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Abstract— This study introduces a new modified high gain single-
switch SEPI1C-based DC/DC converter. The low input ripple of the
proposed converter makes it very suitable for renewable energy
applications. In the proposed topology, a three-winding coupled-
inductor and a voltage doubler rectifier are used to achieve high
voltage gain without needing an extreme duty cycle. This circuit
can provide an ultra-high voltage conversion ratio without
requiring a large number of the turns ratio of the Three-Winding
Coupled-Inductor (TWCI). Due to a regenerative clamped circuit,
the leakage energy of the coupled-inductor is recycled; thus, the
maximum voltage spike across the single power switch is
restricted. Therefore, MOSFET with a low maximum voltage
rating can be utilized, which can alleviate the conduction power
dissipations of the converter. Here, the switching power losses
have been reduced significantly due to the circuit's soft-switching
operation for the switch and all diodes. The steady-state analysis
of the proposed converter are discussed thoroughly. Finally, the
theoretical analysis is verified through the experimental results
from a sample prototype (200 W, 30 V-250 V).

NOMENCLATURE
D Duty cycle of the main switch

fs Switching frequency

fr Resonant frequency

LRR Low Reverse Recovery

TWCI | Three-Winding Coupled-Inductor

Cl Coupled-Inductor

VM Voltage Multiplier
ZCS Zero Current Switching
3D Three-Dimensional

SEPIC | Single-Ended Primary-Inductor Converter
RES Renewable Energy Sources

CCM Continuous Conduction Mode

RMS Root Mean Square

I. INTRODUCTION

In the past few decades, environmental consequences of
consuming fossil fuels and decreasing their reserves have made
it requisite to utilize renewable energy sources (RES) such as
Fuel cells, PV, and wind energy. Due to the limited voltage of
these sources (20-30V), it is imperative to use step-up (High-
gain) switch-mode DC-DC converters as an interface circuit to
reach a regulated high DC output voltage. Some applications of
such converters are energy harvesting, medical devices, lighting
systems, and portable devices. The specific requirements of
these circuits are high voltage conversion ratio, low
voltage/current stress, enough high efficiency, and compact
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design [1]. Moreover, drawing non-pulsating current from
RES-connected converters is also essential, as a high current
ripple can lead to decreasing the proper performance, including
power density and reliability [1, 2]. Because of higher power
density and lower costs, non-isolated structures of step-up
converters are often favored for low-power applications.

With the help of different voltage boosting techniques,
including Voltage Multipliers (VMSs) cells/rectifiers, switched
capacitors/switched inductors, and multi-stage/level [1, 3, 4],
many high gain converters have been introduced. Nevertheless,
these converters often provide high voltage gain under hard-
switching conditions and many components, compromising
their proper performance.

To improve the performance of such converters, using
magnetically devices in the form of Coupled-Inductor (CI) or
Built-In Transformer are a good solution for high gain
applications. Flexible structure and simple adjustment of turns
ratio are the main merits of these techniques[3, 5]. However,
because of the leakage energy of Cl, a huge voltage spike exists
across the switching devices. However, this voltage spike can
be eliminated by using active or passive clamp circuits [6, 7]. It
is noteworthy that hard-switching performance and diode
reverse recovery issues are the main obstacles of high gain
circuits to reach a decent efficiency.

In recent years, various coupled-inductor-based step-up
converters with acceptable performance have been introduced
to process power from the low-voltage DC side to the high-
voltage DC side. In step-up DC-DC converters [8-10], Cl and
VM circuits have been combined. Although offering high static
DC Voltage levels, high input current ripple is the main
drawback of these converters, which limits their applications
for RESs. Some Cl-based ultra high-gain converters with low
voltage stress across the switching devices are presented in [11,
12]. Despite the very high voltage gain under the soft-switching
performance, the input current is not smooth. Converters with
continuous input current and low ripple are useful for RES
applications [13-16], which is desirable for the battery, fuel cell
and PV applications. In these circuits, the single power switch
and all diodes operate under ZCS and Low Reverse Recovery
(LRR) issues, respectively. Even so, the voltage conversion
ratio of these converters is not large enough. Also, a high step-
up boost-based DC/DC converter with a built-in transformer
and an active clamp is suggested in [17]. Nevertheless, the use
of two active switches is the main limitation of the mentioned
topology. Moreover, two new types of zero voltage switching
step-up converters with low input current ripple are presented
in [18, 19]. The presented converters provide high voltage gain
and low voltage stress across the main power switch. But, the
use of two active switches and many components are the main
demerits of the circuits.
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Recently, step-up DC-DC converters have been introduced
in which the voltage gain ratio has the Transe-inverse (or Partial
Transe-inverse) characteristic. So that, the voltage gain is
increased by decreasing its magnetic turns ratio, which leads to
more efficiency improvement. In [20, 21], structures have been
proposed to provide high voltage gain coefficients at a lower
number of turns ratios than other conventional converters.
Nonetheless, high input current ripple (for [20]) and the use of
two active switches (for [21]) are the disadvantages of the
mentioned topologies, which complicate the gating circuit. In
addition, a new high step-up trans-inverse DC/DC converter
with a continuous current form is proposed in [22]. However,
hard-switching performance along with high reverse recovery
problems are disadvantages of the converter.

