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Abstract: This paper introduces a cascaded symmetrical non-isolated high step-up voltage gain
converter with high efficiency and low voltage stress on components combining a non-isolated
buck-boost converter and voltage doubler structure. In the proposed converter, the input source
is connected in series to the output load; hence, a part of the source energy is directly delivered
from source to load, not through the switching branch, improving efficiency. Furthermore, the
appropriately stacked voltage doubler stage not only amplifies the high step-up voltage gain ratio
but also considerably diminishes the voltage stress on all semiconductor devices and capacitors. As a
result, the costless low internal resistance and low voltage components can be employed for higher
efficiency, higher power density, and lower cost. To demonstrate the practicality of the proposed
topology, the operating principle is outlined, and the steady-state characteristics are thoroughly
analyzed. Furthermore, a 360 W prototype converter has been fabricated to confirm the efficiency of
the proposed converter.
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, . 1. Introduction
Converter with High Efficiency and

Low Voltage Stress on Components. Following the zero-carbon emission commitment of countries, renewable energy
Energies 2024, 17, 1668. https:// increasingly plays an important role in progressively dropping dependence on fossil fuels.
doi.org/10.3390/en17071668 Technically, renewable energy sources like fuel cells and solar cells generate direct current
(DC) at low voltages, typically ranging between 25 V and 45 V [1,2]. Hence, employing a
high voltage gain DC-DC converter to elevate the renewable source’s low voltage is crucial
for supplying an appropriate DC link voltage to the subsequent DC-AC inverter, which
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Received: 15 February 2024 uses 380 VDC for single-phase AC systems or 800 VDC for three-phase AC systems [3,4].

Revised: 24 March 2024 The simple solution that could be used is the isolated DC-DC converter topologies;
Accepted: 29 March 2024 however, it would not be a good option for small power systems in which volume and cost
Published: 31 March 2024 are critical factors. Traditional non-isolated DC-DC converters, like the non-isolated boost

converter, are viable options for such applications. Nonetheless, its gain is capped due to
the inductor’s parasitic components, and as the duty cycle nears one, the inductor’s current
ripple and the power device’s hard-switch current increase, leading to substantial conduc-
tion and switching losses [1,2]. Furthermore, parasitic elements also introduce additional
impedance and energy storage characteristics that can affect the overall performance and
reliability of the system. Trace inductance, for example, can lead to undesired voltage spikes
conditions of the Creative Commons and ringing in the circuit due to the inductive energy stored during rapid changes in current.
Attribution (CC BY) license (https:// L his can result in increased voltage stresses on components, potentially causing voltage
creativecommons.org/licenses/by/ ~ breakdown or negatively impacting the lifespan of the devices. On the other hand, parasitic
40/). capacitances can affect the current stresses by introducing additional charge/discharge
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paths. This can lead to increased switching losses, higher power dissipation, and potential
issues with signal integrity [5].

Over the past decade, numerous advanced boosting methods have been devised to
surpass the constraints of traditional topologies. In [6], a new DC-DC converter with
reduced inductor current was introduced to achieve a larger ratio of duty cycle to volt-
age gain and an inductor with a smaller current and reduced inductance. As a result,
a smaller peak current is obtained. In general, the topologies can be categorized into
multi-stage/interleaved boost converters, coupled-inductor-based topologies, switched
capacitors, voltage doublers, and voltage lift techniques, each with distinct benefits and
limitations [1,2].

The multi-stage [7-9], or interleaved boost converter [10-12], could be the first con-
sideration. Reference [10] shows various configurations employing an interleaved boost
converter with a clamped capacitor structure. Reference [11] detailed multiple interleaved
boost converters integrated with voltage doubler cells. While these converters achieve high
voltage gain, they are disadvantageous due to complex controls, component stress, larger
volume, and hard-switching that lead to reduced efficiency [12].

Coupled inductor-based techniques, as in [13-24], seem to be a good choice. The
voltage step-up gain is most dependent on the winding ratio. However, due to the voltage
spike on the switch caused by leakage inductance, the external snubber is required, making
the system complex and expensive. A further limitation of the coupled inductor-based
topology is the excessive voltage stress on components, particularly those positioned after
the coupled inductor’s second winding,.

