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ABSTRACT 1In this paper, a new type of interleaved high step-up converter including a coupled inductor is
proposed. The proposed converter has an interleaved configuration on the input side to reduce the ripple of
the input current and increase the power level. Moreover, a stacked structure on the output side provides a
high input/output (I/O) voltage gain. In addition, the proposed converter can avoid an extreme duty cycle,
causing larger conduction losses, by combining a coupled inductor and a lossless clamp circuit with an
interleaved method. These increase the efficiency by making the semiconductor device a low voltage stress
and allowing the use of components with low voltage ratings. Also, the energy stored in the leakage inductor
in the coupled inductor can be recycled to the output side, the MOSFETsS can be partially ZCS turned ON,
and the diode reverse recovery problem can be alleviated. Finally, a laboratory prototype circuit with an
input voltage of 24V, an output voltage of 400V and an output of 500W was implemented to demonstrate
the performance of the proposed converter.

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

NOMENCLATURE Vin and Vg input and output
Ly and L; coupled inductors voltages
L1, Ly, and Ly, magnetizing inductors Iy and I, input and output
L1, Lyo, and Ly, leakage inductors currents
irk1s irk2, and ipjy leakage inductors R, load resistance
current T, switching period
Np1, Np2, N1, and Ny winding turns in the fs switching frequency
primary and n efficiency
secondary sides CCM continuous conduction mode
N turns ratio ZCS zero current switching
D duty cycle ZVS zero voltage switching
M voltage gain PV photovoltaic
S1, S, and Sy switches
is1, is2, and isy switches current I. INTRODUCTION
D,, Dy, D., Dy, Dy, D>, and D, diodes . C . . .
i iDb. iDes ipd. ip1. ipa. and ipx  diodes current High step-up converters are required in many 1ndu§trles l?ased
C,.Cp. Cy. Cy. Cs. and Cy capacitors on renewable energy [1]-[3]. In the case of hybrid vehicles,
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the fuel cell stack has various output voltages (20V-40V),
and a high DC bus voltage (380V~400V) is required to
drive the DC/AC inverter at the output stage of the DC/DC
converter. Therefore, in order to increase the low voltage of
the fuel cell stack to the high voltage of the DC bus, a high
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step-up converter is essential [4]—[7]. In the case of PV power
generation, the output voltage of the PV panel is lower than
50V. This low voltage must be passed through the front-end
stage to obtain a bus voltage of about 400V (approximately
ten times the voltage gain) [8]-[10].

The isolated DC/DC topology can provide high voltage
gain by increasing the turns ratio of high frequency trans-
former. The phase-shift full bridge converters are one of the
most popular converters capable of achieving zero voltage
switching over a wide load range using the high leakage
inductance of the transformer. However, there are significant
drawbacks such as high circulating current, the voltage stress
of the output diode is much higher than the output voltage,
and the efficiency decreases in applications requiring high
output voltage [11].

The non-isolated boost converters provide a theoretically
high voltage gain. However, it is limited by parasitic ele-
ments such as inductors, switches, diodes, and capacitors.
In addition, the extreme high duty cycle causes a serious
reverse recovery problem and a decrease in efficiency due to
the large ripple current of the output diode [12]. Therefore,
a non-isolated converter having a reasonable duty cycle by
achieving high efficiency, high voltage gain, and low voltage
stress is essential in a renewable energy power conversion
device.

The stacked method is similar to the operation principle of
a flyback converter in [13], and a high voltage gain can be
obtained by stacking the secondary winding of the coupled
inductor on the output side in series. However, the leakage
inductor energy of the coupled inductor can cause higher volt-
age stress on the switch. Also, it increases conduction losses
by allowing large input currents and current ripple to flow
through a single switch. Therefore, it affects the life of the
power conversion device, the system efficiency is low, and it
is not suitable for high power level. As a method to solve these
problems, an interleaved method can be used to reduce input
current ripple. In addition, in order to recycle the leakage
inductor energy of the coupled inductor and reduce the volt-
age stress of the switch, a voltage multiplier cell combined
with a clamp circuit is used [14]-[18]. The clamp circuits are
divided into active-clamp and passive-clamp methods, which
can be implemented in various topologies by combining with
a coupled inductor boost converter. Another main advantage
of the clamp circuit is the zero voltage/current switching
(ZVS/ZCS) of the switches, which can reduce the circulating
current and conduction losses of the switches through an
active clamp method [19], [20]. In addition, high step-up
interleaved converters can be made through an integrated
single coupled inductor [9], [21], [22]. However, there are
disadvantages of increasing the cost and size of the main
switch and the auxiliary switch together with the isolated
driver circuit [13].