Furthermore, using a Three-Winding Coupled-Inductor
(TWCI) makes it possible to meet a more flexible on voltage
conversion ratio and other performance indicators of converter.
New types of single-switch TWCI-based high gain converters
with soft-switching performance and LRR issues are suggested
in [23-25]. Although high voltage gain, these converters suffer
from the high input current ripple, which negatively affects the
fuel cell stacks. To solve this problem, in [26-28], three new
types of TWCl-based step-up DC-DC topologies with low
input current ripple and regenerative passive clamp capacitor
are presented. In these single-switch circuits, the leakage
inductors of the windings of the TWCI help to eliminate the
diodes’ reverse recovery challenge. The possibility of meeting
high voltage gains under a low number of turns ratios is unique
merit of the mentioned circuits. Even so, for these circuits,
diodes with very high breakdown voltage are needed. In
addition, in [29], using a TWCI, a new single-switch ultra-high
voltage gain converter with low input current ripple and voltage
stress is suggested. However, this converter lacks the trans-
inverse feature. So that higher voltage gains are obtained under
more turns ratios of the TWCI. In addition, a new quadratic
step-up converter based on TWCI is suggested in [30]. although
a high voltage gain, this converter suffers from hard switching
performance.

This paper introduces a new single-switch ultra-high step-
up DC-DC converter with low steady voltage stress and low
input current ripple to solve the problems mentioned above. A
TWCI and a voltage doubler rectifier are integrated into the
proposed converter to reach an ultra-high voltage conversion
ratio. The unique property of the proposed circuit is the
possibility of achieving higher voltage gains at a lower number
of turns ratio of the coupled-inductor. The single power switch
operates at ZCS conditions with low voltage stress.
Furthermore, considering a resonant tank using the leakage
inductor and the middle capacitors of the circuit, the magnitude
of the turn-off current of the switch can be alleviated
considerably. Besides, due to full soft-switching performance
for all components, the reversed-recovery procedures of the
diodes are eliminated. These benefits provide enough high
efficiency for the introduced converter.

This paper is organized as follows: the topology description
and steady-state analysis are provided in Sections Il and I11. In
Section 1V, the advantages of the introduced circuit are

compared with other similar topologies. Section V presents
experimental results. Eventually, conclusions are drawn in
Section VI.

II. TOPOLOGY AND OPERATING PRINCIPLE

The power circuit of the introduced topology is depicted in
Fig. 1. The proposed topology is a type of modified structure of
the conventional SEPIC. This converter is formed by an input
inductor (Lin), @ TWCI (with turns ratios N1, N2, and N3), a
single power switch, five diodes, and six capacitors. The loops
C1-N2-N1-D¢, and D;.5-C.3-N3, have a VM role to enhance the
voltage gain. A regenerative passive clamp circuit (Cc and D)
limits the maximum steady voltage rate across the power
switch. Adopting a resonant circuit among the capacitors Cy, C,
and the primary and the secondary sides (N1 and Ny) of the
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Fig. 2. The Key waveforms.
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TWCI leads to the currents of the switch and the diodes D- and
Ds change as a sinusoidal form. The result is a reduction of the
switching and reverse recovery issue. To simplify the proposed
circuit analysis in CCM, the voltages on the capacitors are
assumed to be a constant value. Moreover, the TWCI is
modeled as an ideal transformer with a parallel magnetizing
inductor (Lm) and a merged leakage inductor (Lk). Fig. 2 shows
the typical key waveforms of the introduced converter. Also,
operating circuits over one switching period are presented in
Fig. 3.

Mode 1 [to - t1]: The switch begins to conduct at ZCS
conditions in this interval. As it is shown in Fig. 3 (a), Dz is also
conducting, while other diodes are in reverse bias condition.
During this short time interval, the input inductor begins to
receive energy from the source Vi, thus its current increase
linearly. Also, the clamp capacitor C. receives energy from the
primary side of the TWCI. The current of D; reaches zero under
the LRR conditions at the end of this short operating mode.

Mode 2 [t1- t2]: In the second time interval, the single power
switch remains ON, while the diodes D, and D5 start to conduct
under the ZCS feature. Similar to the first mode, the input
inductor Li, received energy from the input voltage. The
capacitor Csreceives energy from the tertiary side of the TWCI.
Since the positive voltage is applied to Lw, its current is
increased linearly. During this interval, to decrease the switch
current magnitude at the turn-off instant, a resonant circuit
among the primary and secondary sides of the TWCI and also
the capacitors C. and C; can be adopted. Regarding Fig.3 (b),
this resonant helps to change the current waveform of the main
switch is changed as a sinusoidal form. Hence, it can alleviate

to: ULAKBIM UASL - DOKUZ EYLUL UNIVERSITESI.

the switching power dissipation. The resonant frequency of the
circuit is derived as:

fa=2> = : )
TR o a2t

Here, n,1=N2/N; and n3;=Ns/N;. For better performance, the
half of resonant period should be close to switching period (
0.5Tr =DTs). In this mode, the following equations can be
given:

vLin = ]/I:Tl (2)
Vce—V
Vim = —finzfl (3)
Ve3=MN31Vy (4)
V2= Veo1 + Vez — Vee — Vim )

Furthermore, the current passed through the power switch is

given as:
Is = Ui + inz (6)
This mode is finished when the current of D3 meets zero
naturally under a slow slope with LRR.

Mode 3 [tz - ts]: From Fig. 3 (c), only the power switch and
the diode D, conduct during this short interval. Also, the
leakage inductance of the TWCI makes the current of D, tend
to zero with a slight slope.

