IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 19 June 2023, accepted 15 July 2023, date of publication 7 August 2023, date of current version 24 August 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3302350

==l APPLIED RESEARCH

Input-Parallel Output-Series High Step-Up
DC/DC Converter With Coupled Inductor
and Switched Capacitor

SANG-WHA SEO"!, JOON-HYOUNG RYU"“2, HAN HO CHOI “3, AND JAE-BUM LEE4

Future Automobile Innovation Education Center, Dankook University, Yongin-si 16890, South Korea

2Propulsion System Research Team, Korea Railroad Research Institute, Uiwang-si, Gyeonggi-do 16105, South Korea

3Division of Electronics and Electrical Engineering, Dongguk University, Seoul 04620, South Korea

#Department of Railroad Electrical and Electronics Engineering, Korea National University of Transportation, Uiwang-si, Gyeonggi-do 16106, South Korea

Corresponding author: Jae-Bum Lee (leejb @ut.ac.kr)

This work was supported in part by the Technology Innovation Program (Development of Power Module and Integrated Circuit
Technology for High Power Density of Electric Components for Hydrogen Electric Commercial Vehicles) funded by the Ministry of Trade,
Industry and Energy (MOTIE, South Korea), under Grant 20018971 and Grant 1415185855; in part by the Korea National University of
Transportation Industry-Academy Cooperation Foundation, in 2023; and in part by the Human Resources Development Project of the
Korea Institute of Energy Technology Evaluation and Planning (KETEP) for the support grant funded by the Korean Government Ministry
of Trade, Industry and Energy under the project titled: “Middle Market Enterprise Specialized Human Resources Development for
Residential and Commercial Fuel Cell”” under Grant 20224000000580.

ABSTRACT In this study, the authors propose a non-isolated high step-up interleaved DC/DC converter
that can be applied to sustainable energy system. The proposed converter achieves high voltage gain by
employing a coupled inductor and switched capacitor method based on an interleaved boost converter. The
two coupled inductors connected in parallel with the input side have a distinct structure. Specifically, a single
coupled inductor has a primary side and a secondary side connected in series, and it is further connected in
parallel with an output side switched capacitor circuit. The switched capacitor circuit increases the voltage
gain by being charged in parallel and discharged in series through the coupled inductor. The leakage inductor
energy of the coupled inductor can be regenerated to the output side through the passive clamp circuit’s
performance. Moreover, it is possible to select devices with low voltage stress and on-state resistance of the
switches, which results in reduced loss and size while alleviating the reverse recovery problem of diodes.
The steady-state analysis and operation principle of the proposed converter are thoroughly explained and
verified through a prototype circuit with 20V input voltage, 400V output voltage, and 320W level output
power.

INDEX TERMS DC/DC converter, high step-up, interleaved converter, coupled inductor, switched capacitor.

I. INTRODUCTION

Sustainable energy sources, such as solar panels, fuel cells,
and wind power, have low output voltage ranges. Therefore,
a high step—up DC/DC converter delivers a high voltage DC
load through a high voltage output, an AC load through a
DC/AC inverter, and the DC bus of the microgrid, as depicted
in Fig. 1. In developed countries, fuel cell systems are
developing rapidly, primarily owing to their advantages of
high performance and sustainability. Generally, the output
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voltage of the FC stack varies from 24V to 40V depending
on the output power, which requires a high DC bus voltage
(380V~400V) on the input side of the DC/AC inverter to
obtain utility AC power [1], [2], [3], [4], [42], [43], [47], [48].
Among numerous renewable energy sources, photovoltaic
(PV) systems have achieved the greatest growth, primarily
because the output voltage of a PV module is typically low
(20V~50V). A front-end high step—up DC/DC converter
is required to step up and regulate the voltage level of the
PV voltage onto the DC bus (400V or 800V) [5], [6], [7],
[8]. In wind power generation, one—way DC/DC converters
are used to connect wind farms to HVDC terminals, and
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FIGURE 1. Block diagram of sustainable energy power conversion system.
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numerous power converter topologies are being developed.
A modular multi-level converter is one of the most widely
used structures in HVDC. Besides, unidirectional DC/DC
converters are being developed to reduce the voltage stress
of the switching device [9], [10], [11], [12].

A conventional boost converter has a simple structure and
low component count; therefore, it is a topology that is
applicable to numerous applications, and it can provide high
voltage gain by increasing the duty cycle. However, in prac-
tice, the duty cycle is limited by the effect of the equivalent
series resistance (ESR) of switches, diodes, inductors, and
capacitors. Consequently, operating at very high duty cycles
can result in severe reverse recovery problems for the output
diode, low efficiency, and electromagnetic interference (EMI)
problems [13], [14].

Moreover, there is a limit that the duty cycle must be
increased to increase the voltage gain, and it is unsuitable
for power density improvement and high voltage applications
owing to the high voltage stress of semiconductor compo-
nents [15], [16]. Numerous studies on single switch-based
topologies with high step—up voltage gain have been
conducted to overcome the limitations of conventional boost
converters [17], [18], [19], [20], [21], [22], [23], [24], [25].
Coupled inductors, switched inductors, switched capacitors,
and voltage-lift circuits are high step—up technologies that
can increase the voltage gain using a low duty cycle.
However, high voltage stress across components, ripple
current, higher voltage gain, etc., can be very difficult to
realize as common design goals. Therefore, an ideal topology
for a high—voltage gain—conversion system should have few
components, high efficiency, low cost, high voltage gain,
small size, high power density, easy integration, and high
reliability.

Interleaved technology offers numerous advantages, such
as reduced ripple current and component size. Moreover,
interleaved technology can effectively increase the switching
frequency, and has been applied to high power applications.
However, the interleaved boost converter still has disad-
vantages such as high voltage stress of the semiconductor
device, reverse recovery loss of the output diode, and
low voltage gain. The advantages of the interleaved boost
converter and the application of high step—up technology
have the following advantages [26], [27], [28]: 1. Low
duty cycle 2. Low—voltage stress in semiconductor devices.
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FIGURE 2. Topology of the proposed converter.

