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Abstract: This work proposes a high step-up interleaved dc/dc topology utilizing a
VM (voltage multiplier) cell suitable for PV applications. The VM cells D/C
(Diode/Cap.) are cascaded among the phases to approach a high voltage gain.
Besides, the voltage converting ratio of the presented structure can be improved by
extending the VM cells and it also leads to drop in the normalized voltage stress
throughout the switches and some diodes. Therefore, by utilizing a semiconductor
(Switch/Diode) with a lower rating leads to a decline in system losses. Also, the
efficiency of the suggested topology will be considerable and the overall cost can be
decreased. To elaborate on the main benefits of the proposed topology, a comparison
has been made across other literature regarding the efficiency, peak voltage
throughout the semiconductors and voltage ratio of the converter. To prove the
accuracy principle of operation of the suggested converter, two prototypes (for n=1,
2 stages) were built and tested at 350 W and 453 W with an operating frequency of

about 40 kHz performed.
Keywords: DC/DC Converter,
Interleaved, Low Voltage Stress.
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1 Introduction

OWDAYS, power converters with high
N voltage converting ratio have been
developed in different applications. Generally, the
output voltage of sustainable sources is not high. A
high gain dc-dc structure should be utilized to solve
the mentioned issue. Therefore, dc-dc converters use
various techniques for solving the mentioned issues
of renewable sources and EV applications which
these techniques consist of a transformer, voltage
multiplier cell (diode-capacitor, coupled-inductor,
diode-capacitor-inductor) and cascade converters [1-
6].
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Since conventional boost converters have static
problems at high power levels and large duty cycle
values, advanced dc-dc converters with the
aforementioned techniques should be utilized among
the renewable resources and grid. It causes to
evaluate the operation of dc-dc topologies in large
duty cycle values and to decrease the normalized
voltage stresses across MOSFETs [6]. Efficiency
and operation quality of the converters are
influenced by switching in high duty cycles. Related
to voltage gain equations of the conventional
converters, they should convert the input to high
voltage. However, issues like inductor resistance
effect, converter loss and voltage drop on
semiconductors limit operations at high duty cycle
values. Generally, isolated type of converters is
usable in the cases that isolating is obligatory [7].
The voltage gain is affected by the turn’s ratio value
of the transformer. Nevertheless, the leakage
inductance related to transformer certainly induces
intensive disadvantages, such as voltage oscillation.

Iranian Journal of Electrical and Electronic Engineering, Vol. 18, No. 4, 2022 1


https://doi.org/10.22068/IJEEE.18.4.2503

High Step-Up Interleaved DC/DC Converter Using ...

Thus, capacitor/diode clamping and absorbing cells
(VM) should be applied which leads to the
complexity of the circuit topology and limited
overall efficiency [8]. However, dc-dc non-isolated
converters have no problems with dc-dc isolated
converters. Todays, dc-dc non-isolated converters
with voltage multiplier units are used more in
renewable applications. [9, 10]. As the number of
voltage multiplier units increase, the used power
components of the converter will be increased,
which causes the structure to be complex. However,
the power semiconductors (Diode/Switch) are
clamped by capacitors of VM units, so the onomastic
value of D/Cs will be limited at high power rating.
[11]. Consequently, the rating of used power
semiconductors has been decreased and the overall
cost of the system will be improved. Furthermore, to
achieve a large gain by converter, the coupled
inductor techniques can be useful and appropriate
turns ratio will increase the gain further. However, a
snubber circuit needed to envelop the energy stored
in the leakage inductor. Generally, it leads to
complexity of the structure and high-power losses.
[12,13].

The voltage multiplier cell (VMC) is an efficient
and inexpensive simple topology that typically
includes a diode/capacitor to achieve a large voltage
level at output. Applying a VMC with a small
inductance added to the boost converter can obtain
lower losses and zero current switching (ZCS) on
semiconductors, thereby greatly limiting losses and
augmenting overall efficiency. The high step-up
structure will exist by adding voltage multiplier units
with conventional boost structures [14-17]. In this
work, an ultra-boost dc-dc topology using VM
techniques is presented for sustainable energies. The
presented topology uses interleaved techniques and
diode/capacitor units for achieving a high voltage
gain and significant overall efficiency. The
semiconductors are clamped by capacitors of VM
units, so they make use of lower rating diodes and
switches. Besides, by utilizing a switch with lower
conducting resistance, the overall system losses can
be reduced.

