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A Full Soft-Switching High Step-Up DC/DC
Converter With Active Switched Inductor and
Three-Winding Coupled Inductor

Chao Li
Xuanjin Sun

Abstract—This article proposes a full soft-switching high step-up
dc/dce converter with active switched inductor and three-winding
coupled inductor (ASL-TWCI). By utilizing the three-winding cou-
pled inductor (TWCI) with a modified switched capacitor cell, the
voltage gain of the ASL-TWCl is further extended without requir-
ing an extreme duty or a high turns ratio of TWCI. Therefore, the
voltage stress across the power switches is restricted. By utilizing
the leakage energy of TWCI, all semiconductors achieve the zero
current switching performance, which has significantly reduced the
switching losses of the ASL-TWCI. Additionally, the soft-switching
performance is realized by utilizing few components, which reduces
the losses and improves the overall efficiency. Moreover, the con-
struction of capacitor-clamped cell has been adjusted to decrease
capacitance and voltage rating, which significantly improve the
power density of ASL-TWCI. The operating principles, steady-
state analysis, design, and extensive performance comparison of
ASL-TWCI are described in detail. Finally, a 400 W prototype with
400 V output voltage is fabricated to verify the theoretical analysis.

Index Terms—Active-switched-inductor, capacitor-clamped
cell, high step-up, low voltage stress, three-winding coupled
inductor.

1. INTRODUCTION

HE technology related to dc microgrids for renewable
T energy sources is continuously advancing to keep up with
the growing demand for energy and address concerns around
the growing consumption of fossil fuel-based sources. The
proportion of renewable energy sources, such as fuel cells,
photovoltaic (PV) cells, and wind turbines, connected to the

Manuscript received 25 February 2023; revised 6 May 2023; accepted 7 June
2023. Date of publication 20 June 2023; date of current version 1 Septem-
ber 2023. This work was supported in part by the National Natural Science
Foundation of China under Grant 52177047, in part by the Natural Science
Foundation of Liaoning Province under Grant 2019-MS-159, and in part by
the Scientific Research Fund of Liaoning Provincial Education Department
under Grant LJZK0326. Recommended for publication by Associate Editor A.
Kuperman. (Corresponding author: Hongzhu Li.)

Chao Li, Hongzhu Li, Xuanjin Sun, and Lihong Cheng are with the Fac-
ulty of Electrical and Control Engineering, Liaoning Technical University,
Huludao 125105, China (e-mail: chaoli_lc@ 163.com; lihongzhu@Intu.edu.cn;
472010028 @stu.Intu.edu.cn; 2632689062 @qq.com).

Ning Wang is with the School of Mechanical Electronic and Information
Engineering, China University of Mining and Technology, Beijing 100083,
China (e-mail: wn_5245@163.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3287974.

Digital Object Identifier 10.1109/TPEL.2023.3287974

, Graduate Student Member, IEEE, Hongzhu Li
, Student Member, IEEE, and Lihong Cheng

, Member, IEEE, Ning Wang,

grid is constantly increasing. Normally, the output voltage level
of renewable energy resources, such as PV, wind, and fuel
cells, is low (12~48 V), which cannot directly connect to the
high voltage dc bus (200~400 V). In actual converters, the
influence of parasitic resistance and capacitance in inductors,
equivalent series resistance (ESR) of capacitors, and other para-
sitic parameters prevent the classic converters from operating at
ultimate duty cycle. Therefore, a high voltage conversion ratio
of high-efficiency step-up dc/dc converter is urgently needed in
this background.

In recent years, a series of solutions were proposed to in-
crease the voltage conversion ratio of dc/dc converters. These
approaches comprise cascade, switched inductor, switched ca-
pacitor (SC), interleaved parallel, isolated voltage doubling,
magnetically coupled voltage doubling cell, coupled inductor
(CD), and other voltage doubling techniques [1], [2], [3], [4],
(51, [61, [71, [81, [91, (101, [111, [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26]. Therein, the CI
is a straightforward, high-efficiency, and convenient solution to
achieve high voltage conversion ratio. Furthermore, the ability
to regulate the turns ratio of CI provides a convenient means for
adjusting the voltage conversion ratio.

Although, the leakage inductor of CI may result in high
voltage spikes on semiconductors, thereby increasing voltage
stresses on the semiconductors. Therefore, a series of expand-
able high step-up converters with the capacitor-clamped cell
and CI were proposed in [5], which has added the passive
clamped cell to achieve the energy recovery. Furthermore, the
SC was introduced into the active-switched-inductor structure
in [6]. Meanwhile, the inductors of the active-switched-inductor
structure have been replaced by switched inductor in [7], [8],
and [9], which have improved the voltage conversion ratio of
these converters. In [10] and [11], the CI was applied to the
active-switched-inductor while simultaneously utilizing the SC
to further enhance the voltage conversion ratio.

Nevertheless, the high step-up dc/dc converter based on CI
gradually fails to meet the actual requirements. Therefore, a se-
ries of single-switch high step-up converters with three-winding
coupled inductor (TWCI) were proposed in [12], [13], [14], and
[15]. However, these converters have high voltage or current
stresses on the semiconductors, which may lead to the elec-
tromagnetic interference, voltage spikes, and low efficiency.
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As demonstrated in [16], [17], [18], and [19], the voltage and
current stresses on semiconductors were decreased by utilizing
the TWCI while also leading to further enhancements of the volt-
age conversion ratio. Furthermore, the active-switched-inductor
structure along with TWCI was proposed in [20], [21], and
[22], which has further increased the overall performance of
the active-switched-inductor dc/dc converters.

