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Abstract: In this article, an ultra high step-up DC-DC converter has been proposed. The topology of the converter is a combination
of cascaded boost converter, positive output super lift Luo converter (POS LLC), and a voltage multiplier cell (VMC). The lower
values of the duty cycle provide a more than 10 times voltage gain. Consequently, the high voltage gain has been provided besides
the lower value of the voltage/current stress of the semiconductor and an acceptable value of the efficiency. With a detailed look,
it can be understood the voltage gain and efficiency of the converter have become 12 times and 90.5 percent based on the
experimental results while the percentage of the duty cycle has become 50 percent. Moreover, by the mentioned percentage of
the duty cycle, the normalized value of the voltage/current stress of the semiconductors have become lower than 50 percent by
exception of only 3 semiconductor based components which have voltage/current stresses more than 50 percent and lower than
the unity. In addition to all the mentioned advantages, the input current has remained continuous which solves the challenges of the
input filter’s capacitor. Moreover, The voltage/current stresses have been kept low-valued. The ideal mode of the topology has been
discussed for both continuous/discontinuous current modes. The non-ideal mode of the topology and its related comparisons have
been done. The comparison of the voltage/current stresses of the semiconductor based components has been done. Moreover,
the comparison of the losses and efficiency have been done for the proposed converter and recently suggested topologies. In
addition, the efficiency has been discussed for the different values of its effective factors and the resulted behavior have been
expressed. Finally, the simulation and experimental outcomes have been extracted for a 120 W output power and compared with

the theoretical relations’ results.

1 Introduction

The boost converter is capable to step up its output voltage to become
more than its input voltage. Theoretically, the ideal voltage gain
defines a rising behavior for all values of the duty cycle without con-
sidering the parasitic parts of the components. Moreover, it explains
the close value of the duty cycle to unity can provide the voltage
gain of infinity. However, the experimental results define a different
behavior. In other words, the mentioned converter does not operate
according to its ideal voltage gain relation. It is worth noting, the
voltage gain becomes maximum at a particular duty cycle, which
depends on the output power and the quality of the components. In
addition, it has a decreasing behavior while the percentage of the
duty cycle becomes higher than the corresponding duty cycle of the
maximum point. Consequently, the boost topology can not be recom-
mended for high voltage gain applications. It is worth noting, during
the first operation mode of the boost converter, the input energy is
stored in the inductor, and during the second operation mode, the
stored energy is released to the output. The input energy cannot be
converted directly from the input source to the output, as explained.
Consequently, a suitable operating condition occurs when the energy
storing and releasing times are equal. Therefore, the suitable duty
cycle for such a condition is 50 percent that providing the voltage
gain of 2. The voltage gain is low and insufficient. Therefore, new
high gain topologies are required [1]-[14].

The DC-DC converters with high voltage gain capability have
many applications in the electrical system of automobiles and renew-
able energy applications. It is worth noting that the battery of the
different kinds of cars has a voltage of 12 V to 40 V. Such output volt-
age of the batteries are not sufficient for HID lamps of the cars that
require a 100 V to 250 V input voltage depending on the lamps kind.
Moreover, it has been tried to equip the cars with electricity port as
same as the train wagons to provide a 230 V AC voltage to feed
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the laptop or a cell phone inside the car cabin. The other application
which needs the high step-up DC-DC converters is renewable energy
resources. Renewable energy applications such as photovoltaic pan-
els provide a 15 V to 60 V output voltage that is not suitable for
the input of an inverter. All the mentioned applications require such
a DC-DC converter that can provide an 8 to 20 times voltage gain.
It is worth noting, the summary of all the mentioned concepts has
been illustrated in Fig. 1. The cascaded boost converter is one of
the recommended topologies to support the mentioned applications.
This topology consists of two inductors, two capacitors, three diodes,
and one switch. The mentioned topology has been presented in Fig.
2(a). As can be understood, the first diode has been connected to the
switch and such structure has made it independent of using the sec-
ond switch. In other words, the simple cascade connection of two
conventional boost converters has two switches. But, the mentioned
structure in Fig. 2(a) solved the requirement of the second switch.
The continuous input current, positive output polarity, and the low
number of the components are the advantages of the cascaded boost
converter. It is such a non-directional topology and provides 4 times
voltage gain while the percentage of the duty cycle becomes 50 per-
cent. The positive output super lifts Lue converter (POS LLC) is
another topology that provides higher voltage gain in comparison
with the boost converter. Its topology has been presented in Fig. 2(b)
and provides a voltage gain of 3 by the duty cycle of 50 percent. In
Fig. 2(c), the use of a voltage multiplier cell (VMC) has been illus-
trated. Such a topology has a voltage gain that is twice the boost
converter gain. Therefore, it is capable to increase its input voltage
to 4 times more than itself as a 50 percent duty cycle is applied to
the controlling system. In comparison with a boost converter, the
mentioned topologies provide a better voltage gain. However, they
are not capable to increase the input voltage to 10 times more than
itself by the low percentage of the duty cycle. Each of the men-
tioned topologies has used a technique to increase its voltage gain.
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Fig. 1: Application of the high step-up DC-DC converters.