2 Proposed structure and operation principle

Fig.1 depicts the circuit of the presented
topology. The presented topology is a transformer-
less high voltage gain interleaved dc/dc structure that
includes dc power supply as a input, an interleaved
structure with four phases, four power MOSFETs,
four inductors, each of them are series in one phase
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and VM cells (diode/capacitor). Each VM cell
contains five capacitors/diodes that are connected
between the up and down phases, symmetrically.
This work causes to create an equal voltage for up
and down section capacitors. Generally, all number
of components in each VM cell for each section
(up/down) is 5, then the number for the up/down
section is 10. The sum of D/C is 2n+3, which is the
number of stages (k=1,2, 3, ..., n). Voltage gain of
the recommended topology could be improved by
higher VM stages. Also, the maximum voltage of
semiconductors (switches/diodes) can be decreased
with this method. The power level of the presented
structure can be risen by promoting the current level
and voltage level between the phases in which this
work is possible by adding VM cells. Besides, the
input current ripple of the presented structure will
decrease due to the use of the interleaved techniques.
Generally, the proposed structure is capable to
obtain high voltage with lower losses in the
semiconductors. Also, having lower input current
ripple makes the presented structure considered as a
good choice for the green sources.
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Fig. 1 Presented structure

3 Proposed structure analysis

Theoretical analysis of the suggested topology
and equivalent circuits in one period in CCM
(continuous conduction mode) operation are
obtained in this part. Generally, to simplicity the
operation of technical survey, some presumptions
are carried out as:

e The input power source is unchangeable and
consider constant,
e  All components are assumed to be ideal,
e The voltage ripple of capacitors is considered
equal to zero due to the large capacity value.
L=L,=L =L,
G, =GC,.C, =C,.C =Gy,
Ci=6Cy,...C, =G,,C, =C,
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The analysis of the different modes of the
recommended structure in CCM for each switching
period (Ts) of one switch can be described as a two-
operation time interval. DTs are the first operation
time in which the power switch is conducted and (1-
D)Ts is the second time interval in which the power
switch is OFF. The recommended converter has an
eight-time interval in CCM operation, which are
indicated in Figs. 2 and 3. Then, these modes could
be analyzed as:

Mode 1 [tO:OStStlz(D*%)T}]:

S12.4 are conducting and S3 is turned off. Also,
all diodes in up section (D11, D12, ..., Din, Di@n+1), Dol
are turned-off. In the down section, diodes D>, D>3,

.» Dan+1y, Doz are turned-on and diodes D2, Dy, ...,
D, are blocked. The inductors Li, L, and L4 receive
their energy from the input power resources, then the
inductors current of L, L, and L4 will increase. The
stored energy of L3 is forwarded to Ca3, Cos, ..., Co-
1)» Com+1y, Cot and Cy2, then the inductor L3 current is
linearly declined. By noticing the equivalent circuit
can be written as:

VLI:VLz =V, =V, (1)
Ven (2)
VCZA =V C2(k-1) +V, (3)
k =3,57,...,n+1
Von=Ven (4)
Vnu =V Cl(k-1) 1 VL]A (5)
k=2,4,6,..n
Vpw =V +V¢ Cl(k-1) Ve (6)
k=357,..,nn+l
VDU] =V Clm+l) Vc(;l (7)
Vb :V(‘Z(k—l) _Vl _VCZk (8)
k =2,4,6,..,n
Vior =V e Vi Ve ®)
Vss=Veu (10)

Mode 2 [, =(D—%)TS <t srzz%“]:

The power switches S, S4 remains in ON-state
and the switches S», S3 are switched off. Diodes D12,
D, ..., D1y, Do in up-section and diodes Da,
Das, ..., Dau-1y, Do are conducting and other diodes
are blocked. The inductors L; and L4 receive their
energy from the DC supply. The stored energy of L,
is forwarded to C11, C13, ceey Cl(n-l), Cl(n+]), C[)l and
the stored energy of L3 is forwarded Cus, Cs, ...,
Can-1y, Con+1), Co1 and Cyz. Thus, the inductors L, and
L current is reduced linearly. Related to Fig. 2(b),
the follows equations is given:

Vi =V =V, (11)
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Vi, =V, +VC](n+1) Ve (12)

Vis=V:=Vey (13)
Vle :Vc'l(k—l) +VC2k _VClk _VCZ(k—n (14)
k =3,57,..,n+1
VDZA :VCZ k-1) 7LVful 7VC1(k+]) 7V02/¢ 7V, (15)
k =2,4,6,...,n