Although, the converters presented in aforementioned article
can achieve high voltage conversion ratio. However, the voltage
stress across their output filter capacitors is equal to the output
voltage, which is detrimental to the small-size and high power
density requirements in dc/dc converters. Therefore, the opti-
mized structure of capacitor-clamped cell, as presented in [23],
[24], [25], and [26], is an effective method for reducing the volt-
age rating and capacitance requirements for output capacitors.

In order to achieve a high voltage conversion ratio dc/dc
converter with soft-switching performance and few components,
afull soft-switching high step-up active-switched-inductor dc/dc
converter is proposed by integrating TWCl into active-switched-
inductor dc/dc converter with modified capacitor-clamped cell.
The voltage rating and capacitance requirements for capacitors
are optimized by utilizing the modified capacitor-clamped cell.
In addition, the regulation of current rise rate is achieved by
utilizing the leakage inductor form TWCI, which enables all
semiconductors to achieve zero current switching (ZCS) perfor-
mance. And it provides good foundation for high frequency of
the proposed converter in the future.

A full soft-switching high step-up dc/dc converter with active
switched inductor and three-winding coupled inductor (ASL-
TWCI) is proposed in this article with the following advantages.

1) Ultrahigh voltage conversion ratio is obtained by integrat-
ing a TWCI with the modified capacitor-clamped cell.

2) The rise rate of current on semiconductors is regulated
by the leakage inductor, which allows for achieving the
ZCS performance. The efficiency and power density of
ASL-TWCI can be further enhanced.

3) The construction of the passive clamped cell is optimized
to minimize the voltage rating and capacitance of the
output capacitor, which make it possible to choose the
capacitors with lower parasitic parameter.

4) The voltage stress across semiconductors is lower than the
output voltage, allowing for the selection of semiconduc-
tors with lower parasitic parameters.

The rest of this article is organized as follows. The topol-
ogy and operating principle of ASL-TWCI are described in
Section II. The steady-state analysis of ASL-TWCI is presented
in Section III. The efficiency and loss analysis are presented
in Section IV. Section V presents the design procedure of
ASL-TWCI. The comparison study and experimental results are
presented in Section VI. Finally, the conclusion of this article is
presented in Section VII.

II. THEORETICAL ANALYSIS OF ASL-TWCI

A. Topology of the ASL-TWCI

The topology of the proposed ASL-TWCl is depicted in Fig. 1.
The ASL-TWCI consists of a TWCI, two power switches (S
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Fig. 1. Topology of the proposed ASL-TWCI.

Fig. 2. Equivalent circuit of the proposed ASL-TWCI.

and Ss), three capacitors (C', Cz, and C's), and three diodes (D1,
Dg, and Dg)

The two windings of TWCI are charged in parallel by the
power source V;,, when the power switches are forward biased.
The two windings are discharged in series when the power
switches are reverse biased. The tertiary winding and the capac-
itor clamped cell operate together to further increase the voltage
conversion ratio of ASL-TWCI. Additionally, the conventional
boost-type converters have only one filter capacitor at the out-
put. The modified construction of the capacitor-clamped cell in
ASL-TWCI can decrease the capacitance and voltage rating of
capacitors, which is achieved by utilizing two filter capacitors
C5 and Cjs. Therefore, it is easier to choose the capacitors with
lower voltage rating and ESR, which reduces the cost and size
of ASL-TWCL

B. Operating Principle of the ASL-TWCI in Continuous
Conduction Mode (CCM)

The equivalent circuit of ASL-TWCI is shown in Fig. 2. The
TWCI consists of magnetizing inductor L,,, leakage inductor
Ly, and the primary, secondary, and tertiary sides with turns
ratio of ny1, ns1, and ngq, respectively. Some assumptions are
needed in order to analyze the circuit simply.

1) All switching components are ideal components.

2) The parasitic parameters of inductive and capacitive com-

ponents are ignored.

3) The capacitors are large enough and the voltage ripple is

ignored.
4) The turns ratio among N1, Nyi, and Ny of TWCI is
1:L:n.

5) The power switches S; and So are conducting and switch-
ing OFF simultaneously with duty cycle D.

The coupling coefficient of the TWCI is chosen as k

Ly, Ly, Ly,
i 12 13 23

\/Lmle2 \/Lmle3 \/Lm2Lm3
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Fig. 3. Key waveform of the proposed ASL-TWCI in CCM.

where L,,1, L2, and L,,3 are the independent inductances of
TWCI, L,,,12 is the mutual inductance of L,,,; and L,,,2, L1318
the mutual inductance of L,,,; and L,,,3, and L,,,»3 is the mutual
inductance of L, and L,,3.

Fig. 3 illustrates the key waveform in one switching cycle for
CCM, which involves a total of five different modes.

Mode 1 {tg <t <ty, Fig. 4(a)}: Att =tp, S; and So start
to ON-state by the gating pulse signal. The Ds is forward biased
and the rest of the diodes are reverse biased. The rise rate of
current on semiconductors is regulated by the leakage inductor,
which enables power switches to achieve ZCS performance. The
magnetizing inductors L,,,; and L,,,» and leakage inductors Ly
and Ly, are charged by power source V;,,. The currents ir,1,
irk1 and i1.m9, 11k increase linearly and rapidly. The load is
supplied by the capacitors C'y and (', and the current i p3 drops
to zero naturally, which realizes low reverse recovery. The mode
is terminated when the current ¢ p3 drops to zero. According to
Fig. 4(a), the following relationships are expressed as follows:

V[Iﬂnl = fom2 = kv%n
0.5n2Lk

2

ip3(t) = ips(to) — (t —to).

