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An Improved ZVS High Step-Up Converter Based
On Coupled Inductor and Built-In Transformer

Tohid Nouri*”, Naser Vosoughi Kurdkandi

Abstract—A high step-up dc—dc converter with multiple mag-
netic devices and switched-capacitor voltage multiplier cell (SC
VMC) is proposed in this article. By simultaneous implementation
of a coupled inductor (CI) and a built-in transformer (BIT), the
voltage gain is flexibly increased with an additional degree of
freedom in comparison with the converters with only BIT or CI. To
further increase the voltage gain, the secondary winding of the CI
is inserted in series with the primary winding of the BIT. This new
architecture leads to multiplication of the turns ratios of the CI and
BIT in the voltage gain expression, as well. The SC VMC not only
extends the voltage gain but also reduces the voltage stress across
the MOSFETs. To have a better device utilization, the blocking
capacitor is participated in voltage gain improvement. Moreover,
through active clamp circuit, the leakage energy of the magnetic
devices is recycled and zero voltage switching (ZVS) performance
is obtained for the main and auxiliary MOSFETs. In such a case,
the switching frequency can be increased to reduce the volume
of the converter. Finally, a 400-W laboratory prototype with 25—
400 V voltage conversion is fabricated to demonstrate the effective-
ness of the proposed converter.

Index Terms—Built-in transformer (BIT), coupled inductor
(CI), high step-up, zero voltage switching (ZVS).

I. INTRODUCTION

ENEWABLE energy sources, such as photovoltaic (PV)
Rand fuel cell (FC), are attaining more attentions to deal
with the problems of global warming, air pollution, shortage of
fossil fuels, and increasing demand for electricity. Typically, the
output voltage of PV and FC is lower than 50 V, which calls
for high step-up dc—dc converters to provide 380-400 V voltage
for the dc link of the front-end inverter [1]. The conventional
boost converter can enhance the low input voltage to high output
voltage with a simple and cheap structure. However, for getting
high voltage gains, the duty cycle should be extremely high
increasing the conduction losses and decreasing the converter
control criteria. In addition, the MOSFET and diode are suffering
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from high voltage stress and hard switching. Therefore, semi-
conductors with higher ON-state resistance and high cost should
be implemented. Consequently, due to increased losses at higher
voltage gains, the conversion efficiency is decreased which limits
its application, seriously [2]. Quadratic boost converters and
Z-source converters can achieve high voltage gains with lower
duty cycles in which the voltage stress across the implemented
MOSFET 1is lower than the output voltage [3]-[5]. However,
the imposed voltage across the MOSFET is still high and the
conversion efficiency is at risk due to the implementation of
the diodes at the low voltage (high current) side.

Voltage multiplier cells (VMCs) based on switched-
capacitors (SCs) and switched inductors (SL) are simple and
a low-cost alternative for extending voltage in the converters
known as transformerless converters [6]—[11]. The SC (SL) units
consist of two capacitors (inductors) and can be utilized as series
modules to get a flexible voltage gain. However, the voltage and
current specifications of the modules closer to the output are
high, which makes the converter design more complex [6]—[8],
[11]. This issue is solved by Cockcroft—-Walton VMCs in [9],
[10], making it possible to utilize modules with equal ratings.
Altogether, the main drawbacks of the SC-based converters are
low conversion efficiency and the pulsating current through the
semiconductors at the instant of switching due to the presence
of the capacitors.

As a promising solution for the problems of the aforemen-
tioned converters, coupled inductors (CIs) [12]-[24] have been
utilized in too many step-up converters in recent researches
where the input discrete inductor is usually replaced by the
primary winding of the CI [14]-[24]. The turns ratio of CI
participates in voltage gain extension along with the duty cycle.
Increasing the turns ratio not only extends the voltage gain,
but also decreases the voltage stress across the MOSFET. The
leakage inductance provides zero current switching (ZCS) for
the semiconductors alleviating the possible pulsating currents
at the instant of switching and the high-frequency ringing phe-
nomenon of the diodes. Passive clamp circuits are implemented
to recycle the leakage energy, which avoids efficiency deration.
The quadratic converters can achieve high voltage gains with the
implementation of CIs [ 14]-[15]. However, as mentioned earlier,
the conductions losses of the high current side diodes still exist.
To further extend the voltage gain, the secondary windings of the
CI are inserted within the VMC [16]-[24]. For example, in the
introduced converter of [16], the VMC consists of two diodes,
two capacitors, and the secondary winding of the CI with its
output inserted in a stacked manner. Moreover, by implementing
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Fig. 2. Proposed high step-up converter.

a generalized structure of the proposed VMC, this converter
can achieve an ultralarge voltage gain. Although the stacked
output converters can achieve high voltage gain, balancing of the
voltages of the output capacitors should be taken into account for
dynamical performance which increases the control complexity.
Implementaion of more diodes and capacitors in the VMC [17],
three winding CI and voltage doubler [18], and two or more
number of VMCs [19]-[23] has been also proposed to extend
the voltage gain of the CI-assisted step-up dc—dc converters.

