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This paper presents an extremely high step-up DC-DC converter using a
quadratic topology and a coupled inductor (Cl). The proposed converter (PC)
utilizes a single switch, simplifying the control strategy and reducing
switching losses. A passive clamp circuit recycles leakage energy, reducing
voltage stress (VS) on the MOSFET and enabling the implementation of a low
on-state resistance switch for higher efficiency. Additionally, the quadratic
structure and passive clamp circuit contribute to higher voltage gain (VG) and
better performance. The converter’s operating principles, steady-state
analysis, and component selection criteria are discussed in detail. The
influence of magnetizing inductance, duty cycle, and parasitic components on
the VG is also investigated, along with the system’s dynamic response under
input voltage and load variations to ensure stable operation. A comparative
evaluation with existing converters highlights its advantages. The PC is
verified through SIMPLIS simulations, where key performance metrics such

as VG and switching stress are analyzed. Furthermore, a hardware prototype
with a power rating of 300 W is built to confirm the theory and showcase the
converter’s performance. Experimental results demonstrate high efficiency,
stable operation, and substantial VG, validating the converter’s feasibility for
renewable energy systems (RES).
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1. INTRODUCTION

With the rising global energy demand and increasing environmental concerns, renewable energy
sources are considered key to achieving a cleaner and more sustainable future [1]—[3]. Research efforts continue
to focus on enhancing these technologies to improve efficiency and reliability in modern energy systems [4],
[5]. Nevertheless, photovoltaic panels, fuel cells, wind turbines, and wave energy systems typically generate
low and fluctuating output voltages, creating challenges for practical applications [6]. To address this issue,
converters with high VG are crucial for increasing voltage levels and maintaining stable power delivery in
RES. Conventional boost converters attain high VG by extending the duty cycle. Yet, as the duty cycle
approaches unity, parasitic resistances in the inductor, switch, and diode cause significant conduction losses,
reducing efficiency and increasing current stress on components [7]. Moreover, extreme duty cycles lead to
slow transient response and higher electromagnetic interference (EMI). To overcome these issues, voltage lift
and super-lift techniques enhance VG without requiring excessive duty cycles [8]-[12]. Nonetheless, these
methods introduce additional passive and active components, leading to increased circuit complexity, higher
conduction and switching losses at heavy loads, control challenges due to multiple energy storage elements,
greater VS on components, and slower dynamic response. To overcome VG limitations, cascade boost
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converters use multiple boost stages in series, reducing the need for extreme duty cycles [13], [14]. However,
this increases the number of inductors, capacitors, and switches, making the circuit more complex. Precise
control is required to ensure stability, adding design challenges and switching losses. Switched-capacitor
techniques achieve high VG without inductors, providing benefits such as high-power density, low EMI, and
simplified control [15]-[18]. However, they also have drawbacks, including limited load capacity, increased
VS on components, higher switching losses, and a fixed VG, which reduces flexibility for varying input
conditions. Switched inductors [19]-[23] boost VG and efficiency by improving energy transfer. Even so, they
increase circuit complexity, switching losses, and EMI.

The CI boosts voltage at moderate duty cycles. It efficiently transfers energy by magnetically linking
two inductors. A Cl is employed for the first time in the published topology to achieve high VG [24]. Nevertheless,
this design faces leakage inductance, causing high VS. These voltage spikes can cause excessive VS on the
semiconductor components, potentially reducing reliability and efficiency. Clamping circuits, such as diode-
capacitor clamping, effectively suppress voltage spikes and reduce stress on switching devices by absorbing and
redistributing excess energy [25]-[27]. Nonetheless, they introduce drawbacks such as increased input current
ripple, which raises conduction losses and EMI. This can negatively impact overall efficiency and may require
additional filtering components, adding to circuit complexity. Voltage multiplier cells help boost voltage
efficiently in DC-DC converters by using capacitors and diodes [28]-[30]. They reduce stress on components,
improve efficiency, and allow for modular expansion. However, they increase circuit complexity, may cause
voltage imbalance, and have limitations in handling high power. Quadratic converters with input inductors cut
ripple and boost VG, making them ideal for high-gain applications. A quadratic boost converter featuring reduced
VS is proposed [31]. Nevertheless, it experiences significant fluctuations in the input current, limiting its
applications. A passive snubber in a converter prevents voltage spikes without energy loss, enhancing efficiency
[32], but its VG remains limited. A high VG circuit with smooth input current using a Cl is also presented [33];
even so, achieving high VG requires a high turns ratio of the CI and a large humber of components. While
quadratic converters have significantly improved VG, there is still room for further enhancement.

