source
networks were followed by quasi Z source(Liu, H.Ji et
al,2018), switched Z source(BabayiNozadian et al,2019),
hybrid Z source(D. Cao et al.2009) (Shen, H et al,2017), LCCT
Z source (Adamowicz,M et al,2011), T source (Strzelecki,R et
al, 2009), a source (Siwakoti, Y et al, 2016),€ source(Soon, J. J
et al., 2014), A source, I" source (Loh, P. C et al., 2013), Y
source (Siwakoti, Y. P et al., 2014), etc. Among the newly
derived topologies, Y source networks are identified to be
relevant and promising because of their high voltage gain at
lower duty ratios compared to the traditional ones.

Y-source networks were first introduced by Yam Siwakoti
in 2014 (Siwakoti, Y. P et al., 2014). Figure 3(a) shows the
traditional Y-source converter, a single-switch topology
consisting of a three-winding coupled inductor, an input diode,
and a switch. The voltage gain of this converter is expressed as
G=1/1-K¢D, where D is the duty ratio and K4 is the winding
factor. The converter’s gain depends on both the duty cycle and
the winding factor, and theoretically, it can achieve a maximum
voltage gain up to ten times the input voltage. Despite its high
voltage gain, the conventional Y-source converter exhibits
several drawbacks. The input Di, draws discontinuous current
during each biasing state, and the switch experiences a high
inrush current at startup.

In the study of Wang et al. (2019).a switched-inductor boost
module was added to the input to enhance converter
performance, as shown in Figure 3(d) (Yuan.J.et al..2020). This
modification ensures continuous source current; however, the
voltage gain is limited to six times the input voltage at a duty
cycle of 18% and a winding factor of 3. To further improve the
voltage gain at a lower duty cycle, the switched-inductor boost
module was replaced with a switched-inductor—capacitor
(SLC) boost module. Specifically, the diode D, in Figure 3(d)
was replaced with a capacitor C in Figure 3(e). This simple
modification increases the converter’s voltage gain to 16 times
the input voltage while maintaining the same duty cycle and
winding factor.

In the study of Wang et al. (2019).a switched-inductor boost
module was added to the input to enhance converter
performance, as shown in Figure 3(d) (Yuan,J.et al.,2020). This
modification ensures continuous source current; however, the
voltage gain is limited to six times the input voltage at a duty
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cycle of 18% and a winding factor of 3. To further improve the
voltage gain at a lower duty cycle, the switched-inductor boost
module was replaced with a switched-inductor—capacitor
(SLC) boost module. Specifically, the diode D, in Figure 3(d)
was replaced with a capacitor C in Figure 3(e). This simple
modification increases the converter’s voltage gain to 16 times
the input voltage while maintaining the same duty cycle and
winding factor.

Voltage gain @ Ky=3 and D=18%
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Figure 3. (a).Y-Source-DC/DC converter (Siwakoti, Y. P et al.,
2014); (b). Improved Y-source converter (Siwakoti, Y. P et al.,
2015); (c). Quasi Y-source converter (Yuan.J.et al.,2020)) (d)SLY

source converter (Wang et al. (2019)); (e) Proposed topology

While the topologies shown in Figures 3(c) and 3(d) achieve
a maximum gain of only 7 times the input voltage, the proposed
topology attains a gain of 16 times, as discussed in subsequent
sections. This study introduces a novel converter topology that
combines a Y-source network with an SLC boost module. The
proposed design delivers significantly enhanced voltage gain,
improved reliability, and continuous input current, making it
highly suitable for efficient PV integration at reduced duty
cycles.

An in-depth design and steady-state analysis of the
converter is presented, supported by MATLAB/Simulink
simulations and experimental validation on a 100 W prototype.
Comparative analysis with conventional converters further
demonstrates the advantages of the proposed topology,
particularly in terms of efficiency, reduced component stress,
and reliability, making it a promising solution for modern PV
applications.

The remainder of this paper is organized as follows: Section
II provides a detailed analysis and discussion of the proposed
converter’s  operating  principles, including  circuit
configuration, operating modes, and the design of the SLC
module. Section III presents the steady-state analysis, deriving
key equations for voltage transfer, current characteristics, and
voltage gain. Section IV examines boundary conditions to
establish operational limits under continuous conduction mode,
while Section V details current calculations across each
converter component. Section VI addresses voltage and current
stress calculations to evaluate component reliability under
operating conditions. Section VII discusses the design
considerations for inductors and capacitors to ensure optimal
component selection and enhanced performance. Section VIII
analyzes converter efficiency by quantifying power losses in
diodes, inductors, and switches. Section IX presents reliability
analysis, focusing on the Mean Time to Failure (MTTF) using
military-standard specifications. Section X compares the

proposed converter’s performance with existing literature,
emphasizing voltage gain, component count, and reliability.
Section XI showcases simulation and experimental results to
validate performance, and Section XII concludes the paper,
summarizing the main findings and potential directions for
future research.

