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Abstract—This paper proposes a new interleaved high step-up
converter with coupled inductors. Interleaving configuration is em-
ployed at the input side to reduce the input current ripple and
increase the power level. The series structure at the output side
helps achieve a very high step-up voltage gain. Also, the proposed
converter has very low switch voltage stress; thus, switching loss
can be reduced and low-voltage-rating MOSFETs with small on re-
sistance are allowed to lower the conduction loss. Due to the passive
clamp performance, the leakage energy of the coupled inductors
can be recycled and large voltage spikes across the switches are
alleviated. Furthermore, with the aid of the leakage inductances,
zero-current switching of the active switches can be achieved and
the reverse recovery problem of the diodes is alleviated. The operat-
ing principles, performance analysis, and design considerations of
the proposed converter are discussed. A prototype with 20-V input
and 400-V output is built, and experimental results are provided
to verify the theoretical analysis.

Index Terms—Boost converter, coupled inductor, high step-up
converter, high voltage gain, interleaved.

I. INTRODUCTION

N RECENT years, high step-up dc/dc conversion has at-
I tracted substantial attention in many application areas, such
as renewable energy systems, fuel cell systems, and uninter-
rupted power supplies [1], [2]. The conventional boost converter
has limitations in high step-up applications because extreme
duty cycle has to be used, which results in high voltage stress,
high current ripple, and high switching and conduction losses
[2]. This scenario has motivated extensive research activities
and many high step-up converters have been reported in the
literature.

In order to achieve large voltage gain, many high step-up con-
verters with various boosting techniques have been proposed.
In [3]-[12], switched-capacitor, switched-inductor or voltage-
multiplier cells were utilized to extend the voltage gain. These
converters can achieve high step-up conversion by adding a
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number of cells. However, the component count could be high
under high step-up applications, leading to an increased cost
and decreased efficiency. Employing coupled magnetics is an-
other way to achieve high voltage gain. The tapped-inductor
boost converter was presented in 1970s [13]. By simply adjust-
ing the turns ratio of the tapped inductor, a large voltage gain
can be achieved. However, the leakage energy would result in
huge voltage spike across the switch. A family of high step-up
clamp-mode coupled-inductor converters was proposed in [14].
By adding one diode—capacitor pair, the leakage energy is effi-
ciently recycled and the voltage across the switch is clamped.
In [15], a new high step-up converter with coupled inductor
was proposed. With a passive regenerative snubber, the leak-
age energy problem is handled. Meanwhile, the voltage gain is
increased and the voltage stresses are reduced. In [16]-[24], a
coupled inductor combined with switched-capacitor or voltage-
multiplier cells is adopted, which further increases the voltage
gain and decreases the semiconductor voltage stress.

In order to increase the power level, minimize the current
ripple, and reduce the size of magnetics, the interleaving tech-
nique has been introduced in step-up converters. The conven-
tional interleaved boost converter has a limited voltage gain.
As aresult, interleaved coupled-inductor-based converters were
reported in the literature for high step-up and high-power appli-
cations. The interleaved converter introduced in [25] integrates a
voltage-doubler boost converter with a flyback-boost converter
to achieve high step-up voltage gain. The converters in [26]
and [27] integrate a conventional interleaved boost converter
with a switched-capacitor and coupled-inductor-based voltage
multiplier module. The input-parallel output-series converter
presented in [28] combines a modified interleaved boost con-
verter and a voltage-multiplier cell to achieve large voltage gain.
The high step-up converter proposed in [29] utilizes the inter-
leaved boost converter to combine the coupled inductors with
two voltage-double modules. A soft-switching high step-up con-
verter employing four switches was proposed in [30], where an
integrated regenerative snubber recycles the leakage energy and
helps achieve zero-voltage switching of the switches and zero-
current switching (ZCS) of the diodes. In [31]-[34], interleaved
high step-up converters with multi-coupled inductors were pro-
posed. Six windings are employed in these converters in order
to achieve more flexible voltage gain.