Non-magnetic coupling topologies, including the converters utilizing the switched
capacitors (SCs) [25-34] and the voltage multiplier (VMs) [35-39], are also popular methods
to achieve a high step-up ratio. Yet, converters utilizing SCs typically underperform
regarding switch and capacitor voltage stresses due to the involvement of various voltages
and the fact that most switches are not ground-referenced, complicating implementation.
Another significant problem with SCs is the pulsating current caused by the charging and
discharging of the capacitors. To address this issue, certain converters integrate SCs with
additional magnetic components. The converter described in [28] merges two SCs with
an energy storage (ES) cell. The pulsating current is mitigated, and the voltage stress on
the switches is decreased. Unfortunately, the efficiency of this topology is low due to hard
switching. Moreover, three large inductors need to be used, and the output capacitor is
still stressed by the output voltage. As a result, the size and cost of this converter increase
significantly. The converter mentioned in [29] improves efficiency, yet the voltage stress on
components remains high, and control complexity increases due to the use of three main
switches. While the converter in [30] achieves high voltage gain with a low-duty cycle, the
high voltage stress on components and the notably low efficiency due to the absence of
soft-switching techniques are significant drawbacks.

Similar to SC topology, converters with VMs benefit from the simplicity and ease of
cascading for higher voltage gain, yet they primarily suffer from high stress on components
and low efficiency [35-38]. The converter in [38] is structured to attain high gain with
reduced component stress by symmetrically cascading voltage multipliers (VMs). However,
its efficiency is not enhanced due to the persistence of hard-switching. Additionally, the
voltage lift (VL) technique [40-44] is considered a promising approach for achieving high
voltage gain. Luo introduced several lifting methods in [40], and various topologies based
on these techniques have been proposed in [41-48]. However, this technique requires multi-
ple inductors, which increases the circuit’s volume. Additionally, the stress on components
remains high, particularly for those near the output side. To address the aforementioned
issues, a proposed solution is a converter that achieves high efficiency and low voltage
stress on all components.

The proposed converter is devised by attaching the positive and negative voltage
doublers (VDs), as depicted in Figure 1a,b, to the upper and lower parts of the modified
inverting buck-boost converter (m-IBB) shown in Figure 1a. The m-IBB converter’s output is
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serially linked with the capacitors of the voltage doublers, facilitating a substantial step-up
in voltage gain. Moreover, this configuration reduces the voltage stress on all semiconductor
devices and capacitors. A notable advantage is the enhanced power conversion efficiency
since a part of input power is directly transferred to the load, not through switching devices.
For even greater voltage gain, the design allows for simple expansion by adding more VDs
at both the top and bottom of the m-IBB converter’s output. It should be noted that while
having different grounds between input and output is a primary drawback, it does not
significantly affect the complexity of the control design. This is because only one half-bridge
MOSEFET needs to be controlled, which can be easily addressed with a simple half-bridge
gate driver with a bootstrap configuration.
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Figure 1. The revolution of the proposed topology; (a) The modified inverting buck-boost;
(b) Integrating the voltage doublers.

This paper consists of five sections. Section 2 outlines the operating principles of
the proposed converter. Section 3 details the design process for the proposed converter
with two stages of the VDs. A comparative analysis of the proposed topology with other
topologies is provided in Section 4. Section 5 discusses the experimental results to highlight
the advantages of the proposed converter, culminating in a conclusion in Section 6.

2. Structure and Operating Principles
2.1. Structure

As shown in Figure 2, the proposed converter is constituted by four main parts:
The modified synchronous inverting buck-boost is in the center as a source for N stages
positive and negative voltage doublers (VDs) connected in series at both sides forming the
symmetrical configuration. The Zero-Voltage Switching (ZVS) inductor in the common
path of the positive and negative VDs is the main factor in achieving soft switching for all
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MOSFETs and diodes and eliminating the pulsating current caused by the source capacitor
Cp and Cy of VDs. By connecting the output of m-IBB in series with its input, a higher
step-up voltage gain can be achieved. Moreover, a part of power can be transferred directly
from input to output, reducing losses and, hence, achieving higher efficiency. Furthermore,
to attain an even higher voltage gain, the proposed converter can be readily extended by
adding additional VDs in a cascading manner at both the top and bottom of the m-IBB
output, all while maintaining the same voltage stress on components.
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Figure 2. The proposed topology N stages of the voltage doubler.

2.2. Working Principle

To simplify the working of the converter, the detailed analysis of the operation princi-
ple of the proposed converter is applied for only one stage of positive and negative VDs,
and the voltage gain and voltage applied to components for N-stage VDs can be easily
extended from a one-stage structure.

