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Interleaved High Step-Up Converter Integrating
Coupled Inductor and Switched Capacitor for
Distributed Generation Systems

Yifei Zheng

Abstract—A new interleaved high step-up dc-dc converter
is proposed for distributed generation systems. By integrating
coupled-inductor and switched-capacitor techniques, the proposed
converter achieves a very high step-up voltage gain without an ex-
treme duty cycle or a high turns ratio. Also, a very low switch
voltage stress can be achieved; thus, low-voltage-rating MOSFETS
with a small ON-resistance can be used to lower the conduction loss.
Moreover, thanks to the interleaved operation at the input side, the
input current is shared and low current ripple is obtained. Further-
more, the zero-current-switching of the switches is realized, and the
reverse recovery problem of the diodes is alleviated. In addition,
the leakage energy can be recycled and an additional clamp circuit
is not required. The operation principles and characteristics of the
converter are discussed in detail. A prototype with 20-V input and
400-V output is developed to verify the theoretical analysis.

Index Terms—Coupled inductor, high step-up converter, inter-
leaved, switched capacitor (SC), voltage multiplier (VM).

1. INTRODUCTION

ISTRIBUTED generation (DG) systems have attracted
D substantial attention in recent years. The integration of
renewable energy into DG systems is becoming increasingly
important. The renewable sources, such as photovoltaic arrays
and fuel cells, generate a low output voltage, typically 20—40 V.
Such a low-level voltage needs to be boosted to a high dc-bus
voltage (380 or 400 V) for grid connection [1], [2]. Therefore, a
high step-up dc—dc converter with a high efficiency is required
in these systems.

The conventional boost converter is not suitable for high
step-up applications due to the extreme duty-cycle operation,
which results in high power losses. Various boosting techniques
have been proposed to achieve high step-up conversion [3]. A
switched capacitor (SC), also known as a voltage multiplier
(VM) or a charge pump, is one approach to extend the volt-
age gain. Step-up converters combining the boost-type structure
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with a Cockcroft—Walton multiplier, a Dickson multiplier, a volt-
age doubler, or other diode-capacitor cells have been introduced
in the literature [4]-[13]. The voltage gain can be extended by
increasing the number of cells. However, a large number of
diodes and capacitors are needed in high step-up applications,
which increase the cost and degrade the efficiency. Besides,
these topologies may suffer from diode reverse recovery and
electromagnetic interference problems. Additional components
may be needed to handle this issue [12], [13].

Utilizing magnetic coupling provides an extra degree of
freedom for high step-up converters. The voltage gain can
be extended by increasing the turns ratios. However, the
leakage inductance of the coupled inductor or the transformer
may result in large voltage spikes across the switches, which
causes high voltage stress and degraded efficiency. As a result,
converters with a passive or an active clamp were proposed to
handle the leakage problem [14]-[18]. In applications requiring
a very high conversion ratio, these converters have to use a
high turns ratio in order to obtain a large voltage gain. A high
turns ratio can reduce the efficiency and increase the size of the
magnetics. Also, it may result in very large current ripples.

Integrating a coupled inductor and an SC is an attractive ap-
proach for high step-up converters. The voltage gain is extended
by both the turns ratio and the SC cells. Meanwhile, the leakage
energy can be recycled with the aid of the SC cells, and the
diode reverse recovery can be alleviated by the leakage induc-
tance. Single-phase high step-up converters combining coupled
inductors with SCs were proposed in [19]-[27]. Due to the
single-phase structure, the coupled inductor causes a pulsating
input current; hence, an input filter is needed, which increases
the size and cost. The interleaving technique can be employed
to minimize current ripples, reduce the size of magnetics, and
increase the current level. In [28]-[30], interleaved high step-up
converters were proposed by integrating the interleaved boost
converter with VM modules. High voltage gain, low switch
voltage stress, and low input current ripples can be achieved. In
[31], a converter combining a modified interleaved boost and a
VM module was proposed. In [32], a converter integrating cou-
pled inductors with two voltage-double modules was proposed.
These two converters also utilize input-parallel and output-series
connections to reduce the current ripples and to extend the volt-
age gain, but they do not have a common ground between the
input and the output. A three-state switching converter mixed
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Fig. 1. Generalized structure of the proposed converter.