The utilization of a built-in transformer (BIT) with the VMC
is another way to improve the voltage gain [24]-[26]. Due to
zero average current of the primary windings of the BIT, the
flux is balanced, which avoids the core saturation inherently.
Therefore, low volume core can be selected to fabricate the BIT
in comparison with the CI. Moreover, the rms current that flows
through the primary winding of the BIT is lower than that for
the CI reducing its windings’ conduction losses.

Generally, to improve the power density and to reduce the size
of the components, the switching frequency should be pushed
to high values. Although, in the converters of [3]-[26], ZCS
turn-ON of the MOSFETs is provided by the leakage inductance;
however, this cannot minimize the switching losses sufficiently.
Therefore, the operation of the MOSFETs at high frequencies
is limited due to the increased switching losses. Converters
with active clamp circuits have been introduced to provide ZVS
[27]1-[32]. The active clamp circuit not only absorbs the leakage
energy but also implements the leakage current to make the body
diode of the main MOSFET turn ON before the gate pulse comes.

The converter in Fig. 1 shows the recent achievement in
the research topic [33]. With the turns ratio of the CI and
BIT, two extra control variable are provided to improve the
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voltage gain along with the increased flexibility for achieving
high voltage gains. The VMC consists of the series-connected
secondary windings of CI and BIT to extend the voltage gain.
In such a case, the summation of the turns ratios appears in the
voltage gain. Moreover, the leakage energy is recycled through
a passive clamp circuit, which limits the converter operation at
high switching frequencies due to lack of zero voltage switching
(ZVS) performance. Meanwhile, the blocking capacitor is not
participated in voltage gain enhancement. Therefore, the novelty
of this article is to increase the voltage gain of the introduced
converter in [33] by inserting the secondary winding of the CI
in series with the primary winding of the BIT. This new concept
gives rise to multiplication of the turns ratios of the Cl and BIT in
the voltage gain expression as well. Also, to further increase the
voltage gain and to reduce the voltage stress of the MOSFETs, the
blocking capacitor is also served for voltage gain improvement
and the secondary winding of the BIT is connected outside of
the VMC that clamps the output voltage considerably. The active
clamp circuit is also connected across the main MOSFET to assure
ZNS performance of the MOSFETs. Altogether, the proposed
converter has the following advantages in comparison with the
converter of [33] having just an additional active clamp circuit.

1) The voltage gain is considerably increased, which enables
the proposed converter operation at low duty cycles.

2) By inserting the secondary winding of Cl in series with the
primary winding of BIT, the voltage gain is proportional
to the multiplication of the turns ratios of the CI and BIT.

3) Blocking capacitor participates in voltage gain enhance-
ment in contrary to the one introduced in [33].

4) The voltage stress across the MOSFETs is severely de-
creased, enabling the designer to implement switching
devices with lower ON-state resistance.

5) The ZVS performance of the main and auxiliary MOSFETS
is achieved in the whole switching cycle.

6) The voltage stress across the diodes is considerably de-
creased.

7) The total volt—-ampere (VA) rating of the semiconductor
devices is decreased in comparison with the proposed
converter in [33].

8) The efficiency is increased at higher voltage gains and
input currents due to the lower conduction and switching
losses.

This article is organized as follows. In Section II, the opera-
tional principle of the proposed converter is presented. In Section
II1, the steady-state analysis of the proposed converter is given.
In Section IV, the performance comparison of the proposed
converter in the state of the art is discussed. A numerical design
example of the components and the experimental verification
of the proposed converter are given in Sections V and VI,
respectively, which are followed by the conclusion in Section
VII.

II. PROPOSED CONVERTER AND OPERATIONAL PRINCIPLE

The circuit configuration of the proposed topology is shown in
Fig. 2. Vin and I1y represent the dc input voltage and the average
value of the input current, respectively. Vour and Ioyt denote
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Fig. 3. Key waveforms of the proposed converter.

the output voltage and current, respectively. Lyic and Likc
are the magnetizing inductance and the total primary referred
leakage inductance of the CI, respectively. Lyp and Ly kg are the
magnetizing inductance and the leakage inductance of the BIT,
respectively. Sjs and S notate the main and clamp MOSFETS,
respectively. Cgyr and Cgc are the parallel capacitors of S and
S ¢, respectively. C; is the blocking capacitor. Capacitors Cy and
C3 along with diodes D and D5 form a VMC. C¢ is the clamp
capacitor and Coy notate the output capacitor. Ds is the output
diode and Roy represent the load resistance. The turns ratios
of the CI and BIT are defined as n = ny/n,, and N = Ny/N,,
respectively.

To simplify the operational principle, the following assump-
tions are made.

1) All of the components are considered lossless, at this

section.

2) The capacitors are large enough and the associated voltage

ripples are negligible during a switching cycle.

Based on the aforementioned assumptions, the key waveforms
of the proposed converter and its equivalent circuits are shown
in Fig. 3 and 4, respectively.

Mode I [ty—t;]: During this mode, S, 1s ON. Lyic and Ly are
charged by the positive voltages. A part of the stored energy in
Cy is charging Cs through the secondary winding of BIT and D».
At the same time, the capacitor C; is discharging. The current
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passing through S/ is the summation of the input current and
currents through secondary windings of the CI and BIT, which
is given by

Vi
irvc(t) = LI\I/[I\; (t —to) +iLmc(to) (D)
Ves — Vo1 — Ve
inup(t) = =2 NLC;[B 2 (t —to) + iLms(to) (2
) _ naNViN+ (N +1)Vor 4+ Voo — Vo
iLkB(t) = N(n?Lixc + Lixs) (t —to)
+irks(to) 3)
irkc(t) = tme(t) + niks(t) 4)
ipa(t) = B0~ ns(0) )
iSM(ﬁ) = 'L'LMC(t) + (Tl + 1)iLMB (t) + [N(n + 1) + 1] iD2<t).