Mode 2 {t; <t <, Fig. 4(b)}: In this mode, S; and So
remain in ON-state and D, is forward biased. The magnetizing
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inductors L,,; and L,,5 and leakage inductors Ly, and Lyo
are charged by power source V;,,. During this mode, the power
switches remain in ON-state, which results the slower growth
rate of the currents 77,51 and 7,.2. The mode is terminated when
the power switches are in OFF-state. According to Fig. 4(b), the
following relationships are expressed as follows:

VLI£n1 - V[I}m2 = kVin

‘/in - VC3 - V01 - nVII}nl

Vo = Voo + Vs

. . Ves — Vel — (1 + kn) Vi,
ip3(t) =ips(t1) + 3 o1~ )

0.5n2 Ly,

(t—t1).
3)
Mode 3 {t5 <t < t3,Fig.4(c)}: Att = to,the S; and Sy start
to OFF-state. The D¢ and D5 are forward biased and D3 is reverse
biased. The power source V;,,, magnetizing inductors L,,; and
L,,2, and leakage inductors Ly; and Lo discharge to the load.
The currents ¢ 7,1, ¢ Lm2, ¢ Lk1, and ¢ 1 o fall linearly and rapidly.
This mode is a short-time transition mode, and the current 7 po
drops to zero naturally, which realizes the low reverse recovery.
The mode is terminated when the current ¢po drops to zero.
According to Fig. 4(c), the following relationships are expressed
as follows:

kDV;
oI in
VLml Lm?2 1—D
Vin = Vos — Vo1 —nVEL |
Vo =Veoa + Ves

Ves — Vo1 — (L+n)VEL,
0577,2Lk

(t —t2).
“)
Mode4 {ts <t < t4,Fig.4(d)}: During this mode, the S; and
S» remain in OFF-state, the D and D5 are forward biased. The
load is charged by power source V;,,, magnetizing inductors L,
and L,,2, leakage inductors Ly and L2, and capacitor Cs. The
current ¢ drops to zero naturally, which realizes low reverse
recovery. The mode is terminated when the current ¢p; drops
to zero. According to Fig. 4(d), the following relationships are
expressed as follows:

ip3(t) = ips(t2) +

kDYV;
VIV _yiv o in
Lml Lm?2 1—D
VLIX1 = VLIX2
Vin =2 (Vi1 + VEL) + Ves ©)

Voo = Ver +nVE,
Vin + Vo1 + nVLI/XL]_
O.5TL2Lk

ip3(t) =ips(ts) — (t —t3).

Mode 5 {ty <t <5, Fig. 4(e)}: During this mode, the S;
and S, remian in OFF-state and Ds is forward biased. The C;
is charged by power source V;,,, magnetizing inductors L,
and L,,2, leakage inductors L and Lo, and tertiary winding
Ny1. The load is supplied by the capacitors C and C5. The
mode is terminated when the power switches are in the ON-state.
According to Fig. 4(e), the following relationships are expressed
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Fig. 5. Key waveform of the proposed ASL-TWCI in DCM.

as follows:

vV  _ 1V
VLml - V‘L/m2

VL\Gu = Viko
Vo = Voo + Vs

ip3(t) = ips(ts) —

Vin + Vo1 + 0V

O.5n2Lk

(t —tq).

Fig. 6. Equivalent circuits for mode 5 of ASL-TWCI in DCM.

C. Operating Principle of the ASL-TWCI in DCM

Fig. 5 illustrates the key waveforms of ASL-TWCI in discon-
tinuous conduction mode (DCM). The modes 1, 2, 3, and 4 in
DCM are similar to modes 2, 3, 4, and 5 in CCM. Therefore, the
mode 5 in DCM is discussed in Fig. 6.

Mode 5 {ty <t < t5,Fig.6)}: During this mode, all semicon-
ductors are reverse biased. The load is supplied by the capacitors
02 and 03.

III. STEADY-STATE ANALYSIS OF ASL-TWCI

A. Voltage Gain of the ASL-TWCI

For the simplification of the steady-state analysis, the two
transitional modes 1 and 3 are neglected. By employing the KVL
and the voltage-second balance principle, the voltage rating of
capacitors can be obtained by solving (1)—(6)

_k(n+2)D+1-D

Vel = Vin
- 2kD +117 D,
Vor = """V, 7
2 . 1 —2)D (7)
n+
Ves = ——Viy,
C3 1-D

where k is the coupling coefficient, n is the turns ratio of TWCI,
Vin 1s the input voltage, and D is the duty cycle.
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Based on (3)—(7), the voltage gain of ASL-WTCI can be
calculated as follows:

Vo k(n+2+2D)+1-D g
—D : ®)

According to (8), the voltage gain of ASL-TWCI is related
to the coupling coefficient k, turns ratio n, and duty cycle D.
The curve of the voltage gain for different values of n and D is
illustrated in Fig. 7.