2. ANALYSIS AND WORKING OF THE PROPOSED
CONVERTER

2.1 Circuit configuration
Figure 4 illustrates the proposed topology. A switched-

inductor—capacitor (SLC) cell is incorporated between the input
and the coupled inductor. The boost cell consists of two diodes,
one capacitor, and two inductors. Adjacent to the boost module
is the improved Y-source converter cell, which comprises a
three-winding coupled inductor arranged in a Y configuration
with turns N1, N», and N3. Capacitor C; is connected to suppress
inrush current, and the switch SSS is placed next to the three-
winding inductor. The load is connected downstream of the
semiconductor switch with a capacitor Cy and an isolation diode
Dy.The SLC module at the input enhances the voltage gain and
ensures continuous source current. Key features of the
proposed converter include:

e A voltage transfer ratio of up to 16 times the input

voltage at a duty cycle D=18%.
e Suppression of inrush current at startup and
continuous source current.
e High efficiency of 88.8%.
e Robust reliability, with an MTTF of 104.14 kHr.

|+
L

B
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Figure 4. Proposed topology

2.2 Principal of operation
Assumptions:
e  All the components are assumed ideal.
e The converter operates in steady state.
e [ eakage inductances are neglected.
e A constant voltage is maintained across the
capacitors.

The voltages across the inductors L; and Lare Vi1 and Vi,
respectively. The source voltage is given as V. The voltages
across the capacitors C; and C; are V¢ and V, respectively.
The load voltage is Vo. The number of turns in the winding is
Ni, N», and N3, respectively. The voltages across the turns Nj,
N> and N3 are Vi, V,, and Vs,respectively. The switch voltage
is V. The voltage across the capacitor ‘C’ in the boost module
is Vc. Similarly, the currents through the inductors L; and Lare
Ir1 and Ip,, respectively. The source current is given as I;, The
currents through the capacitors C; and C, are Ic; and Ic»
respectively. The load current is Ip. The currents through the
turns Ny, N,, and N3 are [;, I, and I3, respectively. The switch
current is Isw. The current through the capacitor ‘C’ in the boost
module is Ic.The currents through the diodes D and D» are Ip;
and Ipy, respectively. The winding factor of the three-winding
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coupled inductor is kq. Voltage equations are derived using
Kirchhoff’s Voltage Law (KVL), and current equations are
obtained using Kirchhoff’s Current Law (KCL). The duty cycle
at which the switch operates is denoted by‘D’.

2.3 Mode 1[to = 0<t<tl = DTs]
Figure 5(a) depicts the shoot-through (turn-on) operation of
the converter.

L+

(b)

Figure 5. (a). Mode 1. [to = 0<t<t; = DT;];(b). Mode 2. [ti = (1-
D)Ts<t<t2 = TG]

The switch is activated by a gate pulse fromty to t;(0-DTs).
During this interval, the input diodeD;, bbetween the boost
module and the coupled inductor is reverse-biased. Capacitor
Cibegins charging the secondary winding N of the coupled
inductor. The output capacitor Cobegins energizing the load.
The diodes in the SLC module (D, D,) start charging the
inductors in SLC module (Li, L,). The currents through the
inductors start increasing linearly during this time. Considering
the symmetrical configuration of the switched-inductor—
capacitor module and assuming the inductors in the boost
module have identical values, the current rise is uniform across
both inductors.

Vi =Vw=VL

Applying Kirchhoff’s Voltage Law (KVL), the voltage
equations for the converter are expressed as Eq. (1)-(4):

VL= Vg + Ve, (1)
Ver + Vo, —V; =0 2
Ver +V, = V3 (3)

.y v
Since —* = ny, and =2 = ny,,
Vv, Vv,

V, = e )
Where n,, = z—: and ns, = z—z are the turn’s ratios.

The current equations are presented in Eq. (5)-(10)
Iy =lin—Ic— Iz (5)
Iz = lin = Ic = I (6)
Ic =Ilin — Iy —Ipz @)
Iea = Iy +1c+ 11z (3)

Isw =1z + Ic2 ©)

Ipy = Ip1:Ipz = Ii (10)

2.4 Mode 2[t1 = (1-D) Ts<t<tz = Ts]

Figure 5(b) illustrates Mode 2 operation of the converter. At
the time instant DT (t1), the switch turns off, and the diodes in
the SLC module (D; and D;) become reverse-biased. During
this interval, the switch voltage Vgsw rises. The capacitors
associated with the boost network (C), the secondary winding
(Cy1), and the coupled inductors (C,) undergo recharging.
Simultaneously, the inductorsL; andL, begin releasing their
stored energy, causing the inductor currents to decrease until
the switch is turned on again at t,.