Mode 4 [ts— t4]: In continuation of the previous mode, the
single power switch is still ON. As shown in Fig. 3 (d), the
current passed through the secondary side (in2) and the leakage
inductor of the TWCI are identical. Moreover, the current of the
secondary side of the TWCI charges the balancing capacitor C;
of the converter. In this mode, the current of the switch is
derived as follow:
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g = Ui + i1 (7
Mode 5 [ta— ts]: According to Fig. 3 (e), the single power
switch is turned OFF at t = t.. Meanwhile, the diode D, starts to
conduct simultaneously; thus, the voltage across the switch is
clamped. The leakage inductor of the tertiary side and the
capacitors C, and Cs in series transfer their energies to the
output capacitors Co1 and Co2. Moreover, during this mode, the
clamp capacitor C. receives energy from Li,. Hence, the
currents of the input and the magnetizing inductors begin to
decrease linearly. This operating mode is ended when D turns
OFF with the LRR feature. The following equations can be
achieved in this mode:
E@ZUCC (8)
Um = Tong, €))
Veoz= Vee + (14 n31) vy + Ve + Vez — Veor (10)
Mode 6 [ts— ts]: The output diode D, is still ON during this
small interval. Same as the previous mode, the output capacitors
receive energy from the TWCI and the capacitors C; and Cs in
series. At t=ts, the diode D: starts to conduct under ZCS
conditions.

Mode 7 [ts— t7]: As it is depicted in Fig. 3 (g), the energies
of the tertiary side of the coupled inductor along with the
capacitors C, and Cs are delivered to the second output
capacitor Co2. Meanwhile, the first output capacitor Co; receives
energy from the primary and secondary sides through the diode
Di. This operating mode is ended when the current of Do
reaches zero at t = t7 at the LRR. During this state, the voltage
loop equations are as follows:

Veo1= Vee T Vez = Vim (11)
Veo2= Vez + Vez — N31Viy (12)

Mode 8 [t7— ts]: In this mode, D, is conducting, and other
diodes are blocking. Regrading Fig. 3 (g), the energies stored in
the input and magnetizing inductors are released to the first
output capacitor Co1.

I1l. STEADY-STATE ANALYSIS

In this part, the steady-state analysis of the introduced
topology is carried out. To simplify the analysis, the effect of
the leakage inductor and the short time intervals can be
neglected.

A. Voltage Conversion Ratio

By applying the volt-second balance principle on Li, and L,

the average voltages of C. and C; are derived as follows:
— Vin (13)

— (14)

Using (3), (4), (13), and (14), the voltage of the capacitor C3
is determined as:

_M31 Vin (15)

(1-npp) "t

Also, by re-applying the volt-second balance principle on
the input inductor over one switching period and using (2) and
(11), the average voltage across the first output capacitor Co is
derived as:

Ves =

_ 14D-—np,y :
VCol - (1-n21)(1-D) . Vm (16)
The voltage across the capacitor C, can be given with the

help of (3) and (5), (15) and (16) as:

_ 1+n31(1—D) :
c2 — (1-n1)(1-D) " in (17)

By substituting (9), (13), (15)-(17) into (10), the average
voltage on the second output capacitor Co is equal to (18).

__ 14n34(2-D) .
VCoZ - (1—n21)(1—D)' in (18)
Eventually, Regarding the proposed  converter

configuration, the output voltage equals the sum of Vco1, Vcoo.
Thus, the voltage gain of the proposed converter in CCM is
derived from (20) as follow:

M = Vo — 2+D+nz1(2—-D)-nyq
Vin (1-n21)(1-D)

To have a clearer picture of the influence of the parameters
n21 and nz; on the voltage conversion ratio (20) of the converter,
several curves of the DC Voltage gain as a function of the duty
cycle are depicted in Fig. 4. Moreover, Fig. 5 illustrates a 3D
plot of the theoretical voltage versus ny and nz; for D=0.3,
D=0.55, and D=0.75. Regarding these figures, the voltage gain
of the presented topology can be easily adjusted in a wide range
with a slight increase in the parameter ny; towards
unity. Therefore, higher output DC voltage can provide at fewer
turns ratios of the TWCI, which alleviates ohmic power
dissipations in the windings.

(20)

B. Voltage and Current Stress analysis

Based on the upper analysis, the voltage stresses of the
switch and the diodes (D¢, D1, D2, Dzand D,) are obtained as:
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Vin 1-n31

Vspeary = Vbetpear) = 125 = ipimeymm o D)
Vp1 = m (22)

Vpa = W,&ﬁ% (23)

Vps = % o (24)

VDO — 1+nzq (1-D) ‘/o (25)

24D+4n3,(2-D)—nyq
The variation of component voltage stress versus the duty cycle
is shown in Fig.6 (n21=n31=0.65). According to this figure, the
highest and lowest voltage stresses are applied to the diode D;
and the power switch respectivily. However, as the duty cycle
increases, the value of voltage stresses is decreased.

Based on (21)-(25), steady voltage rates across the
switching semiconductors are significantly smaller than the
output voltage. Using (6), the peak and RMS values of the
switch current are given as:

s
(1-n31)+55@2n31+1)
1—n21

IS(Peak) ~ (M + ) 10 (26)

2
Iy = Lo | DX? + 221 4 400

@7)
2
Here, M is the voltage gain ratio of the proposed topology,
and parameters X; and X, are defined as:
_ 1-n3q _ T 2nzq1+1
Xy =M+ 1-nyq Xy = 2D ( 1-nyq ) (28)
According to the operating Mode 4, the switch current value
at the turn-off instant (t = t4) is equal to (29).

i = (M + ), (29)
—n21

Besides, the maximum current magnetude passed from D at

t=t4is expressed as follow:
j =it 30
ch(peak) = lsw ( )

Considering the sine changes of the current shape of D, and
D3, the peak current magnitude of the mentioned diodes can be
determined as:

. . T
D2pear = D3peax ~ 510 (31)
Here 1, is the output load current. Furthermore, the

maximum current values of D; and D, are approximated as:

. I

ip1(peak) = TO—DS (32)
. M(1-ny,)+1-n
lpo(peak) = #Io (33)

where Ds represents the time duration of the operating
Modes 5 and given as:
2

D5 == [0 (34)
IDc(peak)

Fig. 7 shows the maximum current value of the switching
components as a function of duty cycle at n; = 0.4, n3; = 0.35.
According to this figure, the duty cycle range 0.35<D<0.65 is
the most appropriate range for proper performance.