Vs =V _VCl(n-I) (16)

Mode 3 [, = L o, <t3_(D—f)T I:

In this time instant, Si,3,4 are in ON-state and S>
is OFF. Diodes D11, D13, ..., Din+1) and all diodes in
the down section are blocked. The inductors L1, L3
and L4 receive their energy from the input DC supply
and the stored energy of L, is forwarded to Cz1, Caa,

-» Cogn-1y, Cou+1y. Thus, current of Ly, Lz and L4 are
linearly raised and the inductor L, current is
decreased. Using Fig. 2(c), we have the following
equations:

Vi =V =V, =V, (17)

Vi =V, +V v Ve (18)

Mode 4 [+; = (D f%)Ts <t <ty :%S]:

This mode start when S, S5 are switched on and
S, S4 are off. Diodes Dii, D13, ..., Dig+1y in up
section and D»1, Da3, ..., Dyu+1)are blocked and other
diodes are conducting. L; and L3 receive their energy
from power supply, then these inductors current is
linearly raised. The inductors L, and L4 forwarded
their stored energy to the capacitors C,, and Co,
respectively. The follows equations are applied to
this operation time:

V=V, =V, (19)

Vo=V, Vv Ve (20)

Vi =V Vs Ve Q1)

Vsa=Vcor Veamn (22)

{ch ey =Vew Ve 23)
k =2,4,6,..,n

Mode 5 [u:%szer:DT'Y I:

In this time interval, the power switches S, S, S3
are conducting and S; is switched off. Diodes D1,
D3, ..., Dip-1y in up section and diodes Da1, Das,...,
Dyn-1y in the down section are off and other diodes
are on. The inductors L;, L, and Lj receive their
energy from the input dc power source and the stored
energy in L4 is transferred to C,1 and C,». Using Fig.
3(a), we have:

V=V, =V, =V, (24)
V=V, +VC2(/1+I) Vo (25)
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Fig. 2 The operation modes of the suggested topology in CCM.
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Fig. 3 The operation modes of the recommended structure in CCM.
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Mode 6 [15=DT, <1 <14 :%TS I:

S», S3 are ON and S, Ss are OFF. Diodes D2, D4,
...y D1y, Do1 in up-section and diodes D1, Das, ...,
Dyu+1y are turned-off and other diodes are ON. The
inductors L, and L3 receive their energy from the
power source. The stored energy in L, and L4 are
forwarded to C21, C23, ceey Cz(n.1), Cz(n+1), Coz and C11,
Ciz, ..., Cigeny, Ciwrr), Coi, respectively. The
inductors L; and L4 current are linearly decreased.
Regarding Fig. 3(b), can be written as:

Vi, =V, Ve, (26)
V,,=V,,=V, (27)
Ve =V Vs Ve (28)
Ve, =V Vi Vit Vo Vs (29)

Mode 7 [t(,:%TS <t<t7=(D +%)TS I:

In this time instant, The power switches, S», S3
and S; are conducting and S1 is switched OFF.
Diodes D2, Dyy, ..., D1, Do; in the up section and all
diodes in the down section are blocked. The
inductors Ly, L3, L4 receive their energy from the DC
source, then the inductors current is raised. The
current of the inductor L; is decreased. The
capacitors C,;, C,; are charged by the inductor L,
storing energy in. Regarding Fig. 3(c), we have:

Vo=V, Ve, (30)
Vi =V, =V, =V, (31)
Mode 8 [+, = (D +%)TS <t <tg =Ty |t

In this time interval, the power MOSFETS S,, S4
are ON and S, S3 are OFF. Diodes D12, D4, ..., D1y,
D,1 in up section and Dy, Do, ..., Doy, Doz in the
down section are blocked. The inductors L, and L4
receive their energy from the input DC source, then
the current of these inductors is linearly raised. The
inductors L; and L3 currents are linearly reduced.
The C, Ca, ..., Con, Coz are charged via the storing
energy in the L; and the capacitors Cz1, Cas, ..., Cou-
1), Com+1) are charged by the stored energy in the L3,
respectively.