Fig. 2: (a) cascaded boot converter, (b) POSLLC, and (c) the
employment of the VMC besides the boost converter.

In the cascaded boost converter the degree of the voltage gain was
increased. Additionally, POS LLC has used voltage lift technique.
Moreover, the VMC based converter caused a multiplication in the
voltage gain. The quadratic converters are another type of high gain
topology. In [15]-[30], such topologies with two switches and diodes
have been introduced. According to the format of the voltage gain,
mentioned topologies of [15]- [30] can be divided into four groups.
The topologies of [15]- [21] belong to the first group. Due to their
voltage gain, there are three different operation modes based on the
duty cycle. Converters of this type provide a voltage gain of unity
by a 50 percent duty cycle. The topologies of [16] and [17] do not
have continuous input current. The topologies of [15], [17], and [18]
have three inductors that increase their dimension besides their low
voltage gain.

The presented topologies of [22]-[25] belong to the second group.
The voltage gain of the mentioned converters is the same as the boost
converter at a 50 percent duty cycle. The recommended converters
of [22] and [23] have a low voltage gain besides employing three
inductors. The output voltages of [24] and [25] are reversed and
the same ground of load and input sources have been missed. The

mentioned ones in [26] and [27] belong to the third group of the
quadratic converters which have a voltage gain of 3 by a 50 per-
cent duty cycle. The mentioned topology of [28]-[30] belongs to the
fourth group of quadratic converters. The voltage gain of these con-
verters is the same as the cascaded boost converter. All the discussed
topologies of [15]-[30] are in a form that has at least one voltage
or current stress that its per-unit value is more than unity. In other
words, there is at least one semiconductor device that experiences a
voltage more than output voltage or a current more than input cur-
rent. It is worth noting, in solar applications or electrical systems
of the trucks, it is required to step up the low voltage to 10 times
more. Consequently, the appropriate duty cycle of the converters of
[15]-[30] approaches to unity concludes high voltage/current stress
of semiconductor devices and poor efficiency.

In [31]-[40], the modified topologies of quadratic converters have
been suggested. In comparison with the defined converters of [15]-
[30], the ideal voltage gain of the converters has become more than
4 times while the duty cycle is valued at 50 percent. The topologies
of [31]-[33], have two switches and three diodes in their structure.
Moreover, in [34]-[40], single switch DC-DC converters with high
voltage gain have been recommended. The recommended topologies
of [31] and [33] have the same ideal voltage gain. While the duty
cycle is valued at 50 percent, the output voltage becomes 7 times
more than the input voltage. The lack of the same ground between
the load and input source is a bold shortage. The designed topol-
ogy of [32] provides twice the voltage gain of the second type of the
quadratic DC-DC converters and concludes the same voltage gain
as the duty cycle is sat 50 percent. In addition, the output polarity
has become reversed in [32] in comparison with [31],[33]. The sug-
gested converter of [34] has been formed by the modified structure
of the voltage doubler and cascaded boost topology. Therefore, the
voltage gain of [34] is featured by quadratic forms and the voltage
lift technique. A 50 percent duty cycle causes a voltage gain of 6. In
comparison with [31], [33], the defined topology of [34] has more
circuit components besides a lower voltage gain. In [35], a cascaded
boost topology besides the voltage doubler cell has formed the topol-
ogy of the converter. Due to the employed structures, the voltage gain
is twice the quadratic boost voltage gain. consequently, a 50 percent
duty cycle increases the input voltage to 8 times more than itself.
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To achieve a voltage gain more than 10 times, the duty cycle has
to exceed 57 percent. In comparison with [34] which has the same
number of components as [35], the voltage gain was increased. The
converter of [36] has used the voltage lift technique. However, the
voltage gain was not increased sufficiently. In other words, to have
a voltage gain of more than 10, the duty cycle has to rise to more
than 80 percent which causes poor efficiency. As same as this case,
the voltage gain of [37] is in a way that reaches the high value of
the voltage gain by the high value of the duty cycles. Moreover, the
input current of this topology is not continuous. While the input cur-
rent of [31]-[36] is continuous. In [38], a combination of POLLS,
VMC, and cascaded boost converter has been used. The output volt-
age increases to nine times the input voltage at 50 percent duty cycle.
Obtaining a voltage gain greater than 10 requires a duty cycle higher
than 53 percent. The first switch, the third, and the sixth diodes
which have been used in [38] experience high voltage stresses. In
[39], VMC and voltage doubling structures have been integrated into
the boost converter. A 50 percent duty cycle causes a voltage gain
of eight. Moreover, an increase of the duty cycle to more than 55
percent, provides a voltage gain higher than 10 times. A combina-
tion of two VMCs has been used in [40]. Similar to the suggested
topology in [39], the mentioned in [40] has a voltage gain of 8 at a
50 percent duty cycle. It is noteworthy that the switch and last diode
suffers from dramatic high stress. It is good to mention that the intro-
duced converter in [41] is an ultra high-step up converter. However,
the employed VMC has one more diode in comparison with the dis-
cussed VMC in this paper. Moreover, 11 diodes and 6 inductors in
the mentioned converter results a poor efficiency which makes this
type of converter use-less.