Inspired by the aforementioned literatures, this paper pro-
poses a new interleaved high step-up converter with coupled in-
ductors. The proposed topology is derived by the integration of
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Fig. 1. Derivation of the proposed topology. (a) Conventional coupled-
inductor boost converter [13]. (b) Coupled-inductor boost converter with passive
regenerative snubber [15]. (c) Proposed interleaved high-step-up converter with
coupled inductors.

two single-phase coupled-inductor converters. Fig. 1(a) shows
the conventional coupled-inductor boost converter. Fig. 1(b)
shows the coupled-inductor boost converter with a passive re-
generative snubber. By paralleling the primary sides of the two
converters and integrating the secondary sides, the proposed
converter is derived as in Fig. 1(c). Due to the interleaved oper-
ation in the primary sides, the input current ripple is significantly
reduced and the power level is increased. Due to the series struc-
ture in the secondary sides, a very high step-up voltage gain is
achieved without extreme duty cycle or high turns ratio. Also,
the proposed converter has very low switch voltage stress; hence,
switching loss can be reduced and low-voltage-rating MOSFETs
with small on resistance are allowed to lower the conduction
loss. Moreover, the leakage energy can be recycled, which alle-
viates the large voltage spikes across the switches and improves
the efficiency. Furthermore, with the aid of the leakage induc-
tances, ZCS turn-ON of the switches is achieved and the reverse
recovery problem of the diodes can be alleviated.

The rest of this paper is organized as follows. The operation
principles of the proposed converter are described in Section II.
Performance analysis is made in Section III. Design consid-
erations are presented in Section IV. Experimental results are
provided in Section V. Conclusions are given in Section VI.

II. OPERATION PRINCIPLES

The proposed converter is composed of two coupled induc-
tors, two switches S-S, four diodes D;—D,, three energy
transfer capacitor C;—C'3, and one output capacitor C,. Fig. 2
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Fig. 2. Equivalent circuit of the proposed converter.

shows the equivalent circuit. Both coupled inductors are mod-
eled as an ideal transformer with magnetizing inductance (L, 1,
L,,») and leakage inductance (Lj1, Lyo). The coupling refer-
ences of the coupled inductors are denoted by “0” and “x”. The
two switches of the proposed converter are driven in an inter-
leaved manner. The duty cycle D during steady state is larger
than 0.5. In order to simplify analysis, the following assumptions
are made.

1) All semiconductor devices are considered ideal.

2) All the capacitors are large enough so that the voltages

across them are constant without voltage ripples.
3) The parameters of the two coupled inductors are assumed
to be the same, i.e., n = Ny /Ny = Nyo /Ny, L1 =
L2 = Ly, and Ly = Ly = L.

4) The converter is operating in continuous conduction mode
(CCM).

Fig. 3 shows the key waveforms of the proposed converter.
Eight modes are observed during one switching period. The
corresponding circuits for each mode are shown in Fig. 4.

Mode 1 [ty — t1]: as shown in Fig. 4(a), S; and S, are ON,
and all of the diodes are reverse-biased. The magnetizing in-
ductors and leakage inductors are charged by the input source.
Capacitors C;—C5 are floating. The output capacitor supplies
the load current. As the leakage inductance is negligible com-
pared to the magnetizing inductance, the following equations
are obtained:

V;n = Un1 (1)
V;n = Um2. (2)

Mode 2 [ty — to]: at t;, Sp is turned OFF, which makes
diodes D; and Dsj turned ON, as shown in Fig. 4(b). L,,»
and Ljo are being charged while L,,; and Lj;; are releas-
ing energy. The current through the secondary windings of
the coupled inductors is increasing linearly. It discharges C’
and charges Cj5. The current through D, is decreasing linearly,
which charges C; . The equations in this mode can be obtained as
follows:

Vin =vm1 +n (Uml - UmQ) — Vo2 + Vo3 3)
VI = Um2 (4)
Vor =1 (Vm1 — Um2) — Vo2 + Ves (%)
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Fig. 3. Key waveforms of the proposed converter.
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Solving (3) and (4), v,,,1 can be expressed as

Voo — Vs

Um1 = V;n + n+1 . (10)
Mode 3 [ty — t3]: atty, the current through Dy becomes zero
and turns OFF naturally. Thus, there is no reverse recovery prob-
lem for D;. As shown in Fig. 4(c), the current of Lj;; becomes
equal to the current through the secondary windings of the cou-
pled inductors. Cs is discharged and C's is charged. C'; becomes
floating. Equations (3), (4), (7), (8), and (10) still hold, and the

following equation is obtained:

ir1 (8) = im1 (8) — Nigee (B) = isec (1) (11)
Then

isec (t) = iDB (t) = ikl (t) = !