3. Utilization of active (switching and conduction losses)
and passive (magnetic core) devices. Moreover, interleaved
boost converters can be integrated with flyback boost
converters and voltage multiplier cells (VMC) to achieve
a high voltage gain [29], [30], [31], [32], [33], [34]. The
VMC comprises a coupled inductor, switched capacitor, and
a voltage lift circuit, which recycles the leakage energy
to help achieve zero-voltage/current switching (ZVS/ZCS)
of the switch and zero-current switching of the diode.
However, flyback type interleaved high step—up converters
increase control complexity because voltage balancing must
be considered. In addition, the coupled inductor interleaved
method, including the active clamp circuit, reduces power
density and increases cost by adding switches and gate
drivers [35], [36], [37].

Interleaved high step—up converters in which coupled
inductors and VMC are combined can increase voltage gain
through two switches, a parallel structure of an input-side
coupled inductor, and an output side series structure [38],
[39], [40]. The high step—up DC/DC converters can gain
additional voltage gain through the turns ratio of the coupled
inductor. The passive clamp performance of the VMC can
recycle the leakage energy of the coupled inductor and
mitigate the voltage spikes on the switch. Moreover, the
leakage inductor energy can achieve ZCS of the switches,
thereby alleviating the reverse recovery problem of the
diodes. However, in these converters, if the turns ratio of
the coupled inductor is increased to increase the voltage
gain, the voltage stress of the output diode increases, and
the voltage gain increases, and the power density is rather
high. The proposed converter does not have a trade—off
phenomenon in semiconductor devices even when the turns
ratio of the coupled inductor is increased to increase the
voltage gain, and has very low power density improvement
characteristics. Therefore, it will be an effective choice
for selecting semiconductor devices of the high step—up
converter for sustainable energy applications and efficiently
implementing the driving system.

In this study, the authors propose an interleaved DC/DC
converter with a high voltage gain and power density,
as depicted in Fig. 2. It comprises two coupled inductors
(L1, Lp), two switches (S, S3), three diodes (D1, D>, D,),
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and three capacitors (Cy, Cp, C,). The turns ratio (N =
Ns1/Np1 = Ng/Nyp) of the coupled inductors is identical,
and the coupling standard according to the winding direction
is indicated by ““ - and ‘“ % 7, respectively. The primary
windings of the coupled inductor are connected in parallel,
and the secondary windings are connected in series. The
proposed converter uses a coupled inductor and switched
capacitor technology. Input—side coupled inductors were
combined with switched capacitors to alternately charge in
parallel and discharge in series to achieve a high step—up
voltage gain. Additionally, the voltage gain can be increased
by the turns ratio (N) of the coupled inductor, and the
voltage stress of the switch can be lowered. Accordingly,
the conduction loss can be reduced by adopting a low
voltage range (Vps) and low ON-state resistance (Rps_on)
for the MOSFETS. The passive clamping performance of the
switched capacitor reuses the leakage inductor energy of the
coupled inductor to increase voltage gain. It also has the
advantage of achieving zero voltage Turn—ON/Turn—OFF of
switches and diodes by limiting the slope of the current rise.
The proposed converter introduces a simple structure using a
non-isolated coupled inductor method for alternative energy
applications requiring a high step—up voltage gain.

The remainder of this paper is organized as follows.
In Section II, the operating mode of the proposed converter
is described. Section III presents a steady-state analysis.
In Section IV, the improvement characteristics are confirmed
through a comparison with experimental results. Finally,
Section V presents the conclusions.

Il. OPERATING PRINCIPLE

The equivalent circuit of the proposed converter is shown
in Fig. 3. Among the two coupled inductors, the primary
side has magnetizing inductors (L1, Ln,»2) and leakage
inductors (Lg1, Lg2), and the secondary side has a leakage
inductor (Ly), which is modeled as an ideal transformer. The
voltage-multiplier circuit comprises two switched capacitor
circuits (D1, D>, C1, Cp) connected in parallel. Through
the switched capacitor circuit and alternating Turn—OFF of
the switches (S1, S2), the energy of the coupled inductor is
charged in parallel and discharged in series on the secondary
side.

The advantages of the proposed topology are as follows; 1)
The proposed converter has a low input current ripple and low
conduction loss through input side interleaved technology,
making it suitable for high—power applications; 2) The
proposed topology can achieve the high step—up voltage gain
(M) required in the alternative energy system and higher
power density because of having fewer components than
those of converters; 3) The leakage energy of the coupled
inductor can be recycled to the output terminal, which helps
to ZCS Turn—ON in the switch and ZCS Turn—OFF in the
diode; 4) The voltage stress of the switches and diodes is
substantially lower than the output voltage; 5) Low cost and
high efficiency are achieved through the low Rps oy and low
rated voltage of the power semiconductor devices.
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FIGURE 4. Key waveforms of the proposed converter.

The assumptions detailed below were made to simplify the
analysis of the proposed topology.

1. The current of each major component is operated and
analyzed based on the indicated direction.

2. The magnetizing inductor of coupled inductors operates
in continuous conduction mode (CCM) and the duty cycle (D)
is higher than 0.5.

3. Except for the leakage inductor of the coupled
inductor and parasitic capacitor of the switch, all com-
ponents are considered as ideal devices without parasitic
parameters.

4. Since the capacitance of the capacitors (Cq, Ca, C,) is
sufficiently large, the voltage ripple is negligible.
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FIGURE 5. Current flow path in the operating mode of the proposed converter. (a) Mode I [ty-t,]; (b) Mode Il [t;-t,]; Mode VI
[ts-tgl: (c) Mode Il [ty -t5]; (d) Mode IV [ts-t,4]; (e) Mode V [ty-ts]; (f) Mode Vil [tg-t4]1; (8) Mode Vil [t;-tg].
1) Mode I [ty — t1] Turned—ON, and the current can be expressed as follows:
In the case of #y, the mode starts when S| is Turned- Vo Ver —V
ON, and this current flow is illustrated in Fig. 5(a). ipo(t) = irs(t) = Ipo(ty,) — #(l —19). (1)
In this mode, current ir; gradually decreases because of the N*(Li1 + Li2)
series-connected winding characteristics of the secondary 2) Mode II [t; —t2]; Mode VI [t5 — t6]
side (Ny1, Ny2) of the coupled inductors (L1, Lz), which causes In the case of t = #1, S and S, are ON, and this mode is