with magnetic coupling and a VM module was proposed in [33].
Unfortunately, the currents through the two coupled inductors
are not balanced. An interleaved high step-up converter with
an active clamp circuit was proposed in [34]. The zero-voltage
switching of the switches and the zero-current switching (ZCS)
of the diodes are achieved, but additional active switches and
gate drivers are required, leading to high costs. In [35]-[37], in-
terleaved high step-up converters employing six windings were
proposed. More flexible voltage gains are obtained at the price
of increased circuit complexity.

Inspired by the aforementioned literature, this paper proposes
a new interleaved high step-up converter integrating coupled-
inductor and SC techniques. Interleaved operation is employed
at the input side to reduce the input current ripple and increase
the current level. Due to the SC and the series connection of
the secondary windings, a very high step-up voltage gain can
be achieved without an extreme duty cycle or a high turns ra-
tio. Moreover, the proposed converter has a very low switch
voltage stress; thus, low-voltage-rating MOSFETs with a small
ON-resistance can be used to reduce the conduction loss. Fur-
thermore, the ZCS turn-ON of the switches is realized, and the
reverse recovery problem of the diodes is alleviated, which help
reduce the switching losses. In addition, the leakage energy can
be recycled, and an additional clamp circuit is not required.

The rest of this paper is organized as follows. The operation
principles of the converter are described in Section II. Char-
acteristics are analyzed in Section III. Topology variations are
provided in Section IV. Design considerations are discussed in
Section V. Experimental results are presented in Section VI.
Conclusions are given in Section VIIL.

II. PROPOSED CONVERTER AND OPERATION PRINCIPLES

The generalized structure of the proposed converter is shown
in Fig. 1. It comprises an interleaved voltage-doubler boost
converter and multiple winding-based SC (WSC) cells. Each
WSC cell has two diodes, two capacitors, and two windings
of the coupled inductors. Fig. 2 shows the basic topology with
one WSC cell. It is composed of two coupled inductors, two
switches, four diodes, three energy transfer capacitors, and one
output capacitor. The primary windings of the coupled induc-
tors are connected in parallel, and the secondary windings are
connected in series. The turns ratios of the coupled inductors
are the same. The coupling references are denoted by “o” and
“x”. Fig. 3 shows the equivalent circuit. Both coupled inductors
are modeled as an ideal transformer with magnetizing induc-
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tance and leakage inductance. The two switches of the proposed
converter are driven in an interleaved manner. The duty cycle
D during the steady state is larger than 0.5. In this paper, the
operation in continuous conduction mode (CCM) is discussed.
The key waveforms are shown in Fig. 4. Eight modes are ob-
served during one switching period. The corresponding circuits
for each mode are shown in Fig. 5.
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(8)

Fig. 5.
[tﬁ—t7]. (h) Mode 8 [t7—t0].

Mode 1 [ty—t, ]: Both switches are ON, and all diodes are OFF,
as shown in Fig. 5(a). The input source charges the magnetizing
inductances and leakage inductances. As the leakage inductance
is negligible compared with the magnetizing inductance, the
following equations are obtained:

U1 = Vin (1)
Um2 = ‘/in~ (2)

Mode 2 [t\—to]: At ty, switch S is turned-OFF, and thereby,
diodes D; and D3 conduct. The input source still charges L, 2
and Lo, while L,,,; and Lj; begin to release energy, as shown
in Fig. 5(b). The voltage stress is clamped by capacitor C;.
The leakage current i;; charges capacitor C. Capacitor Co
transfers energy to C3 through diode Dj3 and the secondary
windings. The secondary current of the coupled inductors i
increases linearly in the opposite direction. The current through
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Operation modes. (a) Mode 1 [tg—t1]. (b) Mode 2 [t1—t2]. (c) Mode 3 [ta—t3]. (d) Mode 4 [t3—t4]. (e) Mode 5 [t4—t5]. (f) Mode 6 [t5—t¢]. () Mode 7