Recently, the switched capacitors combined with cou-
pled inductors have become attractive solutions for DC/DC
converters with high voltage gain [2], [23]-[25]. With the
switched capacitor cells, it is possible to obtain compact,
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lightweight converters because of high voltage gain high
efficiency, and reduced electromagnetic interference prob-
lems. In addition, these cells can be easily applied to conven-
tional boost converters to increase voltage gain and efficiency.
Another advantage of this structure is the low blocking volt-
age stress in all semiconductors [26].

In this paper, an ultra-high step-up converter including a
switched capacitor cell and a stacked coupled inductor is
proposed. The proposed converter can increase the voltage
gain by using the stack type method and the turns ratio
of the coupled inductor on the output side. The switched
capacitors connected to the coupled inductors can recycle
leakage inductor energy to the output side with passive loss-
less clamping performance. Moreover, the switches can be
partially ZCS turned ON under soft switching conditions,
and the reverse recovery problem of diodes is alleviated.
In addition, the switched capacitor cell connected in parallel
with the output side stores energy in the capacitor during the
period of alternating ON/OFF of the switches, which has the
advantage of improving the low voltage stress, efficiency and
power density of semiconductor devices. The composition
of this paper will be discussed in section II and section III
of the operating mode and steady state analysis. The loss
analysis will be provided in section IV and the results of
the experimental prototype will be provided in section V.
Finally, Section VI presents the main features of the proposed
transducer as a conclusion.

Il. OPERATING PRINCIPLES OF THE PROPOSED
CONVERTER

Fig. 1(a) shows the main circuit structure of the proposed
ultra-high step-up converter. The primary windings N, and
Ny, of the Ly and L, are connected in parallel with the
input side, and the secondary windings Ns; and N, of the
are connected in series with the output side in the reverse
direction. Fig. 1(b) depicts the equivalent circuit; magne-
tizing inductor (L,,; = L,2 = Ly,), leakage inductor
(Ly1 = Ly = L), switch (S, = S; = $3), diode
Dy, = Dp = D, = Dg = D1 = Dy = D,), capacitor
(Cqy = Cp = C1 = G = C3 = (y), input and output
voltages (Vjy, V,). The resulting currents are denoted by iz,
iLm2s ILk15 ILk2, US1, 152, IDas IDbs IDcs iDd> ID1, and ipy. The
proposed converter employs the interleaved method so that
the switches have a phase difference of 180 degrees and the
magnetizing inductor is operated by the CCM. In addition,
the D is based on 0.5 or more, and the leakage inductor
currents (irx1 = ifx» = lirge) are divided between above
and below O (zero). Therefore, the operation principle of
the proposed converter is explained through two operating
analysis. To simplify the analysis, the resistance and parasitic
capacitance components of all devices are ignored.

A. ANALYSIS OF OPERATION AT 0 < iy

A total of six main operation analyzes were performed
based on the section in which leakage inductor currents
are greater than O (zero) by D of the proposed converter.
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FIGURE 1. Circuit of the proposed converter. (a) Main circuit structure.
(b) Equivalent circuit.

Fig. 2 illustrates the theoretical key waveforms and
Fig. 3 depicts the operating modes.