The operating principle of the proposed converter is examined in continuous conduc-
tion Mode (CCM), with the component operation waveforms depicted in Figure 3. One
switching period of the proposed converter is segmented into six Modes, delineated by
the status of the main switches of the m-IBB. The equivalent circuits for each Mode are
illustrated in Figure 4. To elucidate the operating principle of the proposed converter, the
following assumptions must be established:

All components are ideal, with parasitic components disregarded;

The circuit operates in a steady state with continuous inductor current;

All capacitors Cp and Cy have the same value;

All output capacitors Cpyyt, Cnout, and Coyr_pp have the same value of C,¢ and are
sufficiently large to keep their voltages constant during the switch-off period.
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Vs_Ss: Voltage between note G and S of the MOSFET S;
Vis_Sm: Voltage between note G and S of the MOSFET S,,
Vps_Ss: Voltage between note D and S of the MOSFET S,
Vps_Sm: Voltage between note D and S of the MOSFET S,,
Ips_S,: Current flows through the MOSFET S,

Ips_Swm: Current flows through the MOSFET S,,

V_Dp,, Dni: Voltage applied on the diodes Dp; and Dy;
I_Dp;, Dny: Current flows through the diodes Dp; and Dy,
V_Dpy, Dn;: Voltage applied on the diodes Dp; and Dy,
I_Dpy, Dx,: Current flows through the diodes Dp; and Dy,
V_L,, I_L,,: Voltage and current of the inductor L,,
V_Lzys: Voltage of the inductor Lzys

I_input: Input current

Figure 3. Operating waveform.

The switching period is Ts; switches close for a duration of DT and open for (1—D)Ts.

(1) Mode 1 (t;—t): ZVS Turn-On Condition for Main Switch S,

Before that, the main switch Sy, is off, and diodes Dp; and Dy are reverse-biased. Dpq
and Dy are forward-biased. The synchronous switch Ss is conducted through the main
channel, not the body diode.

This Mode is started when Sg switches off, the parasitic capacitor of Sg is charged
raising the voltage applied to this switch resulting in the discharge of the parasitic capacitor
of the main switch S, and reducing the voltage Vps applied to drain-source of Sj,. Since
the parasitic capacitor of S;; becomes fully discharged, the Vg of S, will reach zero. Right
the time the parasitic capacitor of S, discharged totally, the ZVS inductor Lzys starts
discharging and then changes its voltage polarity, leading to the forward bias of the body
diode of Sj;, then creating a ZVS turn-on for this main switch. At the end of this Mode, S,
switches on with ZVS condition.
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Figure 4. Operation Mode: (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4; (e) Mode 5; (f) Mode 6.

(2) Mode 2 (ty—t3): ZCS (Zero-Current Switching) Turn-Off Condition for Diode Dp;
and D P1

S is fully on, and the current flows through its main channel. Due to the discharging
of ZVS inductor Lzys, the current flows through diode Dp; and Dy decreases and reaches
zero at the end of this Mode, forming a ZCS turn-off condition for these diodes.

VCP = VLW + VCoss_Sm + VLZVS + Vsaurce (1)
Vep + Vigys + Vi, = VCOUTfBB + Voo T VCOSS?SS (2)
Vo = Veppu T VCOUT?BB + Venour T Vsource ()

(3) Mode 3 (t3—t4): Main Energy Transfer Mode
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At the start of this Mode, Sy, is on, Sg is off. The main inductor L,, and ZVS inductor
Lzys are storing energy. Diodes Dp, and Dy are conducted, Dp; and Dy are off, capacitors
Cn and Cpyy; are charged, Cp and Coyr pp are charged.

The output voltage V, and voltage applied on components in this Mode can be
expressed as follows.

VL, = Vsource 4)

Ver = Vepp + Vigys ®)

VL, = Vey = Veour ss + Vizs 6)

Vo = Vepou + Veour ss + Voo T Vsource 7)

Since the current I}, is the combination of the current that flows through Cp,,; and
Cour_p- Given that all the output capacitors are connected in series, and each has the same
value as initially assumed, the current I} ,,; flowing through the ZVS inductor L,;s can be
determined as expressed in Equation (8).

2CPoutAVo
I = 8
LZVS (t4 _ t3)Ts ( )
Then, the voltage of ZVS inductor L, can be calculated as in (9).
Vi, = Lzvsdir,ys _ Lzvs2CpoutAVo ©)

dt ((ty — 13)T5)?