Vii=V, =Ven (32)
Vi, =V =V, (33)
Vis=V,=Vea (34)

Considering the volt-second principle for the
inductors L4 (the average voltage across each of
inductors is zero in switching period), the capacitors
voltage based on D can be defined as:

k_y

Clk :S i (35)

k=13,..,n+1

v,
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k +1-2D
Ve, ="y
Clk l—D i (36)
k =2,4,6,..,n
k
Vey =——V,
C2k l—D i (37)
k=1.3..,n+1
1+k-2D
Vo = v,
C2k 17D i (38)
k=2,4,6,...,n
n+3-D
VC(ol) =VC(02) ZTVi (39)

Considering the KVL principle for Fig. 1, the
following equation are expressed:
Vo=Veu Ve =V, (40)
Using (39) and (40), the ratio of the voltage
conversion of the recommended converter in CCM

(Mccw) is defined as follows:

v Ve _5+2%-D

ceM V,. *T (41)
k=1,2,3,..n

Where £ is the number of stages of the VM cells.

Based on (41), the voltage gain of the presented
topology is high and the increasing of the voltage
gain can be realized by extending the stages of VM
cells. Also, the normalized voltage stress through the
diodes and switches of circuit will be decreased by
adding the number of VM stages.

The maximum voltage stress of the switches is
achieved as follows:

v, TS T G 260)M
, k=12..n (42)
V Sich M, +3+2k
=Mg,=Mg =—"—"——
v, (4+426)M 0y

Also, the peak voltage throughout the power
diodes can be given by following equations:

Vpui|_[pai|l_ Mcom -1
Vo | [ Vo | G+200Mcey (43)

Vpuk|_[Vpok|_Mccw +3+2%

Vo | | Vo | (4+20)Mccus (44)
k=2,4,..,n

Vi |_V Dok |_Mccm ~5-2

Vo | | Vo | G+20Mccus (45)
k=3,5.n+1
‘VDO]\JVDOZ\stCCM —16—4k (46)
Vo | | Vo | (4+20)Mcey

3.1 Components current calculation

Considering the current-second principle for
capacitors in single switching interval (the average
current flowing through the capacitors are equal to
zero in one switching cycle), it can be mentioned that
the diodes average current is equivalent to the output
average current:
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k=12,..,n
Generally, by applying KCL law in Fig. 1, the

{Ile =Ipok =Ipo1=1Ipo2 =1, 7)

following relations can be expressed:
Ij =Is1+Igo+1p3+114 (48)
I =Ig3+Iga+Ip1+1L> (49)
The input and output current relationship can be

obtained by using (41) as follows:

5+2k —D

R (50)

With regard to Fig. 1, by performing the current-
second principle across the power diodes, the

switches average current is calculated by:
k+2

1S1+1S2*1S3+1S4*ﬁ10 (51)
2+k

o1 =Jcr =

S1 S3 5(1-D) o 52
42 +k) (52)

1522154:5(1—0) o

The average current of the inductors is achieved

as follows:
3+k —-D
Tpylpr =Ip3+ipa=——7—1o (53)
53+k -D
Ipi=1r3 =W 0
13 +k -D) (54)
%) :IL4:W 0

Fig. 4 illustrates the basic waveforms of the
proposed structure in continuous conduction mode.

vV 14
gate :DTS TS
] . i
V 1 1 1 1 1 1 N Ll t
gate 2 ' [ I I !
— i —_
—— — " > !
Vgate} : : : : : : E
i S T E—— | ' .
gate 4 H : ! ! [ ' o
1 1 1 1 '
- A
Liis ! sl
| L | . T
. T T I — T
LroaY Y, .0 Vi ' [ !
B e I o |
3 \Lda . T
i HE 1 ey 1
L L I il ! o t
T — T — -
T HE ' ! E IVDnI v
bt bbb G, AV ou
1 o | Lo |_ .
i I i Vo i
Vsl,sz‘ ! : Z(Vsz E i E E v,
t 1 1 T T
H ' ! 1 1
S e —
Veo ! v ! ' E Z o Ve
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: — : T Ven
1 . I T T
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I, 1, ty t,ts tgl, ty

Fig. 4 The basic waveforms of recommended topology in
CCM operation

3.2 Efficiency calculation

For analysis of the system efficiency of the

recommended dc-de topology (77 comerer ), the power
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components parasitic elements are carried out as

follows:

®  Rps_,n — conducting resistance of the active
switch,

® 7, F12, Y13, Y14 —> the each inductor (L1, Lo, L3
and Ls), equivalent series resistance (ESR),

d D115 "D125-++> "Di(n+1)> "Dol> "D21> D22
seo+s TD2(n+1) » 'Do2 are ESR of diodes,

e rc — ESR of the capacitors,
Generally, the overall efficiency of the
recommended dc-dc structure is defined as follows:

P
nConv, ZWXIOO% (55)

losses

Since the overall loss of the active switch is
consisted of the switching period losses and
conduction interval losses, then the total power
losses of the active switches can be formulized as

follows:

P +]

s =P Rps o EP Switching

2 2+k
25 < Rpson % Ioz[(ﬁ

(56)

The conduction losses of the magnetic
components are given in the following:

P/.l.l.g‘l.j,l, :Z(rl Lims )

o, [M,O}}zn {M,}
#| 16(1-D) *| 16(1-D)

(57)

The voltage drop losses ( 7., ) and conduction

losses ( P, ) ofthe power diodes is expressed by:

Losses (piodes ) = PRFDM + PVFDM
1 ) I
=r, xX(—*—)"+V,. x o
o < Y x (Lo (58)

j=1,2& k=1,2,..n +2

The capacitors total losses is written as follows:

n+l n+l

2 2

P osses cap ) Z(rkm Reygums) )+Z(rRm X[Rczkumw )
k=1

+ |:(}"R(”‘ X IR‘:onw) ’ )j| + (VRC» x [RCnmm» 2)

Using (57)-(69), the total efficiency of the
recommended structure can be found as:

(59)

)+(chw x [

Reo sy

P
P +P,,,
=L +L, +L +L +Lg
2+k ., 4(2+k)

x100%

Mconverter

Ly =—2Rps oy X1, [(1 D) +H(——" ) 1+2C; (7) fs
)
j=12& k 71 2, n+2
(e (60)
J=1,2& k=1,2,..,n+2
L =2 [5(3+k D)[ } +or, |:11(3+k—D)I }
| 16(-D) ° | 16(1-D) °

Lot 8, )
+|:(rkm ST RGN )}+( P %D )
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4 Comparison results

In this part of the paper a comparison has been
made, in terms of MCCM, MS, MD, No. of diode,
No. of switch, No. of capacitor, No. of inductor and
the number of VM steps is presented. To compare
the normalized maximum voltage through the
semiconductors (MOSFET/Diode) among the
presented topology and other topologies, N is
considered as 2. Fig. 5(a) presents the collation of
voltage gain at introduced converter and several
other structures in continuous conduction mode
(MCCM) in terms of duty cycle value (D). These
curves are provided by k=1, 2.

According to the curves, it is noteworthy that the
voltage gain of the presented topology enhances by
growth of the number of stages. Also, the voltage
enhancement ratio of the suggested converter is
remarkable in comparison to the others in [20, 21].
In conclusion, the suggested structure could be
considered as a high voltage gain DC-DC converter.
Nevertheless, parasitic components cause the
limitation of the generated voltage of the converter
and this notion affects the total efficiency of the
system. Possessing a high voltage converting ratio
converter utilizing a lower number of components
leads to a reduction of losses.
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Fig. 5. Comparison between the suggested structure
and other structures,

(a) Variations of voltage gain various duty cycles,

(b) Variations of switches normalized peak voltage
based on voltage gain,

(c) Variations of diodes normalized peak voltage
based on voltage gain,

Fig. 5(b) is related to the voltage of the main
power switch in the presented converter. It can be
deduced from the figure that the normalized peak
voltage value on the switches of the recommended
converter has lower values and these values are
decreased by extending the stages of VM cells [18,
19, 23, and 26]. Since the active switches of the
suggested structure are clamped to VM units’
capacitors, the normalized peak voltage amongst the
power switches is limited to a lower value by
enhancing the number of VM cells. Additionally,
utilizing a lower conducting resistance power
switch, leads to limit of the power components loss
of the converter. The overall cost of the structure can
be alleviated by applying a lower rating power
MOSFET.

Fig. 5(c) indicates the maximum voltage rates
upon diodes against voltage gain (normalized
voltage stress amongst diodes versus voltage gain).
The voltage stress over the power diodes is limited
to a lower value when the voltage gains increases,
considering the presented curves of Fig. 5(c). The
power rating of the presented topologies is
enhancable by developing the number of VM stages,
and this circumstances the normalized maximum
voltage throughout the active semiconductors
(MOSFET/diode) have lower amounts [22, 24, 25].
Therefore, using a lower power ranges diode leads to
increase in the system overall efficiency and leads to
a cost effective converter, the recommended
structure presents lower loss for all power limits.