1) Mode I [ty — t1], Mode IV [t3 — t4]: Att = tg, this mode
starts and it is shown in Fig. 3 (a). S1 and S are ON state
and Dy, D>, D,, Dy, D., and D, are all reverse biased. L1,
Ly, Ly, and Ly, energy of Ly and L, increase with slope of
Vin. Also, the voltage of each diode is the same as the voltage
clamped to each capacitor, which is given as

Vb1 = Vei, Vo = Ve (D
Vpa + Vpa = Vpb + Ve = Vea + Veb = Vez = Vea (2)
Vo = V1 + Vea + Ves + Vea. 3)

2) Mode II [t} — t]: Att = t1, Sy is turned OFFE. D, D,
and D, are turned ON and the operation of this mode is as
shown in Fig. 3 (b). The energy stored in L, of L, charges
C, through D, and C4 through Dy. In this mode, D; is ZCS
turned ON through a linear increase of i1, and the main
current of this mode is expressed as

irk1(t) = ipm1(t) + Nipa(t)
. NWVea+Vesa —Vep) =2Ver
= ipm1(t1) + N+ L) t—1)
4
irg2(t) = ipm2(t) — ipa(t) — ipa(t) (5)
is1(t) = ipm1(t) + ipa(t) + ipa(t) + Nipa(2). (6)
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FIGURE 2. The theoretical key waveforms of proposed converter
(0 <ipfx)-

3) Mode III [t — t3]: The mode starts at tp, which is shown
in Fig. 3(c). In the previous (Mode II), D, and D, are ZCS
turned OFF due to a linear decrease in ify>. In this mode, S,
is partially ZCS turned ON through a linear increase of irk>
on the primary side of L. Also, the secondary side of L; leads
to a linear decrease of iy, so that D, is ZCS turned OFF. The
current in this mode is as follows

V.
ipa(1) = Ipa(ty) — m« —n) O

irg1(t) = is1(t) = irk1() — Nipa(2). )

4) Mode V [ty — t5]: The mode starts at ¢4 and S; turns
OFF. Dy, D., and D are turned ON and the operation of this
mode is as shown in Fig. 3(d). The energy stored in L,,; of
L1 charges Cp, through D, and C3 through Dj. In this mode,
D1 is ZCS turned ON through a linear increase in iy;>. The
resulting current is as follows

irg2(t) = Ipma(t) + Nip1(2)
N(Veca+Vez — Vep) —2Ve

= Irmn) + (t—1t4)
" N(Li + Li2)

9
irk1() = ipm1(t) — ipp(t) — ipe(t) (10)
is2(t) = ipm1(t) + ipp(t) + Nip1(2). (11)

37169



IEEE Access

S.-W. Seo et al.: Ultra-High Step-Up Interleaved Converter With Low Voltage Stress

. 9
TCr
L] .
=C2
iLe|i ) *
L 5
Vn+ RV
Li + ~
C_> iLu| TG
is|| isi)) .
TC
S2 S1

FIGURE 3. Operating modes of proposed converter (0 < iy 4y ). (a) Mode I
[to — t;], Mode IV [t5 — t,]. (b) Mode II [t; — t,]. (c) Mode Il [t, — t5].
(d) Mode V [t — t5]. (e) Mode VI [t5 — tg].

5) Mode VI [ts — tg]: The mode starts at t5, which is shown
in Fig. 3(e). In the previous (Mode V), Dy, and D, are ZCS
turned OFF due to a linear decrease in ix1. In this mode, S
is partially ZCS turned ON through a linear increase of irx;
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FIGURE 4. The theoretical key waveforms of proposed converte r
(ikx = 0)-

on the primary side of L. Also, the secondary side of L, leads
to a linear decrease of ijxp, so that D is ZCS turned OFF.

B. ANALYSIS OF OPERATION AT iy < 0

In this section, there are a total of eight main theoretical
analyzes according to D. Sections similar to the 0 < ifi
section (Mode I [ty — t1] = Mode VI, Mode III [t — 13] =
Mode II, Mode V [ty — ts] = Mode III; Mode VII [t — t7]
= Mode V) are excluded. Fig. 4 shows the theoretical main
waveforms and Fig. 5 depicts the operating modes.

