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ABSTRACT In this study, a new non-isolated high voltage gains dc/dc converter using coupled inductor
and voltage multiplier techniques (diode/capacitor) is presented. The voltage gain will be increased by
increasing the turns ratio (N) and the number of stages of the VM units. The proposed converter capable
to more increase the output voltage gains with transfer energy which is stored in coupled inductance. Also,
the voltage multiplier unit causes to further increase in the output voltage level of the proposed converter.
Besides, the nominal value of the semiconductors is low due to these are clamped to the capacitors available
on the voltage multiplier units. The normalized voltage stress across the semiconductors is low which this
case is compared in the comparison section. Therefore, the power loss of switch can be reduced by using
a switch with a lower rating (lower Rps(on)) and power diodes with the low nominal rating. As a result,
the overall efficiency of the proposed converter will be high. To confirm the benefits of working in this
paper, comparison results for different items with other works are provided in section 4. The principle of
operation, the theoretical analysis and the experimental results of a laboratory prototype for N(N2/N1) = 2

and n = 2 stage in about 260W with operating at 40kHz are provided.

INDEX TERMS DC/DC converter, high voltage gain, coupled-inductor techniques, lower losses.

I. INTRODUCTION

Recently, the deficiency of fossil fuels and environmental
problems due to global warming causes to increase the uti-
lization of green sources. However, the output voltage level
of the green sources (PV panel, fuel cell, etc.) is not large
which is the basic issue of the green sources. Generally,
to improve the efficiency of the system include green sources
should be utilized proper power converters dc-dc-ac. Conse-
quently, dc-dc converters with high voltage conversion ratio
and high efficiency need to increase the voltage level of the
green sources and overall efficiency of the system. Also,
dc-dc power convertors used in green sources require to
design in terms of voltage gain, maximum voltage/current
stress on semiconductors (MOSFET/diode), input current
ripple, overall efficiency and output voltage ripple [1], [2].
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Dc-dc boost converters that cannot produce high voltage gain
and high efficiencies such as conventional boost converter
due to high power losses in high power level and limits on
increasing duty cycle value [3]. To increase the output voltage
level, conventional boost converter should increase the duty
cycle value and this causes to more increase the reverse
recovery issue of the diode in the output side, impressively.
Besides, it also limits the voltage gain and increases the
normalized voltage stress on semiconductors, so conventional
boost converters are not proper for high power ranges [4].
As a result, the overall efficiency will be decreased and
also electromagnetic interference (EMI) will be a big prob-
lem [5]. To obtain a high voltage level at the output side of
dc-dc converters with high efficiency and high power level,
more methods are proposed by researchers. Generally, high
voltage gain dc-dc converters can include as 1) using cou-
pled inductor techniques, 2) using voltage multipliers (VM)
techniques such as diode/capacitor, diode/capacitor/inductor,
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diode/capacitor/coupled inductor and 3) combination of
interleaving techniques with VM cells and coupled induc-
tors [2], [6]. Generally, it can be said that the coupled inductor
techniques can play roles of a transformer in non-isolated
high voltage gain converters. The voltage gains of these
converters are more increased by adding the VM units and
selecting an appropriate amount for the turn’s ratio of the
coupled inductor. Also, the detection of the leakage energy of
the coupled inductor leads to increases efficiency. In addition,
using the VM cells in de-dc converters consisting of coupled
inductor causes to decrease the nominal value used power
semiconductors (by clamping the power semiconductors to
the VM capacitors) [7], [8]. These converters have a high volt-
age gain and it is more increases using inductors/transformers
techniques. Consequently, it can be said that more con-
verters are needed a complex VM cell or combination of
diode/capacitor/inductor/coupled inductor is provided with a
large voltage level in the output side which can be a major
drawback for the converter. Combining both the coupled
inductor techniques and VM units can be provided a high
voltage level at the output side and raise the efficiency [9], [6].
Generally, these converters have a large voltage conversion
ratio with large efficiency, small maximum voltage across
power semiconductors (switch/diode), and low switching
losses in high power. The recovery of the output power
diode is one of the important drawbacks for these converters
which this issue can be improved through leakage inductance
for converters including coupled inductor techniques. Using
diode/switch/capacitor techniques in some dc-dc high gain
converters can be produced a suitable ultra-high voltage gain
converter lower normalized voltages stress on semiconduc-
tors (switches and diodes). The converters from this category
that have a low current ripple percent at the input side and
high efficiency can be decreased the EMI problems. Also,
these converters can be a good candidate for renewable appli-
cations. The important worriment of these converters is large
maximum voltage on output power diode [5], [10]. Therefore,
converters using interleaving techniques with the lower value
of magnetic, low volume and small current ripple percent at
the input side can be a good candidate for large power ranges.
The voltage converter will more increase in high duty cycle
values, but the converter will be limitations in practical built
such as voltage/current ripple across MOSFETSs, maximum
voltage on MOSFETs, power losses of switching and reverse
recovery of power diode at the output side [11].