Table 1 shows the advantages and disadvantages
of the presented topology and other topologies.
Generally, to highlight the advantages of the
presented circuit to the other structures, some
comparison is included in Table 1.
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Table 1 The presented topology comparison with other topologies.

NO Input
NO. of ’ NO. of NO.of  current Efficiency
Converter Mecey My Mp . . . X
switch . capacitor  inductor  ripple [%]
diode
()
5+2n-D Moy -1 Mccm -1 94.6
Proposed 5 @+ 2m)M oy, —10—4n @r2mMceM —10—4n 4 2m2) 245 4 4 [350W]
N (M ccm N )
(18] 2+N (3-D) M o —N 2(N +DM ¢y +2(N 1) 5 5 43 91.3
1-D 2(N +DM ¢y +2(N —1) (N +1D)(M 0y, —N) [350W]
2N + DM oy, +2(N —1)
3+2N 3 3 94.1
19 —_— 3 4 4 18
[19] 1-D 3+2N 3+2N [350W]
N +2 1 N +1 92.2
20 1 3 3 100
[20] 1-D N +2 N +2 [350W]
4 90.2
[21] ) 0.25 0.5 2 5 5 10 [350W]
4+2N 1 1 1+N 93.3
22 s 2 4 4 54
221 1-D 4+2N 24N  2+N [350W]
6 93.2
[23] D 173 1/3,1/6 1 7 6 24 [350W]
24] L+ N)(1+D) Moy +N +1 Mgy +N 41 1 . 5 " 943
1-D M (N +D) 2M ey (N +1) [350W]
342N —D(+N) Meoy —N —1 Moy =N —1 92.1
23] D Moo (N +2) Moo (N +2) oo N ¥ psow
n(1-D)+2-D M ey —n—1 M0y —n—1 94.3
[26] Q0 M, M, 1 n+3 2n+3 n+l 100 [350W]
N,n n= VM unit N= turns ratio (N is considered 2)

The normalized peak voltage on the switches and
diodes of the converter has lower values and this
value is decreased by increment in the power level
(by extending the number of VM units). The

structure, which these values are confirmed each

other.

Table 2 Components used in the converter

suggested converter capable to transfer a high power Parameter Value
level by adding the stage of VM units. The most Input voltage 24V
outstanding advantages of the presented converter Switching frequency 40 kHz
o . . Duty cycle 0.6
are utilizing lower rating power semiconductors, 4309 for n=1
capable to transfer a high power rate with higher R 500Q for n=1
efficiency and limited overall cost. Inductors L1, L3 480 uH
Inductors L2, L4 1 mH
. Capacitors of VM units 330 uF
5 Experimental Cot, Coz 330 uF
In this part, an experimental prototype of the Co 470 uF
. _ . Power MOSFETs IRFP260
recommended converter with #n=1,2 stage in CCM Power diodes MURI1560

operation is manufactured and tested, besides the
laboratory results of the presented structure are
prepared in Figs. 6-10 to prove the correctness of

Table 3 Theoretical, simulation and laboratory results of
the recommended topology

k=1 k=2
theoretical survey. The ATmega 16 is used to Parameter  —or g - Exp. Mat. Sim. Exp.
generate gate signals of the power MOSFETSs with Vsi-peak [V] 60 593 594 60 592 593
40 kHz switching frequency. All used elements are Vs2peak [V] 84 829 8.1 84 826 828
‘ded in Table 2 and al . ist ith Vbii-peak [V] 60 593 594 60 59.1 59.1
provided in Table 2 and also a ceramic resistors wi Voolpeak [V] 84 826 829 84 824 826

various ranges are used as a load.
Table 2 the
configuration of the suggested structure. Table 3
illustrates the comparison of the technical,
simulation and laboratory results of the suggested

demonstrates components
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Fig. 6 demonstrates the measured efficiency of
the suggested topology based on the power rating
and load current at the CCM operation. With
regarding Fig. 6 (a), the maximum efficiency of the
suggested structure is achieved about 95.83% which
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the power value is about 70W at this point.
Generally, the minimum efficiency of the
recommended topology is almost 91.2% in all power
levels. Generally, the efficiency of the presented
structure has a little tolerance (about 4.63%) at all
power ratings. Also, the performance of the
recommended topology is large at higher power
levels when the number of VM units is increased.
The maximum efficiency point has happened in
higher power ranges for the larger number of VM
units at a higher power value rather than the lower
number of VM units. Fig. 6(b) demonstrates the
efficiency of the suggested converter based on
current load change.