(6)

Mode 2 [t;—tp]: At t1, Sps is turned OFF with ZVS perfor-
mance. igni(t1) starts to charge Csy and discharge Cse as well.
Vs is increasing from zero to V¢ and Vgc is decreasing from
Voo to zero

Aty =ty — g

_ (Csm + Csc)Vee
itvce(t) + (n+ Dipvms(t) + [N(n+ 1) + 1]ipa(t1)
@)

Mode 3 [tao—t3] At to, Vgc is zero that makes its antiparallel
diode conduct. Negative voltages are applied across Lyic and
Lyig as well as Ly k¢ and Likg. Therefore, their currents start
decreasing. By decreasing it yp and ipxp, the current of isp
approaches to zero, which controls the falling rate of i po

dips(t)

dt

nNViN—=[N(n+1) + 1] Vec+ (N + 1)Ver +Vee — Ves
N2[n?Likc + Liks] '

@®)

Mode 4 [ts—t;]: At t3, the gate pulse of S¢ comes and
turns it ON with ZVS performance due to the conduction of its
antiparallel diode. At the beginning of this mode while igg wants
to change its direction, Do turns OFF with ZCS performance
and the possible reverse recovery problems are alleviated. At
the same time, D; starts to conduct. It is worth to mention
that due to charge balance of the capacitors, Dy cannot start
conducting until the half of the time interval in which S¢ is
in ON state. During this mode, the charging/discharging state
of the CI and BIT are the same as the previous mode and C¢ is
charged through the antiparallel diode of § ¢ with the decreasing
current of ipxc(t) + iLkp(t) — ip1(t). Co is charged through
the secondary winding of BIT and D1 . From the beginning of this
mode until the decreasing current of i1 xp reaches the increasing
current of igp, C; is charged and for the rest of this mode is
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discharged as well

Vin — V&
irmc(t) = %(t —t3) + iLmc(t3) )
MC
Voo — Vel — Vi
irve(t) = o NLCl e (t —t3) +iLmm(ts)  (10)
MB
{nNVIN —[N(n+1)+1] Ve }
, W+ DVer + Ve
tracs(t) = N(n?Lixc + Lixs) (t=1s)
+irks(ts) (11)
irkc(t) = tnvce(t) + niLks (1) (12)
i () = ZLMB(t)J; irxs(t) (13)
isc(t) = iLKc(t) + iLKB(t) — iD1(t). (14)

Mode 5 [t;,—t5]: At t4, the decreasing positive current of
C¢ reaches zero and changes its direction. Consequently, it
transfers a part of its energy to C, and meanwhile, delivering the
other part of the energy from primary winding Np to secondary
winding Ns of BIT to charge capacitor Cy through diode D;.
The states of the other variables are the same as in the previous
mode.

Mode 6 [t5—ts]: At t5, D3 turns ON and Cs diverts a portion
of the BIT energy to the output. At the beginning of this mode,
the current of D; start decreasing

_dpmB(t) —iLks(t)

ip1(t) +ip3(t) = N (15)
isc(t) = iLkc(t) +iLks(t) —ipi(t) —ips(t).
(16)

Mode 7 [tg—t+] At tg, S ¢ is turned OFF with ZVS performance
due to Csc. isc(tg) charges Csc and discharge Csyy as well. Vgc
is increasing from zero to Ve and Vg is decreasing from Ve
to zero

(Csm + Csc)Vee

iLke(ts) +iLkB(te) — ip1(ts) — iDS(t(Gl)%)

Mode 8 [t,—tg]: At t7, Vgy reaches zero that makes its
antiparallel diode conduct. During this mode, the gate pulse of
SM comes and it is turned ON with ZVS performance. Positive
voltages are applied across the primary windings of the primary
windings of the CI and BIT. Therefore, it,nc and ipxc as well
as ir,vp and i xp are increasing. In this case, igp is decreased
through the transformer effect, which controls the falling current
rates of D and D3

Aty =t7 —tg =

dipi(t) _ Vour — (Vo1 + Voo + Ves)
dt N2[n2?Likc + Liks]

(18)

Mode 9 [tg—tg]: At tg, ip1 reaches zero and turns OFF with
ZCS performance. igg continuous decreasing through D3 and at
t9 while is changing its direction, D3 turns OFF with ZCS. At the
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end of this mode, a switching cycle is completed

dips(t) _ Vos — N(Vor + nVin) — Vour
dt N2[n?Likc + Liks] '

19)

III. STEADY-STATE ANALYSIS
A. Voltage Gain

To simplify the analysis, the switching transitional intervals
are neglected due to the fact that they are very short in compar-
ison with the power delivery modes. Due to the charge balance
law of the capacitors, the average current of the diodes is equal
to IouT as well as the average value of igp. This hint is utilized
for obtaining Ip3 max and At(7,5) that are needed for further
analysis of voltage gain. According to Fig. 3, the following
expressions can be written:

DI max
Ipsave = lour = D+ = Ip2max = IsB(t1)
2lout
= — 20
D (20)
DIsp(t 1-D
IsB ave = louT = — SQB( ) + ( 5 )ISB(t7)
41,
= Isp(tr) = 725 = Ipsmax @1)
At 7-5 ID3,max 1-D)T
Ip3ave = Iour = % = At(75) = %
(22)

By applying the volt—second balance principle to Lyic, Vec
is obtained as follows:

Vin
1-D’
Additionally, according to the KVL, the following relation-
ship can be written:

Voo = (23)

_‘/IN + (1 + n)VLMC,ave + VLKC,ave - VLKB,ave - VLMB,ave
+Ve1 =0 (24)

where VLMC,ave’ VLKC,ave’ VLKB,aves and VLM,ave are the av-
erage voltages of the inductances in one switching cycle and
according to the volt—second law, they are equal to zero. There-
fore

Ver = Vin. (25)

According the waveforms of ips and ip3 and keeping in
mind the equivalent circuits of Fig. 4(a) and (f), the following
equations are derived:

1 [N(n+ 1)+ 1]ViN + Vo — Vs
—DTg x DTg = I,
2% N2(n?Likc + Like)Ts s rout
(26)

1 [N(n+1) +1](Vec — Vin) — Vo
— X At7_ sy X 1-D)T
2 (7-5) N2(n?Likc + Like)Ts ( JTs

= Iour 27
Ver + Ve + Ves = Vour. (28)
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fs = 100 kHz and ROUT =320 Q)

From (22), (23), and (25)—(28), the voltage gain of the pro-
posed converter considering the leakage inductance is obtained
as

Nn+1)(1+D)+2 1
1-D “1+29 1 %9
D2 (17D)2
(29)
where Q = N?(n?Lrkc + Liks) fs/Rour. Fig. 5 shows the
voltage gain of the proposed converter versus duty cycle. It is
seen that the voltage gain is affected by the various values of the
leakage inductances and turns ratios. By assuming the leakage
inductance to be zero, the ideal voltage gain of the converter
along with Vo9 and Vo3 are obtained as follows:

Vour
M = —
Vin

Vour N(n+1)(1+D)+2
M = = 30
Vin 1-D 50)
Nn+1)+1
VC2:DVCSZ%VIN
Nn+1)+1
= LV )+ 1] Vour- (3D

Nin+1)(1+D)+2

B. Voltage and Current Stress Analysis

The voltage stresses of the semiconductors are obtained as

=V = _ VN Vour
Vem=Vsc =Vec =15 = Nn+1)(1+D)+2
(32)
N(n+1)+1]Vi
VD1:VD2:VD3:VC3:[ ( 1—)D Vin
N 1)+1

 Nn+1D(A+D)+2
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It is seen from (32) that the voltage stresses across the semi-
conductors are substantially lower than the high output voltage.
Therefore, MOSFETs with low ON-state resistance and diodes
with low forward voltage drop can be implemented, which
reduces the cost and conduction losses as well.

It e, ave and I1,MB ave are obtained to be MIoyT and Nlour,
respectively. The values of Ips max and Ips max are given in
(20) and (21). In addition

2lout
1 max — 4
DLmax = T (34)
2IN(n+1)+1
ISC,max:ISM,max: {M+(n+ 1)N+[(_D)]} IOUT
1 +1)?| DV
+ M URRY N (35)
Lyc Lvp 2fs

Having the maximum of the currents along with the corre-
sponding conduction time intervals, the time-domain equations
are written, which consequently yields the rms values, in (39)
shown at the bottom of the next page

1
Ip1rms = 21 T~ 36
D1, ouTH | 30-D) (36)
I — 9], ,/417 (37)
D2,;rms — ouT 3D
I =41 # (38)
D3,rms — ouT 6(1 — D)
ISC,rms - ICC,rms
B {M +(n+1)N — ‘4[N(f7j57)+1] } Tour
- _ { 1 (n+1)2} DVix
Ly Lns 2fs
1-D
3 (40)
I =/I 247 247 ?+éﬁﬁii
SB,rms — D1,rms D2,rms D3,rms 3(1 — D)
4D
ILKB,rms = ]\/v\/-[SB,rms2 - IOUT2 (42)
I1LKC rms = \/(MIOUT)2 + n2ILKB rms” (43)
ICB,rms = \/IDZ,rms2 + IDB,rrns2 (44)
IC’2,rrns = \/IDl,rms2 + IDZ,rms2 (45)
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ICl,rms =

2 2 2 2
ICQ,rms + ILKB,rrns + 2ZVIDl,rrns - 2NID2,rms

- 2
AN (3528 four

(46)

ICOJ‘II]S = \/ID3,I“ms2 - IOUTQ- (47)

C. Efficiency Estimation

In fact, the parasitic resistances of the components along with
the forward voltage drop of the diodes affect the voltage gain
and the conversion efficiency. Through the rms currents given
in (36)—(47), the efficiency of the proposed converter can be
estimated [30].