Upon applying KVL to the circuit, the voltage equations are
given from Eq. (11)-(14)

Vg_le_VC_VLZ_Vl_VZ_VC1=0 (11)
Assuming
Vi1 =V =V

Vg =3V —Vy =V = Vg = 0
VL= [Vg—Vi = V2 = Ve]/3 (12)
Vy + Vs + Vg = 0 (13)
n12Vz + 03,V + Vez = 0

Where
— v,

V, = ——=— (14)

Ny, +n3;

The current equations are given from Eq. (15)-(19)

Ii=l=Ilc=ln '(15)
L =lg (16)
L =1 —Icp 17
L=+, (18)
Ipr = I1; Ipz =112 (19)

3. STEADY STATE ANALYSIS
Figure 6 shows the equivalent circuit of the proposed
converter, while Figures 7(a), 7(b), and 7(c) illustrate the
current and voltage waveforms of the individual components.
Applying volt second balance principle to Vi (1) and (12)
DV, + (1 — D)V, = 0, the inductor voltage in Mode 2(off
state) is

Vo=Vy—Vy =V, =V

Vi = ng,V,

V= [Vg = (1 +n12)V; = Veul/3
Substituting (8) and (21) in (20), we have:

D(Vg + Vez) + (1 = D)[(Vg — (1 + nyz)V, — V1) /3] (20)
Applying volt second balance principle to V»(4) and (14),

we have:

DV, + (1= D)V; = 0, D(2) + (1 = D) (;42) = 0 (21)

ng N3y+N1,

The voltage across Capacitors C; and C; is calculated by
solving (20) and (21) and is given in (22)-(24):

_ (1+2D)Vg(1-D)V,

Ve, =
€1 ™ 1_D(Kq+1)-2KqD?

(22)
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_ (1+2D)KqDV,

Vez = 1-(Kq+1)D—2K4D? @3)
The voltage across the inductor is

v, = (D+2K4D+1))Vg (24

T 1-(Kq+1)D—2KqD?

The winding factor Ky of the converter is calculated as:
Ky = nr1122+_ni2

The peak output voltage in the turn off state is calculated as

Vo =Ver +V, = V5

= Vo1 + Vo (1 —ngy)

=Ve1 + Vea/Ka

The output voltage and the corresponding transfer function
are calculated and presented in equations (25) and (26)

(2D+1)V,

v = —
0 = 1—(Kq+1)D-2K4D?

(25)

The voltage gain of the switched inductor-capacitor Y-source
converter is as follows:

vy (2D+1)
Vg 1-(Kg+1)D—2K4D?

(26)

L]
le—  Vsw —\'Ilm DU*
JI+
z
F
= Vo >

Figure 6. Equivalent circuit of the converter
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Figure 7. (a) & (b) Voltage and current waveforms of inductors and
diodes (c) Voltage and current waveform of capacitors

Figure 8 presents a comparison of the voltage gain of
existing Y-source-based converters at a duty cycle of 18% and
a winding factor K4=3. The figure clearly demonstrates that the
proposed topology achieves a higher voltage gain than the
existing topologies.

18
16

Y source converters in literature

b ek
™

(=T I - N - -

Vollage gain

[16] [17] [18] [21] [25] Proposed

Figure 8. Comparison of the voltage gain of Y source SLC with
different converters at duty ratio d=0.18 and turns ratio K¢=3

The voltage gain equation derived in (26) was used to
generate Table 1. This equation indicates that the voltage gain
depends on both the duty cycle and the winding factor. Table 1
presents the voltage gain of the proposed topology for different
turn ratios and duty cycles. Each row corresponds to the voltage
gain for a specific winding factor, while the fourth column
shows various combinations of turn ratios for that winding
factor. It is observed that, for a given duty cycle and winding
factor, the voltage gain remains constant regardless of the
specific turn ratio combinations. However, the voltage gain can
be adjusted by changing the turn ratios, highlighting the
versatility of the converter, as its gain can be controlled through
both internal and external parameters.

Table 1. Voltage gain of SLC Y-source with different K and winding
turns ratio

Range | Possible combinations
K Gai E 1
‘ A ofD of Ni/No/Ns rampe
G= | | asraasiasaaa, | o
2 | _epy MLNRIBGINGE | L
— <0.3 16 D=0.2,
1-3D-4D -1,6) G=5.833
G= | oo | aaaassassed | R
3| _ep+n THGLING.5.9:(42.5) Y
—=—2 025 ] D=0.18,
1-4D-6D e G=16
G= | oo | a2nasneines | D0
4 | _@pey SHASSGIINGCATNS, | oo
— 0.20 14 D=0.12,
1-5D-8D 4) G=3.62
G D=0.1,
5 @D+1) 0<D (1,3,4):(2,2,3);(3,1,2);(3.5, G=3.42
— <015 | DiE3STLINEAT) D=0.12,
1-6D-10D G=5.96

Figure 9 illustrates the effect of the winding factor on the
voltage gain of the converter. It is evident that increasing the
winding factor leads to a corresponding increase in voltage
gain.