D; decreases linearly. The following equations are obtained:

Um1 = ‘/in - VCl (3)
Um2 = V;n (4)
VCB _VCQ _n<v7712 _vml) =0 (5)

—nVer — Voo + Ves
n? (Lg1 + Li2)

iDl (t) = Z‘kl (t) + iscc (t) — iml (t) + (TL + ].) iscc (t) (7)

where n = N,1/Nyo = Ny1/Nyo.
Solving (3)—(5), the following relationship can be derived:

Isec (t) = —ip3 (t) = (t - tl) (6)

Ves — Voo =nlVer. (8)

Mode 3 [to—ts]: At to, the current through D, decreases to
zero, and D; is naturally turned-OFF. Therefore, the reverse
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recovery problem of D is alleviated. The leakage current 75
becomes equal to the secondary current ig.. It discharges Co
and charges C3 and (', as shown in Fig. 5(c). The equations
are obtained as follows:

‘/in = Um1 + VCI - VC2 + VC‘S -n (U'NLQ - Uml) (9)
(10)
(11)

By manipulating (11), the secondary current ¢y.. can be ex-
pressed as follows:

o = Viy

g1 (t) =im1 (t) + Nigec (t) = —lgec (t) .

1
isoe (1) = —ip3 (t) = —ip1 () = ————4p,1 (T) . 12
isec () = —ips (t) = —ir1 () n+111() (12)
Then, 755 can be written as follows:
n
) t) = 1o (t) — Nigee (T) = 4o (T —m1 (t). (13
ip (t) = ima (b) — Ndsec (¢) = im2 ( )4-7l+_12 1(t). (13)

Solving (8)—(10), v,,,1 in this mode can be derived as follows:

Ver. (14)

U1 = Vin —

Mode 4 [ts—t,]: At t3, switch Sy is turned-ON, as shown in
Fig. 5(d). As the leakage inductances limit the current changing
rate, the ZCS of S, can be achieved. The current of D3 decreases,
and the falling rate is controlled by the leakage inductances,
which alleviates the reverse recovery problem of Ds. The falling
rate of D3 is given by

dips (t) _ Vos +Ver = Voo
dt n? (L1 + Ly2)

5)

Mode 5 [ty—t5]: At t4, the current of D3 decreases to zero,
and Dj is turned-OFF, as shown in Fig. 5(e). This mode repeats
mode 1.

Mode 6 [ts—ts]: At ts, switch S5 is turned-OFF, and thereby,
diodes D5 and D, conduct. The input source charges L,,,; and
Ly, while L,,» and L begin to release energy, as shown in
Fig. 5(f). The voltage stress of Sy is clamped by Vo — Vg
The leakage current i discharges C. The secondary current
of the coupled inductors ig.. increases linearly. It discharges
('3 and supplies the load current. The secondary windings and
capacitor C5 serve as voltage sources to extend the voltage gain.
The current through D5 decreases linearly and charges C. The
following equations are obtained:

Um1 = ‘/in (16)
Um2 = ‘/in + VCl - VCQ (17)
Vo = Voo = Vos +n(Vmz — vm1) =0 (18)
isec (t) = iD4 (t)

-V, —nV, 1)V Vi
_ nVor + (n+1) Voo + Vs (t— t5) (19)

n? (L1 + Ly2)
Do (t) = 19 (t) — lsec (t) = im2 (t) — (n + 1) Tsec (t) . (20)
Solving (16)—(18), the following relationship can be derived:

Vo =(n+1)Ves —nVer + Ves. (21)
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Mode 7 [ts—t7]: At ts, the current through D, decreases to
zero, and D, is naturally turned-OFF. Therefore, the reverse
recovery problem of D- is alleviated. The leakage current i
becomes equal to the secondary current ig... It discharges C
and C'3 and supplies the load current, as shown in Fig. 5(g). The
equations are obtained as follows:

Um1 = ‘/1 (22)
V;n:UmQ_VCI+n(Um2_Um1)_VC3+V:) (23)
)2 (t) = im2 (t) — Nisec (t) = Ggec (t) . (24)

By manipulating (24), the secondary current ig.. can be ex-
pressed as follows:

. . . 1
Tsec (t) = —1D4 (t) = 1%2 (t) = m%n,? (t) . (25)
Then, 751 can be written as follows:
n
k1 (t) = ‘m t ’sec t) = .m t .m t). (26
ikt (1) = im1 (8) + nigec (¢) ZM)+n+ﬁ2()()

Solving (21)—(23), v,,, 2 in this mode can be derived as follows:

Um2 = ‘/In + VCI - VCZ' (27)

Mode 8 [t;—to]: At t7, switch Sy is turned-ON, as shown in
Fig. 5(h). As the leakage inductances limit the current changing
rate, the ZCS of S5 can be achieved. The current of D, decreases,
and the falling rate is controlled by the leakage inductances,
which alleviates the reverse recovery problem of D, . The falling
rate of D, is given by

dipy (t) _ Vo Vor—Ves
dt n2 (Lkl + Lkg) '

(28)

III. PERFORMANCE ANALYSIS
A. Voltage Gain

By applying the voltage-second balance principle to L,,,; and
L, 2, the following equations are obtained:

‘/inD"' (Vvin _VCI)(l _D) =0
‘/inD+(‘/in +VC1 *VCZ)(liD) =0.

(29)
(30)

Solving (29) and (30), the voltages V1 and Vo can be
expressed as follows:

‘/in
= 1
Ver=1—p €1V
2Vi
Voo = D (32)

Substituting (31) and (32) in (8), Vg can be derived as
follows:

(n+2) Viy
1-D °
Substituting (31)—(33) in (21), the voltage gain can be derived

as follows:

Ves = (33)

V, 2n + 4
M=-2= .
Vin 1*D

(34
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Fig. 6. Voltage gain versus duty cycle under different turns ratios.
% 08— e Vi .D-3-, -\‘/-D4
8 | e
§D°-6\ -------- Ves
s At ARt EE L AL S EE R EAL AL (S 2L TR At At -
204 Ty~
9 s L
= e bl PO Vb1, Vbz, Ve2
Tgvs 02F e T T T e m—ea o
S Vs1, Vs2, Vei
Z 0 I 1 L 1 L L L 1 -
0 0.5 1 1.5 2 2.5 3 35 4
Turns ratio n
Fig. 7. Normalized voltage stresses.

Fig. 6 shows the curves of the voltage gain versus the duty
cycle under different turns ratios. It can be seen that the proposed
converter has a high step-up voltage gain without an extreme
duty cycle or a high turns ratio.

B. Voltage Stress

The voltage stresses of the capacitors are given by

o Vs Vo
V = — V = M V = —. 35
o1 =g Vee = i Ves = 5 (35)
The voltage stresses of the switches can be derived as follows:
Vin 1
Vs1 = Vs = Vo. (36)

1-D 2n+4

It can be seen that the switch voltage stress is only one-sixth
of the output voltage, if the turns ratio is one. It becomes even
lower when the turns ratio increases. Therefore, low-voltage-
rating MOSFETs with a small ON-resistance are allowed to lower
the conduction loss.

The voltage stresses of the diodes are determined by the ca-
pacitor voltages. They are given by

n+1

1
Vo1 =Vpas = ——=V,; Vp3 = Vpy = ——=V,,.

(37)
n+2 n+2

The relationship between the voltage stresses of the compo-
nents and the turns ratios of the coupled inductor is shown in
Fig. 7. It can be seen that the switch voltage stress decreases as
the voltage gain is extended by increasing the turns ratio. The
voltage stresses on D; and D, also decrease as the turns ratio
increases. The voltage stresses on D3 and D, increase as the
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Fig. 8.  Current waveforms of the capacitors.

turns ratio increases, but they are always lower than the output
voltage. The voltage stress on C5 is always half of the output
voltage. The voltage stresses on C and C5 decrease as the turns
ratio increases.

