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Abstract

This paper presents a new quadratic high step-up DC-DC converter featuring a high voltage-gain capability and an optimized component
count, suitable for renewable-energy applications. Conventional boost converters achieve high gain only when the duty ratio approaches
unity, which results in large conduction losses and reduced efficiency. Existing coupled-inductor solutions often suffer from high input-
current ripple and severe voltage spikes, while switched-capacitor or switched-inductor structures require multiple stages, increasing cost and
reducing efficiency. The proposed converter addresses these limitations by implementing a quadratic voltage-boost mechanism within a
simple topology. It achieves an output voltage 10—13 times higher than the input at a moderate duty ratio of 0.60—0.65, while maintaining
continuous input current with low ripple. The operating principles, voltage-gain characteristics, device voltage stresses, and loss mechanisms
are analyzed in detail. Simulation results and comparisons with previously published converters confirm that the proposed design offers
higher efficiency, reduced device stress, and fewer components, demonstrating its strong potential for practical deployment.
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1. Introduction

The rapid growth of technology has been accompanied
by increasing pollution and climate change, primarily driven
by excessive dependence on fossil fuels. As a result, alterna-
tive energy solutions, especially renewable-energy sources,
have gained significant attention as promising substitutes for
conventional energy systems [1, 2]. Clean energy sources
such as photovoltaic (PV) modules and wind turbines are
widely deployed; however, they typically generate low output
voltages (20—40 V), whereas many applications, including
electric vehicles and DC/AC inverters, require high-voltage
levels (380—400 V). High step-up DC-DC converters are
therefore essential to bridge this voltage gap, with the conven-
tional boost converter being one of the earliest and most
widely studied solutions [3, 4, 5, 6].

Although the theoretical voltage gain of a basic boost
converter approaches infinity as the duty ratio approaches
unity, practical limitations restrict its performance. As the
duty ratio increases, parasitic components in the semiconduc-
tor devices and passive elements cause significant efficiency
degradation [7]. Consequently, recent research has focused on
methods that achieve high voltage gain without relying on ex-
treme duty ratios.

Coupled-inductor (CI) converters are widely used to
achieve high step-up voltage gain by increasing the turns ratio
of the magnetic structure. Leakage inductance in the coupled
inductors is unavoidable, leading to high voltage spikes and
increased stress on semiconductor switches during commuta-
tion [8]. To mitigate these spikes, voltage-clamp circuits have
been proposed, but they increase system complexity and com-
ponent count [9]. The topology reported in [10] represents a
typical CI-based step-up converter that relies on a large turn’s
ratio and multiple power devices to attain significant voltage

gain. However, this design still suffers from high voltage
stress on switches, complex magnetic design, and sensitivity
to leakage effects, which may limit efficiency and reliability.
These limitations highlight the need for alternative step-up
converter structures that can achieve high voltage gain while
reducing device stress and circuit complexity. To achieve
higher voltage gain without using a coupled inductor,
switched-capacitor (SC) [11, 12] and switched-inductor (SI)
techniques [13] have been developed. Although these meth-
ods can provide higher step-up capability, their output voltage
and efficiency strongly depend on the number of cascading
stages, which increases design cost and reduces overall effi-
ciency. Integrating SC or SI techniques into conventional
boost structures can improve the gain [ 14], but the large num-
ber of magnetic cores and components poses challenges for
cost optimization. Likewise, combining two CI structures
with SI techniques [15] or hybrid SI-SC solutions requiring
multiple magnetic cores [16] can achieve higher voltage gain,
yet the improvement remains limited. While SC-based con-
verters offer advantages in design cost [17, 18] their achieva-
ble gain may still be insufficient for applications demanding
significantly higher output voltages. In summary, SC and SI-
based step-up techniques provide flexibility in voltage boost-
ing but often require trade-offs among efficiency, component
count, and overall system cost.

Recent studies have examined quadratic step-up con-
verter structures as potential solutions for achieving very high
voltage gain [19, 20, 21]. Although these topologies offer
promising theoretical characteristics, many of them still fall
short of meeting practical high-output-voltage requirements.