1) Mode II [t; — t;]: The mode starts at t = ¢, which is
shown in Fig. 5(a). S7 is ON, S5 is OFF, and the primary side
Ly of Ly increases linearly by the input voltage. The L,
energy of L, is transferred by gradually forming two paths;
Ly» - D, — Czand Ly — C4 — Dy — Cp. The resulting
current is as follows

irk1(t) = ipm1(t), ipk2(t) = ipm2(t) (12)
is1(t) = ipm1(t) + ipa(t) + ipa(t). (13)
2) Mode 1V [t3 — t4]: This mode starts at + = t3, as shown
in Fig. 5(b). The mode starts after D, and D; are ZCS turned

OFF through a linear decrease in izx2. D> remains ON and
the L, energy still charges C, through D5 on the secondary

VOLUME 9, 2021
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FIGURE 5. Operating modes of proposed converter (iy 4, < 0). (a) Mode 11
[t; — t,]. (b) Mode IV [t; — t,]. (c) Mode VI [t5 — tg]. (d) Mode Vil [t; — tg].

side of L,, the main current of this mode is expressed as
ire1(t) = is1(t) = ipm1(t) + iLm2 (1) (14)
irk2 = ipa(t) = ipa(t) = 0. (15)

3) Mode VI [ts — tg]: This mode starts when S, remains
ON and S; is OFF when t+ = 5. The L, energy
of L is transferred by gradually forming two paths;
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FIGURE 6. Simplified circuit waveforms.

Lyy > C, > De.and Ly — C, — Dp — (3. In this
mode, the operating mode is shown in Fig. 5(c).

4) Mode VIII [t; — tg]: The mode (t = t7) is started after
Dy and D, are ZCS turned OFF through a linear decrease in
irk1.S2 remains ON and the L,,| energy still charges capacitor
Cj through D; connected to the secondary side of Li. The
operating mode is shown in Fig. 5(d).

Ill. STEADY-STATE PERFORMANCE ANALYSIS OF THE
PROPOSED CONVERTER

In this section, the transient characteristics of the circuit are
ignored and the coupling coefficient (k) is assumed to be the
minimum value, and the & is defined as

L
k= (16)
Ly + Lix

Fig. 6 illustrates the simplified circuit waveforms exclud-
ing the interval of Fig. 2 (Mode III [t — t3] and Mode VI
[ts — t6]).

A. HIGH STEP-UP GAIN

Simplified steady-state analysis of the proposed converter
uses Fig. 3 Mode I, Mode 11, Mode IV and Mode V , which are
related to Fig. 6. The leakage inductor, primary and secondary
voltages of L1 and L, are given as

L2
vi,=vill = ==y, —1—-kV, 17
Lk2 v =y Vin ( Win (A7)
vl — yil —LV. — kV: (18)
S
Vo = Vgt = NkVip. (19)
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Applying the voltage-second balance of the primary and
secondary sides of L, can be written as

DT, T,
/ V] dt + / vii,dt =0 (20)
0 DT

DT, Ts
/ Vipodt + / Vipdt =0 1)
0 DT

DT, Ty
/ Vi odt + / Vil dt = 0. (22)
0 DT

Substituting (17)—(19) into (20)—(22) can be written as
D — k)

Vike = Viti ===V (23)
Dk

Vipr = Vign = =13 Vin (24)
NDk

Vie =V = —7—pVin (25)

The voltages C, and Cj, connected to the primary side of
the coupled inductors are given by

I I 1
Vea=Veb =Vin =V = Vo = mvin- (26)

By using the energy stored in C, and Cp, the voltages of
C3 and C4 can be written as

Ves = Vea = Vin = Vi — Vi + Vea
= Vin — VI(’;Z — VL122 + Vep.
2

= ——=Va 27)

The voltages C and C;, connected to the secondary side of
the coupled inductors are given by

v %
Ver = Vea = Vyp — Vg
_ oyl 11
- VNSl - VNs2'

kN
Vin (28)

1-D
The voltage gain of the proposed converter is the sum of

the capacitors connected in series, which can be written as

4 + 2kN
Vo=Vc1+Vcr+Vez +Ves = ﬁvirp (29)

Therefore, the M of the proposed converter is derived as

Vo 4+2kN _ 4+2N

M =—= .
Vi 1-D 1 —D j—1

(30)

Based on (30), Fig. 7 depicts M of the proposed converter
according to D and N. For example, the proposed converter
can achieve a high step-up gain of twenty times V;, when D =
0.7and N = 1. Also, it is possible to increase the voltage gain
by using N.
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FIGURE 7. Association according to M, D, N.