30

Voltage Gain
= ke b
= (5, ] = (5, ]

L5 ]

=

123456738 9%10111213141516171819
Duty Ratio

Figure 9.Voltage gains with different duty ratios and winding factor
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4. BOUNDARY CONDITION OF THE CONVERTER

The voltage transfer ratio is determined by assuming that
the converter operates in continuous conduction mode (CCM).
The critical inductance (Lcrit) is calculated at the boundary
between CCM and discontinuous conduction mode,
representing the maximum inductance value for which the
converter can maintain continuous conduction. The inductor
currents are equal, I =I1,=Ir, and the current change during the
turn-on and turn-off periods is denoted as Alr. The converter
operates at a switching frequency f;. Equations (27)-(29)
provide the expressions for the inductor current variation and
the critical inductance value.

I, > Al Q7)
_ V3 1 _ Vi(KqD+D+1) DT
I = ViR, [(4—D)]’ AL, = T—(Kg+DD-2KaD? = L (28)

Solving (27) and (28)

fSL> D(4—-D)(KqgD+D+1) DT
s - —
Ro = 1—(Kq+ 1)D—2KgqD? L

fsL
Where Kcric(L) = R_o
_ D(4-D)(KgD+D+1) " DT

- 29

Koy =
cricl) = 1-(Kq+1)D-2KqD? L

5. CURRENT CALCULATIONS

By applying the ampere-second balance principle and
solving equations (5)—(10) and (15)—(19), the currents through
the various components of the converter are derived. Equations
(30)—(40) present these component current expressions.
The capacitor (C;) current

IC1=li, + (1 = D), (30)
The capacitor (C;) current

(N2—N3)( in—Io)
[e2=————"—""— 31
T NNy @D

The inductor current,

V3 1

ILTg&) G (32)

The average value of diode (Diy) current,

IDin(avg)-S0e (33)
d

The rms value of diode (Din) current,

_Kq(1-D)lp

IDin(rms) T (34)
The rms value of diode (D) current,

_ _Kalo
ID1=ID2(rms)=5* 35)
The average value of diode (D1 ) current,
IDIZIDZ(avg)z% (36)
The average value of diode (Do) current,
IDo(avg):Io (3 7)
The rms value of diode (Do) current,
IDo(rms)*\;% (38)
The rms value of switch current,

_ I

ISW(rms)=—Ls (39)

The average value of switch current,

ISW(peak)=—2C=>2 (40)
6. VOLTAGE AND CURRENT STRESS
CALCULATIONS

When the switch is in off state, the voltage across the switch
is equal to the load voltage. The switch voltage stress is
obtained in (41)

Vsw _ (2D+1)
Vg  1-(Kq+1)D—2KgD? D
The Switch Utilization Factor is

Volo
VSW[s(rms)

Substituting (39) and (40), the SUF is given in (42)

SUF =

4-D
3vVD*G

The voltage stress across capacitor C; is obtained from (22)
and (23) and is given in (43) and (44)

Vei _ _(1+2D)Vg(1-D)

SUF =

(42)

Vg  1-D(Kq+1)-2KgD? 43)
The voltage stress across capacitor C; is given in (44)
Ve _ (14+2D)K4D (44)

Vg 1-(Kgq+1)D-2Ky4D?

The voltage stress across the input diode Di, may be
ascertained by analyzing Mode 1. The expression shown below
is derived based on the results acquired from steady-state
voltage analysis.

Vpin =V1 + Ve +V3

By further simplifying, the stress across diode D, is given
in (45)
m Kq(2D+1);

Vg = 1-(Kq+1)D-2KyD? (45)

7. DESIGN CONSIDERATION

7.1 Inductor
Assuming that the converter operates in continuous
conduction mode (CCM), the required inductor value is
calculated. For CCM operation, the average inductor current
must exceed half of the peak-to-peak ripple current. The
minimum inductance necessary to maintain CCM is given in
equation (46):
Ro(4-D)(KD+D+1)

>
Ly, Ly 2 2G2(1—-(K+1)D-2KD?)

(46)
7.2 Capacitor

The estimation of capacitor values requires consideration of
the voltage ripple across each capacitor. Ripple voltage analysis
is based on the examination of the capacitor current waveforms,
as shown in Figure 7(c). For capacitor design, the current
through each capacitor during the switch-on interval0- DTs is
considered. The capacitors in the circuit are C, Ci, Cs, and C,.
Specifically, the current through the capacitor C;, which is
connected to the secondary winding of the coupled inductor
during the intervalDTs,is given in Eq. (47).