According to Fig. 7, the voltage gain of ASL-TWCl is propor-
tional to the turns ratio n, and duty cycle D. There is a greater
impact on the voltage gain by the turns ratio n and duty cycle
D. The coupling coefficient k has a negligible effect on voltage
gain when compared with the turns ratio n and duty ratio D.

When the coupling coefficient is k£ = 1, (8) can be rewritten
as follows:

Vo 3+n+D

= 1-D

€))

B. Voltage and Current Stress of ASL-TWCI

According to (7) and (8), the voltage stress across the capac-
itors C1, C5, and C'5 can be rewritten as follows:

k(n+2)D+1—-D

VVPSCl:k(n+2+2D)+1—D 0
2kD +1—D

Vipsca = Vo

VP2 T ¥ 2+2D)+1—- D (10)
kE(n+2)

VVpsCBZ

k(n+2+2D)+1-D *

According to (10), the voltage stress across the capacitors
is mainly influenced by the duty cycle D and turns ratio n.
Additionally, the voltage stress of C'1, C, and C'5 is much lower
than the output voltage.

According to (7) and the equivalent circuits of ASL-TWCI,
the voltage stress across semiconductors can be calculated as
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follows:

1

W s =W s = Vo

VpsST T TVpeS2 T i 19+ 2D) +1 - D

2(kD+1— D)

V S = Vo

VPSPl i+ 24+2D)+1—D (n
k(n+2)

s = Vyps = o-
Wbz = Wosbs = s Sp 11D

As seen from (11), the voltage stress across power switches
and diodes is significantly lower than the output voltage. There-
fore, it is possible to choose the power switches with lower volt-
age rating and internal resistances, as well as diodes with lower
voltage and internal resistance, which significantly increases the
efficiency of ASL-TWCL

C. Influence of Leakage Inductor

According to the operation principle of ASL-TWCI, the leak-
age inductor has a great influence on voltage gain. Due to the
nonlinear relationship among leakage inductor, voltage gain,
and voltage stress, it is not possible to be simply expressed by
the coupling coefficient k. In this section, the effect of leakage
inductor on voltage gain of ASL-TWCI is described in detail.

When the power switches remain in ON-state, the voltage of
leakage inductor can be written as follows:

nIO fS
D2
where Ly is the leakage inductor of TWCI, n is the turns ratio
of TWCI, I, is the output current, f, is the switching frequency,
and D is the duty cycle.
When the power switches remain in OFF-state, the voltage of
leakage inductor can be written as follows:

nl,fs
(1-D)*
By considering the leakage inductor of TWCI, (3) can be
rewritten as follows:
VLI}”I’LI = V[I,£n2 = Vin — Vik_on
Vin =Vez —Ver — n(‘/zn - VLk_on)
Vo = Voo + Ves.

By considering the leakage inductor of TWCI, (4) can be
rewritten as follows:

Vv =Vivo = Vin — Vik ot
Vin =2 (Vin + VLIXH - VLk_off) + Voo

Voo = Ver + Vin — Vig_ott-

Vik_on = Ly (12)

Vik_ ot = Ly (13)

(14)

15)

By solving (12)-(15) and the voltage-second balance, the
voltage rating of capacitors can be calculated as follows:

(14 nD + D)D*V;,, — I, Ly fsn(2 + nD)

Ver = (1—D)D?
Ve — (1+ D)D?*Vi, — 2I,Li fsn
(1—D)D?
Veos =
(n+2)°D*Viy, — I, Ly, fon(D(2nD + n? + 4) 4 2n)
(1-D)D3*(n+2) '

(16)
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Fig. 8. Voltage gain considering the effect of the leakage inductor.

Accordingto (14) and (16), the voltage gain from the influence
of leakage inductor is written as follows:

Vs (n—nD +3—2D — D*)D?
‘/in B _ 212 ka s

(1-D)°D —r
where n is the turns ratio of TWCI, D is the duty cycle, Ly, is the
leakage inductor of TWCI, f; is the switching frequency, and R
is the resistance of load.

According to (17), the voltage gain of ASL-TWCI is related
to the leakage inductor Lg, turns ratio n, load R, and duty
cycle D. The switching frequency and the load of actual circuit
are generally considered as fixed values. By varying the duty
cycle D, turn ratio n, and leakage inductor Ly, the voltage gain
of ASL-TWCI can be changed. The relationship between the
leakage inductor and voltage gain is shown in Fig. 8 when the
turns ratio is chosen as n = 1 and the switching frequency of
ASL-TWClI is 100 kHz.

As seen from Fig. 8, the actual voltage conversion ratio
significantly deviates from the theoretical voltage gain when
the ASL-TWCI is operating at extreme duty cycle. Therefore,
it is not appropriate to make the ASL-TWCI work in extreme
duty cycle.

G = a7

(nD —n —4D)

D. Boundary Conduction Mode (BCM)

According to Fig. 5, the following relationships are achieved
by employing the KVL and voltage-second balance principle:

kn+2)D + D,
VCl = ( n+ l; - 2‘/1'71
2
9D 4 D,
Ve = 22 a2y, (18)
bR (D 4 D
Da;2

From Fig. 5 and (18), the voltage gain in DCM is derived as
follows:
V, (44 kn)D + (34 kn)D,o

p— 1
v, Das (19)

GDCM =

where D is the turn-ON time of power switches, D, is the
turn-ON time of diode D1, and D5 is the turn-ON time of diode
Ds.
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Fig. 9. Key waveform of the proposed ASL-TWCI in BCM.