In this paper, a high step-up DC-DC converter has been presented
based on the topology of POS LLC, VMC, and cascaded boost con-
verter. In other words, VMC and POS LLC topologies have been
used instead of the first and second inductors of the cascaded boost
converter. Therefore, the voltage gain has the benefits of the voltage
gain multiplying, the voltage lift technique, and quadratic converters.
Moreover, the application of the VMC and POS LLC topologies to
the topology of the cascaded boost converter has made this modified
topology more suitable for ultra-high voltage gain applications. In
other words, a 50 percent duty cycle results in a voltage gain of more
than 10. Due to using the cascaded boost converter as the base of
this topology, the input current has become continuous. As a result,
the input capacitor of the input filter has a lower value because the
input current is continuous. Furthermore, the mentioned capacitor
faces lower current stress which leads to its long lifespan. More-
over, this increases the converter’s lifespan. Besides having such a
high voltage gain, the voltage and current stresses of semiconductor
devices are lower than the output voltage and input current, respec-
tively. Therefore, their normalized voltages are less than unity. The
high voltage gain and low duty cycle solve the reverse recovery time
shortages. Furthermore, it is appropriate to increase the output volt-
age of the photovoltaic panels to achieve a compatible input voltage
for the central converters or to provide a suitable voltage for the var-
ious components of the truck’s electrical system that function solely
on 24 V batteries.

2 Ideal and continuous current mode of the
converter

2.1  Operation Modes

Such a topology has been made up using a voltage multiplier cell
(VMC) and the topology of the super lift positive Luo (POSLLC)
in the structure of the cascaded boost converter according to Fig.
3(a). The position where the VMC and POSLLC have been placed
in the topology of the cascaded boost converter has been presented
in Fig. 3(b). According to Fig. 3(b), the topology of the cascaded
boost converter has been colored green. In addition, VMC which
has been colored purple, has been used instead of the first inductor
of the cascaded boost structure. Moreover, the main part of POSLLC
has been used instead of the second inductor of the cascaded boost
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converter and has been colored red. In comparison with the cas-
caded boost converter, it has one more inductor, three more diodes,
and two more capacitors. As for the cascaded boost converter, the
input current remained continuous. Therefore, the input filter capac-
itor will be small, resulting in the use of a non-electrolyte capacitor
with a lower ESR. In order to understand the function of this topol-
ogy, it has been discussed in the ideal mode. Moreover, the transient
mode of operation has been ignored and all the described relations
have been expressed for the steady-state. Furthermore, the value of
the capacitors and inductors have been set large enough to make
a constant voltage through the capacitors and keep the function in
the continuous current mode. The activation and inactivation of the
semiconductors take place in such a way that causes two operation
modes in CCM. There are six diode, D1, Do, D3, Dy, Ds, and
Dg, one switch, S1, four capacitors, C'1, Co, C3, and C,, and three
inductors, L1, Lo, and L3 in the topology of the introduced con-
verter. As the switch is activated, the diodes D1, Do, and Dy start
conducting. D and D> are activated by the first and second induc-
tor currents, respectively. The fifth diode begins conducting due to
the existence of the third capacitor current which has become parallel
with the first capacitor. During this mode, the voltage of all inductors
is positive which makes them magnetized. As a result of the positive
current, the second and third capacitors are charged, while the others
are discharged. As the switch is inactivated, diodes D1, D2, and D5
become reverse biased and the rest of the diodes start conducting.
The voltage of the inductors becomes negative which demagnetizes
them. The crossing current from the second and third capacitors
makes them discharged and the rest of them become charged. The
describing circuits of both operation modes have been presented
in Fig. 3(c) and (b) respectively. The voltage of the inductors and
current of the capacitors can be described as below:

I dille = VD + (Vip + vz —v')(1 — D)
B
L AT
4 dzl? = —(ir3 +ic3)D + (ir1 —ir3)(1 — D) )
Co d;% =iceD —ir1(1— D)
O3 dv% =ic3D —ir3(1— D)
Co ZCZO = —ioD + (ir3 —i0)(1 = D)

The written parameter V' in (1), refers to voltage of a node that is
between the positive terminal of the second capacitor and anode of
the first diode.