$1 to partially ZCS Turn—ON. In addition, since D, is ZCS started; this current flow is outlined as shown in Fig. 5(b).
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All diodes (Dy, D;, D,) were reverse-biased, and L,,1, L2,
Li1, and Ly were charged by the input source. In addition,
C, supplies power to R, and the equation for this mode can
be written as follows:

V.
iLmx(t) = ipga(t) = Ime(t1) + #(r -1 ()
Ve1r =Vea = Vp1r = Vpa = Vpy 3)

3) Mode III [t; — t3]

In the case of #,, this mode starts when S, is Turned—OFF,
and the current flow is outlined in Fig. 5(c). The stored energy
of L, charges C; and C, by forward-biasing D and D>
through the secondary side (Ns1, Ni2) of the coupled inductors
(L1, Lp). The voltage difference between the primary side
(Np1 and Ny;) and secondary side (Ny1, Ny2) of the coupled
inductors (L1, Lp) is charged in the parasitic capacitor of S,
and when it becomes (2N/34-3N)V,, the mode is terminated.

4) Mode IV [t3 — t4]

In the case of 13, Mode 1Vis started, and the current flow is
outlined in Fig. 5(d). Energy is supplied to C; or C; through
two paths (Vi — Ly — Ly — Ny — Ny — Ly — D»
or D) for the flow of current, and the equation for this mode
can be written as follows:

irk1(t) = ipm1(t) + N (ip1 + ip2) (1) 4
irg2(t) = —irs(t) = N (ip1 +ip2) (t) ©)
is1(t) = ipm1 (1) + ipm2(t) = ip1 (@) — ips(?) (6)

5) Mode V [t4 — t5]

In the case of t4, Mode V starts when S is Turned—ON,
and this current flow is outlined in Fig. 5(e). In this mode,
the leakage inductor current gradually increases or decreases
because of the series—connected winding characteristics of
the secondary side (Ny;, Ng) of the coupled inductors
(L1, L), which causes Sy to partially ZCS Turned—ON.
In addition, D; and D, are ZCS Turned—OFF, and there is
no reverse recovery problem. The current in this mode can be
written as follows:

ip1(t) = ip2(1) = Ip1(ta) — N +L 2)( —1) (D
is2(t) = m( —14) (8)
irs(t) = Is(t4) + m( — 14). ©)

6) Mode VII [tg — t7]

In the case of tg, Mode VII starts when S| is Turned—OFF,
and the current flow is outlined, as shown in Fig. 5(f). The
energy stored in L, Ci, and C, charges C, by forward
biasing D, through the secondary side (N;, Ny) of the
coupled inductors (L;, L,). The voltage difference between
the primary side (N1 and Ny,) and secondary side (Ny1, Ny2)
of the coupled inductors (L1, L) is charged to the parasitic
capacitor of S, and when it becomes (4N/3+3N)V,,, Mode
VII is terminated.

89168

7) Mode VIII [t7 — 13]

In the case of 7, Mode VIII is started, and the current flow is
outlined in Fig. 5(g). Accordingly, the flow of current charges
C,through one path (C; — Ly — Ny — Np — Vi, —
Np1 — D,), which dissipates power to R,, and the equation
for this mode can be written as follows:

irp1(t) = igs(), ipk2(t) = ipma(t) + ips(2) (10)
is2(t) = ipm1 (1) + ipm2(t) = ipga(t) + ips(t). (11

lll. PERFORMANCE ANALYSIS
A. STEADY-STATE ANALYSIS: HIGH STEP-UP VOLTAGE
GAIN
In Section II, a steady—state analysis of the proposed high
step—up converter is conducted using Modes I1, IV, V, and VIII
and ON/OFF switches. Ignoring the transient characteristics
(Mode III and Mode VII) of the circuit, the coupling
coefficient (k) is defined as follows:
k= LL. (12)
Lipy + Lix

In Mode II, the primary and secondary voltages of the
magnetizing inductors (L1, L,2) and the voltage of the
leakage inductors (Lk1, Li2) for the coupled inductors can be
expressed as follows:

11 Ly

v = = —V~
= Vi Ly + L "
Li»
= —V =1 -k)V; 13
L =( Win (13)
Ly Ly
v — vyl in = Vin = kV;
Lml Lm2 = Lml +Lk1 Lm2+Lk2 in in
(14)
Vi = Vila = NkVi,. (15)

The volt-second balance principle can be applied based on
the voltage components of a coupled inductor (L), which can
be written as follows:

DT,
/ Lkldt—i—/ vyl ar =0 (16)
0 DT,
DT,
/ Lmldr+/ Vi g =0 (17)
0 DTy
DT Ty
/ Vi dt + / Vaer dt =0. (18)
0 DT

By substituting (13)—(15) with (16)—(18), the voltage of the
coupled inductors (L, L) can be written as follows:

D(1 — k)
vy = vl ———p Vi (19)
Dk
vill v
Vimt = Vim = 1= DVi" (20)
NDk
vylir — vy ﬁvi”' (1)
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OFF period of switch So — By analyzing Mode IV, the
voltages of capacitors C, and C are given as follows:

_ o w w v I
Ver=Vea =Vin = Vi = Viko = Ve + Vg

Vo4 Dk V. +D(1_k)V'
=Vint Vi [ —p
NDk 1 + Nk

+ mvin + NkV;, = -D Vin. (22)

The OFF period of switch S1 — In the analysis of Mode
VIII, the energy is transferred to capacitor C,, and the load
side output voltage (V,) is given as follows:

_ Vi | Il _ Vil Vil
Vo=Vc2 = Vs + Vo +Vie =V =V +Ver

1+ Nk NDk
= 1—D in 1_DVin+NkVin+Vin
Dk D(1 — k) 1+ Nk
+1_DVin+ 1-D in _I_DVin
3 4 3Nk
“p @y

Excluding the coupling coefficient (k), the ideal voltage
gain (M) of the proposed high step—up converter can be
written as follows:

Vo 343N
Vi 1=D"

It is confirmed that the proposed converter has a high
step—up voltage gain (M) without an extreme D or a high N.
For example, if D = 0.7 and N = 1, V,, can obtain a voltage
gain (M) that is twenty times higher than V,.