The losses of the MOSFETs are only related to the conduction
losses and the switching losses are zero due to soft-switching
performance

ProsreTs = RpsmIsm ms® + RpscIsc rms” (48)
where Rpsy and Rpgc are the ON-state resistances of S, and
S ¢, respectively.

The diodes dissipate some portion of the power by ON-state
resistance (Rp) and forward voltage drop (Vrp) that is written
as

3

2
PDiodes - Z (RDiIDi,rms + VFDiIDi,ave)-
=1

(49)

The associated dissipation of the CI and BIT is related to the
windings’ losses that is given by

2 2
Pcrgpir = Rorplike,ms” + RBornsILkB,mms” + Poore

Pcy
2 2
+ RBIT,pILKB,rmS + RBIT,SISB,rms + PCorc

Pgir
(50)
where Ry p and Rcr,s = nRcr, p represent the primary and
secondary windings’ resistances of CI, respectively, and Rprt,p
and Rprr,g5 = NRpiT,s notate the primary and secondary
windings’ resistances of BIT.
The conduction losses of capacitors are written as follows:

3

2 2 § 2
PCapacitors = RCCICC,rmS + RCOICo,rmS + RCiICi,rms .

=1

D
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Fig. 6.  Estimated conversion efficiency and the voltage gain of the proposed
converter versus duty cycle with (a) different output powers and (b) different
turn ratios.

Finally, the efficiency and the voltage gain of the proposed
converter can be obtained from

- Poyr
Pout + PmosrETs + Ppiodes + PcigBiT + Poapacitors
(52)
1%, N H(1+D 2
VIN 1-D

Conversion efficiency and the voltage gain versus duty cycle
are plotted in Fig. 6, according to the fabricated converter

4[N (n+1)+1]?

ISM,rms = IOUT 3D

+2[M + (n+ 1)N][N(n + 1) + 1]

+D[M + (n+ 1)N]? 39)
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specifications that are given as follows:

VIN =25 V; fs = 100 kHz

Rpsm = Rpsc = 2.3mf)

RDl = RD2 = RD3 = 12m%

VEp1 = Vrp2 = Vrpz = 1.2V

Rci p = 10m€ (two parallel wires)
Rci,s = 2nRcr,p

RBIT,P = 22mf2

Rpir,s = NRpiT,p

Rcc = Rc1 = Roas = Res = 12m)
Rco = 100 mf2.

It is seen from Fig. 6(a) that by reducing the output power
from 400 to 200 W, the conversion efficiency is improved and
the voltage gain varies slightly. Moreover, according to Fig. 6(b),
it is seen that at a given voltage gain, by implementing higher
turns ratios, the duty ratio can be decreased, which results in
relatively equal conversion efficiency and lower turns ratios.

By increasing the output power of these converters, the voltage
gain is decreased and the duty cycle should be increased to
regulate the output voltage. This will increase the conduction
losses and the efficiency is deteriorated severely. For higher
power applications, the interleaved dc—dc converters are more
interesting due to shared thermal stress, reduced losses, and
increased efficiency.

D. ZVS Realization

Due to the existence of Cqy and Csc, the ZVS turn-OFF of
the MOSFETS is naturally provided. Moreover, the ZVS turn-ON
of S¢ is achieved because its antiparallel diode is ON before
the gate pulse comes. The only constraint for providing ZVS
turn-ON of S« is to ensure that the gate pulse is applied after the
interval in which Cgy and Cgc are fully charged and discharged,
respectively. Hence from (7), the required time delay should
satisfy the following inequality:

Tdelayfsc:ON > At2~ (54)

To satisfy the ZVS turn-ON of SM, three following conditions
should be provided.

1) The gate pulse of SM comes after Cgyr and Cgc are fully

discharged and charged, respectively. From equation (17),

we have
TdelayﬂSM:ON Z At?- (55)

2) iLko(te)+iLks(ts)—iss(tg) should be negative to dis-
charge Cgnr and charge Cgco

iLkc(te) +iLks(te) — isB(ts)

=irmc(te) + (0 + Dinms(te) — [NV (n+1) +1] isp (t6).-

(56)
According to Fig. (3), itis seen thatisp (t6) = isp(t7). There-
fore, using (21), (56) can be simplified as follows:

ivkc(te) +iLks(te) — isB(te)
_ —2N(m+1)-2 DV [ 1
- (1-D) 2fs | Lmc

(57)

+ &) <o,

Lns

Therefore, the second condition is always achieved.
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Fig. 7. ZVS region of the proposed converter withn = 1, N =2, and Viy =
25 V.

3) The available inductive energy should be high enough
so that irxc(H)+iLkp(H)—isp(®) will still remain neg-
ative after Cgy and Cge are fully discharged and
charged, respectively. In such a case, the current flows
through the antiparallel diode of SM and ZVS turn-ON is
provided

n?Likc + Liks
2
> Csm ;- Csc

iks(te)” — iLxs (tS)Q}

Van®. (58)

At tg, ign 1S zero and after that its direction is changed.
Therefore, assuming the ripple content of it xc(f) and itk (?) to
be zero, we have

. —-N3+D
iLkB(ts) = ILmB — NIspmax = %IOUT (59)
- ):ILMB_NILMC _ N(1- M)lour
MBS T "N+ 1) +1 Nn+1)+1
N(1+ D)Iour
= - 60
1D (60)