2.2 Average Voltage of Capacitors and Average Current of
Inductors

The voltage second balance stands from the short circuit behavior of
the inductors in the steady-state. Similarly, the second current bal-
ance results from the open circuit behavior of the capacitor in the
steady state. Consequently, the average voltage of the capacitors and
the average current of the inductors can be explained by equaling the
last equations with zero:

2v; 2(2 — D)v;
Vcl :VC3 = 17”LD7V02 :'Uinavco = W
2-D 1 @
Iy, =1, = Io

(1-D)2 >k~ 1-D

2.3 Relation of the Voltage Gain and Different Parts of the
Converter

The relation of voltage gains states the feature of the used structures
in the proposed topology. Coefficient of 2 has been caused by VMC



Fig. 3: (a) the proposed topology, (b) the different parts of the recommended topology, (c) the presenting topology of the first operation mode,

and (d) the presenting topology of the second operation mode.

at the beginning part, (2 — D) has been caused by the voltage lift
technique of POSLLC, and m

menting the topology on the cascade boost converter platform. By a
50 percent duty cycle the input voltage can be increased to 12 times
more than itself. Such a high capability of this topology can easily
increase the output voltage of the photovoltaic panels as high as suit-
able for inverters’ input side. Moreover, the required high voltage of
HID lamps of cars’ head lights can easily provided by the mentioned
structure.

has been caused by imple-

2.4  Voltage/Current stress of the semiconductor based
components

All the used semiconductor devices have to be able to cross the
average crossing current of the inductors during their activation.
Moreover, they have to stand the applied voltage of the capacitors
during their inactivation. Therefore, the average current and voltage
of semiconductor-based components have been expressed as below:

- D? 2-D

I¢1= ——=10,Ip1 = Ipy——s1,
S1 (17D)2 O:41D1 D2 17D§2 O

2-D (2— D)(1+ D)
Ips=Ips = ——+Ip,Ipy = —F~-—F————=1
D3 D5 = 7 plo:Ip4 (- D)2 o
Ipg =10,Vp1 =Vp2 = 5Vps = 5 Vin
Vit = Vs = Vi = Vi, Vs = —22_;
S1 = VD5 = D6_(1*D)2 ins D4_(17D)2 n

3)

2.5  Current Ripple of the Inductors and Voltage ripple of
the Capacitors

The simplified form of the inductor current ripples and capacitor
voltage ripples have been written as below:

5 = 1, 5 (2—D)I,
YCL T (1= D)C1rfs’ "9 T (1 - D)Csfs
I, DI,
dveg = TQ?éUCo = ofs )
s b s D 2pvi,
L1 Llfs »UlL2 L2fs »¥lL3 (1 _ D)L3fs

Determining the current ripples of the inductors, makes it possible to
express the input current ripple. It is worth noting, the input current

of the converter is the combination of the first and second inductors
current with the crossing current of the second capacitor due to par-
allel connection of the mentioned capacitor and input source during
the first operation mode. Additionally, the first inductor current is the
input current during the second mode. According to the mentioned
concepts, the input current ripple can be explained as bellow:

- _ 3DV, 2(2 - D)Vp
Yin 7 2Ly1fs  D(1— D)2R
It can be understood that the input current ripple has increased. In

other words, a trade-OFF has been done between the input current
ripple and voltage gain increasing.

0

(&)

3 Discontinuous current mode

The value of the average output current and inductors are the effec-
tive factors in the function of the converter in CCM or DCM.
Decrease of the average output current to lower than the half of the
current ripple or increase of the current ripple to more than twice
of the average inductor currents causes the function of the converter
in DCM. The DCM or CCM operation region based on the output
current and duty cycle has been shown in Fig. 4(a), (b) for constant
output and output voltages respectively. The minimum value of the
inductors to keep them in the behavior of the CCM or DCM have
been expressed as below:

D(1—D)*R
4(2 = D)2fs’

D(1 - D)*R
42 - D)2fs’

D(1—D)R
22— D)fs
(6)

The describing voltage gain can be written as below which D
stands from the ratio of the switch’s conduction time over the whole
period, D7 stands from the ratio of the last diodes conduction time
over the whole period and Do stands from the OFF time of the all
semiconductor-based components over the whole period:

Ly > Ly > L3 >

D+Di+Dy= 1,0 = 2APEDUD D) )
Vin D21

4  \Voltage gain of the non-ideal mode

The extracted relations of the second section have not predicted the
effects of the non-ideal components of the converter. The non-ideal
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Fig. 5: The comparison of the ideal and non-ideal voltage gain for
120 W output power.