In this study, a new high voltage gains dc-dc converter
using coupled inductor techniques is presented. The voltage
level at the output side will rise by adding the number of
VM stages and turns ratio value. Also, the semiconductors
are clamped by the VM cells, in facts, VM units cause to
limit the normalized voltage stress on semiconductors (MOS-
FET/diode). Since the proposed structure has one switch,
so this makes simple to control the operation of the converter,
the operation of the presented converter in fifth modes at
CCM operation (continuous conduction mode) and DCM
operation (discontinuous conduction mode) is provided.
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Also, the experimental results of the proposed converter
at 260W are provided in section 6 which includes output
voltage, maximum voltage on semiconductors (MOSFETSs/
diodes) and current of the inductors.
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FIGURE 1. Circuit schematic of the proposed topology.

Il. PROPOSED TOPOLOGY AND ANALYSIS OF THE
OPERATION MODES

Fig. 1 illustrates the circuit schematic of the proposed topol-
ogy. The proposed converter used a coupled inductor with
the primary and secondary turns of N1 and N, respectively
to achieve high voltage gain. Also, the voltage gain of the
proposed converter can go up with adding the number of
VM units (diode/capacitor). Also, adding the number of
stages leads to a decrease in the normalized voltage stress on
semiconductors. Adding VM units and increasing the value
of turns ratio (N = N/Nj) leads to more rise in the voltage
gains and decrease the normalized voltage stress on MOS-
FET/diode. In power circuit, S is the main power MOSFET,
D1, D3, D3, D4 and Ds are the power diodes, C1, Cap, ..., Cop
are the capacitors of the voltage multiplier circuit, also C3
and C4 are the capacitors of the voltage multiplier unit
(diode/capacitor/inductor) which are used at the proposed
converter. C,, is the output capacitor. The stored energy of the
coupled inductor at the first and second side is forwarded to
the capacitors in parallel state and finally, the stored energy is
transferred to the output capacitor by series capacitors. There-
fore, using lower rating power MOSFET and diodes causes
to decrease the overall cost and increase the efficiency of the
proposed converter. For simplicity of theoretical calculation
of the proposed topology, some assumptions are considered
as:

« The input voltage source has a constant value and with-
out a ripple,

« All power components are ideal,

o The voltage of all capacitors has a constant value in one
switching period (all capacitors are large enough).

A. CCM OPERATION

Generally, the two-time interval for power MOSFET is con-
sidered at one period of the proposed converter (7). At the
first time interval (DTs), Switch S is on-state which con-
sists of two modes. In the second time interval ((1-D) TS),
power MOSFET is off-state which consists of three modes.
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FIGURE 2. The equivalent circuit of the proposed converter at CCM
operation, (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, (¢) mode 5.