C. Efficiency Analysis

In practice conditions, the parasitic components of the circuit
elements make conduction power losses. Consequently, the
efficiency of the converter is affected by conduction
dissipations. In this part, to analyze the efficiency of the
presented converter, parasitic components are considered,
which are summarized in Table 1. Also, Fig.8 shows the
simplified circuit schematic for analyzing conduction losses

1 T T T T T

——Switch , Dc
1

041 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Duty Cycle

Fig.6. Variation of Component Voltage Stress as a function of the duty
cycle.
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Fig. 7. Maximum current value across the switching components of the
proposed circuit.

in the proposed converter.

The ZCS operation of the converter eliminates the switch
turn-on power loss. Moreover, the resonant performance in the
second operating mode reduces the switch-off power
dissipation. Thus, the power loss of the converter switch is
calculated as:

1

.t= 1
Ps = T s (is orf tors) + o (Coss-Vis) + Rpscony Irms)  (35)
Following Section Il mentioned above, the soft-switching
operation for all diodes eliminates the reverse recovery
problem. Therefore, the diode conduction losses are obtained
as:

Poi = Ve Ipavey*Tp- 15 rus) (36)
Also, the capacitors’ conduction power losses are calculated

as given in (37).

2

PCap.L' = rCi-IC(RMS) (37)
Moreover, the magnetic power losses can be calculated as

presented below:
2

Pyag. =11, 1 L, (RMS) + 1.1 lzkl(RMS) + Pcore(Lin,Twen (38)

The total power loss of the proposed converter is determined
as:

Pross =PSW+PD+PCap.+PMag. (39)

The proposed converter efficiency as well as the Non-ldeal

voltage gain can be calculated as:
Pout

=— 40
7VI POult)+PLos(5 D) ( )

_ Vo _ 24D+n3,(2-D)-nyy
MNon—Ideal - Vin - (1-n21)(1-D) (41)

The effect of the parasitic components (listed in Table I) on
the output voltage gain along with the theoretical efficiency are
illustrated in Fig. 9. The main parameters of the proposed
converter are considered as: Vin = 25V, RL = 400 Q, n»1=0.62,
n3;=0.8, and f; = 60 kHz. Also, the values of the parasitic

components (based on the prototype specifications) of the
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TABLE I. THE MAIN PARASITIC PARAMETERS OF THE CIRCUIT ELEMENTS

Parameter Description
IDs Static ON-state resistance of the power MOSFET
ton , toff
Ts The switching cycle time
COSS
rci Equivalent Series Resistance (ESR) of the capacitor
VE Threshold voltage of the diode
o Conduction resistance of the diode
Iiin, Feq Series resistances of the input inductor and TWCI
Veos o, o
D3 Do Vroo
+
N3 _ C3_:
L, Co %
rez L
C2 K D2 Icoz

run L rc $ N2
>

+

1+

] Cot

Vin HE

Fcot

Fig.8. Simplified circuit schematic for analyzing conduction losses in the
proposed converter.
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Fig. 9. Voltage gain (ldeal and Non-Ideal) and efficiency of the proposed
converter versus duty cycle ( fs=60 kHz and R, =400 Q, V;,=25V).

circuit are : ros=3.7me, HESEEIEEEEEEE rc=7.1mQ,
B 1 c>=10mQ, rcs=10mQ, rcor=70mQ, rce2=0.10, NSNS
VPo1=0.7V,  Vepo=071V, Vrpo=0.7V, Vrpo=0.72V. [ESSMR.

m1=8mQ, rp2=6.5MmQ, rp3=7mMQ, rpo=12.5MQ, [rLix=10mQ,
r1=35mQ ryy=10me, rys=50me). Regarding this figure, due to
the high voltage and current levels at higher duty cycles, the
maximum power-handling capability and actual voltage are
limited, which also happens in other step-up topologies.
However, converters such as the proposed converter, which
have a high voltage gain, and soft-switching performance, can
provide higher power-handling capacities and voltage gain.

IV. COMPARISON STUDY

To justify the superiority of the introduced topology, several
key features of the proposed topology with other recent
converters are compared and presented in Table II.

Related voltage gains of the converters introduced in Table
Il under the same conditions ny = 0.65, nz = 2.35 (three-
winding Cl-based), n = 3 (two-winding Cl-based) are plotted
over a wide range of the duty cycle in Fig. 10. It appears that
the proposed converter offers higher DC Voltage gains than the

compared topologies. As a result, the presented topology is able
to provide high voltage gains under a low rate of turns ratios.
Also, Fig. 11 depicts the voltage gain per number of
components (M/N). From this figure, just the introduced circuit
in this paper, and the converter in [26], have a higher M/N ratio
at 0<D<0.6. The normalized voltage across the main power
switch comparisons of the converters mentioned in Table Il is
shown in Fig. 12. It can be seen that the proposed topology has
the lowest maximum voltage stress on the switch for all ranges
of the duty cycle. Similarly, the normalized maximum voltage
stress across the converter diodes in Table Il is illustrated in Fig.
13. It can be seen that the voltage stress of the switching
components of the suggested topology is at a reasonable level.
Following what has been mentioned above in this section, the
introduced converter possesses a low switch and diode voltage
stresses. Therefore, MOSFET and diodes with lower-rated
voltages can be chosen for the proposed circuit, which leads to
efficiency improvement. Notably that the smaller turns ratio of
the proposed circuit decreases the parasitic components of the
windings of the coupled-inductor and reduces the core and
copper losses.