Motivated by these limitations, this paper proposes a new
high step-up converter employing a quadratic voltage-boost
mechanism. The proposed structure is optimized for a low
component count while maintaining high efficiency. It can
achieve an output voltage approximately 10—13 times higher
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than the input with a moderate duty ratio of 0.60-0.65. A no-
table advantage of the converter is its continuous input-cur-
rent characteristic, which significantly reduces current ripple
and electromagnetic interference, thereby improving the
power quality delivered to the load.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the operating principles and detailed analysis
of the proposed topology. Section 3 analyzes the steady-state
performance, including voltage gain, voltage stress on power
devices, and power loss, and also provides comparative eval-
uations with previously published converters to highlight its
superior characteristics. Section 4 verifies the converter per-
formance and validates the analytical developments through
simulation results. Finally, Section 5 summarizes the key
findings and discusses the practical implications of the pro-
posed design.

2. Operating principle

The proposed converter topology (PC), shown in Fig. 1,
employs two MOSFETs (S, S,) driven simultaneously by the
gate signals Vgg; and Vg, . The circuit also includes three di-
odes (Dy, D,, and the output diode D,), two single inductors
(L, Ly), and the capacitors C;, C,, which participate in the
voltage-boosting process. An output capacitor C, is used to
filter the output voltage.
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Figure 1: Configuration of the proposed high step-up converter.
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Figure 2: Operating waveforms of the PC, (a) in CCM mode, (b) in DCM
mode.
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Figure 3: Operating diagrams for (a) Mode 1, (b) Mode 2, and (c) DCM

mode (Mode 3) of the proposed converter.
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2.1. CCM operation

Mode 1 ( € [to-t4]) in Fig. 3(a): In this mode, both Vg,
and vy, are high, turning on MOSFETs §; and S, simultane-
ously. Diodes D,, D,, and D, are reverse-biased and therefore
remain OFF. Inductor L, is charged from the input source V;,,
through MOSFET S;, while inductor L, is charged from V;,
together with capacitors C; and C, through MOSFET S,. As
a result, both inductor currents i;; and i;, increase linearly.
Meanwhile, the output capacitor C, discharges and supplies
energy to the load. This mode ends when vgg; and vy, go
low at t =t;.

Mode 2 (7 € [t4-t,]) in Fig. 3(b): In this mode, Vg, and
Vgs2 are low, turning OFF both MOSFETs S, and S,. Diodes
D,, D, and D, become forward-biased and conduct. Inductor
L, releases its stored energy and, together with the input
source V;,, charges capacitor C; through diode D;. At the
same time, L, also transfers energy to capacitor C, through
diode D,. Inductor L, discharges and delivers energy to the
output capacitor C, and the load. This mode ends when v,
and vg, return to the high level at t = ¢t,.

2.2. DCM operation

In DCM operation, the converter includes Mode 1 and
Mode 2 of CCM, along with an additional operating mode,
Mode 3, as illustrated in Fig. 3(c). In this mode, the energy
stored in both inductors decreases to zero; consequently, the
voltage conversion ratio becomes independent of the duty cy-
cle D. The operating waveforms in DCM are shown in
Fig. 2(b).

Operating modes I and II are identical to those in CCM.
The distinction arises in Mode 3 (Z € [t,-t3]), during which all
diodes are reverse-biased, and both inductors carry zero cur-
rent. In this mode, the output capacitor Co solely supplies en-
ergy to the load.

3. Analysis of the proposed converter
3.1. Voltage gain
a) Voltage Gain Analysis in CCM:
Applying Kirchhoff’s II law to the circuit when

MOSFETs S; and S, are ON, as shown in Fig. 3(a), the fol-
lowing voltage equations are obtained:

U = Vin (1)
Vi = Ve +Vez +Vig ()
Vo = Vo 3)

When both MOSFETs S; and S, are OFF, as shown in
Fig. 3(b), applying Kirchhoff’s II law yields the following
voltage equations:

V1 = Vin — Ver 4)
v = — Ve Q)
v = Ve —Vo (6)

From (1) and (4), by applying the volt—second balance princi-
ple to inductor L4, the following equation is obtained:

1 T 1 /DT 1 T
;f() ledt = ;fo det + ;IDT(Vin - VC1)dt

=DVin+ (1 =D)(Vin — Ve1) =0 (7
From (7), the expression for V¢, can be obtained as follows:
Vin
Vey = 20 ()

The voltage expression of capacitor C,, derived from (4), (5),
and (8), is given as follows:

Vin DVin
Voo =Ver —Vip = 1_p Vin T 7Tp

©)

From (2) and (6), by applying the volt—second balance princi-
ple to inductor L., the following equation is obtained:
1 T 1 DT 1 T
;fo vppdt = ;fo (Ver + Ve + Vinddt + ;fDT(Vm— p)dt
=D(Ver +Ve2 + Vi) + (A1 —=D)(Veu = Vo) =0 (10)
Substituting (8) and (9) into (10), the output-voltage expres-
sion Vg is obtained as follows:
Vo = Vc1+DVez +DVin _ Vin+D2Vin+ D(1-D)Viy
0 1-D (1-D)2

(an

Based on (11), the voltage gain of the proposed converter can
be written as follows:

Vo _ 14D

Vin  (1-D)?
b) Voltage Gain Analysis in DCM:

In DCM operation, the converter includes an additional
operating interval in which the inductor currents fall to zero,
resulting in a different voltage gain characteristic compared
with CCM. For DCM analysis, dT corresponds to the time
interval during which switches S; and S, are turned ON,
whereas d>T indicates the conduction interval of diode D
prior to the onset of Mode 3.

By applying the voltage balance theorem to inductor L, the
following equation is derived:

(12)

1 rd4T 1 ((dq+d2)T
I Vigdt + 2 [T WV = Vey)dt = dy Vi +
dy(Vin = Ve1) =0 (13)
The voltage equation across C; can be derived from (13) as
follows:

dq+d;
da

Ve = Vin (14)

The voltage equation across C, is determined as follows:

di+d d
Ve = Ver = Vin = 2V = Vi = 2V (19)

By applying the voltage balance theorem to L., the following
voltage equation is obtained:

1 cdyT 1 (dy+dp)T
;fo Y (Ver + Ve + Vin)dt + ;flel 2 (Ve — Vo)dt =
di(Ver +Vez +Vin) +d2 (Ve — Vo) =0 (16)
Substituting equations (14) and (15) into equation (16), the
output voltage equation V, is obtained as follows:

(2d1+d3)(d1+d2)
d3

Vo = Vin (17)
Based on (17), the voltage gain under DCM is obtained as fol-
lows:

Vo _ (2d;+dz)(d1+d3)
Vin B d%

(18)

Mpem =
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3.2. Voltage stress on components

When S; and S, are in the OFF, as shown in Fig. 3(b),
switch §; becomes clamped in parallel with capacitor C;
through diode D, and switch S, is clamped in parallel with
the output capacitor C, through diodes D, and D,. Therefore,
the voltage stresses on the two switches are given as follows:
Vin _ 1-D

Vs1=Ve1 = 10 140’0 (19)
1+D
Vs, = Vo = a0y Vin =Vo (20)

Accordingly, the voltage stresses on the diodes can be
determined as follows:

Vin _ 1-D
Vb1 =Ve1 = 10 140’0 €2y
Vin _ 1-D
Vb2 = Ve +Vip = 1D = 40O (22)
2 2
Voo =Ve1 +Vo = 5z Vin = 75V (23)

3.3. Inductor design

By applying Kirchhoff’s I law to Fig. 1, the following
current equation is obtained:

ity = lcz + Iin (24)
ipo = ico + 1o (25)
iLZ = idsZ + iDo (26)
Based on (24), the following equation is obtained:
1T, 1T,
—Jo tadt == [ (icz + Lin)dt =iy 27)

The average current flowing through L; can be determined
from (27) as follows:

(28)

The average current through diode D, can be determined from
(25) as follows:

Inoave = 7 Jy ipodt = [ inedt = 1 [ (ico + Io)dt =1, (29)
When ¢ € [DT-T] in Fig. 3(b), and using (26) and (29), the fol-

lowing expression is obtained:

1T , 1T . ) 1T .
;fDT i dt = FfDT(ldsz + ipy)dt = ;fDT(lDo)dt =1, (30)
The average current through inductor L, can be determined

from (30) as follows:

ILl_ave = Iin

fo 31)

1-D

Together with the inductor-voltage expression of L, for ¢ € [0-
DT] given in (1), the ripple equation of inductor L, can be ex-
pressed as follows:

IL2_ave =

1 /DT ,. 1 (DT vyq DTVip
Al = = di = — —dt = ——
L1 T fg L1 T fg Ly Ly

(32)

During the interval # € [0-DT], the current ripple of L, can be
expressed as follows:

1 rd 1 rd DT (V, Vi Vin)
. VL2 c1t+Vez +Vin
AL, = = | dij, = =| =—dt=
L2 Tf L2 7] 1, L,
0 20TV
RED (33)
The minimum currents through L; and L, are given by:
Al
It min = L1 ave — — (34)

2

ILZ?min = Iszave - Mzﬁ

At the boundary condition mode, the minimum current in both

inductors reaches zero (I min = 0 and I yin = 0). There-

fore, using (28), (31), (32), and (33), the following condition

is derived to maintain CCM operation:
D1y DTVin

(35)

IL1 2 T g Ll 2 21m (36)
Iy 22, > 20 37)

From equations (36) and (37), the minimum inductance
curves for L, and L, are presented in Fig. 4. It can be ob-
served that under identical operating conditions input voltage,
switching frequency, and power level inductor L, requires a
higher inductance value to achieve CCM than L;. Conse-
quently, the design must use different inductance values, spe-
cifically with L, larger than L;, to maintain both inductors in
continuous conduction mode.
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Figure 4: The inductance curves for L; and L.

3.4. Power loss analysis

The loss analysis is calculated based on the average cur-
rent and root mean square (RMS) current of the components.
Furthermore, each component possesses an equivalent series
resistance, which contributes to the power loss of the pro-
posed structure. Based on the ON and OFF states of the
switch, the component current analysis is presented in Table 1
as follows:

Table 1: Average current and RMS current of components.

Diode

Average RMS
current curent

Capacitor

Average
current

RMS curent

D, (C6D10065G)
o = 50 mQ

G

DI, 1,D

— — 3 Tca
Vepy =127V 1-D A=D1 Z170ma

D, (C6D 51 806?) I C 14D
Ty = m P T
Veo =127V 1-D =Dy | Z70ma

D,(C6D10065G) I C,

Tpo = 50 mQ I, Tco 0
Vepo = 1.27V = 65mQ 1-D
Inductor

0

%

1-D

MOSFET

S, (IXFH120N20
P) 2D
Tgsi.on = 22 mQ
t, =35ns
typ =31ns
S,(GAN041-
650WSB)
Tasz.on = 35 mQ

L1
21,VD 1+D 1+D
(1-D)? M 1-D)2"
=25mQ

L,

e 1-D 1-D

t., =14ns — 185 mQ

tp, =17 ns
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Based on Table 1, the component loss distribution at an output
power level of P, = 300W is presented in Table 2 as follows:

Table 2: Component loss distribution.

18, 19, 20, 21], while requiring fewer components than the
converters in [14, 15].

Table 3: Comparison of the PC with advanced topologies.

Components Loss Formula Povz&;)l 088
D, 71151 rms + Ve D1 Ip1_ave 1.75
Diodes >

D, Tp2-Ip2 rms + VEp2- Ip2_ave 3.02
(42.73%)

Do ™o- Il%o_RMS + VF,Do- IDo,ave 1.02

5 1

s, Tas1_on-1ds1 rms + Evdsl- Is1_ave(tr1 247
MOSFETs +ta)f
(21.70%) 1

s, Tds2_ON- IgsZ_RMS + 3 Vasz- Iso_ave(tr2 0.47

+t)f

G rCl'Iél,RMS 1.08
Capacitors >

G, Tca- 165 rus 1.08
(17.20%)

Co Tco- Iéo,RMS 0.17
Inductors | Lq T 0Py rus 177
(18.37%) | L, Lo 1% RMs 0.72

Total loss 13.55

Based on the loss analysis, the efficiency curve is pre-
sented in Fig. 5. A peak efficiency of 96.55% is achieved at
160 W, while the full-load efficiency at 300 W is 95.68%. The
efficiency curve does not remain flat, as it is affected by losses
such as switching loss, conduction loss, and parasitic losses.