For theoretical analysis, the coupled inductor is considered
as magnetizing inductor Lm, primary leakage inductor Lk1,
secondary leakage inductor Lk2, and an ideal transformer.
Fig. 2 illustrates the operation modes of the proposed con-
verter in CCM operation. In the CCM operation, the proposed
converter operating is provided as:
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Mode 1 [ty <t < t1]: In this mode, the power switch S is
turned on and all power diodes are in reverse biased condition
except the diodes Dya, . . ., D2y, D4 and Ds. The capacitor Cy
is charged through the input power supply and magnetizing
inductor L,,. The current of magnetic inductor is linearly
decreased

The energy of the magnetizing inductor discharges to the
secondary side and finally, this energy is discharged to the
capacitors C3 and Cy4. The current of the diodes is linearly
decreased and they will be taken in reverse biased at the
end of this mode. The secondary leakage inductor current
is decreased based on the turns ratio value (ir,,/N). Also,
the output load is supplied through the stored energy of the
output capacitor C,. Based on Fig. 2(a), can be written as
follows equations:

dig,

Vim = Lmd—t’" (1)

difx
vikl = Vi—vim = Liy o )
iLm — ikl = Nipo 3)

Vear = Ve
Ve = Veas
Veos = Veas 4)
Veam—2) = Veam—1)

Ves = Ves (5)

Mode 2 [t <t < t]: In this mode, the power switch S
remains in ON state and all diodes remain in their previous
state except diodes D4, D5 and D,,. The magnetizing inductor
Ly, and the primary leakage inductance Ly are charged by
the input power supply (V;). Therefore, the current of these
inductors is linearly increased. By observing Fig. 2(b), it is
clear that the output load R is supplied by input DC source
and capacitors Cz1, C23, ..., C2(—1), C24. The equations in
this mode can be written as (6)—(10), as shown at the bottom
of the next page.

Mode3 [t < t < 13]: In this mode, the power switch S is
turned off. Power diodes D21, D23, ..., Dyu—1), D1, D3 and
D, are in forward biased condition, and other power diodes
are in reverse biased condition. The stored energy in primary
leakage inductance is transferred to the capacitors Cy and C».
The stored energy in the secondary leakage inductance is
transferred to the output capacitor. Therefore, the current
of the primary and secondary leakage inductance is linearly
decreased. The current of secondary leakage inductance will
change quickly and reach zero at the end of this mode. The
magnetizing inductor also charging through the input power
supply and also receives energy from secondary leakage
inductance. Then, the current of the magnetizing inductor is
linearly increased. In this mode, the following equations can
be written as:

itm = irk1 — Nip2 (11)
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dir Vi— Ve —vim

= 12

dt Liy (12)
Vear = Veas
Veaa = Veas

(13)

Vearm—1y = Vean

ditey  Ves+ Vea+ (Ve + ...+ Vean) + Nvp — Vo
dt L
(14)
irg1 = ip21 — ip1 (15)

Mode 4 [t3 < t < t4]: In this mode, the power switch S
remains in the OFF state. Power diodes D1, Da1, . .., Da(r—1),
D3, D4 and D5 are in forward biased condition and other
diodes are in reverse biased condition. The stored energy
in the magnetizing inductor charges the capacitors C; and C».
The current of primary leakage inductance and current of
the magnetizing inductor (ir,,) is linearly decreased. The
current of primary leakage inductance (izx1) with changes
rapidly will reach zero at the end of this mode. Also, the
secondary leakage inductance L;, will be recharged in the
reverse direction. The stored energy in the capacitor Co is
discharged to the output load R. For this mode, the following
equations can be obtained as:

di N V di

k2 _ NVim + Vs _y D5 (16)
dt Lio dt
di N V di

k2 _ NVim + Ves 5 Ip4 a7)
dt Li» dt

Mode 5 [ty <t < t5]: In this mode, the power switch S
remains in OFF state and all diodes are in reverse biased
condition except the diodes D4 and Ds. The stored energy
in magnetizing inductor Ly, is discharged to the capacitors
C3 and C4 through the secondary winding. The current of the
magnetizing inductor is linearly decreased. The current of the
primary leakage inductance is zero during this mode. Also,
the current of the secondary leakage inductance in linearly
increased, however, its current will be negative. The stored
energy in the capacitor C, is discharged to the output load R.
By observing Fig. 2(e), can be written as follows equations:

di
Vim = Lm% (18)
irg1 =0 (19)
di N V. di
k2 _ NVim + Ves _y D5 (20)
dt Lio dt

diky  Nvpm +Ves Zdim

dt Li» dt

21

In theoretical analysis of CCM operation, the secondary
leakage inductance L, of the coupled inductor is transferred
to its primary side (L;,). The equivalent primary leakage
inductance is considered L; which is equal to the sum of
the primary leakage inductance Ly and L;,. For simplicity
analysis of CCM operation of the proposed converter can
be ignored modes first and third due to the time duration
of these modes are very short. Thus, only modes second,
fourth and fifth are considered for CCM operation. If the
current ripple of the magnetizing inductor is considered zero,
the relationship between the clamp capacitors and discharge
current of the proposed topology can be obtained as Fig. 3(b).
In fact, by ignoring modes first and third, #¢ is the fourth time
duration mode and DT are considered equal to ¢ so that D,
is its corresponding duty cycle.

I'v.

VA
[\

/

FIGURE 3. Key waveforms at CCM operation.

The stored energy in the total primary leakage inductance
Ly at the during time #¢ is discharged into the clamp capac-
itors C1 and C,. Based on current-second law, the average

irm = ikl — Nip2 (6)

ii = irk1 = ipm + Nipxo @)

i; = ips + ic2 + Nirk2 (8)

dipio _ dip, _ Vear + Veas + .o + Vern—1) + Vean + Ves + Vea + Vi — Vo )
dt dt Li»

Ver = Vea (10)
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capacitor currents (Ic,p) are zero in one period switching,
then it is clear that the average currents of the diodes D1, D1,
D2, ..., Dy, Ds and D5 are equal to the average current of
the output diode (Ip,). Also, the average current of the output
diode is equal to the output current (/,). By considering the
charge energy equal to the discharge energy, can be written
as follows equations:

Lip = Ly 4+ Ly = Ly + N?Lio (22)

Ip1 = Ip21 = Ip2 = ... = Ipoy = Ip3
=Ips=Ips=1Ip, =1, (23)

De x T x Iy, _ (1-D)Ts+ ({1 —D—Dc)T y IL_m
27, - 27, n
(24)
_ 2(1-D) 05)
€= 14+n

The coupling coefficient of the coupled inductor K is equal
to L, /(Ly, + Li). Based on mode 2 in Fig. 2, can be written
as follows equations:

Lm

= V. =KV: 26
VLm Lo+ Lg i i (26)
L v _a-kyv (27)

vV = ;= — i

Lk Lm +Lk i i
vn2 = Nvp,, = NKV; (28)

diy, dirk1

Vi = Vim+ vkl = Lmd_tm kK (29)

Veo = Vear +Veas + ... + Veru—1)
+Vew +Ves+Vea+Vi+Ver  (30)
—VN2 = VLm — VLk
By applying the volt-second balancing law on the inductors

L, Ly and the secondary inductance in one period at CCM
operation, following equations are obtained as:

DT, T,
/ vimdt + / vimdt = 0 3D
0 DT
DT, T,
/ viedt + / virdt =0 (32)
0 DT
DT, T,
/ vyodt + / vyodt = 0 (33)
0 DT

Using (22) -(33), the voltage of the inductors at during time
(1-D) Ts can be expressed by:

—DK

VLn|(DT~Ty) = mvi (34)
DIN + 1)K - 1)

VLE|(DT~Ty) = WVI- 35)
—NDK

WNADTA~T) = T Vi (36)

Based on achieved equations from modes in CCM operation
and (34) -(36), the voltage of the capacitors can be obtained
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as:
VC2=VC21 :ch3 =..= VC2n=_VLm_VLk+Vi
N+3 1-N)K—-2D
_ | WHHTA-N) x DV;
2(1-D)
(37)
NDK
Ves =Vea = —vna = ﬁvi (33)

By substituting (37) and (38) into (30), can be written as the
follows equation:

N+3 1—-N)K —2D
VC():VO: ( * )+( ) XnDV,'
2(1 — D)
3NDK DK
—Vi+Vi+ —=V; 39
Vit Vit Vi (39)

DN + 1)K = 1),
- 21-D) !