components are the series resistance of the inductors, the dynamic
resistance of the switch, equivalent series resistance of capacitors,
and the voltage drop of the diodes. The mentioned components cause
a reducing behavior on the ideal voltage gain and prevent the rising
behavior of the ideal voltage gain. The describing relation of the
non-ideal voltage gain has been expressed as below:

V, 2(2-D) (1_
Vin (1-D)?
r; 3D2 — 10D+ 9
R (1-D)*
rg 3D3 —16D? 4+ 13D + 12 o
"R (1 — D)4 ®
re¢ —D3 +3D% — 10D + 9
R (1— D)4
rp 4D? — 14D + 16
R (1-D)* )

A reducing part has appeared along with the ideal voltage gain,
as seen in the relation. ry,, rg, rc, p, and R refer to the series
resistance of the inductor, the dynamic resistance of the switch, the
equivalent series resistance of capacitor, the voltage drops of the
diode, and the value of the load respectively. Both the ideal and
non-ideal voltage gains have been illustrated in Fig. 5. According
to the mentioned figure and described relations, both ideal and non-
ideal voltage gains are the same as each other during the variation of
the duty cycle from O to 60 percent. As the duty cycle starts raising

IET Research Journals, pp. 1-13
© The Institution of Engineering and Technology 2015

50 - Output power 30 W
8 Output power 60 W
So40 Output power 90 W
&h 30 F Output power 120 W
£ 20 - Output power 150 W
S Output power 180 W

10 | T— —

- - ' ! .

0.1 0.2 0.3 0.4 05 06 07 08
Duty cycle

Fig. 6: The non-ideal voltage gain for the different output powers.

Voltage gain

150 T~

T~ —
100 = N
\ s 07 08 00

Output power so \’;”"57(52 03 04 05
Duty cycle

Fig. 7: The behavior of the non-ideal voltage gain while both of the
duty cycle and output power are varying.

more than 60 percent, the describing part of the non-ideal compo-
nents becomes more effective in comparison with the describing part
of the ideal mode. The maximum value of the voltage gain has been
predicted to be 26 at the duty cycle of 75 percent. As the duty cycle
increases to over 75 percent, the saturation region appears. Con-
sidering the ideal and non-ideal voltage gains, the proposed design
provides the voltage gain of 4 to 16, whereas the duty cycle varies
from 0 to 60 percent. In other words, the high value of the voltage
gain has been achieved by a low value of the duty cycle. It is worth
noting that the output power effects on the non-ideal voltage gain.
Thus, the value of the load defined as R in the non-ideal voltage gain
relation expresses the dependence of the voltage gain on the output
power of the converter. The non-ideal voltage gain has been plot-
ted for different output powers in Fig. 6. Therefore, the low output
power is directly proportional to the higher non-ideal voltage gain
value. An increase of the output power, besides its corresponding
duty cycle, decreases the maximum value of the voltage gain. It is
worth noting the behavior of the voltage gain in the non-ideal mode
for different values of output power, is the same as each other while
the duty cycle increases from 0 to 60 percent. In Fig, 7,the behavior
of the voltage gain is plotted for simultaneous variations of the duty
cycle and the output power.

5 Non-ideal voltage gain comparison of the
suggested design and recently suggested
topologies

Based on the extracted relation of the non-ideal voltage gain, a
comparison has been done between the proposed converter and the
topologies of [15]- [30]. In addition, it is worth noting that the
load value and describing coefficient of the parasitic components are
assumed to be the same. In Fig. 8(a), (b), the comparison outcomes
have been presented. As it has been shown in Fig. 8(a), the duty cycle
varies from 0 to 50 percent, and followed by that, the voltage gain of
the proposed converter varies from 4 to 12. In the mentioned interval,
the voltage gains of [15]- [21] vary from O to 1, for the mentioned
ones in [22]- [25] vary from O to 2, for the topologies of [26] and
[27] vary from O to 3 and for the topology of [28]-[30] varies from
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Fig. 8: The comparison of the non-ideal voltage gain among the proposed design and the recently suggested converters.

1 to 4. The proposed converter has a voltage gain that is 12, 6, 4,
and 3 times greater than all of the previously mentioned topologies
in the mentioned interval. In Fig. 8(b), the duty cycle varies from
50 to 100 percent. The proposed converter achieves a higher voltage
gain than that reported for the mentioned converters of [15] to [30]
when the duty cycle is between 50 and 82 percent. Moreover, the
maximum value of the proposed converter occurs at a lower value of
the duty cycle. Hence, some converters have reached their maximum
voltage gains at a close duty cycle to unity. Such values of the duty
cycle conclude too low efficiency which prevents the operation of
the converters in that range.