1,DT,
1= %rc1Ver

(47)

where 1 is the ripple percentage of C;. The current value of
Capacitor C; during 0-DT; is 3Iras given in Eq. (48)

_ 3I.DTy
2 %rcz2Vez

(48)
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where, r.» is the ripple percentage of C.
The current through the capacitorC in the SLC module during
the interval DT is I1/3,and the corresponding capacitor value is
provided in equation (49)
_ I DT
3%rcVe

(49)

where rcis the ripple percentage of C.

The current through the output capacitor C, during DT; is I, and
the capacitor value Cy is given in (50).

The current by C, during the off time (1-D) Ts is as follows:

_ (1=D)Tslo

Co = (50)

%rcoVeo
where rco is the percentage of ripple allowed in C,.

8. EFFICIENCY OF THE PEOPOSED CONVERTER

The efficiency of the proposed converter largely
depends on its constituent components. Energy losses occur in
the diodes, inductors, and switches. The following sections
detail the power losses associated with each switch in the
system.

8.1 Inductors
The losses due to inductors are of two types: core and
copper loss.

Pinductor= PC + PCu
The core loss is given by (51):
Pc = 71.93 « BX2£547V, (51)

where B is the flux in the material and Vcv is core volume.
The inductor copper loss is due to the average current through
the inductor and is given by

Pow = IERL

The copper loss can be obtained by substituting the average
inductor current asgiven in (52)

_ (2D+1)V,I3Ry,
Pcu

~ (4-D)(1-(Kq+1)D-2KqD?) (52)

8.2 Diodes

Diode losses can be categorized into three types:
forward voltage drop loss, conduction loss, and reverse
recovery loss due to trapped charge. The loss caused by trapped
charge is negligible and therefore neglected in the analysis. The
forward voltage drop loss is expressed in equation (53), while
the conduction loss is given in equation (54).

Pforwardvoltage = (Ip1a * Ip2a + Ipina + Ipoa) Ve

From (30),(33),(34), we have:

(1-D)I, . 2Kg4l
Pforward = (TDO + % + 1) Ve (53)

Pconduction = (112)1R + I%)ZR + I%)inR + IIZDOR)IF
From (31),(32),(35)|, we have:

Kq(1-D)I,

Kyl I
Pconduction = (ﬁ)z + 2(%)2 + (\/_%)Z)IF (54)

The value of forward voltage (Vr) and forward current
(Ir)can be obtained from the data sheet.

8.3 Switches
The switch losses are of two types: conduction loss and

switching loss.The losses are represented as Equations in (55)
and (56)

— 12
Pconduction - ISWRSW

I
Pconduction = (\/10_—[))2 * Rw (55)

The switching losses in a power converter are determined
by analyzing the turn-on and turn-off durations of the switches,
along with the switching frequency.

tontto
Pswitch = Tﬂfswpvswp Iswp (56)
Therefore, the overall power loss is calculated using (57):
PLoss = PL + Ppiode * Pswitch (57)

8.4 Efficiency calculations

For efficiency calculations,the following parameter values
were used: 1r1=0.15Q, rci=rc2=rc=0.01Q, r,=0.12Q, the on
state MOSFET resistance is 0.008m€2, and the forward voltage
drop in diode is VF=0.7V. The on-state resistance of the diode
is 0.01Q. For an input voltage of 12volts, duty cycle 18%, and
a power rating of 100W, the calculated component losses are as
follows: inductor loss: Power losses in inductor PL=3.025W,
losses in capacitors Pc=0.75W, losses in diodes in Pp=2.25W,
and losses in switch 1.98W. Based on the above losses, the
efficiency is 88.8%. Figure 10 presents a pictorial
representation of the losses in each component.

Switch Inductor
loss loss
25% 38%

Diode loss)'

28% Capacitor

loss
9%

Figure 10. Loss calculations

9. RELIABILITY ANALYSIS

Reliability refers to the ability of a system to perform as
expected under standard operating conditions. The key
parameter used for reliability assessment is the Mean Time To
Failure (MTTF), which is calculated based on the
environmental conditions using the military handbook (MIL-
HDBK 217F) [30].
The specifications of the components considered for this
analysis are provided in Table 2. Figure 11 illustrates the
number of components in the converter used for reliability
evaluation. According to [30], the failure rate of a component
is

— k
xcomponent = Mp Dijeq M-

where A, signifies the component base failure value and k
denotes the value of IT factors responsible for failure. The
failure of any component in general is given by (58)

)\component = )‘bT[TT[AT[QT[E (58)

Here, A, denotes the base failure, 7t is the temperature value, s
is the application value, mq is the quality value, and ng denotes
the environmentvalue.The components under consideration are
switch, diodes, inductors, and capacitors. Total failure in the
case of the proposed converter is