(24)

B. STEADY-STATE ANALYSIS: VOLTAGE STRESS

Based on the voltage applied to Mode IV(S>) and Mode
VIII(S1), the voltage stress of the switches is obtained as
follows:

Vsa = Vi = Vi — VI = Vi + 2 Vi = —L v,
S22 =VS1 = "Vin Lm2 — Vin 1-D m—l_Dl
(25)

Vin 1
Ve = Vg1 = = V,. 26
s2=Vsi=1"p =373 " (26)

In Section II (Mode I1II, Mode VII), the voltage spike
problem of the switches (S;, S2) may occur through the
resonance phenomenon between the leakage inductors (L1,
Ly>) and the parasitic capacitor of the switch. The voltage
spike was reduced by adding a snubber network of the
switches (S, S2), and 200V was designed in consideration
of this problem.

A low voltage stress results in low switching losses.
Moreover, low voltage rated MOSFETs with a small
ON-resistance can be used, resulting in low conduction
losses.

Since the voltage stress of the diodes is determined by the
charged voltage of the capacitors, it is obtained as follows:

Voo = Vp1 = Vpa =V, V. —2+2NV—2V
Do = VDl = VD2 = Vo C1_3+3N o—3o~

@7
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C. STEADY-STATE ANALYSIS: CURRENT STRESS

Based on the voltage applied to Mode IV(S2) and Mode
VIII(S1), the voltage stress of the switches is obtained as
follows:

The steady—state current stress of the proposed converter
excludes transient analysis through leakage inductance, and
comprises four Modes(I, 1I, 11I, 1V), as shown in Fig. 6.
Furthermore, the current stress was analyzed based on the
actual experimental parameters (V; =20V, V, =400V,
I, =16A, 1, =0.8A, D = 0.7, f =80kHz, L, =
Ly, =60uH, R, =5002, P, =320W). Based on the charge
balance of the capacitors (Cy, C3), the following equations
were obtained:

1
Ict +1Ico = ——Ipmw(1 — D) (28)
I+N " Ic1=Ic2
Icy > ———1, 1-D
c1 AN Lm2( )
1
= —1I 1-D — I =21
1 TN Lm]( )NZI Lm2 Lml

(29)

Based on the input current and (29), the average current
in the magnetizing inductors (Ir;1, ILm2) can be written as
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follows:
Iin = Iyt + I = 16A (30)
1 2
I = 31,-,, =5.33A, I10 = glin = 10.67A. 31

Also, through the charge balance according to the D of the
capacitor (C,), the output current can be written as:

ILml

Co = 1o (1 N 0)( )1 l ;11.” (32)
= : Ii, =0.8A (33)
0 = TN in = 0. .

OFF periods of S| and S, — The averagecurrents of all
diodes through the two Modes(II, IV) are as follows:

IDl_avg‘(l - D) = [DZ_an‘(l - D) = [Do_avg‘(l - D) = Io-

(34
Also, the peak currents of all diodes can be written as:
Iin (1 —D I, (1 =D
Aipi = Aipy = %, Aipy = % (35)
4+ (1 +N)1-D)
IDl_peak = ID2_petzk = 41 —D) o
N
- ;Dl —2.67A (36)
2+ (1 +N)1-D) Aipo
I = I, — =2.67A. (37
Do_peak 21— D) o D) 37

ON period of S — It comprises three Modes(1, I1, III), and
the average current of Sy through the current ripple (Aif,,) of
the magnetizing inductor and the leakage inductor currents is
as follows:

. . . VinD
Aipm = Nipm1 = ANipm = =2.924 (38)
mlJs
4Dl — Ai
Mode I Lml Lml
el = (—40 ) (D—0.5)=0.854 (39)
ploaell = pylodelV = I, (1 — D) = 4.84 (40)
4Dl Ai
[Medelll Dl + Alm ) fy 05y = 1274 (41)
- 4D
Mode I Mode Il Mode IIT
ISl_an- = ILkgl_eavg. + Iin_oaveg. + ILkol_ng.
=0.85+4.8+1.27 = 6.924. (42)

Also, the rms current of S; can be written as (43)—(45),
shown at the bottom of the next page.

ON period of S, — It entails three Modes(!, II1, IV), and the
average current of 1 through (40) and the leakage inductor
currents is as follows:

Al
L = (1= S5t 009 =10 i

4D
Mode I 0.5 - Aipyo + 2DI10) (D — 0.5)
ILk%ng. = ) = 2.34A
47)
Mode Il Mode IV Model
Is2_avg. = ILk%jlvg. + Iin_oaveg. + ILk(’ijlvg.
=1.944.8+4+2.34 =9.04A. (48)
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Also, the rms current of S, can be written as (49)—(51), as
shown at the bottom of the next page.

ON/OFF periods of S; and S — It comprises four
Modes(l, 11, 111, 1V), and through (39), (41), (46), and (47),
the averagecurrents of the leakage inductors can be written
as:

1M8e = (Ipmy +21p1) (1 = D) = 3.24 (52)
ILMk‘i‘fi,ﬂZ_ = Ipo(D — 0.5) = 0.534A (53)

_ gModel Mode Il Mode IIT Mode IV
ILkl_avg. - ILkl_avg. + ILkl_ang + ILkl_avg. + ILkl_ang

=0.85+3.2+1.27+0.534 = 5.85A4 (54)

1150l = 2Ipi(1 — D) = 1.6A (55)
ModelV __ —
1535 v, = lbm2 +Ipo (1 — D) = 4A (56)
Mode I Mode Il Modelll | yMode IV
Irk2_avg. = ILk%jzvg. + ILk(’ijlvg. + ILkUZjJVg. + ILkOZjWg‘
=2344+16+194+4=09.84A 57
Also, the rms currents of the leakage inductors

through (35), (43), (44), (49), and (50) can be written
as (58)—(61), shown at the bottom of the next page.