By substituting (32), (59), and (60) into (58) yields the fol-
lowing ZVS range as well:

Vin
IoUT min,zvs =

Csm + Csc
(n?Lrkc + Liks)(2+ D)’

N (61)

Fig. 7 shows the ZVS region of the proposed converter with n
=1,N=2,and Viy =25 V. At higher output current, the ZVS is
obtained with little leakage inductances. Atlightload conditions,
higher values of leakage inductance should be selected to achieve
soft switching. However, high leakage inductance decreases the
voltage gain and, as aresult, it should be selected reasonably. It is
seen that for the fabricated converter with the leakage inductance
of about 3 pH, the ZVS is obtained at 14%, 20%, and 25% of
full load for the parallel capacitors of 2, 4, and 6 nF, respectively.
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TABLE I
PERFORMANCE COMPARISON OF THE PROPOSED CONVERTER
Converter [27] [28] [30] [32] [33] Proposed
Technique CI CI BIT BIT CI+BIT CI+BIT
No. of MOSFETs 2 2 2 2 1 2
No. of Diodes 3 3 2 3 3 3
No. of Cores 1 1 2 2 2 2
No of Capacitors 4 4 4 5 4 5
ZVS Yes Yes Yes Yes No Yes
Voltage Gain (M) 2n +1—-nD 2n +2-nD N +2 DN -1)+N +2 N+n+2 N(n+1)(1+D)+2
1-D 1-D 1-D 1-D 1-D 1-D
VOhage S'.reSS VOL'T VOUT VOL'T VUUT VOL'T V()LT
Across MOSFETs 21 +1-nD 2m+2-nD N +2 DN —1)+N +2 N tn+2 Nn+h(1+D)+2
XOltageD. d Stress (41 oyr (n +1V our N+ our N + 1V our N +n+1V oy [N +D+1¥ 5r
cross Liodes 2n+2-nD 2n +2-nD N +2 DN =1)+N +2 N +n+2 Nn+)(1+D)+2
1n=955% 7=953% 17 =94.8% 1n=93.7% 17=95.7% 17=953%
V,y =48 V,y =40 V,y =40 V=28 V=24 V, =2%
Measured Efficiency V()UT =400~ V/)(,'T =400/ V()(/r =400~ V()UT =400~ V()LT =400V V(Jur =400~
P, =400 P, =400 Py, =400 Py, =225v Py, =200 P, =400
fs =100kHz fy =50kHz fs =100kHz fs =70kHz fs =100kHz fs =100kHz
100 T T T . . . E 0.24 : T T T : T " T T 0.45
Proposed Converter with n=I, N=2 = [27] with n=3 E Proposed Converter with n=I and N Variable
90 ——— [33] with n=1 ,N=2 and [30] :vith N=3 ‘8 022 | % 0.4 — — — Proposed Converter with N=I and n Variable |
80 1 ——— 132/ with N=3 Z 1331 with n=1, N=2 and [30] with N=3 | £ \ [33] with n=1 and IV Variable
— il < 02l =L 7 035 132/ i
70 [28] with n=3 © .
= . Pt ° 130
S | —— 27 with n=3 % — 2 03 \ 128]
£ 60r Zoast [28] with n=3 18" >
O s % i 0.25 g
Iy 20016 - [32] with N=3 | 1 @
£ I = 02
g Z oa4f 1 Zuus
@ U
.E Proposed Converter with n=1, N=2 =
= 0.12 =
£ E
Il =3
0 * * : * * * 2 0.1 - ; ; - - 5 - - ; 7 0.05
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Fig. 8. Performance comparison of (a) voltage gain, (b) normalized voltage stresses across MOSFETs versus voltage gain with sweeping D from 20% to 90%,
(c) normalized voltage stresses across MOSFETs versus turns ratio, (d) normalized voltage stresses across diodes versus voltage gain with sweeping D from 20%
to 90%, and (e) normalized voltage stresses across diodes versus turns ratio.

IV. PERFORMANCE COMPARISON the values of n or N in the other step-up converters are chosen
to be 3.

The comparison of the voltage gain of the competitors is
depicted in Fig. 8(a). It can be seen that the proposed converter
has the highest voltage gain of all.

Fig. 8(b) and (c) shows the comparison of the normalized
voltage stresses across the MOSFETs. In Fig. 8(b), the duty cycle

is swept from 20% to 90%. It is seen that at a given voltage

A comparison is made between the proposed converter and the
introduced converters in [27], [28], [30], [32], and [33], which
is presented in Table I. The comparison of voltage gain and
semiconductors’ voltage stress is shown in Fig. 8. n = 1 and
N = 2 are considered for the proposed converter and its main
competitor in [33] whenever it is needed to assume a constant
turns ratio. Furthermore, to have a fair comparison in such cases,
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Fig. 9.

Photograph of the developed converter.

gain, the proposed converter has the lowest voltage stress across
the MOSFETs. In Fig. 8(c), the duty cycle of the competitors is
chosen to be 55% and the MOSFETs voltage stress versus the
turns ratio is given. It is clear that the proposed converter has
the lowest voltage stress of all. Consequently, low-voltage-rated
switching devices can be utilized to reduce conduction losses
and cost.