}\converter = }\switch + }\diode + }\inductor + }\capacitor
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Figure 11. Number of components used for reliability evaluation

Table 2. Specifications used for reliability analysis

Component Rating
IRF 630, Voltage/ Current[200V/10A],
Switch Junction to case temperature- fc=1.7C/W, On

state resistance-Rason=0.4€Q, output
capacitance=240pF
Schottky,MBR 10
100CT,Voltage/Current[100V,5A], junction to

case temperature 9ic=4C/W, Internal resistance
Ri=0.15Q
Electrolytic, Fixed and Aluminium
Voltage /Current [100V,5A],Capacitancel0-
30uF,Resistance=0.2 to 0.5Q, 200 V,5A,
Resistance=1Q

200pH,6A, Inductive resistance R.=0.350mQ,

300uH,6A, inductive resistance Ri=0.800m£2

Diode

Capacitor

Inductors

9.1 Switch failure rate
The rate of failure of switch is given by:
Aswitch = ApTirTATIQTE failures/10°hours.
where ma is the application factor, representing the usage
conditions of the application at a power rating of 100 W. The
values of mg, ma, and mg are obtained from the MIL-
HDBK 217F handbook and are presented in Table 3. The
environment considered for this analysis is ground-mounted
(Gm). The value of &y is:

mip = (—1925(——) — (-=)) and ] = T¢ + 6;c. Psw

J+273 298

where J is the junction temperature,the case temperature is
Tc, Pswis the switch losses, and 0)¢ denotescaseto junction
temperature. The value of Agyobtained by substituting the
values is 8.2752 failures/106hours.

Table 3. Pi factors of the switch used for calculations

T - T TE
A
Gm | Auc [ Gm | Avc

Switch 0.012 | 1.92 | 289 | 4 | 55 9 20

Component I

9.2 Diode failure rate
The rate of failure of diode is given by:
Adiode = ApTETTTTsTq failures/10°hours.

Where ms is the stress factor,which is obtained from
handbook[30] and presented in Table 4. mc is the contact
construction factor. It depends on the type of bonding required
to make contact with PCB. The value of rr is
mtr = (=3091(57) ~ (o)

] = TC + SIC PD

where J is the junction temperature, Tcdenotes case

temperature value; Pp is the diode power loss, and ?rcis the case

and junction temperature. The value of Ap obtained is 0.8612
failures/10%hours.

Table 4. Pi factors of the diode used for calculations

T s - TE
Gm | Auc 2 Gm | Auc
Diode 0.003 | 437 | 792 1.204 | 24 9 20 1

Component Ab mic

9.3 Inductor failure rate
The rate of failure of inductor is given by:
Ainductor = ApTqMET failures/10® hours.

The = factors used for reliability evaluation are presented in
Table 5. The base failure rate (Ay)for the inductor is considered

for Class C insulation with an operating temperature above
125°C and is given as A, = 0.00035 exp exp (%}10. The

value of 2A; obtained by substituting the values is
0.06384failures/10%hours.

Table 5. Pi factors of the diode used for calculations

nE
Component Ab nQ Gm | AUC nC
Inductors 3.694*10"-4 1 12 6 1
9.4 Capacitor failure rate
The rate of failure of capacitor is given by:
Acapacitor = MMy failures/10° hours.
Avfor capacitor is
T = 0.000254((L2)3 + 1 5,00+ 273)s
b = 0.000254((5)° + 1) exp(5.09(—z=—)°)

where Vg is the ratio of working to rated voltage. mcy is the
capacitance valuewhich is obtained on the basis of dielectric
used in the capacitors. The value of Acobtained by substituting
the values is 0.1699 failures/106hours.

Table 6. Pi factors of the capacitors used for calculations

TE
Component b ey b/
P Gm | Auc Q

0.168 | 0.7 | 12 | 28 | 0.03

Fixed, electrolytic
aluminium capacitor

9.5 Mttf calculation
The mean time taken to fail is calculated using (59) as
follows:

1

MTTF = Aswitch+Adiode +Ainductor +Acapacitor (59)
10. COMPARISONS WITH OTHER IMPEDANCE SOURCE
NETWORKS

This section presents a comparative analysis of the
proposed converter and other Y-source converters. The
winding factor Kgq is set to 3. Table 3 provides a comprehensive
overview of the key characteristics of the proposed converter.

10.1 Comparisons of voltage gain

Figure 12 illustrates the variation of voltage gain with
respect to duty cycle for different converters reported in the
literature. It is evident from the figure that the proposed
converter achieves a higher voltage amplification compared to
other Y-source converters documented previously.