(4) Mode 4 (ty—t5): ZCS Turn Off Condition for Diodes Dp; And Dy

At the start, S, switches off, and Sg switches on. The diodes Dp; and Dy, are reverse-
biased, and Dp, and Dp; are forward-biased. Sgs is conducted via its body diode, the
parasitic capacitor of Sg is discharged, and that of S, is charged. The main and ZVS
inductors discharge, resulting in the decrement of the current through diodes Dp; and Dp;
and creating ZCS turn-off for these diodes when the ZVS inductor Lyys is fully discharged.

The voltage equations in this Mode are given in (3).

Ver = Vepo + VCoss_sm + Vi,s (10)
Vsource = Viw + Veoss s, (11)

Vey = Veoss sg T Vigys (12)

Veoss s, = Viw + Veour ss (13)

Vo = Vepe + Veour ss T Venow T Vsource (14)

(5) Mode 5 (t5—tg): Main Energy Transfer Mode

In this Mode, the energy accumulated in the inductor is released to the output capacitor
Cour g, while the blocking capacitor Cy of the negative VD discharges to the output
capacitor Cpyys. Following its complete discharge in Mode 3, the secondary side ZVS
inductor Lzys is recharged. Simultaneously, the blocking capacitor Cp of the positive VD is
charged in preparation for the next discharging cycle.

(6) Mode 6 (ts—t7): Main Energy Transfer Mode

At t =tg, as the voltage across capacitor Coyr pp rises above that of the main inductor,
the body diode of Sg becomes reverse-biased, causing the current to flow through Sg rather
than its body diode. By t = t7, the end of this Mode, one switching period concludes, setting
the stage for the next cycle.

The output voltage and voltage applied on components in Modes 5 and 6 can be
expressed as follows:

Vi = —Veour s (15)
VLm = Vsource — VCp - VLZVS (16)



Energies 2024, 17, 1668 8 of 20
Ven = Vewou T Vigys (17)
Vo = Vepgu + Veour s T Venou T Vsource (18)

The same as in Mode 3, the current I; 7y flowing through the ZVS inductor Lzyg can

be calculated as in (19).
_ 2CPoutAVa

I = ——rout— 7’9 19
LZVS (t7 _ tS)Ts ( )
Then, the voltage of inductors Lzys can be extracted as in (20)
Lzysdiy, 2L7y5Cpout AV,
VLZVS _ ZVs _ ZVS“Pout 0 (20)

dt ((t7 — t5)T5)?

2.3. Steady-Stage Analysis of the Proposed Converter
2.3.1. Voltage Gain Expression

In the steady state, since Mode 1 occurs briefly, we can disregard these two Modes for
steady-state analysis. Consequently, the period from f; to t4 is DT, and the period from ¢5
totyis (1 — D)Ts. Applying the voltage-second principle of the inductor L,,, the average
voltage across the inductor Ly, in the switching period is zero, and the following equations
can be obtained from (4)-(9) and (15)-(20).

VLm = DVSOMTCB - (1 - D)VCOUTJ;B =0 (21)
VLm = DVsource — (1 - D)(VSource - VCp - VLZV5> =0 (22)
VLm = D(Ve, — Veour s T Vigys) — (1= D)VCouLBB =0 (23)
Vo = Vep T Voo T+ VCOUT_BB + Vsource (24)
Then, the voltage of each capacitor can be obtained:
D VSource
Veour ss = 1-D (25)
VCN _ VSource o 2LZVSCNm;tAVo (26)
1-D (DTs)
- VSource _ 2LZVSCP0utAVo (27)

Ve, =
" 1-D  (1-D)T)
~ Vsource  2LzvsCpoutAVy  2LzvsCpoutAVy

Vepour = - - (28)
Pout 1—D ((1 o D)TS)Z (DTS)Z
v Yoource _ 2LzvsCnoutAVo _ 2LzvsCNoutAVo (29)
CNout — 1—D . 2 2
(1-D)Ts) (DTs)

The voltage gain equation can be expressed as in (30).

v, — 3Vsource _ 4LzvsCAVo _ 4LzysCAVo
-
=D (1-D)Ts)*  (DTs)’

(30)

Furthermore, the ultra-high voltage gain can be easily achieved with the proposed
converter by cascading more VD stages. It is important to ensure that the number of
positive voltage doubler stages cascaded equals the number of negative voltage doubler
stages, maintaining a symmetrical configuration. Assume that there are N stages of positive
VDs and N stage negative VDs cascaded more. Theoretically, the cascaded voltage doubler
stages function as a conventional voltage doubler, with the voltage output of each stage
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being twice that of its source. Then, the voltage output of N VD stages can be expressed as
in (31).