After evaluating the merits and drawbacks of the discussed converters, a new topology is proposed
with the following features: By integrating a boost stage and a Cl, a quadratic boost converter attains extremely
high VG while ensuring minimal VS of a single switch. The input-side inductor ensures continuous input
current with minimal ripple, improving overall performance. Additionally, a passive clamp suppresses switch
voltage spikes, lowering conduction losses and achieving higher efficiency.

2. OPERATING PRINCIPLES

The topology of the PC is shown in Figure 1. The circuit comprises inductor L4, single switch S, six
diodes labeled D,to Dg, five capacitors C;~C, and C,, and a Cl. The CI is represented by primary (Np) and
secondary (Ns) windings, with the parameters L, and L indicating the magnetizing and leakage inductances,
respectively. The voltage-clamp-circuit made up of Dz and C; helps recycle leakage energy and clamp VS on
switch S. For convenient analysis, the circuit operates under the following assumptions:

- All power devices are treated as ideal;

- All capacitors possess high capacitance values, allowing their voltages to remain almost unchanged;

- The ClI's winding ratio is given by n = Ns/Np.

The waveforms of the PC, including the control signal (v,s), the magnetizing current (i), the
leakage current (iyy), and the VS of MOSFET (vg4), and the diode currents (ip; — ipg), are illustrated in
Figure 2. The PC’s operating modes are depicted in Figure 3 and are discussed in the next section.

- Mode I (t, — ty) [Figure 3(a)]: vg is high, S is ON. D, and D5 are ON, while D, D5, D, and Dg remain
OFF. i;, is greater than i, , and both i;, and i,  are positive and increasing. V;, supplies L;. V;, and C;
discharge energy to i,,, i, , and also to C, and C, through the CI. Simultaneously, C; transfers energy to C,
and Cy, while C, delivers power to the load. This mode terminates when v, transitions to low at ¢t = ¢;.

- Mode II (¢, — t;) [Figure 3(b)]: vy is low, S is OFF. D,, D,, and Dy are OFF, while D;, D5, and Dg are ON.
i, islessthani, ,withi; remaining positive. Bothi, andi,, decrease. C; isenergized by L,. Meanwhile,
Ly, Vin, L, @nd Ly transfer energy to charge C,. Additionally, C, is powered by L, L, Vi, and C,. This
mode terminates when C, is fully charged and D, turnson at t = ¢,.

- Mode 111 (¢, — t3) [Figure 3(C)]: vg is low, S is OFF. D, and D are OFF, while the remaining diodes are
ON. i, islessthan i, ,with i, remaining positive. Both i, and i,, decrease. The input voltage V;,, along
with L,, L., Ly, and C,, supplies energy to C5, and together with the energy in Ca, delivers power to the load
through diode Ds. The load in conjunction with C,, effectively recycling the leakage energy. The current iy,
equals i;, and decreases over time. This mode terminates when i, and i;, reaches zero at t = t;.
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- Mode IV (t; — t,) [Figure 3(d)]: v, is low, switch S is OFF. D,, D5, and D5 are OFF, while D;, D,, and Dy
are ON.i;, = 0, while i, remains positive and decreasing. C; continues to be charged by L,. Meanwhile, C,
and Vi, Vi, supply energy to charge C5. Additionally, C,, C,, and L., V;, provide power to C, and the load.
This mode concludes when vgg is high at t = .
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3.
3.1. VG analysis

In this subsection, the analysis is performed based on ideal conditions that all semiconductor devices

(©)

(d)

Figure 3. Equivalent circuits of the PC in different operating:
(a) mode 1, (b) mode 11, (c) mode 11, and (d) mode IV

STEADY-STATE CHARACTERISTICS OF THE PROPOSED CONVERTER

are ideal (i.e., negligible switch resistance and diode voltage drop), and all passive components (inductors and

capacitors) are lossless, having negligible equivalent series resistance (ESR). These assumptions allow a
straightforward derivation of the fundamental voltage-gain characteristic, which reflects the intrinsic step-up

capability of the PC.