In Fig. 8(c) and (d), the non-ideal voltage gain of the proposed
design and suggested topologies of [31]-[33] have been compared.
The voltage gain of [31],[33] varies from 3 to 7 and from O to 4
in [32] while the duty cycle varies from 0 to 50 percent accord-
ing to Fig. 8 (c). Moreover, the higher voltage gain of the proposed
converter does not stop here and its higher behavior is kept to its
maximum point based on the illustrated plots in Fig. 8(d).

In Fig. 8(e) and (f), the non-ideal voltage gain of the suggested
topology has been compared with the recently suggested one switch
high gain converters of [34]- [40]. While the duty cycle varies from 0
to 73 percent. the proposed design provides higher values of the volt-
age gain. In addition, the voltage gain of [34]- [40] becomes more
than the proposed converter for such values of the duty cycle which
concludes poor efficiency. In the end, it can be conclude that the
proposed converter has a better voltage gain in the non-ideal mode
in comparison with the recently suggested two switch or one switch
high gain topologies.

6 Comparison of the voltage/current stress of
semiconductor based components

In Table.I, the normalized value of the voltage/current stresses of the
semiconductor based components have been expressed and valued
by a duty cycle which causes a 12 times voltage gain in [15]- [30].
It is worth noting the output voltage and input current have been
assumed as the base values of the voltage and current respectively.
The normalized voltage/current stresses of the proposed topology
and the mentioned designs of [31]- [40] have been reported as below:

Vsi _ g7, Y01 _ Vo2 _ 47
Vo Vo Vo '
Vps  Vpsg Vps _ Vpe
D3 _ XD4 _ 34 “D5 _ YD6 _ (67
Vo Vo Vo Vo
9
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fino g Tm
D3 D5 D4 D6
- —0.25, 224 — .75, 726 — 008
@ _ @024’ @ = 0.68, @ — @ —0.92
[31} Vo Vo V? V? V?
Isv _ggs fs2 _Ipn _ gy D2 _ I3 _ g
Iin ’ Iin Iin ' Iin Iin (10)
Vsi _Vpr _ Vb2 _ oy Vs2 _ Vb3 _ 4,
324 jo Vo, Vo wo g
Ist _gg Is2 _Iov _Ipa _ 46 1D3 _ g
I; "Ly Lin Iin " I an
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As can be understood, the voltage stress of both switches in [15]-
[21],[23],[25] is higher than the voltage stress of the switch in the
proposed converter. In addition, diodes’ voltage stress of the sug-
gested topology is lower than the corresponding parameters in [15]-
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[30]. Moreover, the average of both switches’ current stress are lower
than the current stress of the switch in the presented converter. The
average of the diodes current stress in the presented converter is a bit
higher than than [15]-[30].

In [31]-[33], the topologies of 2 switches and 3 diodes have been
recommended. In [32], the average of the voltage stress of switches
is higher than the voltage stress of the switch in the proposed design.
Moreover, the voltage stress of diodes in the proposed design has
achieved lower values in comparison with [31]-[33]. It is worth not-
ing the average of the switch and diodes current stresses are lower in
[31]-[33].

Among the one switched topologies, the voltage stress of the
switch in the suggested topology is lower than [34]-[38],[40]. In
addition, the current stress of the switch in the suggested topology
has become lower than [34]-[38]. The average of the diodes’ volt-
age stresses is lower than [37],[40] and equal with [39]. About the
diodes’ current stresses, the topology of [31],[32] has achieved the
lowest value.

7 Efficiency

The conduction losses of the inductors, switches, and diodes besides
the switching losses of the switch have been taken into account
to determine the efficiency of the presented topology. It is worth
explaining, the magnetic and eddy current losses of the inductors
besides the switching loss of the diodes have been ignored. The
considered losses have been expressed as bellow:

2-D)? 1 P,
Pp = ((TL1 + TL2)7E1 — D§4 L T oy D)2> ﬁo
p _ (3-D*?rP,
*7" DA-D4* R
p. - B- D*)Pofstorr
7 22-D)1-D)?
2—-D 2—-D
Pp = m(vpm +Vor2) + 17— (Vbrs + Vprs)...
2—-D)(1+D
((J#VDFzL + VDFG)) Io