OFF period of S7 and S, — It consists of two Modes(I1, IV),
and capacitors (Cy, C2) rms currents can be obtained through
the diodes (D1, D,) currents. In addition, the ON/OFF period
of switches S; and S, consists of four Modes(I, I, III, IV),
and the capacitor (C,) rms current is obtained as follows:

ICl_rms = ICZ_rms = \/(IDl_rmx)2 + (]Do_rms)2 = 2.084

(62)
ICo_rms
1{ Aipp \
= |Upo—1p)v1—=D,/1+4 = —) +102(D)
3 (IDo - Io)
=1.204 (63)

D. KEY PERFORMANCE COMPARISON

Table 1 and Fig. 7 provide a performance comparison
between the proposed converter and the non—isolated high
step—up DC/DC converter. The converters in [8], [19], [20],
[30], [40], [41], [42], [44], [45], and [46] can achieve
high voltage gain (M) through coupled inductors, switched
capacitors, VMC and voltage lift techniques. Moreover, it is
possible to use switches and diodes with low withstand
voltages by lowering the voltage stress of the semiconductor
device. Through the leakage inductance energy of the coupled
inductor, the soft switching performance can reduce the
switching losses and alleviate the diode reverse recovery
problem.

The converter in [8], [19], and [20] have high voltage gain
and low voltage stress, by using the charging mode of the
VMC circuit in the ON section of a single switch. Also, the D
can be used in the entire range (0<D<1). However, the VMC
circuit has a high component count, uses extreme duty cycles,
and high input current ripple is unavoidable in the gain cell
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FIGURE 7. Comparison of high step-up converters. (a) M vs. D according to N; (b) voltage stress vs. N based on V,.
and charge pump circuit connected in parallel on the input The converter in [41] can achieve a high M by taking
side. advantage of interleaved, coupled inductor, and switched

~Aipm n (D —=0.5) Aipm

XxModel _ j =4.25A 43
S1 Lml ) °D ( )
Al (D —0.5) Al
yMedelll — - - = 6.34A 44
Sl Lml + 2 D 6.3 (44)
2 2
Is1 rms = \/ (XModeI)™ (D — 0.5) + (Iin)* (1 — D) + (YModel)* (D — 0.5)
= /4.252(0.2) + 162 (0.3) + 6.342 (0.2) = 9.4A4 (45)
Ai D —0.5) Ai
xModelll _y, . _ 2lm ( ) Ailm2 _ g 6o (49)
2 2D
Aipmo (D —0.5) Aipp
yModel — 1 ne =11.71A 50
2 Lm2 + ) D (50)
2 2
152 ms = \/ (XModell1N™ (D — 0.5) + (Iin)* (1 — D) + (Y2ode!)* (D - 0.5)
=1/9.622 (0.2) + 162 (0.3) + 11.712 (0.2) = 11.08A. (51)
zModell — ;.1 + 2Ip) = 10.67 A (58)
! (X%Odel)z (D —0.5) + (Zé‘l{()tz'ell)2 (1 - D)
Lk 1 =
- + (YModelll)2 (D _ 0.5) + (Ip,) (1 — D)
= /4.252(0.2) + 10.672(0.3) + 6.342(0.2) + 2.672(0.3) = 6.9 A
(59
2
Ik s = | ES2) (D =0.5) + (lin = Ipo)* (1 = D)
_rms —
+ (YModel)* (D — 0.5) + (2Ip1)* (1 — D)
=1/9.622(0.2) + 13.332(0.3) + 11.712(0.2) + 5.342(0.3) = 10.15 A (60)
Iy s =/ Upo)> (1 — D) + QIp1)? (1 — D)
= /2.672(0.3) + 5.342(0.3) = 3.27 A 61)
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capacitor technologies. The proposed converter has about
16% improved M compared to [41]. Moreover, the voltage
stress of the switch was 20% lower and the number of key
components was 6% lower.

The converter in [40], a hybrid cascade DC/DC con-
verter is proposed that combines a coupled inductor and
switched capacitor technology. The switches can achieve
ZCS Turn—ON performance by utilizing the leakage induc-
tance of the coupled inductor, and the output diodes are ZCS
Turned-OFF. The converters in [30], [42], [44], [45], and [46]
are high step—up converters in which a diode-capacitor circuit
and a VMC are combined. These converters not only increase
the M, but also reduce the current ripple, magnetic core
size and switch conduction losses. In addition, the leakage
energy of the coupled inductor can be recycled into the
load. The proposed converter has the highest increase rate
of M and the lowest increase rate of voltage stress (S, Dx)
when the N of the coupled inductor is increases compared
to [30], [42], [44], and [46]. Also, the number of components
is from the maximum (33%, [45]) to the minimum (6%,
[40], [42]), which will help to improve the power density of
the system. The converter [45] has higher voltage gain and
lower voltage stress than the proposed converter. However,
the proposed converter has a low component count. Adding
switches—PCB layout, gate drivers, control strategy, and DSP
(coding and control) is added, hindering the power density
improvement.

IV. COMPARISON AND EXPERIMENTAL RESULTS
A. DESIGN
Prototypes with V;, =20V, V, =400V, P, =320W,
D =0.7 were manufactured and tested to verify the
performance of the proposed converter. The key parameters
of the experimental circuit are listed in Table 2.

L1 and L, design — The coupled inductors (L1, L) of the
proposed converter operate in a CCM, and N is limited in the
following manner for normal operation characteristics:

y=Yd=D)
3

The N of the coupled inductors (L1, L) is designed using
M and D, and because D is greater than 0.5, the following
expression can be written:

(64)

N < %(M 1. (65)

In addition, the minimum value of the magnetizing
inductance (L,,) is obtained using (30) and (38), which is
derived as follows:

VinD (1 — D)
3(1+N)Lfs

Semiconductors Sy, S», Dy, Dy, and D, can be selected
using (26) and (27). The switching (ON/OFF) process can
produce voltage peaks (overshoot and ringing) because the
parasitic parameters of the circuit and the voltage level
should be chosen to be higher than the theoretical value.

(66)

m
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FIGURE 8. Loss breakdown of the proposed converter. (a) 320W(500%);
(b) 75W(2000€).