Moreover, a comparison of the theoretical efficiency under
the same conditions (25V/400 V, 400 W, 60 kHz, ny; = 0.625,
na1 = 0.875 and n = na1+n31=1.5 is provided in Table I1l. The
parasitic components are chosen based on related datasheets.
Because of full soft-switching performance along with very low
reverse recovery loss, the proposed topology demonstrates the
highest efficiency against others.

70
- - -Ref[10]

.......... Ref [12]
f ——Ref[13]

[=2]
o

- = =Ref [15]
[ ——Ref[19]
----- Ref [20, 21]
---------- Ref [26]
= = =Ref [24, 29]

(2
o

S
1=}

w
o

Ref [30]
———Proposed Converter

Voltage Gain
5

n
o

10

(] 0.2 0.4 0.6 0.8
Duty Cycle
Fig. 10. Voltage gain comparison with other converters.
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Fig. 11. The voltage gain per number of components comparison.
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TABLE Il. COMPARISON OF THE PROPOSED CONVERTER AND OTHER CONVERTERS.

Converter No. of Soft-
Components Voltage Gain L':?‘C' Voltage Stress Maximum Voltage Stress | Switching ;i\(’f/?f
Topology 9 on Main Switch on Diodes (Main Loss y
S/D/CICI+L/T Switch)
4+n(2-D)—-D v, (n(2—D) - D)V, .
10 1/8/8/12%+0/18 _— No —_— —_— - ° - High
[10] 1-D) 1+n(2-D)-D 4+n2-D)-D 9
3+2n—-D@B+n-D) No 1-D), n(2—=D)V,
2w +
[12] 2/5/5/1%" +1/14 =Dy 3¥m-G+n-D) 3tan-G+n-D) ZCSs Very Low
2 +n+nD 7 1+n),
13 1/4/5/12% +1/12 —_— Yes — - % ZCS+QR | Very Low
= (1-D) 2+n+nD 2+n+nD Q Y
2(1+D)+2n(1-D) v, 1 +n)V,
2w +
[14] 2/4/5/1%" +1/13 a-D Yes 20+ D)+ 2n(1=D) 30 +D) + 2n(1 D) ZCSs Low
[15] 1/5/6/12" +1/14 20+ Yes L Y ZCSs Low
(1-D) 2(1+n) 2
2n+3 v,
[19] | 2/6/6/12"+1/16 Yes o a+mly VT Low
(1-D) 2n+3 2n+3
2n—1 (n—1V, ny,
20 1/3/3/12% +0/8 —_— No 9 = ZCS Low
[20] n—-1)A-D) 2n—1 2n—1
2n—1 (n—1V, nv,
21 2/2/4/13W +1/10 T ra— Yes 9 —2 ZVS Very Low
(21] (n—1D(1-D) n—1 2n—1 Y
3+ 2ny; + g Vo (1+ny; + 131V,
24 1 13W+0/12 _— N —_— —_— z L
[24]  |L/S/SIT0/ 1-D) 0 3+ 2ny, + g 3+ 20y, + 1y cs ow
2+n3;—ny (1—ny)V, (1+mn3,)V,
26 1/3/4/13W +1/10 —_— Yes —_— —_— ZCS Low
[26] (1-n,(A—=D) 2+n5 —ny 2+n3 —ny
14+ 2n3, —ny (n3; —na)V, 1+4n;,
27 1/4/5/13%W +1/12 — =z Yes —~31 270 — =y ZCS+QR | Very Low
271 (n3y —ny1)(1—D) 14+ 2n3; —ny 14 2n3 —ny Y
3+ 2n,, +ngy V, (1+ny; +n31)V,,
29 1/5/6/13V+1/14 —_— Y — —_— ZCS L.
1 aA-D) es 3+ 2ny, + nyy 3+ 2ny, + nay o
1+mny +n3,D V, (1+n3,)V, .
30 1/5/5/13% +1/13 —_— Y —_— —_— - High
(0] (1-D)? & L+, +nyD 1+, +nyD '9
Proposed w 2+D+n3(2-D)—ny 1 —n)V, 1 +n3)V, "

Converter 1/5/6/13V +1/14 d=n,0-D) Yes 23D +1.(2-D)—ny| 24D +12—D) -, ZCS+QR | Very Low
Notes: S: Switch, D: Diode, C: Capacitor, Cl: Coupled-Inductor, L: Inductor, T: Total Device Count, L.I.C.R: Low Input Current Ripple
TABLE I1l. THEORETICAL EFFICIENCY OF THE CONVERTERS.