B. VOLTAGE STRESS
With the voltage clamping performance of the switched
capacitor, the switch and diode are expressed as

1 1

S1 S2 Ca Cb 1-D in 442N o
(31
Vo1 = Vpro =Ver + Vea = 2N Vin = N \%
D1 = VD2 = V(1 C2_1—D m—2+N0
(32)
2 1
Vpa = Vea+ Ve = l_DVinZ 2+NV0 (33)
2 1
Vob = Vez = Vin = V, 34
Db cs=1"pVn=5y5" (34)
1 1
Vpe = Vep = Vin = V, 35
Dc Cb l_Dz 442N o ( )
2 1
Dd ca=1"pVn=5y5" (36)

Based on (31)-(36), Fig. 8 depicts the voltage stress of
semiconductor devices related to N and V,. Although the
voltage gain of the proposed converter is sufficiently high,
increasing N for a higher voltage gain significantly increases
the voltage stress on Dj and D;. Therefore, the proposed
converter is designed with N = 1, because it already has high
step-up gain and the voltage stress on D1 and D> should be
reduced, which enables the secondary diodes to have device
characteristices such as lower forward voltage and better
TevVerse-recovery.

C. CURRENT STRESS
By (30), the ratio of the output current to the input current is
given as

I, 1-D
Im 442N

Since the input side of the proposed converter is a
two-phase parallel structure, the average current of the mag-
netizing inductor can be written as

I in_avg. 2 +N
Iom1_avg. = TLm2_avg. = "2 T 1-D

(37)

Io_avg..  (38)
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Also, based on the current waveform in Fig. 4, rms current
flowing on the leakage inductors in the primary and sec-
ondary sides of L1 and L, is expressed as follows

5-2D
ILkljms = ILkZJms = Ikafrms = Iin T
(39
1-D 8
I 12 rms(sec) = yp 2N1in 30-D) (40)

To simplify the current analysis of the proposed converter,
S1 and §; are represented by Sy, and diodes D1, D3, Dy, Dp,
D, and D, are represented by Dy. In steady state analysis,
the average current, peak current, and rms current flowing
through the diode can be expressed as

IDx?avg. = Ioﬁavg. 41
Ip k 2
Iy _avg. = %(1 -D)— Ipx_peak = mlofavg.
(42)
1-D 21, )
Inx_ms = Ipx_peaii] —5— = ("lf‘ng). 43)

Also, the peak current and rms current flowing through the
switches can be expressed as

Iin_avg
ISl_peak x T + IDa_peak + NIDd_peak + Nip»
6 + 3N
= I 44
1 (44)
I; 442N
ISZ_peak x~ % +1Db_peak +NID2_peak = 1-D I
(45)
Iin
Is1_rms = ) 3—-2D (46)
I; 3(3—2D)N2+412(2 — D)N —7D+19
ISZ_rms = 24N 12 .

47)
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FIGURE 10. Device theoretical loss breakdown of proposed converter.

TABLE 1. Comparison between similar topologies.

Topologies Proposed Ref. [19] Ref. [20] Ref. [21]
converter
2(1+2N)
. 202+ N) 22+ N) 21+N) | 2EEM)
Voltage gain _
gee 1-D 1-D 1-D 1-b
Max. (1+DN)V, Vo
Voltage stress Yo 202+ N) Yo 2(1+2N)
(switches) 22+ N) 201+ N)
Max.
NV, 1+ N)V, 1+2N)V,

Voltage stress o (NP, ( 5 ]\)l 2 Yo
(diOdCS) 2+N 2+N ( + ) 2
quber of 5 3 4 4
switches
Number of

diodes 6 6 6 4
Number of 5 3 5 1
cores
.tsﬁ’.ﬁ 705 Zvs Zvs Zvs
swriehing ZCS ZCS 7CS
conditions

D. KEY CIRCUIT PERFORMANCE COMPARISON
Table 1 compares the main characteristics of the proposed
converter and similar topologies Ref. [19]-[21], and these
high step-up converters have the characteristics of achieving
high voltage gain without using the extreme value of D. (D is
limited from 0.5 <D < 1.)