= —im (0. (12

Mode 4 [t3 — t4]: atts, S; is turned ON. Due to the presence
of the leakage inductances, ZCS of S; can be achieved. The
current of Dj starts decreasing, and the falling rate is determined

by the leakage inductances, which alleviates the reverse recovery
problem of Dj3. The falling rate of D3 can be expressed by

dips (t) _ Vos = Voo
dt TLQ (Lkl + Lkg) '

(13)

Mode 5 [ty — t5]: atty, the current of Dy decreases to zero,
and Dj is turned OFF. This mode repeats Mode 1.

Mode 6 [t5 — tg]: at t;, Sy is turned OFF, which makes
diodes Dy and D, turned ON, as shown in Fig. 4(f). L,,; and Ly
are being charged while L,,s and Ly are releasing energy. The
current through the secondary windings of the coupled inductors
is increasing linearly in the opposite direction. It discharges C
and charges C5. The current through D, is decreasing linearly.
Cj5 serves as a voltage source to extend the voltage gain. The
equations in this mode can be obtained as follows:

Vin = vm1 (14)
Vin = 2 — Vo1 + Voo + 1 (V2 — vt) (15)
Vin = Um2 — Ves + Vo (16)
isec (t) = —ipa (¥)
_—(n+1) (‘2/0 —Ves) + Ve = Veu (t = t5)
n? (L1 + Li2)
(17)
i1 (t) =dm1 () — nigee (t) (18)
i (t) =ima (t) + nisee (1) (19)
ips (1) =ik2 (1) +isec (1) =im2 () + (n+1)dsec (1)
(20)
Solving (14) and (15), v,,,2 can be expressed as
oy = Vi + 2L @

Mode 7 [ts — t7]: attg, the current through D4 becomes zero
and turns OFF naturally. Thus, there is no reverse recovery prob-
lem for D,. The current of Lj, becomes equal to the current
through the secondary windings of the coupled inductors, as
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Fig. 4.
(f) Mode 6 [t5 — ts]. (2) Mode 7 [tg — t7]. (h) Mode 8 [t7 — t].

shown in Fig. 4(g). C) is discharged and C is charged. Equa-
tions (14), (15), (18), (19), and (21) still hold, and the following
equation is obtained:

ik? (t) - im? (t) + nisec (t) - _Z.sec (t) . (22)
Then
1
Isec (t) = —ip2 (t) = —i}2 (t) = _TL T 1i7712 (t) . (23)

Mode 8 [t; — to]: atir, S is turned ON. Due to the presence
of the leakage inductances, ZCS of S5 can be achieved. The
current of D, starts decreasing, and the falling rate is determined
by the leakage inductances, which alleviates the reverse recovery
problem of Ds. The falling rate of D, can be expressed by

dipy (t) Voo — Vou

dt - n2 (Lkr + Lia)

(24)
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Operation modes of the proposed converter. (a) Mode 1 [ty — ¢1]. (b) Mode 2 [t; — t2]. (c) Mode 3 [t2 — t3]. (d) Mode 4 [t3 — t4]. () Mode 5 [ty — t5].

III. PERFORMANCE ANALYSIS
A. Voltage Gain

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

Voo — Vs
inD V;n — 1-D)= 25
V+(+n+1>()0()
Ver —Vea

n+1
Based on (3)—(5), the following equation is derived:

(n+1)Ver + Voo — Ves =0. 27)
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Solving (25)—(27), the capacitor voltages are derived as

Vi

= 28
Ver = 15 (28)

- (n+2) Vi
Ver = 5 (29)

(2n 4 3) Vi
Vo = —————. 30
o3 - D (30)
Based on (14)—(16), the following equation is derived:

(n+1)(V, = Vez) = Voo + Vor = 0. (€29)

Substitute (28)—(30) into (31), the voltage gain is derived as
V, _ 2n+ 4

Vin B 1- D -

Fig. 5 shows the curves of the voltage gain versus duty cycle
under different turns ratios. It is clear that the proposed con-
verter has a high step-up voltage gain without extreme duty
cycle or high turns ratio. Fig. 6 gives the voltage gain of the
proposed converter compared with other interleaved coupled-
inductor converters in [25]-[27], [31], and [32]. It is shown that
the voltage gain of the proposed converter is higher.