Converter [10] | [22] | [23] | [24] | [25] | [29] | [20] [21] [24] [26] [27] [29] [30] Proposed
Converter
Duty Cycle 0.77 | 051 | 0.74 | 0.73 | 0.65 | 0.66 | 0.72 0.8 0.7 0.66 0.51 0.69 0.67 0.5
Efficiency % 95.2 | 90.7 95 94.8 | 95.0 | 92.7 89 94.9 95.1 94.2 93.2 94.8 914 95.1
1 - -Ref[10] 5 25 - - -Ref[10]
s Ref [12) o s Ref [12)
Ref [13] A e
o= ke s: = S
] cTThe iy
= e [0} —Ref
s = e 7 Ret 20,21
%0.6 - e Ref [26] =15+ -Ref [26]
= N Ref [24, 29] “ “Ref [24, 29)
= — e Ref [27] S Ref [27]
S el - - -Ref [30] ] @ - - -Ref [30]
. 0.4 T ——Proposed Converter = 1 = Proposed Converter ...
I e S
y;g 0.2 £o0s
: E
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
Duty Cycle Duty Cycle
Fig. 12. Comparison of normalized voltage stress across the power switch of the  Fig. 13. Comparison of normalized maximum voltage stress of the diodes of the
converters given in Table Il . converters in Table Il .

V. DCMPERFORMANCE ANALYSIS and the diode D, under in boundary operation. With the help of

A. Boundary Between CCM and DCM converter operation modes, the slope of increasing (m:) and

In the proposed converter, the boundary condition between  decreasing (m.) the magnetizing inductor current is obtained as
CCM and DCM performances occurs when the voltage across  follows:

the magnetizing inductor reaches zero (Vim=0), in which case m, = —cever —_ Vin (42)

the current of the diode D; falls to zero at t=ts. Fig. 14 shows Lmp(1-72) ianB(l‘”Z)

the voltage and current waveforms of the magnetizing inductor My =Tr——""T_ 0 (43)
Lmp(1-n2)(1-D)
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Fig. 14. The voltage and current waveforms of the L, at the boundary of CCM
and DCM mode. (BC=Boundary Condition).
Vee—V Vi
m3 — Cc C1 — in (44)
Lmp(1-n3) Lmp(1-nz)
my=——2— 45
T Lme(1-n)(1-D) _ (45)
According to the linear form of the charge and discharge of
the input inductor current A and B in Fig.14 can be obtained as:

_ 2Mccmdo-Lin—DVinTs
A= CCM-1o-%in in (46)
2Lin
2M do.Lin+DVinT
B = CCM-1o-Lin in’S (47)
2Lin

Given the average amount of magnetizing inductor current,
and using (44) and (45), the boundary condition of the
magnetizing inductance is derived as:

2DLinvin
2(1-n)fs[2(1-n)oLin+(1-12)(2Mccm do-Lin=DViurf. )]

Regarding (48), the input DC voltage source, input inductor,
output current, switching frequency and also the turns ratios of
the TWCI affect the boundary condition value of the L.
Furthermore, the normalized value of the boundary load
resistance (R.g) can also be given as:

Rip =ZMCCMZ-(1_n2)2+2MCCM(1—n3)
LinLlmfs DLin+D(1-n3)%Ly
Fig. 15 depicts the normalized value of the load resistance
versus D and n at the boundary condition.

(48)

LM(min) =

(49)

248 o
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W i
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. 18F
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e ]
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Fig. 15. Normalized the output load resistance versus D, ny; and ng;.
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B. Discontinuous Conduction Mode (DCM)

Fig. 16 shows the voltage and current waveforms of the
magnetizing inductor and the diode D1 under DCM mode. In
DCM operation, By applying the volt-second balance principle
on Ly and Lw, the average voltages of C. and C; are derived as
follows:

1-2
Vee = @.Vi (50)
Ver = 525 (51)

Which A represents the time duration tg<t<ts, which diode
D; turns-off. Also, the voltage of the other capacitors are

determined as:
__ 1-A+nz(1-D-A)

Vez = —mo(p-p) " Vin (52)
Ves = (17_1% in (53)
Veor = G (54)
Vogy = ot @D=0) (55)

(1-npy)(1-D-p) "M
Eventually, the voltage gain of the proposed converter in
DCM is derived as follow:

Vo _ (1-8)(2-np) +D+n3,(2-D-A)
(1-n21)(1-D-4)

Mpey = Vin (56)
From (44) and (45), the time duration 1-A as a function of
converter parameters can be finded as:
1-A= Q'M,# [(1 —n31) + Mpey (1 —npp) — %] (59)
Which, Q is defined as :
2Ly fs
Q =4 (1 —nyy) (60)
With substituting (50) into (47) and after rearranging, the

voltage gain of the proposed converter at DCM condition can
be calculated as a the third degree equation as:

aMgCM + ngCM + CMDCM + d = 0
Which, a, b, ¢, and d are :

A DTs

(61)

<«— >
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Fig. 16. The voltage and current waveforms of the L, at DCM mode.
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a=Q(1—ny)°
b = Q(=1+ 2nyyn3; + 2ny; — 2nzy — n5)
¢ =—=D?(1 = nyy) + Q(—2 + N3y + Ny — Npyngg +n3y) —
DQQ2(1 —1nyq) (64)

(62)
(63)

d = —D? = Dng;(1 = D) = DQQ2(2 + nz; —ny) (65)
Which, Q; is defined as :
Q= " (66)

VI. DESIGN CONSIDERATIONS
A. Input Inductor

For RES (PV, FC, and battery), lower input current ripples are
preferred. The minimum value of the input inductor Li, is
selected to limit the input current ripple within the desired value
as:
Vin.D
in Alin.fs
Here, Al;;, is the permitted input current ripple.