98 M =95.83%
{P:70 w
$ 96 e —
N / 7 -~
k=1 ~
? 94 // 2 \\\\\\\\
2 92 // =
2 / )
£ 90 M i 91.2%
88
86 90 180 270 360 450
Power (W)
(a)
100
< 98 Moz 95.83%
A =
g 94 // k=2 = \\\\\\\\
92 7 = _
9| / Mine 91.2%
88 02 0.4 0.6 08 10
Load Current (A)
(b)

Fig. 6 The measured efficiency (a) Versus power level
for k=1, 2, (b) versus load current for k=1, 2.

The maximum performance rate of the suggested
converter is obtained approximately 0.18A and the
minimum efficiency is limited to 91.2% by
increasing current load. Figs. 7-10 show the
laboratory results of the presented converter with
k=1, 2 stages in CCM operation which Figs. 7 and 8
are related to /=1 and Figs. 9 and 10 are related to
k=2. Fig. 7(a) indicates the capacitor Ci; voltage for
k=1. This value is obtained by about 59.3V which is
confirmed (35). The voltage value of the capacitors
Co1 and G, are shown in Fig. 7(b) which the obtained
value is equal to about 195V and 389V, respectively.
Also, the obtained equations in (39) and (41)
confirms these results. Fig. 7(c) indicates the
inductors L and L, current waveforms. It is observed
by the figure that the inductor L; current ripple
content is from 1.92A until 2.72A, and the inductor

A. Gallaj et al.

L; current rate fluctuates between 5.35A and 5.75A.
Therefore, the percent current fluctuation of the
inductors L; and L, is about 35.3% and 7.2%,
respectively. Fig. 7(d) shows the current waveforms
of the inductors L3 and L4. Regarding Fig. 7(d), the
current ripple of the inductors L; and L3 equivalent
to each other, L, and L4 equal each other, just have a
phase shift each other. The percent current ripple of
the inductors L3 is equal to about 33.5% (from 1.93A
until 2.70A) and the percent current ripple of the
inductor L4 is identical to about 7.7% (from 5.33A
until 5.76A).

Stop @ = ; =]

VC11

10 psec/div 10 Volt/div
(a)' M Pos:0.080ps |
wp & e N
Vel 50 \E)Jt/ div
Ve e
| - 100 Volt/div
-='j 5 usec/div
(b) M Pos:0.88us
R — e

v

- L1 '

» i : \
£ 2 AMp/div 2 Amp/div
: 5 psec/div —
(C)l M Pos:1568us
Stop @ - =]
. ()

£ Y Amp/div 2 Amp/div
L 5 psec/div e
(d) M Pos:1560us

Fig. 7. The experimental results for k=1, (a) Vcii,
(b) Vo1 and Vo, (¢) IL1 and 12, (d) Itz and Ia.

Fig. 8 exhibits the peak voltage of the
semiconductors devices (MOSFETs/diodes). Fig.
8(a) represents the utmost voltage value of the
switches S1 and S,, in which these values are
obtained 59.4V and 83.1V, respectively. Fig. 8(b)
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indicates the uppermost voltage of the active
switches S; and Si, in which these values are
obtained about 59.3V and 83.2V, respectively. Fig.
8(c) demonstrates the peak voltage content of the
active diode Dii. This value is obtained 59.4V which
confirms (43). Fig. 8(d) indicates the peak voltage
content of the power diode D, (82.9V) that confirms
(46).

Trigd: ] (=]

i S S

| {EEEsa i slaine

B 5 psec/div 50 Volt/diV g

CHi= S8.8U CH2= 580U MSaps CHL F28.8U
M Pos:a.00us

(a)
W . = L=
v

i ¥ ey
r-m ]

5 psec/div 50 Volt/diV g

CHi= Sa.eu CH2= Sa.ou MSaps CHI /73400
M Pos0.00us

(b)

et & e %] =]

i (]
Vpi11

4
5 psec/div 20 VOlt/diVasmmse
(c)l MPos:@.00us
s X = =3 L
VDol

B 5 psec/div 20 Volt/diVessssses

CHz= 20.8V MSaps CH1./38.8V
MPos:0.00us

(d)
Fig. 8 The maximum voltage of the semiconductors with
k=1, (a) Vs1 and Vs, (b) Vs3 and Vs4, (¢) Vbi1, (d) Vbor.