In the proposed converter, a voltage spike problem may occur
because of the resonance phenomenon through the leakage
inductor and parasitic capacitor of the switch. A simple RCD
snubber circuit was added to the switches to compensate for
this problem.

C1 and C; design — The capacitance can be designed
using (22) and (24), based on Vi and V,. The switched
capacitors (Cy, Cz) of the proposed converter should
exhibit DC voltage clamping performance, and if the
capacitance is small, resonant tanks may be formed with
leakage inductance. Therefore, it should be designed
such that the resonant frequency is significantly higher
than the switching frequency. However, because an
excessive capacitance increases the power density and
cost of the system, an appropriate capacitance design is
required.

1, _ P, _ 3P,
AVerfs AVeifsV, AVC]fSVUZ.

Ci=C > 67)

B. LOSS BREAKDOWN

Loss analysis was conducted using four main components
(diode, switch, coupled inductor, and capacitor) of the
proposed prototype.

Pross = P D_Loss T+ P S_Loss T+ P L_Loss P C_Loss (68)

Based on the data used in the actual experiment, loss
analysis was performed through the average and rms currents
(Section III) applied to each component. Fig. 8 presents
the power loss breakdown of the four main components
through full load and light load power based on the proposed
prototype. In the proposed prototype, most of the losses
occurred in the coupled inductor because it carried a high
current. Moreover, it can be observed that the semiconductor
devices have reduced switching loss through ZCS Turn-
ON/OFF, and the main power losses are Pp 1oss. Ps_10ss» and
P L_Loss-

The total loss (Pp_ross) of diodes (D1, D2, D,) — Based
on the conduction losses (Ppi1_con-» Pp2_con-» Ppo_con-) and
reverse recovery losses (Pp1_rey-» Pp2_rev-» PDo_rev-), it can be
obtained as: (Vpp1 =0.78V, Ip1_avg =0.8A)

PD_Lass = PDI_Con. + PDl_rev. e PDo_con. + PDo_rev‘
~ Vip1 (3 Ipi_avg) = 1.8W. (69)
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TABLE 1. Performance comparison of the high step-up topologies. (n: number of cells; S«: Switch; D«: Diode; Cx: Capacitor; I+: Inductor; L«: Coupled
Inductor; W: Windings; n: number of cells; N, :15t-Coupled Inductor-Turn Ratio; N, :z“d-CoupIed Inductor-Turn Ratio; Se.: Sensor).

M Voltage stress Ripple No. of Component S* - Soft Peak
1 0,
Con. D SV, DIV, (Aiin) g D* C* I* L* w* | Se. | Total Switching Efﬁ;ﬁg(?;( %)
[8] 21+ —ZZD 2t M Large | 2 | 4 | 6 | 4 | - | 8| 1 25 - 96.8 [145W]
n=2,D=0.75 (1 + I’I)M & 30V>310V
0<D<1
6
[19] 1— Large 1 7 7 3 - 6 1 25 - 94.8 [106W]
1-D 3 20V->400V
0<D<1
2+2N
1 1 96.4 [132W]
[20] 1-D 1IN ? Large 1 4 4 - 1 2 - 12 - 36V>400V
0<D<1
2+2N
1 N 96.5 [140W]
[30] 1-D YR, TN Small 2 6 5 - 2 4 - 19 ZCS 24V 3400V
0.5<D
4+2N
1 1+N 95 [250W]
[40] 1-D 110N TN Small 2 4 4 - 2 4 - 16 ZCS 20V>400V
05<D
342N
1 1+2N -
[41] 1-D EYETT: EYETT: Small 2 4 4 - 2 4 - 16 ZCS 16V3200V
0.5<D
4+2N
1 1+ N 95 [150W]
[42] 1-D PEEYY; Y, Small 2 4 4 - 2 4 - 16 ZCS 18V>300V
0<D<1
4+2N
1 1+ N 95 [250W]
[44] 1-D TN oy | Small 24 a2 e -9 /e A0V 530V
0.5<D
443N
1 2+2N 97.2 [250W]
[45] ) v | aay st a3 T A -] A S8V 5160V
0.5<D
w6 | s : PN | Small | 2 | 6 | 7| 2] 3|09 19 7cs 94.8 [S00W]
[46] M2 NN +D | 1eN2neeD | ST - 48V->800V
0.5<D
3+3N
Pro. 1 2 96.5 [75W]
Con. 1-D 313N 3 Small 2 3 3 - 2 4 1 15 ZCS 20V3400V
0.5<D
TABLE 2. Specifications of the proposed converter. Coupled Inductor
5y Ls
Components Parameters O -
Input Voltage (V;,) 20V L [e | o2l T
Output Voltage (V) 400V wn: T I co £ Gve
Out Power (P,) 320W @ al d '
Switching Frequency (f;) 80kHz [ T
Turns Ratio (N) 1

Magnetizing inductance (L, Linz)

62.24uH, 62.32uH

Leakage inductance (L, Lio) 2.1pH, 2.2pH
Switches (S;, S>) IRF200P222
Diodes (D, D, D;) RF1501
Capacitance (C,=C,, C,) 4.4uF, 220uF
DSP TMS320F28335

The total loss (Ps_ross) of switches S; and S, is divided
into conduction losses (Psi con., Ps2 con.) and switching
losses (Ps1_sw. oFF, Ps2 sw_orr). The switches of the
proposed converter have a reduced switching loss due to

VOLUME 11, 2023

FIGURE 9. PSIM simulation schematic diagram of the proposed converter.

the ZCS Turn—ON performance, which can be obtained as
follows: (Rps oy =6.6mS2, Vps =60V, Ig1 ;ms =9.4A,
Is>_rms =11.08A, tri=850ps, tfv=720ps, YModelll = 6 34A,
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FIGURE 10. Experimental results of the proposed prototype. (a) Current waveforms of Ly, Ly, Ls; (b) Voltage and Current waveforms of S;, S,;
(c) Voltage and Current waveforms of C;, D;; (d) Voltage and Current waveforms of Do, D,.

yModel = 11.71A)

PS?Loss = PSLcon. + PSst.fOFF + PS27con. + PS27sw.70FF

2 2
= RDS_ON (ISI_rms + ISZ_rms)

S(ri + 1
N VDst( . 1fv) (Yévfodem n Y%odel)

~ 1.5W. (70)

The losses of coupled inductors L; and L, are divided
core losses (PLi_cores PL2_core) by core and copper losses
(PL1_coppers PrL2_copper) by winding. The core losses
(Pr1_cores PL2_core) are expressed as hysteresis losses, which
can be calculated using the steinmetz equation as [49]:
(ki =147, ky, =144, k3 =2.25, AB =0.0622Gauss,
f; =80kHz V; =15.58cm?)