(67)

B. Magnetizing Inductance Design

The proper value of the magnetizing inductor Ly of the
TWCI can be designed by:

M

Vim-D (68)
AlLm-fs

It should be noted that selecting a very small current ripple
for the magnetizing inductor of the TWCI (AI,,,) increases the
wire consumption and the conduction losses.

As mentioned above, the voltage gain of the proposed
converter can be regulated by three independent parameters D,
n21, and ns1. From Fig. 6, the acceptable range of duty cycle is
about 0.4 <D< 0.65. Moreover, regarding (20) and Fig. 4, a
slight increase of the second turns ratio n,; toward unit makes
a significant increase in the voltage gain, which reduces the
whole turns ratios and wire consumption. Nevertheless,
choosing the turns ratio very close to unity is not recommended.

C. Capacitors

To suppress the output voltage ripple, the output filters’
capacitance values Co1,2 0f this prototype can be determined as:

DI,

COI - AVeo1-fs (69)
(1-DYI

Cor = Womnts (70)

Here, AVco12 are the tolerant output voltage ripple, which
usually is selected as AVco =1%.V,. The middle capacitors of
the converter are employed to transfer the input energy to the
output. These capacitances can be calculated as follows:

C.= D.ipx — n(nz1+2n31)Vout (71)
AVee fs AVec2R.(1-n21)fs
— D.in2 — m(1+2n31)Vout (72)
AVeifs  AVe12Rp.(1-n21)fs
CZ — LD2.D — ”Vout (73)
AVea fs AVe2.2RL.fs
TVout

1

— ‘psD _

3T AVes.fs B AVe3.2Rp.fs

The capacitors C. and C;-3 do not perform filtering effect, So

there is no need to design them based on very small voltage

ripples. In this case, the converter's efficiency is also improved

by selecting the film-type capacitors with lower parasitic

resistance. Moreover, the simplest method to adjust the
resonant frequency is by C. and C; from (75) as:

(74)

CC] = DT, (75)

2nz1+1

Tf\/Lkl [(2n21.n31+1 C1)|

VII. EXPERIMENTAL VERIFICATION

A 400W 25V-t0-400V laboratory prototype that operates at
60 kHz switching frequency is built and tested to justify the
correctness and effectiveness of the presented circuit. The
components specifications of the sample prototype are
summarized in Table IV. The low voltage stress across the
power switch makes it possible to select a MOSFET IRFB4110
with 100 V voltage rating and low Rpsen). The measurement
instruments PA-667 (1 MHz current probe) and GDP- 025
(differential voltage probe) are used to obtained the current and
voltage waveforms of the components. PA-667 has two
division coefficients including, 500 mV/A and 50 mV/A, and
GDP-025 also has three different division coefficients
including, x20, x50, and x200.
Fig. 17 demonstrates the steady voltage stress and current
shapes of the single power switch. It is evident that the switch
turns ON under ZCS conditions with voltage stress of about
52V. Moreover, the resonant performance in the operating
Mode 2 decreases the value of the switch current at the turn-off
instant. From Fig. 18 (a)-(d) and Fig. 19 (a), the current of all
diodes of the proposed converter turns OFF at LRR conditions.
Furthermore, the voltage stresses across the diodes are about
Vp1 =120 V, Vp2 =220 V, Vpz =100 V, Vpe =52 V, and Vbo
=220V, which are more lower than the output voltage.

TABLE IV: SPECIFICATIONS AND COMPONENTS OF
PROTOTYPE SETUP.

Parameter Values

Output Power (Pout) 400 W

Input Voltage (Vin) 25V

Output Voltage (Vour) 400 V

Switching Frequency (fs) 60 kHz

Capacitor C; 15 pF

Capacitor C 4.7 puF

Capacitors C,, Cs 6.8 uF

Capacitors Co, Cop

MOSFET S

Input Inductor Lj,

Magnetizing Inductor of the CL (Ly)
Turns Ratios of the TWCI (N1:N2:N3)

47 pF/100 pF

IRFB4110/ RDS(on):3-7 mQ
63 pH / T184-52

200 pH

(16:10:13) / EE55/28/21

Diodes D1‘ D3 MUR415 (VF(Max):O-71 V)
Diodes D, D, MUR440 (V¢ an=1.05 V)
Diodes D. MBRZO].OO(VF (Max)=0-75 V)

bo 'VDsé ‘S/O'Vfédiv

: : . : N :
..... Lo TR{2- -t il W20 AYdiv - - -
i i @= W o= ' : ® i
Fig. 17. The experimental waveforms of the Single Power MOSFET.
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ISTE ; ! = i Also, Fig. 19 (b) exhibits the experimental currents of the
c : : c c : c c input and leakage inductors along with the output DC voltage.
From this figure, the current ripples of the input inductor are
very small and about 4 A. The full soft-switching performance
makes the introduced topology offers the regulated DC voltage
with at least voltage spike at the switching instants.