C. Input Current Sharing

The average magnetizing currents are assumed as [,,; and
1,,,2 by applying small-ripple approximation. Let to—t, = D, T
and ts—t; = DyTs. Ignoring modes 4 and 8, the current wave-
forms of the capacitors are as shown in Fig. 8. According to the
charge balance of the capacitors, the following equations are
obtained:

% <I"”1 " %) Dot nITl (1= D=Dd)
(et o) Dv 0= 0-p) ow

% : nLr1 . n1111 (1-D-D,) = %Iszb (39)

% . nlill Da nLrl (1=D=Dd)
LA L) “

1 Im Im
- ~I1)D
(2 n+1 ) b+<n—|—1

Solving (38)—(41), the following relationships can be
obtained:

- 10)(117 —Dy) =1,D.
(41)

n—+2
Iml - Im? - Im — 1 7DIO (42)
Dy =Dy = ——(1-D) 43)
« T T '

It can be seen that the magnetizing currents of the two cou-
pled inductors are balanced due to the charge balance of the
capacitors.

The secondary windings of the coupled inductors are con-
nected in series; thus, they share the same secondary current.
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The average current flowing through Ly, can be evaluated as
follows:

%

1 (D—0.5)T, 0.5T,
ILkl = / Z.'m,ldt + / (iml + niscc) dt
T \ Jo (D—0.5)T,

DT, T,
+ / imldt + / (iml + nisec) dt | = Im .
0.5T DT

(44)

The average current flowing through L;» can be evaluated as
follows:

=

1 (D—0.5)T, 0.5T,
ILkQ Il / imZdt + / (imZ - niscc) dt
T \ Jo (D—0.5)T,

DT T
+ / im2dt + / (im,Q - nisec) dt | = Im .
0.5T DT
(45)

From (44) and (45), it can be seen that the primary currents
of the coupled inductors are balanced.

D. Input Current Ripple

The input current of the proposed converter equals the sum of
the primary currents of the coupled inductors. Since the coupled
inductors share the same secondary current, the input current can
be derived as follows:

iin - (iml + nisec) + (im2 - nisec) = iml + im?- (46)

From the operation principle, it can be seen that the magne-
tizing currents have an interleaved feature. The frequency of the
input current ripple is twice the switching frequency. Therefore,
the input current is continuous, and the ripple is significantly
reduced.

The peak-to-peak ripple of the magnetizing current is
given by

Vin D

Aipy, = : (47)
T L,
The peak-to-peak ripple of the input current is given by
Vin (2D — 1)
Ay = ————=. 48
! L777, f‘? ( )

The input current ripple normalized to the magnetizing cur-
rent ripple is illustrated in Fig. 9. It can be seen that a smaller
duty cycle results in a better ripple cancellation effect. Also, as
seen from (47) and (48), smaller duty cycles lead to lower mag-
netizing current ripples and input current ripples. Thus, the size
of the coupled inductor can be reduced, and the current stress
of the input capacitor can be alleviated, which help improve the
power density.

E. Voltage Gain Considering Parasitic Elements

Similar to the conventional boost converter, the voltage gain
of the proposed converter would deviate from the ideal value
if parasitic elements are considered, especially under extreme
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duty cycles. The equivalent circuit, including parasitic elements,
is illustrated in Fig. 10. In order to simplify the calculation, it is
assumed that the two switches have an identical ON-resistance
ron, the two coupled inductors have an identical primary resis-
tance 7, and an identical secondary resistance r., all capaci-
tors have the same equivalent series resistance 7., and all diodes
have the same forward voltage drop V;;. Besides, the small-ripple
approximation is used, and modes 4 and 8 are ignored in the
calculation.

In modes 1 and 5, the equations with parasitic elements are
derived as follows:

(49)
(50)

‘/i = Un1 + Im (Tpri + TON)
V;n = Un2 + Im (Tpri + 7qON) .

In mode 2, the equations with parasitic elements are derived
as follows:

Vgn =Um1 + VCl + (Im + nisec) (rpri + TC) + Vd + 2I771TON

(51)
Vgn = Um2 + (I’m - nisec) Tpri + 2Im TON (52)
Ves = Vea +n (Uml - UmQ) — Isec (2Tsec + 27’0) =0. (53)

In mode 3, the equations with parasitic elements are derived
as follows:

Vin =vm1 + Vo1 —Vea +Ves +n (Uml - UmQ)
- iSCC (T'pri + 37"(; + 2TSOC) + Vd + 2Im TON (54)

Vin = Uno + (Im - nisec) Tpri + 2Im TON- (55)
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Fig. 11. Voltage gain with parasitic elements (rox = 7.5mQ, 7, =

20 mQ, reee =45 mQ, 7. =80, Vy; =0.75V,n =1, Vi, = 20V).