PLl_core = kl ,kaz . (AB)k3 . VL =0.715W
(71)
PLl_core + PLZ_core = 1.43W. (72)

The copper losses (Pri_coppers Pr2_copper) are deter-
mined through the rms currents of the leakage inductors
(Irk1, Irk2, ILs) and the total winding series resistance (Rgc),
which are given by: (N = 21 Turn,p=1.7-107>Q-mm,
MLT=56mm, r = 0.66mm, Ny =1.5Turn, Ijx1 _yms =6.9A,

89174

ILk27rms =10.15A, ILsfrms =3.27A)
N -p-MLT

Ry =
¢ JT'FZ'NN

=0.0097Q (73)

PLLCOPP” + PLZJ’DPPW = (Il%kl_rms + I£k2_rms) Rdc
+4 (Ifs_rms -Rdc) = 1.9W.
(74)

Therefore, the total loss (P_,ss) Of the coupled inductors
can be written as:

PL?Loss = PLlfcore + PLLcopper + PL27core + PL27copper
— 3.33W. (75)

Based on the rms current of the capacitors and the ESR of
the component, the total loss (Pc_r.ss) of capacitors (Cy, Ca,
C,) can be obtained as follows: (ESRc1 = ESRcy =7.2mS2,
ESRc, =370mS2)

P C_Loss — P Cl_Loss + P, C2_Loss + P Co_Loss
—2x (ESR_C1 /2 x zgl_m)

+ (ESRJ;O x Iéwms) —047W.  (76)

C. COMPARISON OF SIMULATION RESULTS
Table 3 shows the PSIM simulation result data of Table 1.
Fig. 9 shows the schematic diagram of the simulation
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FIGURE 11. Experimental configuration of the proposed converter.
(a) Circuit diagram; (b) PI control algorithm block diagram; (c) Device and
equipment photos; (d) Prototype photo.

of the proposed converter, and by performing simulations
based on the same parameters (V;, =20V, V, =400V,
P, =320W, f; =80kHz, N = 1, L,; = L, =100pH,
Rps on =5.3mQ2, tri=850ps, tfv=720ps, Vrp1 =0.78V),
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FIGURE 13. Experimental measurement data [CCM]. (a) Efficiency vs.
Power; (b) Duty cycle vs. Power.

it was confirmed that the duty ratio (D), switch voltage stress,
and input current ripple (Ai;,) were similar to the theoretical
data values. In [8], [19], and [20] can obtain high voltage gain
(M) through the ON operation period of a single switch and
the VMC circuit. However, since the input current ripple is
large, it is not suitable for high power systems. The proposed
converter has small input current ripple (Ai;;,) and low voltage
stress, low number of components, high power density, and
low loss rate in semiconductor devices.

D. EXPERIMENTAL WAVEFORMS
To validate the performance of the proposed converter, a
320W prototype was built and tested based on the parameters
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TABLE 3. Simulation comparison of the high step-up topologies. (Sx: Switch; D«: Diode).

Dut Semiconductor Device
Topologies c cchla(yD) A, (A) S* D*
Y rms(A) Turn—ON/OFF(A) Vps(V) Loss(W) average current(A) Loss(W)
[8] 0.77 11 19.2,1.7 26,21,1.8 158, 158 2.4 0.84,0.84,9,9 15.3
0.7,0.77,0.79, 0.79,
[19] 0.73 19 33 31,31 136 6.2 12,1221 22.7
[20] 0.81 23 17.8 15,23.1 100 1.9 0.78,0.79, 0.8, 0.8 2.4
0.38,0.39,0.4, 0.4,
[30] 0.81 1.5 9.2,9.2 9.1 101, 101 1.1 0.83.0.83 2.5
[40] 0.71 1.3 9.3,104 9.1,9.1 73,73 1.2 0.78, 0.8, 0.81, 0.81 2.4
[41] 0.76 1 8.1, 11 8.3,10.8 81, 81 1.2 0.78, 0.81, 0.82, 0.82 2.5
[42] 0.72 1.1 9.2,104 9.1,9.1 76,76 1.2 0.77,0.8, 0.81, 0.81 2.4
[44] 0.71 1.1 9.4,10.5 9.3,9.3 71,71 1.3 0.39,0.41,0.41,0.41 1.2
[45] 0.66 0.8 9.5,11,2.3, 1.6 17.6, 18 58,58 1.4 0.76, 0.84, 0.8 1.8
0.43,0.43,0.4, 0.4,
[46] 0.77 1.2 8.9,89 9.7,9.7 60, 60 1 0.41,0.41 1.9
Pro. Con. 0.71 1 9.7,11.6 6.4,12.1 68, 68 1.5 0.8,0.8,0.79 1.8
TABLE 4. Comparison of Characteristics Between Similar Topologies. z (W: Width, D: Depth, H: Height, R: Radius).