VO _ (3 + ZN) VSource B 4LZV5CAVOT0T o 4LZVSCAVOTOT (31)
1-D ((1-D)Ts)? (DTs)?

2.3.2. Voltage Stress on Components

In the proposed converter, it should be noted that the voltage across the switch and
diodes are clamped by the capacitors. Consequently, low voltage stress can be attained for
all semiconductor devices and passive components. Equation (25)—(29) demonstrates the
voltage stress on all capacitors, while the stress on semiconductor devices is detailed in
(32)—(34).

%
Vs, = Vs, = 75 (32)

_ Vsource  2LzysCAV, — 2LzysCAV,

or =Vor =Ve =D T oo (o) =
V. 2L CAY, 2L CAY,
VDN1 _ VDNz _ VCN _ 1511433 N ZVS o ZVS 0 (34)

(1-D)Ty)? (DT)?

From (25)-(29) and (32)—(34), it is evident that the voltage stress on components is
significantly lower than the output voltage and does not depend on it. This characteristic
is a crucial advantage for high-gain step-up applications. For N-stage VDs cascaded,
essentially, all the diodes and capacitors of the positive voltage doubler stages experience
uniform voltage stress. In (33), the general voltage stress equation for diodes and capacitors
of positive voltage doubler stages can be expressed.

Likewise, all the diodes and capacitors of the negative voltage doubler stages endure
identical voltage stress, which can be detailed in (34).

2.3.3. ZVS Condition

From Mode 1, we know that, because of the discharging of inductor Lzys, the voltage

Vps of switch S;;, becomes zero while it is turning on. Then, the ZVS condition can be
expressed as in (35).

Viyvs — Ve, =20 (35)

Then, (35) can be expressed as follows.

LzvsBlL,,q(
Ta

) >y, (36)

where T, is the time to inductor Lyys is fully discharged, and equal to the time of Mode 1
and Mode 2 (t3-t7).
From (19) and (36), the value of inductor Ly can be calculated as in (37).

Ve, T, Ve, T,
Lzvs 2 37 N chpsz (37)
LZVS,(t7—t5) (l*D)TS

It should be noted that, the current Al 5(1y—
the path including Lzys, Cp, Dp; and S, as depicted in Figure 4a during Mode 1 and it
causes some conduction loss during MOSFET switching. Therefore, its value should be
kept small to minimize its contribution to the total losses of the converter. In this study, we
opted for a design value of 0.5 A.

) Tepresents the current circulating in
5

3. Design of the Proposed Converter
3.1. The ZVS Inductor Lzvs, Duty Cycle D, and Dead Time Tp of Switches

Initially, it is necessary to determine a boundary for the duty cycle D, after which the
boundary voltage of capacitor Cp can be calculated. According to (30), the minimum duty
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cycle can be derived from the maximum output voltage when there is no effect of the ZVS

inductor, as indicated in (38).
3‘/SOMTC€

Vo
Next, we will calculate the value of inductors Lyys. From the (27), we see that when
there is no inductor Lzys, the maximum voltage of capacitor Cp is as follows. Then, we can

calculate the maximum voltage of capacitor Cp when duty cycle D is minimum, as shown
in (39).

Dmin =1— (38)

Ve p_max — Ysimg (39)
From (38) and (39), we can calculate the boundary value of inductor Lzys with an
assumption of discharging time T,. Then, we can choose the value of inductor Lzys based
on this boundary. After choosing the value for inductor Lzys, we need to calculate the right
value for the duty cycle from (30). The dead time T,; between the two switches must be
smaller than the discharging time T, of the inductor Lzys to maintain ZVS condition. In
addition, the deadtime T; must be greater than total time taken for the rise and fall of the
drain-source voltage of the MOSFETs to ensure the ZVS condition is maintained and to
prevent the creation of a short circuit when the high-side MOSFET and low-side MOSFET
of the half-bridge conduct simultaneously. This consideration can be determined from the
data sheet of the MOSFETs and should be taken into account in the gate driver design.

3.2. Capacitor Cp and Cp

In Mode 1, when the switch S, is activated but diode Dp; continues to conduct,
the ZVS inductor Lzys resonates with the capacitor Cp. To achieve the ZVS condition
for Sy, the resonant frequency must be significantly lower than the switching frequency.
Additionally, as previously assumed, the capacitors Cp and Cy are of equal value, which
can be determined using (40).