(20)
In Fig. 9(a), (b), the behavior of the efficiency for varying values
of output power and duty cycle have been plotted and illustrated.
The value of the output power varies from 30 to 180 watt. Accord-
ing to Fig. 9(a), the duty cycle varies from 0 to 50 percent and
the theoretical efficiency of the converter is higher than 90 percent
for the mentioned value of the output power. 50 percent duty cycle
which causes 12 times voltage gain in the recommended topology,
has caused the efficiency of 94, 93, 92.2, 91.9, 91, and 90.2 percent
for the output power of 30 to 180 watt. According to Fig. 9(b), while
the duty cycle varies from 50 to 65 percent, the efficiency of the
converter is higher than 80 percent for all mentioned values of the
output power. Over 65 percent duty cycle leads to an almost imme-
diate drop in efficiency. As it was discussed in the fourth section,
while the duty cycle varies from 0 to 65 percent, the voltage gain of
the non-ideal mode varies from 9 to 20 for the output power of 30 to
180 watt. According to the discussion of the section, the high voltage
of the proposed topology is provided alongside acceptable values of
the efficiency. In Fig. 10, the behavior of the efficiency according to
the variation of the duty cycle and output power has been illustrated.
It can be understood the lowest value of the output power and duty
cycle concludes the higher value of the efficiency.

8 Efficiency and loss comparison of the
proposed topology and recently suggested designs

The simplified relation of the losses have been expressed in Table
II. The operating points has been assumed as 12 times voltage gain,
120 W output power, 10 V input voltage, and 100 kHz frequency.
According to the second column of the mentioned table, the inductor
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Fig. 9: The efficiency of the proposed design for the different output
powers.

loss of the suggested design is the lowest one by excepting [31]-
[33]1,[36]. The conduction loss of the switch in this converter is lower
than [18], [22], [38], and compared with the rest of them, has a higher
switch conduction loss. In all the topologies of [15]- [40] by excep-
tion [17],[26],[27],[29]-[33].[35],[37] the frequency loss of switch
has a higher a value in comparison with the proposed design. In addi-
tion, the conduction loss of the diodes of the suggested topology has
the highest one in comparison with others. The last column of Table
II belongs to the efficiency of the compared ones. It can be under-
stood, the suggested design have achieved an acceptable value of the
efficiency. It is worth noting, the expressed value of the duty cycle
for each of the topologies have been calculated based on their ideal

o Output power

Duty cycle

Fig. 10: The behavior of the efficiency while the duty cycle and
output power are varying.

voltage gain to provide a 12 times voltage gain. It is worth noting,
the mentioned values of the duty cycle of each converter provides a
lower value than 12 as a voltage gain according to their non-ideal
mode voltage gain. This is while, the proposed topology provides a
12 time voltage gain by the corresponding value of the duty cycle in
both ideal and non-deal modes.

9 Simulation and experimental outcomes

It is worth noting, the assumptions which have been considered for
the value of the voltage currents were based on the lab equipment’s
limits and safety considerations. Therefore, the input voltage and
output current have been sat to 10 V and 1 A, respectively. Based
on the mentioned values and the describing relation of the induc-
tor’s average current and the capacitor’s average voltage, they will
be valued as follows:

Vi = Vg = 40V, Vg = 10V, Veo = 120V

21
A1 = I =6A4,I13 =2A @

Besides the above assumptions, the inductors current ripple and
capacitors voltage ripple have been considered as 30 percent and
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5 percent, respectively. Additionally, the frequency has been sat at
100 kHz due to the wire limits of the inductors. Employment of the
described relations of the ripples besides the calculated and assumed
values leads to inductors and capacitors value as below:

C1 =20uF,Co = 60uF,C3 =5uF,Co = 0.82uF

2
L1 = Ly = 27.7uH, Ly = 333.3uH @2

Applying the calculated values to the simulated model in PLECS
software concludes the illustrated outcomes of Figs. 11 and 14. The
inductors’ current, the voltage of the capacitors, the voltage of induc-
tors, the current of the capacitors, the current of the switch, the
current of the diodes, and voltage of the semiconductor based com-
ponents have been extracted as the simulation results. The extracted
outcomes conclude the average voltage of the capacitors and the
average current of the inductors as followed:

Vi1 =40V, Vo = 10V, Vg = 39.5V, Voo = 120V

2
Ay =10 =6A,113 =18A 23)

It can be understood that, the average voltage of the inductors
and average current of the capacitors are zero. Compared with the
extracted values, the calculated values show a bit of difference in
some. Based on the above considerations, the experimental results
have been extracted. The MOSFET driver which has been used is
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IRF2110. Moreover, IRF540 and 20150CT are the switch and diode
types respectively. All the inductors have been wounded in a way to
satisfy the calculated values of the inductors with lower equivalent
series resistance. The capacitors are also MKT type, which leads to
lower ESR. Same as the simulation results, the current/voltage of the
inductors, the semiconductor base components, and capacitors have
been extracted and presented in Fig. 13. According to the experi-
mental outcomes, the average value of the voltages and currents have
been calculated as below:

Ver =40V, Voo = 10V, Vg = 40V, Veo = 118V

24
JAp1 = Ipo = 6A, 113 =24 @9

The output voltage is lower than the assumed and simulated value.
In other words, the difference of 2 v refers to the voltage drop
of the diodes. Such compatibility between the corresponding val-
ues validates the expressing relations of the converter. Same as the
simulation results, the average value of the inductors’ voltage and
capacitors’ current are zero. The prototype of the suggested topol-
ogy has been presented in Fig. 14. The non-ideal voltage gain of the
suggested converter based on the expressed relation of the non-ideal
voltage gain in the fourth section has been compared with the practi-
cal voltage gain based on the experimental results in Fig. 15. While
the duty cycle varies from 0 to 55 percent, there is no difference
between the mentioned voltage gains. An increase of the duty cycle
from 55 percent to unity, makes their differences more. In addition,
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Fig. 13: The experimental results: (a) the voltage stress of the first switch and diode, (b) the voltage stress of the second and third diodes, (c)
the voltage stress of the fourth and fifth diodes, (d) the voltage stress of the sixth diode besides the voltage waveform of the first inductor, (e)
voltage waveforms of the second and third inductors, (f) the voltage waveforms of the first and second capacitors, (g) the voltage waveforms
of the third and output capacitors, (h) the current stress of the first switch and diode, (i) the current stress of the second and fourth diodes, (j)
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second and third inductors, (m) the current waveform of the first capacitor, (n) the current waveform of the second capacitor, (0) the current
waveform of the third capacitor, and (p) the current waveform of the output capacitor.

Fig. 14: The prototype.
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the maximum voltage gain has been extracted 15 by the duty cycle
of 75 percent. However, the mentioned duty cycle has caused 27
times maximum voltage gain by the theoretical relations. The effi-
ciency of the converter has been plotted in Fig. 16 for different output
powers ranging from 20 to 180 watts, 50 percent duty cycle, and
10 volt input voltage. It can be understood, the efficiency decreases
from 94 percent to 90 percent. In Fig. 17, the pie chart of the effi-
ciency has been extracted for the operation point of the simulation
and experiment. According to the chart, the efficiency is 91.75 per-
cent, and the diodes are the main kind of loss. In addition, by using
good-quality circuit components, the mentioned performance value
can be increased. Due to use of 6 diodes in the proposed topology,
the efficiency of the converter has been extracted from the theoreti-
cal and experimental results for 4 different types of the diodes such
as 20150CT, STPS20H100C, MBRB1045G, and FES8GT. More-
over, the presented results in Fig. 23 are for 120 W output power
and 120 V output voltage. According to Fig. 18(a), while the duty
cycle varies from 20 percent to 50 percent, the resulted efficiency by
MBRB1045G is better than the others in both theoretical and exper-
imental results.Additionally, such better function has been remained
while the duty cycle varies from 50 percent to 80 percent according
to Fig. 18(b). It is worth noting, the efficiency of the converter by
FES8GT is not desired. In other words, the resulted efficiency by this
kind of the diode becomes lower than 90 percent as the duty cycle
becomes more than 40 percent. It is worth noting, the difference of
the resulted efficiency by the theoretical and experimental results

11
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Fig. 16: The efficiency of the proposed converter for different value
of the output power while the voltage gain is 12 and input voltage is
10V.

stands from the neglecting the magnetic and eddy current losses of
the inductors in the theoretical model.

10 Conclusion

In this paper, an ultra-high step converter was presented. An expla-
nation of the topology and design of the converter has been given.
In the ideal mode, the describing relations were displayed. Differ-
ent requirements of operation in DCM and CCM were discussed by
extracting the describing relation of DCM voltage gain. The non-
ideal mode of the converter was considered and its voltage gain was
extracted. Additionally, the proposed converter was compared with
some single switch and two switch designs which have been recently
suggested, as well as with the proposed design’s better performance.
Furthermore, the behavior of the non-ideal voltage gain was ana-
lyzed with respect to the output power and duty cycle. Next, the
efficiency was discussed for different levels of output power and duty
cycle and its values explained. In addition, different kinds of losses
were calculated for the recently suggested designs and the proposed
converter, for an operating point and the acceptable efficiency, and
losses of the converter were deduced. It is worth noting, the use of
VMC and POLLC besides the topology of the cascaded boost con-
verter has increased the complexity of the control. In other words, the
increased order of the converter increases the complexity and cost of
its controller. In addition, the suitable control method and appropri-
ate control setup of such converter is the future project. Finally, the
simulation and experimental results were compared to the assumed
values based on the theoretical relations. The compatibility of the
calculated values based on the theoretical relations with the simu-
lation and the experimental results validated the correctness of the
mentioned design and its mathematical relations.
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