Topologies Proposed Con. ] [40]

Circuit
board

W51 [10A/div]

1V s1[100V/div] Vs1[100V/div]

Experiment -

ek
aH

(S1,52) ’ - N
s> [10A/div] [ \ iy moaard \ |
ol ' i3 | LLs2[104 ‘F‘I P |
3 = e JWF W‘N‘ o | \:isz[m,wu\ (. /P\ng M R Jisel10A/aiv] |
. A / o f gt | PN N ]
| S bk | IR . AR AT A
Parameters V2V, 20V-2>400V (R,:500Q, P,:320W) ViV, 20V-2>400V (R,:500Q, P,:320W)
W-D-HX2 W-D-HX2
g IRF200P222 X2 5400mm?® g IRF200P222 X2 5400mm?’
(200V, 5.3mQ) (15-5-36 X2) (200V, 5.3mQ) (15-5-36 X2)
W-D-HX3 W-D-HX4
D* RF1501 X3 3480mm?’ D* RF1501 X4 4640mm’
(300V, 1.35V) (10-4-29X3) (300V, 1.35V) (10-4-29 X4)
W-D-HX4 W-D-HX6
Component R75MR422050X4 41600mm? R75MR422050X6 62400mm’
c* (32:13-25X4) c* (32:13-25X6)
2o 217
MAL219367221E3 Rz wH 2472 7mm? MAL219367221E3 RemH 24727mm’
(15% 7w -35) 2.
(15% 1 -35)
REm-HX2 R*TUHX2
L* OD468125X2 5 n 4983 Imm’ L* OD468125X2 T 4983 1mm?
(2321 15X2) @32 15X2)
le()Jrile S*+ D*+ C*+ L* 125038mm’* S*+ D*+ C*+ L* 146998mm’*
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listed in Table 2. Fig. 10(a) illustrates the currents in Ly, L2,
and L; of the coupled inductors (L1, Ly). It can be observed
that they operate in an interleaved manner, which is identical
to the key waveforms of the operating principle. Therefore,
the input-side coupled inductors (Li, L) are connected in
parallel to further reduce the input current ripple through a
180 ° phase operation.

Fig. 10(b) depicts the voltage and current stress waveforms
of S and S>. The D values of S and S are approximately
0.7 and the steady-state voltage stresses are approximately
66V, which is much less than V,. Therefore, it can be
confirmed that M can be increased without extreme D.
Additionally, as the leakage inductor limits the rate of change
of current, the current in the switch gradually increases when
the switch is Turned—ON, which helps to significantly reduce
switching losses. It was confirmed that the conduction loss
and switching loss can be lowered by using low voltage—rated
MOSFETs with low ON-resistance along with the partial
ZCS Turn—ON performance of S and S>.

Fig. 10(c) and 10(d) show the voltage and current
waveforms of D, Dy, D, and C;, which are identical to
the key waveforms of the operating principle. The diodes
are approximately 266V, which is much lower than V,,
and their current drop rate is controlled by the leakage
inductor to Turn—OFF the ZCS. It can be observed that the
reverse recovery current is significantly reduced and the EMI
performance of the proposed topology can be enhanced [43].
The capacitors (C1, C2) were charged for the same amount of
time, and the clamping voltage was 133V, which corresponds
to (27) at one—third of V,,.

Fig. 11(a) depicts the experimental setup including the
proposed converter and DSP control circuit. The input side
supplied Vj, through two power supplies (200V/10A), and
the output side had a resistance of 5002 (320W) due to a
load resistance of 1000€2 connected in parallel. Furthermore,
the two switches generate PWM gate signals using a DSP
TMS320F28335 chip from Texas Instruments, and these
signals are applied to MOSFETs through gate driver units
(GDUs). DSP TMS320F28335 chip is a C28X Core 32[bit]
FPU, which enables high—speed processing of decimal data
and has a processing capacity of 150[MHz]. The ADC
circuit can be sampled with 16 channels, 12.5MSPS, and
the analog input range is 0~3[V]. Voltage sensor (LV—
25) has a maximum voltage of 500V. For the sensor, DSP
ADC circuit distributed 3V through a resistor divider. The
coupled inductors connected in parallel with the input side
were wound around the toroidal core (OD468125) using four
windings. Fig. 11(b) depicts the control algorithm of the
proposed converter, which senses V,, and performs output
constant voltage through PI (Proportional-Integral) control
algorithm. Fig. 11(c) and Fig. 11(d) are photographs of
the experimental equipment used in the experiment, the
measuring device, and the proposed converter prototype.

Fig. 12 illustrates the transient response according to the
load resistance (R,) 100022 —50022 — 1000%2. Fig. 13(a)
is the measurement data of the efficiency according to the
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load of the proposed converter based on CCM. It is calculated
by measuring the voltage/current of the input/output using a
power analyzer. When the Vj;, is 24V, the maximum efficiency
is 96.86% and the average efficiency is 96.35%. When
the Vj, is 20V, the maximum efficiency is 96.51% and the
average efficiency is 95.9%. Fig. 13(b) depicts the theoretical
duty cycle value and the duty cycle value applied to the
experiment. As the power increases, the duty cycle increases
linearly.

In Table 1, the topology with the most similar characteris-
tics to the proposed converter was experimentally verified in
Table 4. The proposed converter and in [40] have the same
voltage gain (M) and voltage stress as the semiconductor
device, and the circuit is configured using the same PCB
board. Moreover, the characteristics were confirmed through
the same parameters (V;,, =20V, V, =400V, [;, =16A,
I, =0.8A,D =0.7,f; =80kHz, N = 1, L,;; = L,;p =62uH,
R, =50092, P, =320W). Similar topologies confirmed the
ZCS Turn—-ON switching performance of the switches and
the ZCS Turn—OFF performance of the diodes. The proposed
converter exhibited a power density improvement of 14%.

V. CONCLUSION

This study proposes a high density—high step—up inter-
leaved DC/DC converter applicable to sustainable energy
applications. The proposed converter takes a simple form,
with two coupled inductors and passive elements added
without requiring an additional winding method or bulky and
heavy transformer. In this study, the interleaved method is
used to combine coupled inductor and switched capacitor
technologies, achieving high step—up voltage gain with low
current ripple, increased power density, and reduced voltage
stress of semiconductor devices. During the alternating
OFF mode of the switches, the coupled inductors and
switched capacitors are charged in parallel or discharged
in series to deliver power to the output side. This design
achieves a high voltage gain and low voltage stress of
the semiconductor device, making it possible to select low
voltage-rated MOSFETs with low ON-state resistance. As a
result, conduction losses and cost are reduced, leading to
improved efficiency. Moreover, the efficiency is enhanced by
utilizing the leakage inductor energy of the coupled inductor
to realize the ZCS Turn—ON/OFF of the semiconductor
device. Finally, the proposed converter was verified by
implementing and comparing prototypes in the laboratory
and a maximum efficiency of 96.86% was obtained.
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