CNn=Cp>> ——— 40
T @afe)Lays 4o

3.3. Main Inductor Design

The main inductors L, are configured to ensure the proposed converter operates in
CCM. Consequently, the values for inductor L;, can be calculated accordingly as in (41)

VSourceD

L, > —seurce” 41
" AL, fsw “h

where Alp  is the current ripple of the main inductor Ly, fsy is the switching frequency.

3.4. Output Capacitor Design

The output capacitors can be determined based on the maximum output ripple voltage
as (42).

IoD
Cout > ——— 42
M= fow x AVo )
where Ip is the output current
Cout_Eq 1s the equivalent output capacitor, and can be calculated as (43).
Cout £ = CroutCout_BBCNout (43)

CroutCout BB + Cout_BBCNout + CroutCNout
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Beginning from Section 2, we assumed that all the output capacitors are of the same
value. Therefore, the value of these output capacitors can be calculated accordingly (44)

31D
Cpout = CNout = Cour_BB = 3Cout_Eq = m (44)

4. Experiment Results

To verify the superiority of the proposed high step-up topology, a 360 W converter
circuit with one stage of VDs is built and tested as in Figure 5 with the specification and
used components shown in Tables 1 and 2.

MOSFET: and
DIODEs

: . C . =
H
E . .
—f y i S
Gate driver in
> bottom side
i T )

<Experiment Set-up for Testing the Proposed Converter= <A Prototype of the Proposed Converter=

Figure 5. Prototype of the proposed converter.

Table 1. General specification of the proposed converter.

Parameter Designator Value
Input voltage Vsource 40V
Output voltage Vo 380V
Power Po 360 W
Switching frequency fsw 100 kHz

Table 2. Specification of component devices.

Devices Part Number Specification
Switches (S, Sg) SiR570DP 150V, 774 A
Diodes STPS10200SF 150V, 10 A
Capacitors 106MMR250K 10 uF/150 V
Main Inductor (L) CTX100-10-52-R 300 uH
ZVS Inductor (Lzys) XAL1580-302MED 3 uH

In the experiments, the MCU STM32G431CBT3, a product of STMicroelectronics and
sourced from Seoul, South Korea, is used for controlling. The maximum duty cycle of the
Sy in full load is 0.73 to boost the input voltage from 40 V to the output voltage of 380 V.
The dead time between the two switches is 100 ns.

Figure 6 shows the experimental waveform of all the switches and diodes. As seen
in Figure 6a, it is evident that the main MOSFET S, is turned on with the ZVS condition.
Additionally, Figure 6b,c show the voltage and current waveforms for diodes. It is obvious
that all the diodes are switched on with ZVS and turned off with ZCS condition. Although
there is a small ringing in current through the diode caused by the parasitic components
and PCB layout, soft switching is achieved for all switches and diodes.
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Figure 6. Experimental voltage and current waveforms of the proposed converter: (a) Drain-Source
voltage and current of the main switch S,;;; (b) Voltage applied on the diodes Dpy and Dy; & Current
flows through the diodes Dp; and Dyy; (c) Voltage applied on the diodes Dp; and Dy, & Current
flows through the diodes Dp; and Dyp.

Figure 7 illustrates the voltage across the output capacitors, which, due to the symmet-
rical configuration, is considerably lower compared to other topologies.
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Figure 7. Capacitor voltage waveforms.

Figure 8 presents the waveforms of the main inductor current I; zys and the voltage
waveform of the ZVS inductor V] zys at full load, closely aligning with the simulation
results. It is clear that the ZVS inductor Lyys fully discharges in a brief period when the
switch S;; turns on, fulfilling the requirement for the ZVS condition to occur.

'

5.00 ps/div

300 kS 10 GS/s

Vo: 100V/div

I L,: 10A/div

——
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switching condition for switches and

diodes
(21}

V_Lzys :100V/div

4
—> i P

Figure 8. Measured waveforms of main inductor current Iy ,, and ZVS inductor voltage Vi zys.

Figure 9 displays the efficiency plot for the proposed converter varies to the output
power with input parameters of Vsyyee =40V, Vo =380V, and a switching frequency of
100 kHz. As indicated in Figure 9, the efficiency varies from above 95% at light load to over
97% at heavy load, with a peak efficiency of 97.4% achieved at 295 W.
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Figure 9. The measured efficiency curve of the proposed converter.

Figure 10 displays the efficiency plot for the proposed converter varying with the input
voltage, with input parameters set to output power = 300 W, Vo = 380 V, and a switching
frequency of 100 kHz. As indicated in Figure 10, the efficiency ranges from above 94.1% at
an input voltage of 24 V to over 97% at an input voltage of 42 V, reaching a peak efficiency
of 97.4% at an input voltage of 40 V.
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Figure 10. The measured efficiency curve of the proposed converter varies with input voltage.