Fig. 20 represents the measured efficiency of the proposed
circuit and the converters in [13], and [27] under full load
condition(25V/400V/400W). Moreover, Fig. 21 (a)-(c) depicts
the pie graphs of the theoretical power loss break-down at full
load conditions of the mentioned converters against output
power at full load conditions. In the converter [27], the

4 Lo 6~ v o-w : SE capacitor power losses are significantly higher than the others.
m @W — From these figures, the proposed converter has a more suitable
5 : = performance. For the full load conditions (25 V - 400 V, 400W),
..... N ;V'?l.: wov/div - the measured efficiency is about 93.5 %. Because of the soft-
: : : / : E : : switching features for all switching devices, Less share of the
= 2" e 0 R e O I : power dissipations are conduction losses.
0 0 0 o 0 w N Stop
...................... fooooih e i : : : ; ¥ ; : :
...... ..... 'leOOV/dlv
% ID1:4 A/div : : : : ; L/ :
-
i v 8= 2 = :SEIEInU 0 F
(b)
] 3 Stop
g g B H ! H H

b - -+ ] ey o+ -+ N D E NV, 100 V/div
: : Nole = - : : B i B A
S P : : : : : !l 20 A/div
i) i 8= 20 0N = . v A : : : : :
(c)
w === Stop
H H H H h 4 H H . .
..... EV'D3:100V/dIV 0 T a= W @ = @ = 1 : ol
: : : : : : : : (b)
£ ORI I - - / SR Fig. 19. The experimental waveforms.(a) Diode D,, and (b) Vo , iin , and
: : : : : : : k1.
.................... o . ‘
—0—Proposed Converter
bnooofoooofoooodoooolooooBoooofoooofoooofoo —5~ Converter in [13]
. . . . - o o o 3 96 =—é—Converter in [27]
. 1034 A/div: . 5
T 8
. W w
........................................... % . | . ‘ | ‘
- - - - - - N . 50 100 150 200 250 300 350 400
1] ri 8= 20 = 2 AN Output Power (W)
(d Fig. 20. Measured efficiency of the proposed converter and the converters
Fig. 18. The experimental waveforms.(a) Diode D, (b) Diodes D, and Ds. in [13], and [27] under full load condition(25V/400V/400W).
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Fig. 22 (a) - (b) presents the dynamic responses of the — : : e — R
proposed topology under the output load and the input voltage Vout 100 V/div : .

variations, respectively. For this purpose, a closed loop : : :
controller (PI) is used. From this figure, when the output load
changes from Po=400W (Rioai=400 Q) to Po=50W

g

(RLoad2=3200 Q), and the input voltage changes from Vin=20 V  Step Change of Load ; R
to Vinz=25 V, the output DC voltage is regulated at 400V. In o 24 5 w2 2ol v o 0 0 el o £ oo
addition, the power loss distribution of the proposed circuit : : i 50W :

components is provided in Table V. The values of the parasitic

resistances are measured with the help of a Hantek 1833C. - O : ( : :
Moreover, the actual values of the forward voltage drop of the of ottt LA/, bk e 2 ey
diodes are obtained by their instantaneous currents. The : 5 ; : : . :
experimental platform of the proposed converter is shown in @)
Fig. 23. =

Proposed Converter

Stop ]

\.{out: 100 V/div

Switch -~ $ =~ . Capacitors o
112.8% . : B
] . .

Diodes :‘ : ‘ 1'

@ b U I IS S

Converter in [13] : : .

= ~. Capacitors (b)
> Fig. 22. Dynamic responses. (a) output Load from P,=400 W to P,=50W,
(b) input voltage from V;,=20 V to V;,=25 V.

Diodes
TABLE. V. LOSS DISTRIBUTIONS OF THE PROPOSED TOPOLOGY.
MOSFET Losses
Device Type Pon Pott Peon.(W) | Prota(W)
/ W) | W)
. —_—c s » MOSFET | IRF4110 - 35 2 52W
Magnetic Devices ™. el -
g Diode Losses
Device Type Ve (V) Ppi. (W)
(b) D, MBR20100 | 0.6 0.6
Converter in [27] D, MUR415 0.7 0.7
. D, MUR440 | 0.71 0.71
Switch s, Capacitors Ds MUR420 0.7 0.7
< 19.6% N D, MUR440 0.72 0.72
28% O, Total 3.43W
\ Capacitor Losses
: Device Type ESR (mQ) | Pgi (W)
i\ - C. 4.7 uF 100 V_(MPX) 7.1 14
5 2% Diodes [ 15uF 100V (MKS) 7 1.8
Magnetic Devices ™, 2 G, 3.3uF 100V (MKS) 10 0.06
”‘\._______.‘.—-"' Cs 3.3uF 160V (MKS) 10 0.08
Co1 47 uF 200 V 70 0.67
(© Co2 100 uF 400 V 100 0.2
Fig. 21. The power loss distributions. (a) The proposed converter, (b) Total 42 W
Converter in [13], (c) Converter in [27] (25 V / 400 V/ 400 W). Magnetic Losses
Device Type Pcon. (W) Pcore, (W)
Lin T184-52 2.9 1.7
TWCI EE42/21/20 | 9.1 0.11
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Fig. 23. The experimental platform and prototype.

VIIl. CONCLUSION

A novel high voltage gain DC-DC converter is proposed
and analyzed in this paper for high step-up applications. In the
structure of the proposed circuit, a TWCI with VMC is
combined to meet a high voltage conversion ratio. A
regenerative passive clamp circuit is utilized to limit the steady
voltage stress across the main power switch. Also, to better
design the converter to gain the desired performance, there are
three degrees of freedom (nz1, ns1, and D). Unlike most Cl-
based converters, because of the partial Transe-inverse features
in the presented circuit, an ultra-high DC output voltage can be
obtained under lower turn ratios of the TWCI. The presented
structure has a significantly higher voltage gain and lower
switch voltage stress over similar high gain topologies
regarding the comparison section. Overall, the contributions of
the proposed converter include ultra-high voltage conversion
ratio under full soft-switching performance, continuous input
current with low ripple, low voltage stress, common ground,
and decent efficiency. Finally, the experimental results from a
200 W, 30 V-250 V laboratory prototype have verified the
effectiveness of the introduced DC-DC topology.
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