In mode 6, the equations with parasitic elements are derived
as follows:

Vin = Um1 + (Im + niscc) rpri + (2Im - Z‘scc) TON (56)
Vin = Um2 — VCI + VCQ + (2-[771 - isec) TON

+ ‘/d + (Im - nisec) (’rpri + 7"(;) + (Im - (n + 1)isec)rc
(57)

‘/0 - VCQ - VCS +n ('0777,2 - Uml) - ( Im - (TL + 1) 7:sec) Te
+ Z‘sec (2Tsec + TC) =0. (58)

In mode 7, the equations with parasitic elements are derived
as follows:

Vin = U1 + (Im + nisec) (Tpri + TON) (59)
V;n = Un2 — VCI +n ('UmQ - vml) - VC3
+ V; + isec (Tpri + 2Tsec + 2Tc) + Vd' (60)

By applying the voltage-second balance principle to L,,; and
L,,2, the voltage gain considering parasitic elements can be
solved as follows:

2n+4  4Vy
Vo _ 1-D__ Vi
- n+2 TON Tpri Tsec Te
Vi 14 o5 (U9 4 Vil 4 Wihsee + 7% )
(61)
where

: 2(n+1)* (n+2) (2D — 1
U= Tnd + 2307 1 280 4 114 20T (nF D@D L)

1-D
2 1)? 2)(2D — 1
V =8 + 18n% + 20n + 8 + 20D (ij)( )

W =4n + 2
Z =150 +10n + 6.

As discussed earlier, the ideal voltage gain of the proposed
converter is independent of the load conditions. However, if the
parasitic elements are considered, under given parasitic param-
eters, the voltage gain would decrease as the load increases, and
the voltage gain would collapse under extreme duty cycles, as
shown in Fig. 11.
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TABLE I
COMPARISON OF THE PROPOSED CONVERTER WITH SIMILAR CONVERTERS

Topologies Proposed Ref. Ref. Ref. Ref.
Poog P 9]  [31] [33] [30]
. 2n+4 2n+2 2n+2 2Zn+3 2n+2
Voltage gain
1-D 1-D 1-D 1-D 1-D
Voltage stress 1 1 1 1 1
of switches 2n+4  2n+2 2n+2 2n+3 2n+2
Max. voltage n+1 n n 2n+1 n
stress of diodes n+2 n+1l n+1 2n+3 n+1
Switches 2 2 2 2 2
Diodes 4 4 4 4 6
Magnetic cores 2 2 2 2 2
Windings 4 4 4 4 4
Capacitors 4 4 4 4 5
Common Yes Yes No Yes Yes
ground?
Balanced Yes Yes Yes No Yes
current?

FE. Comparison

The proposed converter is compared with other similar con-
verters in the literature. All the converters have an input inter-
leaved operation and can be used in high step-up applications.
The voltage gain, normalized voltage stresses of the switches
and diodes, the number of components, common ground con-
nection, and current-sharing performance are given in Table 1.

It can be seen from Table I that the proposed converter has
the same component counts as the converters in [29], [31], and
[33]. However, the proposed converter achieves a higher volt-
age gain and a lower switch voltage stress under the same duty
cycle and turns ratio, as illustrated in Fig. 12. Also, the pro-
posed converter has the features of common ground connection
and balanced current-sharing. Compared with the converter pre-
sented in [30], the proposed converter has fewer components,
but it achieves a higher voltage gain and a lower switch voltage
stress. Overall, the proposed converter is more suitable for high
step-up applications, and low-voltage-rating MOSFETs with a
small ON-resistance are allowed to lower the conduction loss. It
should be pointed out that the maximum diode voltage stress of
the proposed converter is larger than that of the other converters,
but it is still lower than the output voltage.