Fig. 9(a) demonstrates the voltage of the
capacitor Ci; for &=2 which is equal to about 59.2V
which is confirmed (35). Fig. 9(b) depicts the
voltage of the capacitor C,; and output capacitor C,.
The capacitors C,i1 and C, voltages value are equal
to about 252V and 479V, respectively. Fig. 9(c)
proofs the inductors L; and L, current waveforms
which the percent current ripple of these inductors
are about 31.8% (from 1.85A until 2.55A) and 4.6%
(from 8.45A until 8.85A), respectively. Fig. 9(d)
represents the current waveform of the inductors L3
and Ls. Besides, the current ripple contents of the
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inductors L3 and L4 is about 30.9% (from 1.86A until
2.54A) and 5.1% (from 8.43A until 8.87A),
respectively.

Stop @ : x : =)
)
| Ve
10 ysec/div 10 Volt/div
© o
Stop @'

2
Ve 1OBrVoIt/d|v

VCol \ :
50 Volt/div
i 5 usec/div RO
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_.—E_“MEM CH2= 1.80A Man”ﬁ\Fns!lﬁ.Eﬂus CHI F4.48a
(d)

Fig. 9 The experimental results for k=2,

(a) Vcui, (b) Veor and Ve, (¢) IL1 and 112, (d) I3 and Ip4.

Fig. 10 describes the maximum voltage of the
switches S1 and S2. The obtained value of these
switches is 59.2V and 82.6V, respectively. Fig.
10(b) indicates the maximum voltage, per the
switches S3 and S4 which are about equal to the
maximum voltage content of the active switches S1
and S2, respectively. Figs. 10(c) and (d) show the
peak voltage values of the active diodes D11 and
Dol, which are equal to 59.1V and 82.6V,
respectively. Fig. 11 illustrates the laboratory
prototype of the proposed converter. Generally,
based on obtained experimental waveforms, it can be
said that the suggested converter has a remarkable
voltage gain. The voltage gain is more increased by
extending the VM stage number. Also, it has been
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clarified that the normalized upmost value of voltage
amongst the active semiconductors is low and
subsequently decreased by extending the stages.
Besides, the current ripple of the inductors is
decreased by increasing VM stages (in fact for high
power levels). Therefore, the power components
with lower ratings are used in the proposed
converter. However, it cannot be denied that the
number of power components is enhanced by adding
the VM stages. Generally, the overall efficiency of
the recommended structure is high and the
normalized peak  voltage throughout the
semiconductors (MOSFETs/diodes) is diminished
by increasing the power level. Since the power losses
of power semiconductors have an important role in
overall cost and industrial applications, it is
derivable that the presented structure is a proper
choice for renewable systems.

- 7: o

L,Jﬁmmr—
TREIE

i | : |
“B 5 psec/div 50 Volt/diV g
(a) M Pos@.08us
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Vb1
|
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(c) M Pos:@08ys -
— o e
Vo1 o

"5 Hsec/div 20 Volt/divesmmes
CHz= 200U MSops CHL 73080 d
(d)
Fig. 10 The maximum voltage of the semiconductors
with k=2, (a) Vs1 and Vs, (b) Vs3 and Vs4, (¢) Vbii, (d)
Vbol.
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‘ Fig.ll The laboratory prtotype of the proposed
converter.

Inductors

6 Conclusions

A new dc-dc converter with a higher voltage
converting rate employing VM is suggested. The
voltage gain of the converter increases via cascading
VM stages to each other. The normalized maximum
voltage above the semiconductors is decreased by
adding the number of VM units. Generally, the
number of power components in the presented
structure is enhanced by adding VM stages, where
the converter cost can be decreased by utilizing the
lower rated semiconductors (MOSFET/diode). The
overall efficiency of the suggested converter is
higher than 91.2% in all load powers. The maximum
performance rate of the presented structure is about
95.83%. Generally, the proposed converter can be
could be appropriate for sustainable applications
based on lower input current ripple using interleaved
techniques, lower losses on semiconductors, high
voltage conversion ratio and high load power rating.
The laboratory results of the presented topology with
n=1, 2 for 350W and 453W in operating frequency
at 40 kHz are tested and the achieved results of the
experimental results are confirmed as well as the
theoretical analysis. As a result, by considering these
circumstances, it is noticeable that the recommended
could be proper choice for green source applications
like PV generation, fuel cells, etc.
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