In comparsion with Ref. [19], the M of the proposed
converter is the same, but the voltage stress of the switch
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increases as the D increases. When D = 0.5, the voltage
stress of the switch is 50% higher. In addition, the diode
maximum voltage stress is 100% higher than that of the
proposed converter, and the number of switches and cores is
one each smaller. However, in Ref. [21], the main switches
are ZVS turn-ON and turn-OFF, and the auxiliary switches
are also ZCS turn-ON and turn-OFF. Therefore, efficiency
can be improved without switching loss.

In comparsion with Ref. [20], since the M of the proposed
converter is 50% larger, a high step-up M can be obtained
with a low D. In addition, the maximum voltage stress of the
switches is 50%, and the maximum voltage stress of the diode
is 125% less. Therefore, low-rated-voltage MOSFETSs and
diodes can be used to reduce conduction losses and converter
cost [8]. However, Ref. [20] states that the main switches
are ZVS turned ON and ZVS turned OFF under the ZCS
condition, and the auxiliary switches are also ZCS turned
ON and ZVS turned OFF. Therefore, the four switches can
increase the efficiency because the switching loss is small.

In comparsion with Ref. [21], the M and the maximum
voltage stress of the proposed converter are the same, but
the maximum voltage stress of the diodes is 50% smaller
and there are two more the switches. In general, the cost
of MOSFETs is high, and semiconductor devices with low-
rated-voltage are formed at low cost. Therefore, the proposed
converter can be an effective choice with only semiconductor
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devices. However, Ref. [21] has a small number of cores and
diodes. In addition, since the main switches and the auxiliary
switches are ZVS turned ON, switching loss can be reduced
and efficiency can be improved.

As a result, Fig. 9 depicts the voltage gain and volt-
age stress of similar topologies under Table 1. The pro-
posed converter has a higher number of devices than recent
Ref. [19]-[21] and the switching losses of the switches
can be greater. Nevertheless, the proposed converter has the
advantage of the lowest number of power semiconductor
devices (MOSFETSs). In addition, the detailed differences of
the compared Ref. [19]-[21] are as follows; a) The complex
driving method of active clamp switches; b) Conduction loss
of the auxiliary switches through large circulating current; c)
Auxiliary switch, gate driver, DSP (coding and control), and
circuit configuration through PCB layout. Also, the design of
semiconductor devices is the most important part of the power
conversion system. Among them, minimizing the MOSFETSs
(number, low-rated-voltage, low Rpson)) and diodes (low-
rated-voltage) of the proposed converter would be attractive
in terms of design and cost.

IV. LOSS BREAKDOWN OF PROPOSED CONVERTER

The loss of the converter mainly accounts for the loss of
semiconductor devices and the loss of inductor. Based on
the steady state analysis in section III and the experimental
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parameters in section V, the loss breakdown in the maximum
power (P, 500W) of the proposed converter was per-
formed.

A. DIODE
The diode loss (Ppx j0ss) is divided into conduction loss
(Ppx_con.) and reverse recovery loss (Ppx_rev.), Which can be
written as

P Dx_loss = P Dx_con. +P Dx_rev.- (48)

The conduction loss (Ppx_con.) is the power consumed
while the diode conducts in the forward direction, which is
given by

(VF: forward voltage, Ipy_qr.: diode average current)

PDx_con. = VF 'IDx_avg- (49)

Since the diodes of the proposed converter are turned
OFF ZCS under soft switching conditions, the total reverse
recovery 10ss (Ppx_sor_rev) Of the diode is ignored. Therefore,
the total loss (Ppx_ror._loss) Of all diodes can be written as
(Vr_p1t = VF_p2 = 0.66V,Vr_ ps = VF_pp = VF_pad
0.78V, Vr_pc = 0.71V , Ipy_avg. = 1.5A)

P Dx_tot._loss = P Dx_tot._con.

= Ppi_con. + - .-+ Ppd_con. = 6.55W. (50)
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TABLE 2. Components and parameters of the prototype.(V;, = 18 ~
32V, Vo = 400V, P, = 500W, N = 22 : 22, fs = 80kHz).