10.2 Comparisons of voltage stress

Figure 13(a) illustrates the voltage stress experienced by the
capacitors in various Y-source converters. The analysis
indicates that the proposed converter exhibits a significant
reduction in capacitor stress compared to most existing Y-
source converters. This reduction directly enhances the
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reliability of the converter. Although the converters reported
in(Siwakoti, Y. P. et al., 2016) and (Wang, Y. et al., 2019) also
demonstrate low capacitor voltage stress, they suffer from
discontinuous input current and limited voltage gain. Figure
13(b) shows the voltage across the diodeDi,,which is
considerably lower than that observed in other converters
documented in the literature.

10.3 Comparisons of component count

Table 7 presents a comparison of the component count
between the proposed converter and those reported in the
literature. The proposed topology uses fewer components than
the SL Y-source converter as shown in Figure 14. Although
conventional Y-source and quasi-Y-source converters employ
even fewer components, the proposed converter offers the
advantages of higher voltage gain and continuous input current,
providing a superior balance between performance and
complexity.

Table 7. Comparison of SLC Y-source converter with the existing converters in the literature

Siwakoti . . Siwakoti, Y.
. . g Y. .
Parameter | Y.Pet Slwak"t; 0‘1{5 Petal P.ctal, | an . 0% 9et al Yuan.J.et al.2020) Proposed
al., 2014 = 2016 =
A L 1 2 1 2 2 2
g C 2 3 3 2 4 3
E Sw 4 1 1 1 1 1
g Diodes 3 3 4 5 3 4
i Total 10 9 9 10 10 10
. Kq +2 1 T+Kq-D 1 1+D 1+ 2D
Voltage Gain
1-D 1— (Kq + 1)D + KgD? (1-D)2 | 1—-(2+Kg)D | 1—(1+KqD—KqD? | 1— (1+Kg)D —2K4D?
Gain
Ki=3.D=0.18 6 12 5.9 10 7 16
Maximum
voltage when 72 144 70.8 120 84 192
input is 12
100
—[16] —[17]
80 —[201 —[21]
g —[24] —I[2s]
% 60
2
= 40
=
) 4
0 - ________________________ .
123456 7 8 910111213 14 15 16 17 18 19
Duty cycle
Figure 12. Voltage gain for different converters for different duty ratios with winding factor 3
Proposed — g Proposed
o] | — =)
el — e
i Ita .
[20] Voltage gain 120]
. B Capacitor stress
il il
[16] [16]
0 50 100 150 200 0 50 100 150 200
(a) (b)

Figure 13. (a)Comparison of capacitor voltage across capacitor with converter in literature (b) Comparison of capacitor voltage across diodes with
converters in literature

[SC R FE Y

—

Component count

Proposed [16]

B Diodes W Capacitors

Switches B Inductor

[19] 2] (%]

Figure 14. Comparison of the component count of the converter.
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10.4 Comparisons of component count

The proposed converter is compared with the topology
reported in (Wang, Y. et al., 2019)in terms of reliability, as
summarized in Table 8. For an input voltage of 12 V, a power
rating of 100 W, and a winding factor of 3, the following
comparative analysis is presented. Table 8 presents the
comparative results obtained from the reliability and efficiency
analysis. From these results, it is evident that replacing the
diode D2 with a capacitor C significantly enhances the
performance of the proposed converter.

Table 8. Reliability and Efficiency comparison of the proposed
converter with the converter suggested byWang Y. et al. (2019)

Parameter SLY source Proposed
Input voltage 12 12
Duty cycle 20% 18%
Max. Output voltage 180V 192V
Efficiency 85.3% 88.8%
Reliability 94.6khr 104.14 Khr
. . 1.35 failures/10¢ | 0.93 failures/10°
Diode failure rate
hours hours
Percentage decrement in o
diode failure 45%

11. SIMULATION AND EXPERIMNTAL RESULTS

Table 9 summarizes the parameters used for the
experimental verification. A photograph of the prototype and
the experimental setup is shown in Figure 15.

Figure 15. Photograph of the experimental setup
TABLE 9: The Proposed Converter Specifications

Parameters Specifications
Input Voltage (Vac) 12V
Power rating (Po) 100W

Capacitor CiandCz
Capacitor C and Co

330 uF, 100uF,
115uF,336uF

Switching Frequency (f;) 20 kHz
Liand L 800 uH
Load R=200 Q
N3 :N2:N; 50:20:40; ka=3
D 18%
Switch IRF630
Diode D MBRI10

The performance of the proposed converter was evaluated
using MATLAB/SIMULINK, and experimental validation was
carried out on a 100 W prototype. The DC input voltage to the
converter was Vg = 12 V, with an operating frequency of 20
kHz. The prototype was specifically constructed and tested for
duty ratios of D = 0.18 (18%), D = 0.15 (15%), and D = 0.10
(10%), with a turns ratio set to K = 3.