Fig. 8(d) and (e) shows the comparison of the normalized
voltage stresses across the diodes. Again, at a given voltage
gain [see Fig. 8(d)] and a given turns ratio [see Fig. 8(c)], the
lowest voltage stress is imposed across the diodes in the proposed
converter. Hence, diodes with low forward voltage drop can be
implemented, reducing the conduction losses and cost.

The proposed converter achieves a higher conversion effi-
ciency than those in [30] and [32] even with much lower input
voltage (higher current stress at a given power) than the con-
verter proposed in [30] and higher switching frequency than the
converter proposed in [32]. Although the proposed converter has
lower conversion efficiency than thatin [27] and [33]; however, it
has a much lower input voltage than that in [27] and its operation
output power is twice the one for the converted given in [33].
Moreover, the proposed converter achieves the same conversion
efficiency obtained in [28] with twice switching frequency and
a much lower input voltage.

As discussed above, the advantages of higher voltage gain,
lower voltage stress, and high conversion efficiency are achieved
by the proposed converter with relatively equal number of the
components in comparison with its competitors especially [33].

V. NUMERICAL DESIGN

The components of the converter are designed based on 400 W
maximum output power, 25-400 V voltage conversion, and 100
kHz switching frequency. n = 1 and N = 2 are considered as
the turns ratios of the CI and BIT, respectively. According to
(30), the nominal duty cycle is obtained as 50%. However, as
discussed earlier, at high loads, the conduction losses of the
components and the leakage inductances decrease the voltage
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Fig. 10.  Experimental results of (a) pulsewidth modulation (PWM) signals,

(b) it and VN, and (¢) VouT and IouT.-

gain and the duty cycle should be increased to compensate
the voltage deviation. Therefore, the range of duty cycle is
considered to be 50%—-55%.

A. Design of CI and BIT

Lyic and Ly are designed to assure continuous conduc-
tion mode operation at 10% of load current. At the boundary
conduction mode, I1,vc and Iivp are equal to half of their
corresponding ripple content. Therefore

_ _ Aipvmce DVin
Iive = Mlourpom = =5 = QDL(MC’T)T/fS 62)
Ad n+ IN °
— — M = —t
Itvp = Nlour,som = SH5ME ST AV
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Fig. 11.  Experimental results of (a) Vg and Vggm, and (b) Ve and Vasc.

From (62), by assuming that the voltage gain at low output
power is closed to its ideal value, duty cycle will be around
50%. Hence, the minimum required magnetizing inductances
are obtained to be

— DVin _ 0.5x25 _
L. min = 2MIour,Bomfs  2x16x(0.1x1)x100000 =39 uH
 _ _Dn+DHVin  _ 05x(141)x25 .
L1MB min = 2NIourBemfs — 2x2x(0.1x1)x100000 — 625 pH
(63)

The fabricated CI and BIT have the following specifications:

LMC == 47/,LH; LLKC =1.1 /,I,H
CI: < Rcrp = 10mS (twoparallel twisted wires); R g
= 20m?
BIT - {LMB =627 pH; Lk = 2 uH
’ RBIT,P = 22mf? 5 RBIT,S = 44 mQ2.

B. Design of Semiconductors

The MOSFETs and diodes are designed based on their corre-
sponding voltage and current stresses derived in Section III-B.

According to (32), (35), (39) and (40), Vam = Vsc =
55V, IsMmaz = IsC,max = 39.65 A,  Isnrms = 21.92A,
and Iscrms = 9A. Therefore, IPP023NO8NS (Vps =
80V, Rps = 2.3mf?) is chosen for S;; and S¢. Moreover,
using (33), (34), and (36)—(38), Vp1 = Vpo = Vp3 = 243V,
Ipims = 1L.72A,  Ipoyms = 1.56 A,  Ipz ms =2.43A.
MURI1540 (Vgp = 1.2V, Rp = 12 m{) is selected for Dy,
DQ’ and D3.
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Fig. 12.  Experimental results of (a) Vp1 and Vpa, (b) Vps3 and V3, and (c)
Vo1 and Vo.

C. Design of Capacitors

The capacitors are designed based on their voltage ripple.
According to (25), (31), and (32), the values of Vo; =25V,
Voo =133V, Vg =243V, and Ve = 55V are obtained.
Considering 5% voltage ripple for C; and 2% voltage ripple
for Cq, Cs, and C ¢, the capacitors are designed as follows:

o> (N1+ D)+ 1) Iont

= 32.8F
= fs % (0.05Ve) a

(64)

I out

Cy>—tou __ _375)F
2= Fg % (0.02Ves) s

(65)
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Experimental results of i, kg and isp.

Fig. 13.

Fig. 14.  Experimental results of (a) ignr and isc, (b) isn and Ve, and (c)
isc and Vgc.
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(b)

Experimental results of (a) ip; and ip2 and (b) ip3.

Fig. 15.