(32)

B. Voltage Stress
The voltage stresses of the capacitors are given by (28)—(30).

The voltage stresses of the switches are obtained as
Vi 1
1-D  2n+4

Vs1 = Vs = Vo. (33)
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It can be seen that the voltage stress of the switches is much
lower than the output voltage. The low voltage stress results in
low switching loss. Furthermore, low-voltage-rating MOSFETS
with small on resistance can be used, which leads to low con-
duction loss.

According to Mode 6 in Fig. 4(f), the voltage stresses of D,
and D3 are derived as follows:

2

Vo1 =Ve1r = Ves +V, 1—DV n+2‘/0 (34)
2n + 2 n—+1

Vg — Ve = T2y BTy 5

Vps = Ves — Ve ) Vi ) Ve (35)

According to Mode 2 in Fig. 4(b), the voltage stresses of D,
and D, are derived as follows:

2n + 2 n+1
Vs Vi — - (36
Vpa = Vez — Ve 1—DV n—|—2V (36)
1
VD4—V:)_VCS—ﬁ in—mv:r 37

The normalized voltage stresses on all switches and diodes
with different turns ratios are shown in Fig. 7. It can be seen that
the switch voltage stress becomes lower as the voltage gain is
extended by increasing the turns ratio. The voltage stresses on
Dy and D, also decrease as the turns ratio increases. The voltage
stresses on Dy and Dj increase as the turns ratio increases, but
they are always lower than the output voltage.

C. Current Stress

In order to simplify the calculation, the magnetizing currents
are assumed as I,,; and I,,2 by applying small-ripple approx-
imation. Let ¢ty — t; = D, Ty and ts — t5 = D, T. Then, ac-
cording to the charge balance of capacitor C—Cj5, the following
equations are obtained:

S Da=3 LD+ 22 (1-D-Dy)  (@9)
+7%21(1—D—Db) (39)
%-%Da —i—nL_"l_ll(l—D—Da):%Ingb. (40)
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Solving (38)—(40), the following relationships are derived:

[ml - 17712 (41)

Dy=Dy=—— (1-D).

n+ 2 “2)

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

Assume [,,; = I,,» = I,,,. Based on the charge balance of
the output capacitor, the following equation is obtained:

(1Im - L,) Dy=1, (1—Dy). (43)

2
Solving (42) and (43), the magnetizing current is derived as

n+2

In:
" 1-D

1,. (44)

According to the operating principle, the average currents
flowing through the diodes are equal to the output current, which
is given by

IDLavg = IDQ,avg = ID3;L\';-.‘, = ID4ing =1I,. (45)

From the steady-state analysis, the RMS current stresses on

the switches are expressed as

n+2 10
Ig1 rMs = 1, —-2D—-(1—D)——— (46
SIRMS = T \/3 ( )3(11—1—2) (46)
n+2
Iso rms = ﬁL)M- (47)

The peak currents of the coupled inductors are derived as

Ina  (2n+1)(n+2)
n+l (n+1)(1-D)

I,
(48)

Ikl,pk = IkQ,pk =In2+n-

The RMS currents of the primary windings of the coupled
inductors are given by

n+2

-7
1-D"°

I rvs = Lo rvs = I rMs =

4nd + 2n? + 10n +4

(n+2)(n+1)*
(49)

x\/2D—1+(1—D)

The RMS current of the secondary windings of the coupled
inductors is given by

n -+ 2 i49n
Liec RMS = 1, 1-pD)—3 — |
_RMS 1-D \/( )(n+2) (n+1)2
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The RMS currents of the capacitors are given by

n+2 2n? + Tn + 4
Ieirus=Icsrus=7—7 Lo \/(1 - D) 3

1-D n+2)(n+1)°
D
n+2 3+ 2n
I =——IL/(1-D)—32 — 52
C2RMS =T \/( )(n+2)(n—|—1)2 (52)
2(n+2)

Toonns =1, (|22 53
CoRMS 5(1-D) (33)

D. Boundary Condition

The aforementioned analysis is under CCM. The condition
for CCM is given by
VinD
" 2L77?, .fS ’
Substitute (32) and (44) into (54), the following criteria can
be obtained:
2L, fs  D(1—D)?
> 2
R 2(n+2)
The curves of K (D) with different turns ratio are shown

in Fig. 8. It can be seen that when the turns ratio increases, it is
easier to achieve CCM condition.