Let the switching period be represented by T, and let D denote the duty ratio of switch S. From
Figure 3(a), during the switch-ON interval, 0 < t < DT, by using Kirchhoff’s voltage law, we obtain:
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VL1 = Vin (1)
Um = Vin + Veu (2)
Vea + Voo + Ve +Vip = Vg + nupy 3)

From Figure 3(c), during the switch-OFF interval, DT <t < T:

v = — Vo 4)
Vim = Ve ®)
Vin = vp1 + (0 + Doy, + Vs (6)
Voo = Vs + Vea (7

By enforcing the volt—second balance across L; and L, over one switching period T yields:
DT T DT T
f() ledt + fDT ledt = fg det + fDT(_Vcl)dt = O (8)
DT T DT T
fo VLmdt + fDT le’ndt = fo (]/11’1 + VCl)dt + fDT(_VCZ)dt = 0 (9)

From (8), V¢, is determined as (10).

DVin

DVin + (1 =D)Vgy =0 V¢, = b (10)
Based on (9) and (10), V., is determined:
D(Vin+V DVip
D(in +Ver) = (1 = DIV = 0 = Vg = 2nten) = 2, (11)

Using (4)—(6) and combining the voltage relations for C; and C, from (10) and (11), V5 is obtained as (12).

Ves =Vin—v— (m+ Doy =Vig + Ve + (n+ DV,

= Vin + = Vin + (0 + 1D = Vi = Vi (12)

-0y 'in = (1-p)2

Based on (1) and (3) and the voltage expressions for C;—C5 in (10)—(12), V¢, is given by (13).

Vea =Vez +nvpm — Ver = Vin = Vg = Vs +n(Vin + Vo) — Ve — Vin — Ve
1+nD D D DVin n
= 2 V1 (Vin + Vi) = Vi — Vi — el = oy (13)

~ (1-D)? 1-D 1o (1-D)2 ~ (1-D)2

Replacing (12) and (13) in (7), The PC's VG is (14).

1+nD n _ n+14+nD

Vi
M :i = VCO = VC3 + VC4 = (1-D)2 in (1-D)2 Vin - (1-D)2 (14)
3.2. VS analysis
The VSs on power devices are:
DVin , DVin 1 1
VS = VD3 = I/iI'l + VCl + VCZ = Vin + 1-D + (1-D)2 = (1-D)? in = n+1+nD o
D 1 1-D
Vb1 =Vpz = Vin + Vo1 =Vin + 5 Vin = 5 Vin = 55,5 V0 (15)
n n
Vba =Vps = Ve = Veu = 2 Vin = 755 Vo where Vpg = Vo — Ves = Vea
3.3. Converter design considerations
Based on Figure 1, applying Kirchhoff's current law (KCL) gives the (16)-(18).
1 0T. 1 T . . .
~Jo ipadt =2 [ (o —ico — ic — ica) dt = 1o (16)
1 0T. 1 ,T,. . .
;fo ipzdt = ;fo (ips +ica —ic2) dt =1 17
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1 0T. 1T .
;fo ipe dt z;fo (Io — ico) dt =Io (18)
During DT ~ T, according to KCL, the subsequent equation is derived:

1T | 1T . 1T |
;fDT i mdt= ;fDT n(ips + le)dH‘;fDT ips dt (19)

From (16)—(19), the average current of inductor is (20).
1 0T .
~ Jpr iLmdt= Io (1 + 2n) (20)

From (20), iLm_ave IS deduced as (21).

. 2n+1)1
LLm_ave = 1-D = (21)

The ripple current of the Cl is (22).
AiLm = iLm_maX - iLm_min (22)

Within t € (0 =+ DT), the voltage across L, can be calculated using the (23).

diLm diLm VLm
v = - — = 23
Lm m- g dt Lm ( )

Using (22) and (23), the current variation across L, is (24).