Using (39), the voltage gain of the proposed converter in
CCM operation can be obtained as:
Vo nD(N—2D+K+3)+ND(SK —nK+1)+D(K —1)+2

Vi 2(1-D)

(40)

When the coupling coefficient of the coupled inductor is
equal to 1 (K = 1), the ideal voltage gain of the proposed
converter in CCM operation equal to (41):

Vo I; _nDQ—D)+3ND+1
v, I, 1-D

(41)

where n is the number of voltage multiplier units and N is the
turns ratio of the coupled inductor.

Fig. 3 shows the key waveforms of the proposed topology
in CCM operation.

B. DCM OPERATION

For simplicity theoretical analysis of the proposed converter
in DCM operation, the primary and secondary leakage induc-
tance is neglected. The proposed converter has three modes
in DCM operation which are shown in Fig. 4.

Mode 1 [ty < t < t1]: In this mode, the power switch S
is turned on and power diodes Dy, D3, ..., Dy, and D, are in
forward biased and other power diodes are in revere biased.
The magnetizing inductor Ly, is charged by the input power
supply (V;). Therefore, the current of magnetizing inductor
is linearly increased. Also, the secondary inductor side of
the coupled inductor stores the energy in this mode, then the
secondary current of the coupled inductor (iy3) is linearly
increased. Based on Fig. 4(a), the following equations can be
written for this mode as:

diy,
vim = Vi = Lmd—t’" (42)
i; = irm + Nino (43)
ij = ips +ic2 44)
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FIGURE 4. Analysis of the proposed converter at DCM operation,
(a) mode 1, (b) mode 2, (c) mode 3, (d) the main waveform.

Veo = Veor +Veas + ... + Voo
+Veon +Ves +Vea+Vi+Ver  (45)

—VN2 — VLm
Vear = Ve
Ve = Veas

Veos = Veas (46)

Vean—2) = Veam—1)

Mode 2 [t <t < t]: In this mode, the power switch §
is turned off. Power diodes Dy, Dy, ..., Dau—1), D3, D4
and Ds are in forward biased condition and other diodes
are in reverse biased condition. The stored energy in the
magnetizing inductor charges the capacitors C,. The current
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of the magnetizing inductor (iz,,) is linearly decreased. Also,
the secondary inductor is discharged and its current is linearly
decreased and will reach zero at the end of this mode. The
stored energy in the capacitor C, is discharged to the output
load R. For this mode, the following equations can be written
as:

dipm  Vi— Ve

dt - Ly “47)
ij = ipm + Nin2 (48)
Ves = Vea = —vao (49)
Vear = Veas
Veoa = Veos

Ve = Ve (50)

Veam—1) = Vean

Mode 3 [t» < t < t3]: In this mode, the power switch S
remains in OFF state and all power diodes are in reverse
biased condition. The input current, current of the magnetiz-
ing inductor and current in the secondary side of the proposed
converter are zero. The stored energy in the capacitor C,, is
discharged to the output load R. Based on Fig. 4(c), can be
written as follows equations:

itm =0 (1)
iv2 =0 (52)
ii=0 (53)

By applying the volt-second balancing law on the inductors
Ly, and secondary inductor in DCM operation can be written
as follows equations:

vim = vN2 =0 (54)
ND+ D)
Ver = Ve =Ves = ... = Ve = Tvi
(55)
2uND(D + D')V; — NDD'V,
Vez =Veg = — = 56
c3="Vca VN2 DD — D) (56)

By substituting (55) and (56) into (54), can be written as the
follows equation:
nN(D+D')

Veo=Vo= D Vi+

6nND(D+D')V;—3NDD'V,
D/(D'—2D)

(57)

Using (57), the voltage gain of the proposed converter at
DCM is equal to (58):

V, _ 5nNDD' + 4nND? + nND'®
Vi D?+(3N—-2)DD'

(58)