IV. TOPOLOGY VARIATIONS

In higher step-up applications, SC cells, shown in Fig. 13(a),
can be added to the basic topology in order to further extend the
voltage gain and reduce the switch voltage stress. If one SC cell
is added, the new voltage gain can be expressed as follows:

Vo _4n+6

Vi 1-D

. (62)

Another extension is to employ a coupled inductor with mul-
tiple windings. The WSC cell shown in Fig. 13(b) can be added.
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Fig. 13.  Topology variations by adding (a) SC cells and (b) WSC cells.

The extra windings provide an extra degree of freedom; thus, a
more flexible voltage gain can be achieved. If one WSC cell is
added, the new voltage gain can be expressed as follows:

V, 4n+2n'+6
e i 63
v - D (63)
where n = Nal/NaO = Nbl/NbO
Ny2 / Nyo.

These variations achieve a higher voltage gain and a lower
component voltage stress with a higher cost and an increased

and n' = Ny2/Nyo =
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circuit complexity. They are more suitable for ultra-high step-up
applications.

V. DESIGN CONSIDERATIONS
A. Coupled-Inductor Design

From the aforementioned analysis, the duty cycle should
be designed greater than 0.5. An extreme duty cycle must be
avoided since the voltage gain could collapse. Once a proper
duty cycle is selected, the turns ratio of the coupled inductors is
determined by the required voltage gain. It is given by
V., 1-D

= 2

Vin 2 (64)

The magnetizing inductances of the coupled inductors can
be designed based on the magnetizing current ripple, which is
also closely related to the input current ripple. The magnetizing
inductance can be calculated as follows:

o VvinD _ ‘/in (2D - 1)
" A/LLm fs B Aiinfs '
In this paper, the converter is designed to be operated in the

CCM. The minimum magnetizing inductance value for the CCM
operation is given by

Lm = Lml =1L (65)

2(n+2) L fs

The leakage inductances of the coupled inductors help al-
leviate the diode reverse recovery problem. Thus, the leakage
inductances can be designed based on the current falling rate of
the diodes, which are given by

Lm > Lm_(:rit = (66)

(n+1)V, (n+1)V,
Lk = Lkl = Lk2 = 9 dips = 2 dipg *
(67)
The peak currents of the coupled inductors are given by
(2n+1)
1 =1 =—=1I,. 68
klpk = Ir2pk CES) (68)
The rms currents of the primary windings are given by
n+2
1, Tms — I rms — —Io
k1 k2 1-D
2 (6n% + 14n2 + 1 1-D
" (6n3 + 14n? + 5n+62( )+2D—1.
3(n+2)(n+1)
(69)

The rms currents of the secondary windings are given by

Liccrms = 1, \/2 (n ha 2)2(3n i 2) .
3(n+1)>(1- D)

(70)

B. Semiconductor Selection

The switches and diodes are chosen based on the voltage and
current stresses. The voltage stresses of the switches and diodes
can be calculated from (36) and (37). The rms current stresses
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TABLE II
KEY PARAMETERS OF THE PROTOTYPE

Parameters Value/Description
Input voltage 20V
Output voltage 400 V
Output power 320 W
Switching frequency 50 kHz

Switches S;-S,
Diodes D;, D,
Diodes D3, D,

IPAO75N15N3 (150 V)
STPS20200CT (200 V)
TST20H300CW (300 V)
Turns ratio = 1:1
Magnetizing inductance = 100 uH
Leakage inductance = 3.5 uH
22 uF Film capacitor
8.2 uF Film capacitor
2x56 uF electrolytic capacitor

Coupled inductors

Capacitor C;
Capacitor C,, C3
Capacitor C,

of the switches are given by

n-+ 2
ISl_rms - 1_DIO
T (1 — D) (4n3 + 1202 + 13n + 4.67)
(n+2)(n+1)°
(71)
2
Lsoms = 22 1,./32D. (72)

1-D
The average currents flowing through the diodes are given by

Ipy = Ipy = Ip3 = Ipy = I,. (73)

C. Capacitor Design

The capacitors are used to transfer energy from the input to
the output. They are designed based on the voltage ripple r%
and the output power P,. The calculations of the capacitors are
as follows:

_ (2n+4)P,
= %V, f 79
(n+2) P,
Cy=~—>=—"2"°¢ 75
2 T%‘/:)Qfs ( )
2P,

Generally, capacitors with a low equivalent series resistance
(ESR) are preferred in order to reduce power losses. It is a
favorable solution that film capacitors or multilayer chip-type
ceramic capacitors are adopted. Moreover, multiple capacitors
can be connected in parallel to reduce the ESR.