(V,=18~32V, V,=400V, P,=500W, N=22:22, fs=80kHz)

Components Parameters
S, S, TRF100P219(Vps=100V, Rpsion=1.4mQ)
D,, D, STTH2002(Vers =200V, V=0.78V)
Dy, Dy, D VS-20CTQ150(Vrra=150V, V=0.66V)
D. MBR10100(Vrry=100V, V=0.85V)
L,,,], Lkl 6524],LH, 154],LH
LmZ, LkZ 65.1 8H,H, 1 49“,H
C], Cz, Cj, C4 ZZOHF
B. SWITCH

The losses of switches (Psy_joss) are divided into conduction
losses (Psx_con.) and switching losses (Psy_sw.), which can be
simply written as follows

PSx_loss = PSx_cun. + PSx_SW.- (51)

The conduction loss (Pgsy con.) Oof the switch uses the
ON state drain-source resistance (Rpsx_on) and rms current
(Isx_rms), which can be written as

(Rps1_on Rps2_on
16.39A, Is1_yms = 14.43A)

1.4mQ, Is 1_rms

P Sx_con. = RDS_ON : I.ng_rms (52)
PSxJot.fcon. = PSLtot.fcon. + PS27tot.7con. = 0.66W. (53)
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TABLE 3. Comparison among semiconductor devices in similar topologies.

Topologies Proposed Converter Ref. [19] Ref. [20] Ref. [21]
VermVm66.6V sV 06.6Y VsV Vssi=Ve=67.5V VeV V=V =882V
. V,=100V(D=0.5)
Theoretical &

Vori=Vor=100V(D=0.5)

Experimental Value | Vp,= VDbZKngé) 16:\/ Vp=133V Vioui=Vi=133V y o VVD(;,:;/D[ 23?7 . 5—\;02 . Viori=Vors= Vo=V ius=300V
p=66. Vo=V ou=266V o= Vo= Vpor=Vpo:=202.
IRFP3710 x 2
Data of Selected IRF100P219 x 2 (Vps=100V, Rpsony=25m€) IXFP76N15T2 x 4 IPPO76N15N5 x 4
Switches (Vps=100V, Rpsion=1.4mQ) IRF640 x 1 (Vps=150V, Rpsion=22mQ) (Vps=150V, Rpson=7.6m<2)

(Vps=200V, Rpson=180me)

STTH2002 x2
(Vera=200V, V=0.86V)

Data of Selected VS-20CTQ150 x 3 MUR460 x 6 MURI1560T x 6 RFN20NS6SFHTL x 4
Diodes (Vera=150V, V=0.66V) (Vrras=600V, V=1.05V) (Vrrs=600V, V=1.68V) (Vrrs=600V, V=1.25V)
MBR10100 x 1
(Vera=100V, V=0.7V)
Specification 18~32V - 400V 30V - 400V 15~30V > 270V 30~40V > 600V
Frequency/N 80kHz/1 100kHz/1 50kHz/1 100kHz/1.2
Max. Power 500W 200W 1kW 1kW
Max. Efficiency 97.29% 96.3% 97.26% 97.5%

The switching losses (Psy sw. are composed of the cross
area of the drain-source voltﬁge (Vps) and the drain current
(Ip) in the turn-ON and turn-OFF transients of the switches.
Since the proposed converter is partially ZCS turned ON, only
the turn-OFF period is considered, and the current rise time
(tri) and fall time (zfv) are added, which can be written as

(Vpsx = 66.66V, ID(OFF) = 12.5A, tri = 124.79ns, tfv =
1.32ns, fs = 80kHz)

Psc_sw. = [Vps - IporFr) - (tri + 1fv) /2] - f; (54)
Psx ior. sw = Ps1_tor. sw(OFF)+Ps2_tor._sworr) = 8.54W.
(55)

C. COUPLED INDUCTOR

The losses of inductors (Pc.;._jsss) are mainly divided into
core losses due to the core (Pcs_core) and copper losses
(Pc.1._cop.) resulting from the winding. The losses generated
by the coupled inductor are divided into the primary side
and the secondary side of the transformer type. The cop-
per loss must be additionally considered and the total loss
(Pc.1. tor._loss) can be written as

PC.I._losx = PC.I._core + PC.I._cop.- (56)

The core loss (Pc.1._core) 1s usually expressed as hysteresis
loss, which can be calculated using the steinmetz equation as
follows [27];

(ky = 66.66V,ky = 2.165,k3 = 1.78,Vp = 1.32V, fs =
80kHz)

£ (57)