97,00% 96.55%

96,50% D’D_-D—D‘—D‘*D~D__D~D

600% .~ B a_,
95,50% 95.68%
95,00%

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Figure 5: The efficiency curve of the proposed converter.

4. Performance comparison with state-of-the-
art high step-up converters

To highlight the advantages of the proposed topology, a
comprehensive comparison with previously reported high
step-up DC-DC converters is conducted based on key perfor-
mance metrics, including the number of power switches
(MOSFETs), diodes, inductors, and the total component
count. In addition, the voltage-gain characteristics and the
normalized voltage stress on the main MOSFET are summa-
rized in Table 3. Comparative plots of voltage gain and
MOSFET reverse voltage as functions of the duty ratio are
presented in Figs. 6 and 7, respectively, to clearly illustrate
the performance differences between the proposed converter
and existing designs.

As shown in Table 3, Figs. 6, and 7, the proposed topol-
ogy achieves a higher voltage gain than most previously re-
ported converters at moderate duty ratios (D = 0.6—0.65). Alt-
hough the proposed converter does not strictly minimize the
number of components among all topologies, it employs the
same total component count as the converters reported in [17,

Voltage stress
No. of components 8

Ref. VG on the main
Switch Diode Capac- Inductor Total Vo/Vin sw1t$h

S (D itor (L) vas/Vo

= 3D T

[14] 1 3 6 4 4 = 5
142D 24D

[s] 2 7 1 4 4 22 S
143D 1

[e] 2 2 3 3 0 = o
34D 1

7 2 3 3 2 0 =5
34D 1

(18] 2 3 3 2 0 =5
2D 1-D

o] 2 3 3 2 10 Gopp -
14D D

0] 2 3 3 2 10 565 =
2-D 1

R 2 3 3 2 0 &=pp 725
1+D 1-D

The 2 3 3 2 10 G5y D

PC

Compared with the topologies in [14] and [15], the pro-
posed converter significantly reduces the overall component
count while simultaneously achieving lower voltage stress on
the main MOSFET. This reduced device stress improves sys-
tem reliability and enables the use of lower-voltage-rated
MOSFETs with smaller on-state resistance, thereby contrib-
uting to improved conversion efficiency.

In comparison with the converters reported in [16, 17,
18], although a similar number of magnetic components and
energy-transfer stages is required, the proposed topology pro-
vides a higher voltage-gain ratio. This enhancement is primar-
ily attributed to the effective exploitation of a quadratic volt-
age-boosting mechanism combined with continuous input-
current operation, which enables efficient voltage amplifica-
tion under practical duty ratios.

Voltage gain (Vo/Vin)

03 0.4 0.5 0.6 0.7 0.8
Duty cycle (D)

Figure 6: Voltage-gain comparison with previously published converters.
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Voltage stress on the main switch

0
0.3 0.4 0.5 0.6 0.7 0.8
Duty cycle (D)
Figure 7: Comparison of main-switch voltage stress with previously pub-
lished converters.

It is worth noting that the proposed converter employs
the same fundamental quadratic charge—discharge mechanism
as previously reported quadratic and hybrid switched-capaci-
tor/inductor converters [19, 20, 21]. Therefore, the novelty
lies not in a new operating principle, but in the structural or-
ganization of the existing quadratic mechanism. Unlike those
converters, whose voltage-gain expressions include multiple
voltage-subtraction terms that limit gain growth when D >
0.5, the proposed topology ensures that all intermediate ca-
pacitors actively participate in the boosting process during
each switching cycle. As a result, a steeper voltage-gain char-
acteristic is achieved in the high-duty-ratio region.