VI. EXPERIMENTAL RESULTS

A prototype with 20-V input and 400-V output was built in
order to verify the performance of the proposed converter. The
key parameters of the prototype are given in Table II. A picture
of the prototype is shown in Fig. 14.

Fig. 15 shows the interleaved driving signals and the drain-to-
source voltages of the switches. The duty cycles of the switches
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Fig. 14.  Picture of the prototype.

Tek Prevu

VgsI (20V/div)
o [

e T Ve eoviiv)
1 Lt SR e

Vs (50V/div)

I
Vds2 (50V/div) T L

250MS/s @ \ |20 May 2018
10k point _ 6.40v__J16:34:02

]

PN -
@ 50.0 3.00ps
@ 500V v 1.460004s

Fig. 15. Driving signals and drain-to-source voltages of the switches.
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Fig. 17.  Voltages across the diodes.

are around 0.7. The voltage stresses of the switches are clamped
at around 68 V, which is much lower than the output voltage.

Fig. 16 shows that the input voltage is 20 V and the output
voltage is 400 V. Therefore, a high voltage gain is achieved,
even when the turns ratio is 1.
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Fig. 17 shows the voltages of the diodes. As can be seen,
the blocking voltages of D; and D, are around 136 V and the
blocking voltages of D3 and D, are around 268 V, which match
the calculations from (41). Fig. 18 shows the currents through
the diodes. It can be seen that the reverse recovery problems
of the diodes are alleviated due to the existence of the leakage
inductances.

Fig. 19 shows the voltages across the capacitors. It can be
seen that V1, Voo, and Vi3 are around 68, 136, and 200 V,
respectively, which are consistent with the calculations from
3.

Fig. 20 shows the primary currents of the coupled inductors
and the input current. It can be seen that balanced primary
current sharing is achieved. The frequency of the input current
ripple is twice the switching frequency, and the input current
ripple is significantly reduced due to the interleaved operation.

Fig. 21(a) shows the voltage and current of .S; at the turn-ON
transition. Fig. 21(b) shows the voltage and current of .Sy at the
turn-ON transition. As can be seen, both switches are turned-ON
under the ZCS.

Fig. 22(a) shows the transient response due to load increase
from 50% to 100%, and Fig. 22(b) shows the transient response
due to load decrease from 100% to 50%.

The measured efficiency of the prototype is shown in Fig. 23.
The peak efficiency is 94.9%. At full load, the efficiency is
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94.7%. The loss breakdown based on the prototype at full load
is shown in Fig. 24. It can be seen that the dominant power
losses are the coupled-inductor loss, the diode loss, and the
switch loss. More coppers can be used in the coupled inductor
to further improve the efficiency of the proposed converter.
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Fig. 24.
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VII. CONCLUSION

An interleaved high step-up converter integrating coupled-
inductor and SC techniques has been proposed in this paper.
It is shown that a very high step-up voltage gain is achieved
without an extreme duty cycle or a high turns ratio. Also, due to
the low switch voltage stress, low-voltage-rating MOSFETs with
a small ON-resistance are allowed to reduce the conduction loss.
Furthermore, a low-ripple continuous input current is achieved,
thanks to the interleaved operation at the input side. Moreover,
the ZCS turn-ON of the switches is achieved, and the reverse
recovery problem of the diodes is alleviated. In addition, the
leakage energy is recycled. The operation principles and char-
acteristics of the basic topology were analyzed in detail. A 20-V
input and 400-V output prototype was built. Experimental re-
sults have verified the theoretical analysis.
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