N

k:
PC.I._core - kl - B2

max

PC‘I.Jot.fcore = PLLcore + PL27core =2.44W. (58)
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The copper losses (Pc.1._cop.) of the coupled inductor are
of the transformer type and are calculated in nanometers for
the primary and secondary sides, and this can be written as

Unp1_rms = 13.92A, Ing1_rms = 4.08A, Ry = 8.37TmQQ)

PLi_cop. = Ilglpljms “Rac + Il%’sljmx “Rac (59
PC.I._mt._cop. = 2(PL1_cop. + PL2_cup.) =3.52W. (60)

As a result, Fig. 10 depicts the distribution of each power
device used in the proposed converter according to the loss
breakdown as a graph.

V. EXPERIMENTAL VERIFICATION
To verify the performance of the proposed converter, a pro-
totype was built and tested. The components and parameters
used in the prototype are listed in Table 2. Each experiment
was performed with input voltage, output voltage, and output
power. The section requiring a high D of V;, = 18V, 24V is
the section of O < iz, In the light load section that requires a
low D of V;,, =32V, it is driven with the i;, < 0 section. The
coupled inductors used toroidal cores and all semiconductor
devices were selected with a 150% rated-voltage margin.
Fig. 11 shows the waveforms operating under the 0 <
irke section of input voltage 24V. Fig. 11(a) shows the volt-
age of switches and the current of leakage inductors. Also,
Fig. 11(b) shows the voltage and current of the switches.
The voltage stress of S1 and S3 is about 66V, which matches
the calculation of (30). Therefore, conduction losses can
be reduced by using MOSFETs with low voltage ratings.
Fig. 11(c)~11(e) show the voltage and current of diodes.
The voltage stress of Dy, Dy, Dy, Dy, Dg is about 133V, and
the voltage stress of D, is about 66V, which is consistent
with the calculation of (31)~(36).
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FIGURE 13. Measurement data of the experiment. (a) Duty cycle under
output load and input voltage. (b) Efficiency under output load and input
voltage.

Fig. 12 shows the waveforms operating under the
irkx < O section of the input voltage 32V. Fig. 12(a) shows the
voltage of switches and the current of leakage inductors, and
Fig. 12(b)~12(e) shows the voltage and current of diodes.
The leakage inductor, switch, and diode current waveforms
similar to those in the theoretical key waveform in Fig. 4 were
confirmed.

In Figs. 11(b) and Fig. 12(b), it was confirmed that the
switch current waveform is partially ZCS turned ON under
soft switching conditions as the slope of the leakage inductor
current increases. In Fig. 11(c)~11(e) and Fig. 12(c)~12(e),
it was shown that there is no reverse recovery loss because
the diode current waveform is ZCS turned OFF by the falling
slope of the leakage inductor current.

Fig. 13 depicts the measured data of the experimental
prototype. Fig. 13(a) depicts the change in duty cycle under
the difference between the output load and the input voltage,
which requires a larger D as the power increases. Fig. 13(b)
depicts the measured efficiency under the difference between
the output load and the input voltage. When the input voltage
is 32V, the maximum efficiency is 97.29%.

Table 3 compares the experimental parameters of the pro-
posed converter and similar topologies. The switches of the
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proposed converter consist of the smallest number of compo-
nents, rated voltage, and Rpgon). In addition, the prototype
was tested through the widest range of M (twenty two times).
Assuming the input/output specfication is equal in all con-
verters, the diodes with the lowest rated voltage and VF, can
be used in the proposed converter.

VI. CONCLUSION

A new high step-up interleaved converter with a coupled
inductor was proposed. The proposed converter has the fol-
lowing features.

1) The power level and input current ripple are respectively
increased and reduced by interleaved operation on the input
side, and high voltage gain is obtained by the series stack
method on the output side.*

2) The conduction loss and efficiency are improved by
using lower voltage rated MOSFETs and diodes.

3) The leakage inductor energy is efficiently recycled to
the output energy.

4) The switches are partially ZCS turned ON under soft
switching conditions, and the reverse recovery problem of the
diodes is alleviated.

These features of the proposed converter can be a promis-
ing candidate in renewable energy fields that require low
input voltage and high output voltage.
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