Rig = [ i dt = fOD”LL—mm dt = VLL—mmDT (24)

Based on the recently calculated (24), we derive:

Ai =222 DT (25)

m

To ensure the circuit operates under continuous conduction mode, half of the ripple current Ai; ,, /2 of L must
be less than the average current i, ave. From (21) and (25) , the inductance is designed using (26):

L,=—2%2 DT (26)

T 2Py(2n+1)

where, Py= Viyliy
In reality, selecting 40% of the load, so the inductor is designed as (27).

- VoVin DT (27)

L )
m_design = 5p (2111)%0.4

The average current in L, is based on its variation over t € (0 <~ DT):

. _ Ay 1 (DT iy, Vi1
iave = =t =7 Jy Sdt =0T (28)

Based on (28), the design of inductor L, is determined according to (29).

V2
LLl,design = Z*O.T*Po DT (29)

The capacitor selection is based on (30):

(1-D)Vo _ DIin
Co="—" (C2a= 1 —
fsRoAVo nfsAVcza 30
_ (1-D)lin _ -t (30)
1 fsAVca 3 nfsAVcza

where, voltage ripple, switching frequency, and load resistor are represented by AV, f;, and R, respectively.
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4. RESULTS AND DISCUSSION
4.1. Simulation and experimental results

To substantiate the theoretical predictions, a 300 W converter prototype was constructed, simulated
in Simplis/Simetrix, based on the specifications of f; = 50 kHz, V;, = 24V, Vo = 400 V. From (14), the
nominal VG and the duty ratio are given by M = 16.67. Based on the prototype specifications and (14), the VG
versus duty cycle D for different CI turn ratios: n = 1.5 to 3 is shown in Figure 4. To achieve a suitable turns
ratio, n is selected as 2. L, is calculated by (27) and found to be 82 uH. Using (29), L1 is designed as 25 pH.
The capacitors are selected as (30). Table 1 displays the key parameters of the design prototype.

N
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=
©

= e
>~ o

[
N

Voltage gain (M)

=
(=]

o]

L 051

01 02 03 04 0506 07 08 09 10
Duty Cycle (D)

Figure 4. VG curves versus duty cycle at different turn ratios

Table 1. Hardware component specifications of the PC

Devices Values

Dy -Ds  DSEP30-06A

Ds MUR3060PT

S IRFP250N

Co 330 uF

Cz - C4 56 },lF

CI Lm =82 pH; Lk=1.8 uH
L 25 uH

Ny : Ny 1:2

Figures 5(a) and 5(b) show the simulated circuit diagram and setup of the PC in Simplis/Simetrix.
Figure 6(a) display vgs, iy, and iy of the Cl, ijq, vq4s, and Vg. The simulation results align well with the
analytical theory. The input inductor current remains continuous, ensuring stable operation. The VS on the
MOSFET is low and exhibits a waveform consistent with theoretical predictions. Vg is approximately 400 V
as designed, with minimal deviation, demonstrating the converter's high accuracy and efficiency. Figure 6(b)
presents the diode current profiles. It is evident that the waveforms closely match the analytical theory, further
validating the accuracy of the PC model.

The influence of magnetizing inductance (L,,) tolerance on the output voltage was verified by
simulating the proposed circuit with L, variations of 5% in Simetrix-SIMPLIS. As shown in Figure 7 for
95%, 100%, and 105% L, values, a decrease in L, causes a slight increase in Vg, while increasing L, slightly
reduces. These output voltage fluctuations are, however, minimal and insignificant. This result confirms that
the output voltage stays stable, even with typical component tolerances.

To verify the PC performance, a lab prototype was built. The design parameters appear in Table 1.
Figure 8 shows the experimental setup of the prototype. The lab setup includes the converter prototype,
a control board, a resistive load, and an oscilloscope for waveform measurement, as shown in Figure 8.
The prototype of the PC appears in Figure 8(a), while the experimental setup is illustrated in Figure 8(b).