Fig. 16. Dynamic response of the proposed converter.
Oy dow my (66)
5= g x (0.02Ves)
o (1- D) [M+(n+1)N+%} Tout e
c= Afs  (0.02Voe) T
(67)

In this design, available 30 — uF film capacitors are selected
for C; and C¢. Moreover, to reduce the power dissipations,
capacitors with lower ESR are preferred, which is yield by
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TABLE II
SPECIFICATIONS OF THE PROPOSED CONVERTER

Comp: t Parameters
Output Power ( P, ) 400w
Input/output Voltages (¥ ,y =V our ) 25V — 400V
Switching Frequency (f ) 100kHz
Power MOSFTEs (S, and S.) IPP023N 08N 5
MUR1540

Diodes (D, , D, , D)

Film Capacitors

Capacitors (C,C,,C2,C5) 3x10 uF,3x10 uF 10 4iF 10 yuF

Capacitors (Cyyr ) Electrolytic capacitor : 220 uF

Ferrite Core EE5SS5;

Coupled Inductors n=LLy =47 uH; Ly 11uH;
Rep =12mQ;R,, ¢ =24mQ.
Ferrite Core EES5;

N =2L,=627TuH; L. =2uH;
Ry p =26mQR,, o =52mQ.

Built-In Transformer

selecting higher capacitances. Therefore, for each of Cy and
Cs, three 10 pF capacitors are connected in parallel.

VI. EXPERIMENTAL VERIFICATION

A 400-W prototype with 25-400 V voltage conversion is
built in the laboratory to validate the carried analysis and the
performance operation of the proposed converter. Fig. 9 shows
the picture of the developed converter. The components specifi-
cations of the converter are provided in Table II.
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Fig. 10 shows the experimental results of the input/output
voltages and currents along with the PWM signals applied to
the switches. It is clear that the proposed converter achieves the
high voltage conversion of 25-400 V at 400 W output power.

Fig. 11 shows the experimental results of the gate pulses of the
MOSFETs along with the corresponding drain—source voltage.
The voltage stress across the power switches is about 56 V, which
is much lower than the high output voltage. Moreover, the ZVS
performance is satisfied during whole switching cycle.

Fig. 12 shows the experimental results of the voltages of
the diodes and capacitors. The voltage stresses of the diodes
are about 243 V, which are substantially lower than the output
voltage. The voltages of capacitors are about Vo =25V, Vg =
133V, and V3 = 242 V that are consistent with the theoretical
values in Section V-A.

Fig. 13 shows currents passing through the primary and sec-
ondary windings of BIT, which confirms the key waveforms of
Fig. 3.

Fig. 14(a) shows the passing current through the main and
clamp MOSFETs. To further discuss the ZVS performance, the
zoomed waveforms of the switches currents are presented along
with the corresponding drain—source voltages in Fig. 14(b) and
(c). Itis seen from Fig. 14(b) that by providing a negative current
before coming of the gate pulses of the main MOSFET, its body
diode is turned ON and the ZVS turn ON is realized. Moreover,
it is clear from Fig. 14(c) that at the turn-ON instant of the
clamp MOSFET, its body diodes starts conducting, satisfying the
natural ZVS turn-ON. The ZVS turn-OFF is also explored from
the experimental results.

Fig. 15 shows the passing current through the diodes. Itis clear
that all of the diodes are operated with ZCS at the instants of ON
and OFF, which alleviates the reverse current recovery problems
and enhances the circuit performance.

Fig. 16 shows the experimental results of the proposed con-
verter with output power variations between full load and half
load. Duty cycle is adjusted to regulate the output voltage at the
reference value of 400 V.

Fig. 17 shows the conversion efficiency of the proposed con-
verter along with the pie graph distribution of the components.
From Fig. 17(a), it is clear that the maximum efficiency is about
95.8% at 300 W output power and the full load efficiency is
about 95.3%. Moreover, it is clear that by increasing of the
input voltage from 25 to 30 V, the conversion efficiency is
improved. At this condition, the maximum efficiency is about
96.2% at 350 W output power and the full load efficiency is about
95.7%. According to Fig. 17(b), the analytical total losses of the
proposed converter at full load is about 15.44 W that yields
the theoretical conversion efficiency of 96.3%. It is seen that
the theoretical and experimented conversion efficiencies fairly
approve each other.

VII. CONCLUSION

An improved ZVS high step-up converter has been proposed
in this article. By implementing the CI and BIT concept, a
flexible voltage gain is achieved in which for further extension
of the voltage conversion ratio, the secondary winding of the CI
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is inserted in series with the primary winding of BIT. In such
a case, the voltage gain is proportional to the multiplication of
the turns ratios of the CI and BIT, contrary to the introduced
converter of [33]. Moreover, the blocking capacitor also partici-
pated to obtain higher voltage gain. The voltage stress across the
MOSFETs is considerably decreased and by utilizing of the active
clamp circuit, the ZVS performance is guaranteed for the power
switches through whole switching cycle. Through extensive
comparison discussion with some relevant topologies in [27],
[28], [30], [32], and [33], it was approved that the proposed
converter has the highest voltage gain and the lowest voltage
stress across MOSFETs and diodes. Another point resulted from
the comparison study is that by considering the handled power,
input/output voltages, and switching frequency, the proposed
converter has a high conversion efficiency of 95.3%, which is
high in comparison with its competitors operating with higher
input voltage and lower switching frequency. It is worth to
mention that due to implementation of the CI instead of the input
filter inductor, the input current ripple is high, which is accounted
as the main disadvantage of the proposed converter. Performance
operation of the proposed converter has been verified through
a 25-400 V and 400-W laboratory prototype with a full load
efficiency of 95.3%.
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