(54)

(55)

- Kcrit (D) .

E. Comparison

In this section, the proposed converter is compared with other
interleaved coupled-inductor-based converters in the literature.
All these converters use two switches, employ an interleaved
operation, have a common ground connection between the input
and output, and can be used in high step-up applications. The
voltage gain, voltage stresses of the switches and diodes, and
the component counts are listed in Table 1.

As can be seen, the proposed converter achieves higher volt-
age gain compared to the other converters. Therefore, the pro-
posed converter is more suitable for high step-up applications.
Also, the proposed converter has minimum component count,
indicating low cost. Furthermore, the proposed converter has a
lower switch voltage stress. As aresult, switching loss can be re-
duced and low-voltage-rating MOSFET with small on resistance
can be used to lower conduction loss.
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TABLE I

Topologies Proposed Ref. [25] Ref. [26] Ref. [27] Ref. [31] Ref. [32]
. 2n+4 2n+2 2n+2 2n+3 2n+2 2n+2
Voltage gain
1-D 1-D 1-D 1-D 1-D 1-D
v, v, |4 |4 v, |74
Switch voltage stress ° ° ° ° ° °
2n+4 2n+2 2n+2 2n+3 2n+2 2n+2
Maximum diode n+1 v 2n v 2n v 2n+1 2n+1 2n+1
voltage stress n+2° 2n+2"° 2n+2"° 2n+3"° 2n+2"° 2n+2"°
No. of switches 2 2 2 2 2 2
No. of diodes 4 4 6 4 6 6
No. of magnetic cores 2 2 2 2 2 2
No. of windings 4 4 4 4 6 6
No. of capacitors 4 4 5 4 5 5

IV. DESIGN CONSIDERATIONS
A. Coupled-Inductor Design

The turns ratio of the coupled inductors is determined by the

required voltage gain and the duty cycle. It is calculated by
Vo, 1-D
=—  — =2
TV T2

According to the aforementioned analysis, the proposed con-
verter operates in CCM. The magnetizing inductances of the
coupled inductors can be designed based on the ripple of the
magnetizing current. Considering a peak-to-peak current ripple
of 7%, the magnetizing inductance can be calculated as

VD  ViuD(1-D)
Y%l fs - 7o (n+2) It)fs.

As seen from the operating principle and waveforms, the
leakage inductances of the coupled inductors help to limit the
current falling rate of Dy and D3 and thus alleviate the diode
reverse recovery problem. Therefore, the leakage inductances
can be designed based on the current falling rate of the diodes,
which are given by

(56)

Lm = Lml = Lm2 =

(57)

n+DV,  +1V,
4n? (n +2) 4z 4n? (n +2) Lps
(58)

Ly =Ly = Ly =

The peak currents of the coupled inductors can be calculated
from (48). The RMS currents of the primary and secondary
windings can be calculated from (49) and (50).

B. Semiconductor Selection

The switches and diodes are selected according to their volt-
age and current stresses. The voltage stresses of the switches
and diodes are given by (33)—(37). The current stresses of the
switches and diodes are given by (45)—(47). In practice, con-
sidering the voltage overshoot and ringing, the voltage rating
of the switches and diodes should be higher than the calculated
values.

C. Capacitor Design

The capacitors can be designed based on the voltage rip-
ple and the output power. Assuming that the voltage ripple
is 7% and the output power is P,, the capacitances can be
calculated by

1, P, (2n+4) P,
C > = = 59
YTOAVLf %V fiVe r%V,2 f, (59
1, P 2P,
C > o _ o _ o 60
7 AVafs  t%VafVe 1%V, f, (©0)
I, P, (2n +4) P,
Cs > = = 61
YT AVl tValVe  @nsa)y i oD
C, > (-FH0-D)L _ weonp, 62)
¢ AV, f, C (n+2) 1%V,

In the proposed converter, the energy transfer capacitors
C1—-C3 are used as dc capacitors to transfer energy from the
input to the output. The capacitors may form resonant tanks
with the leakage inductances if the capacitances are small. In
the design, the capacitors should be selected large enough so
that the resonant frequencies are much higher than the switch-
ing frequency.