The maximum current of magnetizing inductor 4, _peak can
be derived as follows:

Vin DT
Ly,

where 1" represents the time of one switching period, and L, is
the inductance of magnetizing inductor.

The peak and average currents of the diodes can be determined
by applying the ampere-second balance principle of capacitors
C 1s CQ, and C3

(20)

Z‘LWL_peak =

Ip 1_peak — Z.mepeak

zl . 21
IDB,ave = Dille_peak D
IDl,ave - ID2,ave = IDS,aVe = Io~ (22)

According to Fig. 5 and voltage-second balance principle of
magnetizing inductor, the follow relationships can be derived:

1 Z‘Lm_peaszlT‘

T 2
(D+Ds1)T

DT (iDl + (1 + O.5n)iD3) dt

T
1 (irm peakDm2T> 1 /(D+Dz2)T ‘
T\— =2 )°7T 1+ 0.5n)ipgdt
T ( 2 T Jip+p.)T ( )

1 [(D+D.)T
+T (iDl + (1 + 0.5n)iD3) dt.
DT

(23)
From (23), D, and D5 can be achieved as follows:

1-D
Dy =5
2(2+0.5n)1, Ly,
DV;,, T
According to Fig. 9, Do =1 — D when the ASL-TWCI
operates in BCM. Equation (24) can be rewritten as follows:

Da:2 -

1_D= 2(240.5n)V, L,
N DV, RT’
The time constant of magnetizing inductor can be defined as
follows:

(25)

p— Lm
- RT
where 77, is the time constant of magnetizing inductor. Ac-

cording to (9) and (20)—(26), the time constant 77,,,, in BCM is
calculated as follows:

(26)

TLm

D(1—D)?
224 0.5n)(3+n+ D)’

TLm = (27)
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Fig. 10. Boundary condition of the proposed ASL-TWCL

According to (27), the boundary condition of the proposed
ASL-TWClI is shown in Fig. 10.

E. Analysis of ZCS Condition

According to Mode 1 in CCM, the rising rate of currents ig,
ig2 and the falling rate of currents ipi, i p2, ¢ p3 are affected by
the leakage inductor. Therefore, the ZCS performance of power
switches S; and Sy is accomplished by utilizing the reasonable
leakage inductor, which is also beneficial in alleviating the issue
of reverse recovery in the diodes. According to (2) and (12), the
leakage inductor L; can be calculated as follows:

I, — D*(Ver + (1 4 kn)Vip)
b 0.5n31, f, '

(28)

IV. EFFICIENCY AND LOSS ANALYSIS OF THE PROPOSED
CONVERTER

The losses of ASL-TWCI mainly includes the power switches,
diodes, capacitors, and magnetic component.

A. Switches and Diodes’ Losses

The losses of power switches include the conduction loss
and switching loss. In this article, the power switches achieve
ZCS performance by utilizing the leakage energy of TWCL
Therefore, the losses of power switches are calculated as follows:

Py = Irzms_SlR51 + Ir2ms_S2RS2

(V& + VE)Cr + (VsiIs1 ot + VaIso off)

N 2

where Rg; and Rgo are the ON-resistances of power switches,
Iims_s1 and Iy so are the rms currents of power switches, ¢ is
the falling time of power switches, C,. is the output capacitor of
power switches, Vg1 and Vg, are the voltages at switch-OFF, and
Is1 ofr and Igo ofr are the current stresses at switch-OFF. And the
rms currents of power switches are as follows:
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Irms_Sl = Irms_S2
j— IO
- 2(1-D)
(3n2 +12n+ 3D +25)D? + 4(3nD + D + 4)
) . (30)

Because of the leakage inductor of TWCI, the reverse recov-
ery loss of diodes is zero and neglected and the diodes turn OFF
naturally. The losses of diodes can be calculated as follows:

Pp = Z (VFDiIO + IrzmstiTDi)

i=1,2,3

€1y

where Vg p; is the forward voltage drop of diodes, I,, is the output
current, rp; is the ON-resistance, and the rms current I, p,; of
diodes is expressed as follows:

Irmstlz Io
n+D+5 6(n®+D*+2n(3+D)+6D) -2
2(1-D) 3(1 - D)(n+1+ D)

I 20,

rms_D2 \/@

J 7 21,

rms_D3 (1 — D) .

(32)

B. TWCI and Capacitors’ Losses

The losses of TWCI mainly include the magnetic loss and
copper loss

PCI = Pcu7CI + Pcore,CI- (33)

The loss of the magnetic core can be expressed as follows:

Pcore,CI = [{('ffBﬁ

max

Acle (34)

where Bi,ax 1s the maximum flux of magnetic component under
the excitation of f;, A. is the window area of magnetic compo-
nent, /. is the equivalent core length, and K, §, and /3 are the
empirical constants.