5. Detailed Comparison and Discussion

From Table 3, we can see that the proposed converter achieves higher efficiency and
lower voltage stress on components, especially on the output side components, while
maintaining a high step-up gain.
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Table 3. Comparison of the proposed converter with other existing topologies.
. . Maximum Voltage .
Topology Voltage f;aln Voltage Stress on Switches Stress on Diodes Maximum Vo.ltage Stress on S/D/UCIT  Efficiency
(Vo/Vin) (Vs/Vin) (VDmax/Vin) Output Capacitors (VCo/Vin)
2D . _1D ._1+D 14D o
[9] D2 S1: 25, 52: 0P 07 NI 2/3/2/3/10  93.9%
[12] e 1, 82: g =25 - 2/2/2/3/9  953%
[25] (Figure 2 2 o
20) =25 —5 NI =25 1/3/1/3/8  92.1%
B4 s 2 NI 2 NI 1/3/1/3/8  95.8%
S1 Meep (=1 + /T + 12Mccpp) M2y Co (12 +5)2
28] (ff};z 6Mcceym + 121\;2\/1 + 12Mccpm 6Mccpy + 1-+/1+ 12Mccy 2 3 2M2 2/5/3/6/16  95.22%
. ccm , C3:
52: Mecw 1 V1 T Ve 6Mccp + 1= /1 + 12Mccpy
3+ Dy - D, Mcep +1 Mecpy = 1 Mccy +1 3+ Dy - D,
[29] ol com 1 Mecy ceu ] 3/3/2/3/10  958%
33Dy + D? 3-3D; + D?
[30] 3oy D (m) - D g (m) ! 2/6/2/4/14  92.8%
3D, AL AP S 3D, AL Lo S
[35] (Figure
3&‘/_\;1;? 25 =5 25 =5 2/12/2/7/23 95.3%
[40] (Figure _
1h) 3-D =5 =5 s 1/4/1/4/10  95.44%
o1 isure 3-p =P 3-0 NI 2/3/2/3/10 NI
47] (Fi
[47] g 1l)gure 20 NI NI 22 1/2/2/3/8 NI
[48] (Figure
im0 - NI s s 1/5/1/5/12 90%
[34] $=D =5 =5 NI 1/4/4/1/10  96%
[39] (Figure o
3) - - - NI 3/9/1/7/20 97.35%
_ 3 1 2LrCAVD
Proposed b = 1D A5 - e o 2yCAYe  2LiCiAV, .
congerter ALG AV - AL AY = ' ZDL,-ClAlsg(l - 1-b (- D)Ts)? (DTs)2 2/4/2/5/13  97.4%
(1-D)Tg)?  (DTg)? T OnR

With S/D/1/C/T: Switch/Diode/Coupled Inductor/Single Inductor/Capacitor / Total, N: turns ratio of coupled
inductor, NI: No information.

As shown in Figure 11, the converters in (28), (29), (30), (9), (12) have higher voltage
gain than the proposed topology. However, they also have their drawbacks.

30 T T *

= Proposed
25 | & palilzadeh, T, 2023] *
®  [smai, EH, 2008]; [Wu, G, 2015] e
[Kumar, A.,
= [Sarikhani, A.,
20|~ | == [Prudente, M, *
[wu, B., 2016] *
— [Lin, G., 2019] *
[Marzang, V., *
—— [Yang, L, 2009]
[~ | == [AxelLZVSod, B., 2008] *
= [RoSaS-Caro, 1.C., 2010]
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@
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Figure 11. Voltage gain graph [Sarikhani, A., 2020 [9], Lin, G., 2019 [12], Ismail, E.H., 2008 [25]
(Figure 2e), Wu, G., 2015 [26] (Figure 4c), Jalilzadeh, T., 2023 [28], Marzang, V., 2019 [29], Kumar,
A., 2020 [30], Prudente, M., 2008 [35] (Figure 38), Wu, B., 2016 [40], Yang, L., 2009 [46] (Figure 2c),
AxeLZVSod, B., 2008 [47], Rosas-Caro, J.C., 2010 [48] (Figure 9)].
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Even though the converters in [9,12] use fewer components, the efficiency is lower
due to hard switching for semiconductor components. Furthermore, the voltage stress on
components on the output side is significantly high, and they both need to use two large
inductors that make the volume of the circuit increase.