Figure 9(a) presents the hardware waveforms, including vgs, Vas, Vin, and Vo. Based on (14) in the
revised manuscript, with an output power of Py =300 W, V, =400 V, V3, =24 V, and n = 2, the theoretical D
is calculated to be 50.9%. However, under practical conditions, due to factors such as ESR of capacitors, core
losses, diode conduction losses, switching losses, and non-ideal operating conditions, the actual duty cycle
implemented in hardware is marginally higher (51.3%) than the theoretical value to achieve Vo = 400 V. As
observed, the VS across the MOSFET remains low and consistent with the design analysis, while Vy is stably
held at 400 V. The measured peak efficiency of the prototype reaches 93.6%, confirming the good performance
of the PC. The output voltage ripple at full-load operation is also seen in Figure 9(a). The measured peak-to-
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peak ripple is approximately AVo = 2 V, corresponding to about 0.5% of the rated output voltage, which is
within acceptable limits for high VG converters.

(b)
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Figure 8. Hardware implementation of the PC: (a) prototype and (b) experimental setup
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Figure 9. Experimental results: (a) waveforms with Vi, =24 V, Vo = 400 V, and P, = 300 W,
transient responses under (b) input voltage variation, and (c) load variation

The dynamic performance of the PC was further examined under two conditions:

- Input-voltage variation seen in Figure 9(b): V;, was increased from 24 V to 36 V while delivering 300 W.
Vo hold steady at 400 V, exhibiting only minor overshoot and a short settling time, demonstrating robust
control performance.

- Load variation illustrated in Figure 9(c): the load was step-changed from 33.3% (0.25 A) to 100% (0.75 A)
of full load. The PC maintained Vo near 400 V with small transient deviation and fast recovery, confirming
stable dynamic operation.

4.2. Comparisons with other converters

Table 2 provides a comparative analysis of key parameters, including the number of switches (S),
inductors (1), CI, diodes (D), capacitors (C), voltage conversion ratio, and VS of MOSFET. Developing a new
topology with high VG and minimized VS is essential for enhancing converter performance. Figure 10 presents
a graphical comparison of VG variation with the duty cycle among the proposed and referenced converters,
demonstrating that the PC attains the highest VG, surpassing existing designs. It features a single switch,
similar to [31]-[33], which simplifies control and reduces switching losses. Additionally, the PC incorporates
one inductor and one CI, fewer than [30], [32], and requires fewer diodes than [30], [33]. A key advantage of
the PC is its significantly lower switch VS compare to other topologies, allowing low-voltage switch to improve
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efficiency. With its superior VG, reduced VS, and practical implementation, the PC stands out as a highly
efficient solution for high VG applications, particularly in RES.

Table 2. Comparison of published converters 50
Proposed converter
and the PC 45 p [20]
Reference ~ Component VG VS of switch (/V)
count
S D C lcl s
[30] 285 02 2+nD 1 =
1-D 2+nD S
[31] 165 1/1 1+n—nD? 1 g
(1-D)2 1+n-—nD? S
[32] 164 21 1+nD n?+1+n)1+nD)
(1-D)? n@@+n)(1+nD)
[33] 175 11 1+4n 1 0 01 02 0304 0506 07 08 09 10
(1 - D)2 2 Duty Cycle (D)
Proposed 1 6 5 1/1 n+1+nD 1 . )
converter (1-D)? n+t1+nD Figure 10. Comparison of VG curves versus duty

cycleatn=2

5. CONCLUSION

This paper presents an ultra-high VG DC-DC converter using a quadratic topology with a Cl. The PC
features a single active switch, simplifying the control strategy and reducing switching losses. A passive clamp
circuit is incorporated to recycle the leakage energy, thereby minimizing the VS on the MOSFET and allowing
the use of a low-resistance switch to enhance efficiency. Theoretical analysis, including steady-state operation
and component design, validates the feasibility and performance of the PC. Moreover, the influence of
magnetizing inductance, duty cycle, and parasitic components on the VG is thoroughly analyzed. The system’s
transient response to input voltage and load changes has also been investigated to ensure stable operation.
SIMPLIS simulation and experimental verification using a 300 W hardware prototype confirm the converter’s
high efficiency, excellent VG, and reliable performance. The prototype achieves a peak efficiency of 93.6%,
demonstrating its potential for renewable energy conversion applications.
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