The copper loss can be expressed as follows:

2 2 2
PCU,CI - Irms_LklrLkl + Irms_LkQTLk2 + Irms_Ntertl (35)

where Iims 151, Irms k2, and Ims n¢1 are the rms currents of
TWCI, and rpx1, rrk2, and 1 are the resistances of TWCI

Irms_Lk:l — drms_Lk2
(3n? +6n(5 — D)
B I, +(10 —9D)D +31)D + 16 (36)
- 2(1-D) 3D
I B 21,
rms_Ntl — 3D(1 —D)
The loss of capacitors can be expressed as follows:
P.= Y I iR (37)

i=1,2,3
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TABLE I
PARAMETERS OF THE ASL-TWCI

Parameter/Component Specification
Input voltage Vi, 36V
Output voltage V, 400V
Rated power P, 400 W
Turns ratio Np:Ng:N;=1:1:1
Magnetizing inductance Ly 90.952 uH
Magnetizing inductance L 90.417 pH
Leakage inductance Ly 1.793 uH
Leakage inductance Ljp 1.617 uH
Capacitance C; 4.7 uF/250 V
Capacitance C; 4.7 uF 250V
Capacitance Cs 10 pF /450 V
Diode D MBR10200CT
Diodes D> & D3 ASD265D
Power switches IPB10SN15N3 G
Switching frequency f; 100 kHz

where R,; is the parasitic resistance of capacitors, and the rms
currents of capacitors are calculated as follows:

7 21,
ms_C1 — 3D(1 — D)
rmi 02—
2D 3)+2n(2D?—-3D—3)
+2D3 3D2 8D)+14 n+3+3D
D)(1+n+D)3 2(1-D)
4 — 3D
rms Cc3 — 3D
(38)
The overall loss of ASL-TWCI is calculated as follows:
PLOSS:PS+PD+P0+PCI- (39)
The efficiency of ASL-TWCI is calculated as follows:
P,
= 40)
K Po + PLoss

where P, represents the output power.

V. DESIGN PROCEDURE OF ASL-TWCI

A 400 W prototype of ASL-TWCT has been built and a variety
of measurements are performed to measure its performance. The
prototype operates in CCM and the parameters of experimental
prototype are stated in Table I. And the design steps of ASL-
TWCI is shown in Fig. 11.

A. Design of TWCI

According to (9), the turns ratio of TWCI and duty cycle D are
related to the voltage gain. Therefore, the turns ratio of TWCI
is calculated as follows:

Vo —-3-D. 41)

nZ(l—D)V
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TWCI capacitors semiconductors
Design the Selegtmg the Selec.tmg the
. suitable suitable
required TWCI . .
capacitors semiconductors
End ——

Fig. 11.  Design steps of ASL-TWCIL.

The duty cycle D is taken as 0.6, so the turns ratio is taken as

n=1.

By considering the maximum ripple current and selecting the
ripple current coefficient as +y, the maximum current ripple can
be calculated as follows:

Ity = Ipme =

A7;Lml max AZ'L'rn2r‘ﬂanx

(42)

The inductance of TWCI can be calculated as follows:

L’ml—LmQ >
A'LLml maxfs

Vin D

Vin D

’Y-TLmlfs .

(43)

When the current ripple coefficient is chosen as v = 0.4,
According to (42) and (43), the inductance of TWCI should
be greater than 75 pH. Therefore, the inductance of TWCI is

taken as 90 pH.

B. Design of Capacitors

The voltage rating of capacitors has been calculated in (10).

The capacitance of capacitors is determined by the power and
maximum ripple coefficient of output voltage. The ripple coef-
ficient is assumed as «.. And the capacitance of capacitors can
be calculated as follows:

I, k(n+2+2D)+1-D

Coy > -
= AVerfs  (kD(n+2)+1— D)aV2f,
I, k(n+2+2D)+1—D
Ceoa > =
AVeafs  (2kD+1— D)aV2f,
s do _kn+242D0)317D
B = AVesfs  k(n+2)aV2f, o

(44)



LI et al.: FULL SOFT-SWITCHING HIGH STEP-UP DC/DC CONVERTER WITH ACTIVE SWITCHED INDUCTOR

The ripple coefficient of output voltage is taken as = 0.03.
According to (44), the capacitance of C¢; is calculated as
1.724 WF, the capacitance of Co is calculated as 2.396 pF, and
the capacitance of Ccs3 is calculated as 1.248 pF. Considering
the actual capacitor value, the capacitance of C'ciandCcy is
selected as 4.7 puF and C¢3 is selected as 10 pF.

According to the design of components, the major compo-
nents of ASL-TWCI are shown in Table I.

The value of the components’ parameters is considered as:
rs1 = rs, = 108 mf), toyr = 9 ns, and Cpss = 378 pF;
rpr =5 mQ and Vrp; = 0.68V; rps = rp3 = 10 mf2 and
ViEpe = 1.38V; rc1 = rca = 5.39 m€), ras = 6.56 mf,
T"Npl = TNs1 = 19 mQ, and TNtl = 23 m().

C. Small-Signal Modeling of the ASL-TWCI

Assuming that the ASL-TWCI operates in CCM, the small-
signal modeling can be obtained by utilizing the state-space av-
eraging method. The state variables are the independent currents
of inductors and the voltages across capacitors. As a result, we
can select the state vector x as follows:

= 1[irm1 iLme ina Vor Vea Vo2 | (45)

The state-space equation of ASL-TWCI can expressed as
follows:
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The state-space equation is expressed as (47) shown at the
bottom of this page when power switches are in ON-state,
while the state-space equation is expressed as (48) shown
at the bottom of this page when the power switches are in
OFF-state

A=A+ Ay
B =B, + B,
C=C+Cy (49)
D = D1+ Ds.

To obtain the small-signal model, it is necessary to decompose
the average variables into dc components and ac small-signal
components

d=D+d
r=X4+72 (50)
uw="U+1.