11.1 Simulation results

The simulation of the proposed topology was conducted
using MATLAB/Simulink. The simulation parameters were set
as follows: Vg=12V, fs=20kHz, Kd=3,C1 =C2=C=330
pF, and L1 = L2 = 800 puH. Figures 16(a)-16(i) present the
simulation results.

e Figure 16(a) shows the input voltage, Vg =12 V.

e Figure 16(b) depicts the output voltage of the
converter at a duty cycle of D = 18%, which
reaches 190 V.

e Figure 16(c) illustrates the switch voltage, Vsw,
which is equivalent to 180 V since the switch is
connected across the load.

e Figure 16(d) shows the voltage across capacitor

C2,VC2=96V.

e Figure 16(e) presents the input diode voltage,
VDin =38 V.

e Figure 16(f) shows the voltage across capacitor
CL,VCl1=76V

e Figure 16(g) displays the voltage across diodes D1
and D2, V=26 V.

e Figure 16(h) and 16(i) depict the input current, lin
= 8.6 A, and the output current, 10 = 0.48 A,
respectively.

11.2 Transient analysis

The transient analysis of the proposed topology is carried
out. The performance of the converter under changes in input
voltage and load is simulated and presented in Figure 17. The
response of the converter when the input voltage is varied from
6V to 12V is shown in Figure 17(a). As illustrated, when the
source voltage is 12 V, the load voltage is approximately 96 V,
and the output current is around 0.35 A, while the source
current is approximately 4 A. When the input voltage is
increased from 6 V to 12V, the output voltage rises to about
188 V, and the load current increases to 0.48 A. The input
current rises to 8.3 A.

Due to the sudden change in input voltage, the source
current experiences a minimum peak before settling.The
response of the circuit elements to a sudden change in load is
shown in Figure 17(b). As the load increases, both the load
voltage and current decrease, whereas the source current
increases. Owing to the sudden variation in load, the source
current experiences a minimum peak before stabilizing.

11.3 Experimental results

The results of the experimental prototype are depicted in
Figure 18(a)—(f). The output voltage is obtained for duty cycles
of d = 0.1 (10%), d = 0.15 (15%), and d = 0.18 (18%). The
winding factor is set as Kd = 3, and the DC input to the
converter is Vg = 12 V. From Figure 18(a), it is observed that
when the input voltage (Vin) is 12 V and the duty ratio (d) is
0.1, the resulting output voltage is 27 V. As shown in Figure
18(b), when the duty ratio is increased to d = 0.15, the output
voltage rises to 59 V.
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Figure 17. Performance of converter (a) Change in load; (b) Change in source.
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When the duty ratio is set to d = 0.18, the resulting output
voltage of the converter is 189 V, as shown in Figure 18(c). The
voltages across the capacitors, VC1 and VC2, are 101 V and
79V, respectively, as depicted in Figure 18(d). The voltage
across the switch is presented in Figure 18(f) and is equal to the
output voltage of 185 V. The input and output currents are 8.3 A
and 0.5 A, respectively, as shown in Figures 18(f) and 18(g).

Based on these results, it is evident that an increase in the
duty ratio leads to a higher gain of the converter while
maintaining a constant winding factor Kd. Although the
converter’s gain increases with higher duty ratios, operating at
elevated duty cycles may result in increased losses.

12. CONCLUSION

In this article, a Y-source converter with an SLC boost
module is proposed and analyzed. A detailed steady-state
investigation is performed for the proposed Y-source converter.
The following points highlight the significant characteristics of
the converter.

e As the duty ratio decreases, the duration of current flow
through the switch is reduced. Consequently, the reduction
in power loss within the switch enhances the reliability of
the converter.

e Figure 13 illustrates that the proposed converter achieves a
significantly higher voltage gain compared to both
conventional and improved Y-source converters, all
operating under the same turn-on duty ratio.

e Equation (26) shows a positive correlation between the
voltage gain and the winding factor of the converter,
indicating the design’s adaptability.

e At a duty cycle of 18%, the converter achieves a gain 16
times the input voltage.

e The inclusion of a switched inductor-capacitor module
ensures continuous input current. Moreover, the capacitor
connected in parallel with the inductor helps mitigate the
effects of inrush current, making the converter suitable for
PV applications.

The dynamic behavior of the proposed topology will be
analyzed using small-signal analysis, followed by the design of

a controller for load regulation.

13. ACKNOWLEDGEMENT
The authors sincerely thank the authorities of the respective
universities and institutes for their support of this research.

NOMENCLATURE
PV = Photo Voltaic
LCT = Inductor Capacitor Transformer converter
K = Winding factor
D = Duty ratio
Ni,N2, N3 Turns ratio of the three-winding transformer
Keiic = Critical inductance
CCM = Continuous Conduction Mode
DCM = Discontinuous Continuous Conduction Mode
SUF = Switch Utilization Factor
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