Moreover, the intrinsic voltage-partitioning characteris-
tic ensures even voltage sharing among power devices. Con-
sequently, the proposed converter exhibits lower normalized
voltage stress on the main MOSFET compared with the con-
verters in [19, 20, 21] under the same duty ratio and voltage
gain. Since the main switch operates on the low-side input
path with high current, minimizing its voltage stress allows
the use of a low-Rpson) switch, thereby reducing conduction
loss and enhancing efficiency.

Overall, the proposed converter offers an improved per-
formance trade-off by achieving higher voltage gain and re-
duced voltage stress on the main switch without increasing
circuit complexity. These advantages make it a promising
candidate for high step-up DC-DC conversion applications
requiring high efficiency, moderate duty ratios, and reliable
operation.

5. Simulation-based performance evaluation
using SIMetrix—SIMPLIS

The PC was simulated and evaluated in the SIMetrix—
SIMPLIS environment to validate the theoretical analyses.
The simulation conditions are summarized in Table 4. The
schematic of the simulated topology is shown in Fig. 8 and

the corresponding simulation waveforms are presented in
Fig. 9.

Table 4: Key parameters used in the simulation.

Device name Value
Output power (F,) 300 W
Output voltage (V) 400 V

Input voltage (V;,) 36 V
Switching frequency (f) 50 kHz
Inductor L, 400 uH
Inductor L, 900 pH
Capacitors C; and C, 68 uF
Capacitor C, 330 uF

Based on the results shown in Fig. 9, it can be observed
that in Fig. 9(a), with a duty ratio of D = 62%, the reverse
voltages across S; and S, reach 94 V and 400 V, respectively,
which is fully consistent with the theoretical analyses previ-
ously derived in (13) and (14). The inductor-current wave-
forms confirming continuous conduction mode are presented
in Fig. 9(b). The voltage stresses on the diodes are also vali-
dated through Figs. 9(c) and 9(d). In addition, the output-volt-
age ripple is very small, with AVy = 0.015 V, demonstrating
a stable output voltage suitable for renewable-energy applica-
tions.

To verify the continuous input current characteristic, the
input current i, is directly measured at the input source termi-
nal, and the corresponding waveform is shown in Fig. 9(e).
As can be observed ii, remains strictly positive over the entire
switching period, with a minimum value of approximately
4.08 A, thereby confirming continuous input current opera-
tion.

The dynamic performance of the proposed converter was
evaluated via MATLAB/Simulink simulations under varying
input voltage and load conditions, which can be described as
follows:

e Input voltage variation: The input voltage Vi, was
varied from 36 V to 48 V while maintaining a 300 W
output and Vo =400 V. Using the feedback control
scheme, the transient responses in Fig. 10(a) indicate
that the output voltage quickly recovers and remains
stable, confirming the robustness of the control sys-
tem.

e Load variation: Step changes in load were applied at
50% load (Io=0.375 A) and full load (o= 0.75 A)
with a fixed input of Vi, = 36 V. The responses in
Fig. 10(b) show that the output voltage rapidly set-
tles to the reference value after each load change,
demonstrating effective feedback control and stable
operation.
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Figure 9: SIMetrix—SIMPLIS simulation waveforms of the PC.
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Figure 10: Dynamic response under (a) input voltage variation and (b) load variation.

6. Conclusion

This paper has presented a quadratic high step-up DC— 2]
DC converter with an optimized design that combines a low
component count with a high voltage-gain capability. Analyt-
ical derivations and simulation results confirm that the pro-
posed topology achieves an output voltage 10—13 times higher ~ [3]
than the input at a moderate duty ratio (D = 0.6-0.65), while
maintaining continuous input current with reduced ripple and
electromagnetic interference. The converter attains a high ef-
ficiency above 95%, and the voltage stress on the main [4]
MOSFETs is significantly reduced, thereby improving device
reliability and overall system robustness. Comparative evalu-
ation with previously published converters demonstrates that
the proposed design offers higher efficiency, stable output
voltage, and fewer components. These results verify that the
PC is an effective and reliable solution for applications requir-
ing a stable high-voltage supply, particularly in renewable-en-  [6]
ergy systems.

(3]
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