According to (45)—(50), the control to output transfer function
can be expressed as follows:

Gya(s) = Z;E:Z;
Vin=0
= C(sI — A (A — A)X + (B — B2)Vin)

+(Cy — C2)X + (Dy — D) Vi, (51)

dx A B According to the parameter values in Table I, the bode
dt T+ bu (46) plot for the control to output transfer function is shown in
y = Cz + Du. Fig. 12.
: : LA
0 ) _ Lm
0 1Lm1 k
k k 1Lm2 L,
dx 000 " n2L 0 n2L iNt1 - i
ar _ 1 m m + n? Ly, Vin = A1z + Biu
@t loo = 0o 0 0 Ver 0 e (47)
1
0 0 0 0 0 Voo ~n+D+3
1 CyR(1 — D)
00 = 0 0 0 L Vos ] n+D+3
- s - CsR(1— D)
y=[0 00 0 1 1]z+[0Ju=Ciz+ Diu
_ i - _ k -
0 0 0 0 5L 0] . ~ T
k Lml k
0 O 0 Ok f—QkLm 0 iLma 5L
i 0
dr 0 0 0 —— — 0 INt1 _
E - 1 n2L,, n%Ly, Veq + 0 Vin = Asx + Bau (48)
0 0 = 0 0 0
C Voo _n+D+3
L b 0 0 0 CaR(1—-D)
Co Co L Ves | - n+D+3
| O 0 0 0 0 | L C3R(1-D) |
y=[0 0 0 0 1 1]a+[0Ju=Ch+ Dou
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Fig. 12.  Bode for control to output transfer function.

Fig. 13.

Schematic control diagram of ASL-TWCIL.

D. Schematic Control Diagram of ASL-TWCI

The schematic control diagram of ASL-TWCI is presented
in Fig. 13. The output voltage V,, of ASL-TWCI is measured
by the sampling circuit, with V¢ being the reference voltage.
Any deviation between the reference voltage Vs and output
voltage V, is represented by error value V.. To ensure the
reliability of ASL-TWCI, the PI controller modifies the duty
cycle D according to the error value V.. And the pulsewidth
modulation (PWM) generator creates the PWM pulse signal for
power switches.

VI. COMPARATIVE STUDY AND RESULTS ANALYSIS

A. Comparative Study

This section presents a comparative study to demonstrate
the advantages of ASL-TWCI and verify its benefits. Table II
presents a summary of major performance for ASL-TWCI in
comparison with other similar converters that use CI and TWCI.
Table II summarizes the number of power switches, diodes,
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Fig. 14. Normalized voltage stress comparison between ASL-TWCI and other

similar converters when n = 1.

capacitors, voltage gain, voltage stress, soft switching, and
magnetic components.

The voltage gain and the number of components in ASL-
TWCI are identical to the converter presented in [20]. How-
ever, it has only one filter capacitor at the output in [20].
The ASL-TWCI has two filter capacitors that can effectively
reduce the voltage rating and capacitance of the filter capacitors.
Therefore, the power density and efficiency of the ASL-TWCI
are effectively improved.

The converters achieve lower voltage gain and higher voltage
stress on the switches with more devices in [4], [7], [9], [10],
[11], [15], [16], [18], [19], [21], [22], and [24]. Compared with
the other converters where the switching components are hard or
partially soft switching, all of the switching components in ASL-
TWCI can operate under ZCS performance, which improve the
overall efficiency of the ASL-TWCI. And the soft-switching
characteristics of ASL-TWCI provide the foundation for high
frequency.

The voltage gain versus D of all other references is less than
the ASL-TWCI one and the trend is similar. In Fig. 14, a compar-
ison was made between the voltage stress across power switches
in ASL-TWCI and other similar converters, as listed in Table II.
According to the previous discussions, it has been concluded that
ASL-TWCT has a series of advantages over other existing con-
verters. These benefits include high voltage conversion ratio, low
voltage stress on components, fewer components required, soft
switching of all semiconductors, and suitability for high-power
applications. Furthermore, the ASL-TWCI has lower voltage
rating and capacitance requirements for capacitors.

B. Simulation Analysis

Before building the experimental prototype, the simulation for
ASL-TWCl s built to verify its performance. And the simulation
parameter values are given in Table I. The simulation study
for ASL-TWCI in all operating modes is conducted in CCM.
The simulation waveforms of ASL-TWCI are illustrated in this
section.
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TABLE II
COMPARAISON OF THE PROPOSED CONVERTER WITH OTHER EXISTED CONVERTER

No. No. No.

No. Voltage stress of Soft

Converter Voltage gain switches  diodes  capacitors Cls switch switching Power Efficiency
- 3+n+D V
T\/K\/?ZII‘ " 2 3 3 1 - ZCS 400 W 97.91%
1-D 3+n+D
1+3n 4
[4] 2 5 4 2 —_— ZCS 400 W 97%
1-D 1+3n
1+3D 1+D
[7] 2 7 1 4 Vo - 200 W -
1-D 1+3D
9] 1+@n+DD 3 3 3 2 L 400 W
1-D 1+(2n+1)D
3+D Vv
[10] 2 3 3 2 u - 200 W 96.2%
1-D 3+D
2+n+(n+1)D v,
[11] _ 2 5 5 1 E— ZCS 200 W -
1-D 2+n+((n+1)D
2+2n V
[15] 1 4 4 1 L ZCS 300 W 94.43%
1-D 2+2n
2+2n V
[16] 2 6 5 2 o ZCS - -
1-D 2+2n
2+2n V
[18] 2 6 6 2 - ZVS/ZCS 400 W -
1-D 2+2n
2+2n 4
[19] 2 4 5 3 z ZCS - -
1-D 2+2n
3+n+D v
[20] 2 3 3 1 a - 600 W 96.2%
1-D 3+n+D
[21] 2tn+D 2 4 4 1 v,
1-D 2+n+D
l+n+D 4
[22] 2 4 3 1 u ZCS 500 W -
1-D l+n+D
4 4
[24] _ 2 4 4 3 - ZCS 400 W 93.27%
1-D 4