The converter in [28] employs three larger inductors, which results in increased volume
and cost. Furthermore, the voltage stress on most components is higher compared to that
in the proposed converter, and the efficiency is lower than that of our converter.

The converter in [29] utilizes three active switches and two main inductors, leading
to complexity in control and an increased volume. Additionally, the voltage stress on
components is higher, and the efficiency is lower compared to the proposed converter.
Another significant drawback of this converter is the elevated voltage stress on components,
particularly on the output-side components, compared to the proposed topology.

The converter in [30] boasts high gain with a low-duty cycle as its advantage. However,
its efficiency is considerably lower compared to ours. Moreover, there is still a notable
issue of high and uneven voltage stress on the components. Components near the output
side, such as output diode Do, output capacitor Cp, and capacitors C; and C3, experience
particularly high voltage stress.

The converter in [34] achieves a similar voltage gain and voltage stress on components
(switches and diodes) with a lower component count. However, it operates with hard
switching, leading to low efficiency and high volume due to the necessity of using a low
switching frequency.

The converter in [39] (Figure 4) appears to achieve a higher voltage with a certain
number of voltage multiplier stages compared to the proposed converter, and its efficiency
is high. However, it requires the use of many components, and a low frequency is imple-
mented since no soft switching is employed, resulting in high volume and cost. It should
be noted that the proposed converter will significantly increase voltage gain by cascading
more voltage doubler stages, making the design process simpler and more practical.

Figure 12 illustrates the variation in maximum voltage stress on diodes with voltage
gain. The proposed converter exhibits the lowest voltage stress on diodes compared to the
other converters.

30 T T

25 o
=== proposed Converter

o | ° [Wu,G.,2015]
*  [Kumar, A., 2020] -
20 ° [sarikhani, A., 2020]
— [Prudente, M., 2008] g
o [Wu, B., 2016] el
— ILin, G., 2019] -
[rang, L., 2009] -

MAXIMUM VOLTAGE STRESS PN DIODES
&
000000 0 0 ©

VOLTAGE GAIN

Figure 12. Maximum voltage stress on diodes graph [Sarikhani, A., 2020 [9], Lin, G., 2019 [12],
Wu, G., 2015 [26], Kumar, A., 2020 [30], Prudente, M., 2008 [35], Wu, B., 2016 [40], Yang, L., 2009 [46]].

Figure 13 shows the voltage gain of the proposed converter with one, two, and three
stages of the cascaded voltage doubler. It can be seen that the proposed converter can easily
obtain ultra-high gain flexibly by cascading more VD stages or using higher-duty cycles.
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Figure 13. The proposed converter voltage gain with 1 stage, 2 stages, and 3 stages of VDs.

It is important to note that, as discussed in Part II, when cascading more VD stages,
the voltage stress on components is not affected. In fact, it will be lower since the voltage
stress on components only depends on the source voltage and the duty cycle. If cascading
more VD stages, it could obtain a higher gain with a low-duty cycle, consequently reducing
the voltage stress on components.

Figure 14 shows the accuracy of the simplified theoretical analysis in (30) in comparison
to the experimental results with an input voltage of 40 V, output power of 300 W. It can be
seen that the accuracy of the theoretical analysis in (30) decreases with the increase of duty
cycle. This is attributed to the growing influence of parasitic components, which become
more dominant at higher duty cycles.

OUTPUT VOLTAGE VS DUTY CYCLE

600
500
400
300
200

VOLTAGE (V)

100

0.5 0.55 0.6 0.65 0.7 0.75
DUTY CYCLE

= Experiment Theoretical

Figure 14. The output voltage comparison between theoretical and experiment.

6. Conclusions

This paper presents a non-isolated high step-up boost converter designed for low
voltage stress on components and high efficiency while maintaining a high step-up voltage
gain. Its effectiveness and practicality have been validated through experiments with
a 360 W prototype converter. Compared to other non-isolated high voltage gain boost
converters, this proposed converter achieves a relatively high voltage gain with a maximum
efficiency of 97.4%. It also ensures significantly lower voltage stress on switches and passive
components than other high voltage gain non-isolated converters. An added benefit is
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the ability to further increase the voltage gain by simply adding more voltage doublers.
However, the input and output do not share a common ground, and pulsating input current
remains a disadvantage of this converter. In the future, further studies will be conducted to
optimize the design, perform comprehensive analysis, and explore specific applications of
the proposed converter.

This converter is ideally suited for distributed power generation systems utilizing
renewable energy sources that require high voltage gain without the need for a transformer.
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