V. EXPERIMENTAL RESULTS

In order to verify the performance of the proposed converter,
a 330-W 20-V-input 400-V-output prototype is built and tested.
The switching frequency is set to 50 kHz. Both duty cycles of
the switches are around 0.7. The key parameters of the prototype
are listed as in Table II.

A. Experimental Waveforms

Fig. 9 shows the gate signals and the drain-to-source voltages
of the switches at full load. It can be seen that extreme duty cycle
is avoided. The voltage stress of the switches is around 68 V,
which matches the calculation from (33). Thus, low-voltage-



ZHENG et al.: INTERLEAVED HIGH STEP-UP CONVERTER WITH COUPLED INDUCTORS

TABLE II
KEY PARAMETERS OF THE PROTOTYPE

PARAMETERS
IPAO75N15N3 (150 V, 7.5 mQ)
STPS20200CT (200 V)
MUR1640CT (400 V)
Turns ratio = 1:1
Magnetizing inductance = 102 uH
Leakage inductance = 3.6 uH
B32526T3226 (22 uF)
B32526T6825 (8.2 uF)

56 uF electrolytic capacitor

Components
Switches S-S,
Diodes D;, D,
Diodes D,, D,

Coupled inductors

Capacitor C;
Capacitor C,, C4
Capacitor C,

Tek Prevu
Vesi (ZOV/diV)
" T I
Vgs2 (20V/div)
2
] 1 Vas1 (100V/div) | |
3 B
g I vaeoovaiv) |
E 20.0V 2 4.00us 2.50GS/s @ S 10 May 2018
@ 100V @ 100V ][ 100k poin  8.80 V ][10:27:30 ]
Fig. 9. Gate signals and drain-to-source voltages.
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g 200V @ 200V ][ 10k point  80.0V }[08:56:46 ]
Fig. 10.  Voltages across the diodes.

rating MOSFETs with low on resistance can be used to lower
conduction loss. Fig. 10 shows the diode voltages vp1—vpy. It
can be seen that the waveforms are consistent with the theoretical
analysis. The blocking voltages of D; and D, are around 136
and 68 V, respectively, and the blocking voltages of Dy and Dj
are around 266 V, which agree well with the calculations from
(34)—(37). Fig. 11 shows the input voltage and output voltage
waveforms. As can be seen, the input voltage is 20 V and the
output voltage is 400 V when the turns ratio is 1, which indicates
that high voltage gain is achieved. Fig. 12 shows the capacitor
voltages. Itis clear that the voltages of C, C5, and C5 are around
66, 200, and 330 V, respectively, which match the calculations
from (28)—(30).

Fig. 13 shows the primary currents of the coupled induc-
tors and the input current. As can be seen, interleaved feature
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Fig. 11.  Input and output voltages.
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Fig. 12.  Capacitor voltages.
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Fig. 13.  Primary currents of the coupled inductors and the input current.
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Fig. 14.  Current and voltage of switch S at the turn-ON transition.
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Fig. 15.  Current and voltage of switch .Sy at the turn-ON transition.

is achieved. Therefore, the input current ripple is significantly
reduced. The measured waveforms of 7,1 and iy are slightly dif-
ferent from the theoretical waveforms in Fig. 3. This is caused
by the effect of the magnetizing current ripples and the reso-
nance between the leakage inductances and the energy transfer
capacitors. Fig. 14 shows the current and voltage of switch S at
the turn-ON transition. Fig. 15 shows the current and voltage of
switch S5 at the turn-ON transition. As the leakage inductances
limit the current changing rate, the switch currents rise grad-
ually when the switches are turned ON, which help reduce the
switching loss greatly. Fig. 16 shows the currents through the
diodes. It can be seen that all diodes are turned OFF naturally, and
the reverse recovery currents of the diodes are greatly reduced.
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Fig. 16.  Currents through the diodes.
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Fig. 17.  Measured efficiency versus output power.

The measured waveforms of i p1—ip4 are slightly different from
the theoretical waveforms in Fig. 3. This is because the leakage
inductances resonate with the energy transfer capacitors during
Modes 2 and 6.