The simulation waveforms of the input and output voltage are
shown in Fig. 15(a). The gating pulse signal of power switches
Sy and Sq is illustrated in Fig. 15(b). Fig. 15(c) displays the
current simulation waveforms obtained from TWCI. To verify
the accuracy of theoretical analysis, the voltage and current
simulation waveforms of power switches S and S, are presented
in Fig. 15(d) and (e), respectively. Furthermore, the voltage
and current simulation waveforms of diodes D1 D5, and D3 are
shown in Fig. 15(f) and (g), which have verified the theoretical
analysis.

C. Experimental Results Analysis

A 400 W experimental prototype is created to verify the
accuracy of ASL-TWCI. And the experimental prototype is
shown in Fig. 16.

The experimental results with V;,, = 36V and P, = 400 W
at CCM and the output voltage of V,, = 400V are shown in

Fig. 17(a). The leakage inductor currents of TWCI are demon-
strated in Fig. 17(b). The voltage and current waveforms of
power switches S; and Sy, are depicted in Fig. 17(c). The voltage
stress of power switches is only about 87 V when the output volt-
age is 400 V. As illustrated in Fig. 17(d), ZCS turn-ON is attained
for power switches. The voltage and current stress waveforms of
diode D are depicted in Fig. 17(e). As depicted in Fig. 17(f), the
diode D has achieved the ZCS turn-OFF, which eliminates the
reverse recovery challenge of diode D . The voltage stress of D
is only approximately 174V, which is significantly lower than
the output voltage. The voltage and current waveforms of diode
D are shown in Fig. 17(g), while Fig. 17(h) demonstrates that
Dy has achieved ZCS turn-OFF, minimizing the reverse recovery
challenge of diode D-. Similarly, Fig. 17(i) depicts the voltage
and current waveforms of diode D3, and Fig. 17(j) shows that
D3 has also achieved ZCS turn-OFF. The voltage stress across
Dy and Dj is approximately 260V, which is lower than the
output voltage (V, = 400V). Fig. 17(k) illustrates the voltage
and current waveforms of output during a rapid change in load,
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Fig. 15.  Simulation waveforms of ASL-TWCI. (a) Input and output voltage. (b) Gating pulse signal. (c) Current of TWCI. (d) Voltage and current stress of power

switch S1. (e) Voltage and current stress of power switch Sa. (f) Voltage of diodes D1, D2, and Ds. (g) Current of diodes D1, D2, and D3.

Fig. 16.

Photograph of the experimental prototype.

where the output power instantaneously increased from 200 to
400 W when the load is changed.

According to the loss analysis and experimental results of
the experimental prototype, the efficiency curve of the proposed
ASL-TWCI can be derived, as shown in Fig. 18. The efficiency is
highest at rated power of 420 W, with the theoretical efficiency of
97.94% and the measured efficiency of 97.49%. The theoretical
efficiency is 97.91% at rated power of 400 W, and the measured

efficiency is 97.47%. And the loss of the control system is
considered in the other losses.

According to the components selection in Table I, the loss
distribution of ALS-TWCI at 400 W is shown in Fig. 19. Ac-
cording to Fig. 19, the main losses of ASL-TWCI are the
diodes, magnetic component, and power switches. By selecting
components with smaller parasitic parameters, the losses can
be further reduced. The losses in the magnetic component can
be reduced by using magnetic integration or increasing the
cross-sectional area of the wires.

VII. CONCLUSION

A full soft-switching high step-up dc/dc converter with ac-
tive switched inductor and three-winding coupled inductor is
proposed, which achieves the high voltage conversion ratio
without an extremely duty cycle. The ZCS turn-ON performance
of power switches is achieved with the assistance of leakage
inductor derived from the TWCI. Meanwhile, the ZCS turn-
OFF performance of diodes in the modified capacitor clamped
cell is achieved by utilizing the leakage inductor from TWCI,
which significantly reduces the reverse recovery losses. And the
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ASL-TWCI employs two capacitors in series for the output,
with a lower voltage stress compared with the output voltage.
Therefore, the capacitors with lower voltage rating and ESR can

[ Capacitors Losses
I Power Switches Losses
[ JOther Losses

I TWCI Losses

I Diodes Losses

17%

18%

Fig. 19. Loss distribution map when power is 400 W.

be chosen, reducing the overall cost and size of ASL-TWCL
Furthermore, the ASL-TWCI achieves other advantages, such
as low current and voltage stresses on semiconductors, a simple
topological structure and control scheme, and enhanced design
flexibility. The operating principles of ASL-TWCI have been
analyzed in detail, and its performance has been thoroughly com-
pared with other similar converters. Finally, a 400 W prototype
with the input voltage of 36V and output voltage of 400V is
built, and the experimental results have confirmed the accuracy
of theoretical analysis.
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