Table III shows the comparison of the calculated, simulated,
and experimentally measured current values at the full load. As
can be seen, they are in good agreement. The discrepancy is
caused by the effect of the parasitic elements, the small ripple
approximation, and the measurement error.

B. Efficiency and Loss Analysis

Digital power meter Chroma 66202 is used to measure the
efficiency of the prototype. The efficiency versus output power
is shown in Fig. 17. The peak efficiency is 95.01%, which is
achieved at 250-W output power. The efficiency at full load is
measured as 94.88%.

Power losses of the proposed converter include losses of the
coupled inductors, switches, diodes and capacitors.
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TABLE III
COMPARISON OF THE CALCULATED, SIMULATED, AND EXPERIMENTALLY MEASURED CURRENT VALUES

Current (A) Iptavg Ipoavg Ipsavg Ipaavg Isirms Iszrms Ikirms Ikz.rms  Isec rms

Calculated 0.82 0.82 0.82 0.82 9.28 10.43 8.58 8.58 2.38

Simulated 0.83 0.82 0.82 0.83 9.08 10.24 8.45 8.45 2.31
Experimental 0.86 0.84 0.84 0.87 10.16 11.38 9.34 9.40 2.96

Capacitor loss

Coupled-inductor I
oupled-inductor loss Diode loss

Switch conduction loss Switching loss

Fig. 18.  Loss breakdown of the prototype.

The conduction loss in the coupled inductors is calculated by

Por = 215 s Tpri + 2Lsec RMS  Tsec (63)

where r,,; is the resistance of the primary windings of the cou-
pled inductor and 74 the resistance of the secondary windings.
I rvs and Ige. rMs can be calculated from (49) and (50).

The loss of the switches includes both conduction loss
and switching loss. The conduction loss of the switches is
calculated as

2 2
Ps cond = Is1rMs™ Tas + Ls2 RMs " Tds (64)

where 74, is the on resistance of the MOSFETs. Ig; gnms and
Iso rns can be calculated from (46) and (47).

As the switches are turned ON with ZCS, the switching loss
of the switches is calculated as

1 1
Pssgw =2 (ilmVSItffs + §VSIQCossfs> (65)

where ¢ is the fall time of the MOSFETs and Cl is the parasitic
output capacitance.
The conduction loss of the diodes is calculated as

Pp =1, (Ve1 + Vpa + Vs + Vi) (66)
where V5, is the forward voltage drop of diode D, .
The conduction loss of the capacitors is calculated as
Po =Icirus” re1 + Iearus®res + Iosmus®res
+ IcorMs Teo (67)

where ¢, is the equivalent series resistance of capacitor C,.
Ic . rMs can be calculated from (51)-(53).

Then, the total power loss of the proposed converter is
given by

Pross = Por + Ps cond + Pssw + Pp + Pc. (68)

Based on the selected components of the hardware prototype,
the loss breakdown of the proposed converter at full load is
performed and shown in Fig. 18. It is observed that the major
percent of the losses occurs in the coupled inductors as they
carry high currents. The theoretical efficiency of the proposed

converter at full load is calculated as 97.3%, which is close to
the experimentally measured values.

VI. CONCLUSION

A new interleaved high step-up converter with coupled in-
ductors has been proposed in this paper. It is shown that the
presented converter has the following features.

1) The input current ripple is significantly reduced and the
power level is increased due to the interleaved operation
at the input side.

Very high step-up voltage gain is achieved due to the series
configuration at the output side.

Low-voltage-rating MOSFETS with small on resistance are
allowed to reduce the conduction loss thanks to the very
low switch voltage stress.

Leakage energy is efficiently recycled.

ZCS turn-ON of the switches is achieved and the reverse
recovery problem of the diodes is alleviated.

Common ground connection between the input and the
output is achieved.

These features make the proposed converter attractive for high
step-up high-power applications, such as renewable energy sys-
tems, fuel cell systems, and uninterrupted power supplies. The
operation principles and characteristics of the converter were
analyzed in detail. A 20-V-input and 400-V-output prototype
with a peak efficiency of 95.01% was designed and built. Ex-
perimental results have verified the performance of the proposed
converter.

2)

3)

4)
5)

6)
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