Also, the relationship between the output voltage and output
current can be achieved as:

V, =RI, (59)
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The peak magnetizing inductor current (irm-peqk) can be
obtained as:

difm—
vim = Vi= Lm% (60)
V.
iLm—peak = L_IDTS (61)
m

Generally, the average current of each capacitor is zero in one
period, then, the average current of the power diodes D1, D31,
Doy, ..., Dy, D3, Dg and Ds are equal to the output average
current (I,). Also, the average current of the magnetizing
inductor L,,, leakage inductance in the primary and secondary
side and the average current of the power switch can be
expressed by:

ID1,21,22,..4,2n,3.4,5 =1 (62)
2D(1 — D
s = ( ) I, (63)
nD(4 — 2D) + 6ND + 2
o 2(1 — D) ; 6
b =0 = D@4 —2D)+ 6ND 12 °°

Iy, =1 (65)

! 2(1 — D)—nND(4—2D)+6N2D+2N
Lm = o

nD(4—2D)+6ND+2
(66)

By observing Fig. 4(d), the current of the power diodes
became zero before the interval off-time of the power switch
is over. Therefore, it can be said that the sum of the average
current of all power diodes is equal to the sum of the average
current of all inductors which is as:

1
Tinductors = ED/ x1' = IDiodes (67)
where I’ is the sum of the maximum current of the inductors.
1" = (DV;/fsLm) (68)

Using (62) -(67), equation (69), as shown at the bottom of
the next page. Using (70), as shown at the bottom of the
next page, the voltage gain value of the proposed converter at
DCM operation can be achieved as equation (71), as shown
at the bottom of the next page.

Ill. CALCULATION THE VOLTAGE/CURRENT STRESS ON
THE SWITCH, THE EFFICIENCY OF THE PROPOSED
CONVERTER AND INDUCTOR/CAPACITOR DESIGN IN
CCM OPERATION

A. VOLTAGE/CURRENT STRESS ON THE SWITCH

By observing Fig. 2(d), the voltage stress on the switch of the
proposed topology can be obtained as:

Vs
(N+3)+(1—-N)K —2D
B [nD(N—2D+K+3)+ND(5K—nK+1)+D(K— 1)+2]
x DV, (72)

Therefore, the normalized voltage stress on switch versus
duty-cycle, turns ratio, the coupling coefficient of the cou-
pled inductor and number of voltage multiplier units can be
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obtained as:
Mg = E
Vo
D[(N+3)+(1—-N)K —2D]
- nD(N —2D+K +3)+ND(5K —nK +1)+D(K —1)+2
(73)

Based on Fig. 2(b), the RMS current across the power switch
can be expressed by (the current value of the capacitor Cy; is
approximated with its value in mode II):

DTg
. 1
IS_RMS = | = / (k1 + Ico1)?dt
T (74)
0
2(1 — DI, 1,

~ uD@4—2D)+6ND+2 ' D

B. INDUCTOR SELECTION
If the peak-to-peak magnetizing inductor current ripple
is considered Alp. Generally, it can be concluded that
Alp, = ri%Ip, then the follows equation can be written for
magnetizing inductor selection with continuous current:
L, = D—V’2 —L (75)
" fs X r %P i k
C. EFFICIENCY CALCULATION
For calculation the overall efficiency of the proposed con-
verter (converter ), the parasitic resistance of the power com-
ponents are considered as:
o Rpg_on: on-state resistance of the power switch,
e Rrn1, rrn2: the equivalent series resistance (ESR) of the
primary and secondary inductors Ly1, Ly2, respectively,
o Rp: the equivalent series resistance of all diodes,
o Rc: the equivalent series resistance of all capacitors.
As aresult, the overall efficiency of the proposed topology is
obtained as:

x 100% (76)

NConverter =

o

Py + Piosses
Generally, the total power losses of the switch consist of the
sum of the power loss of the switch (when the power MOS-
FET is on-state) and switching losses. Hence, total power
losses of the switch (Pg,irc,) can be obtained as (77), as shown
at the bottom of the next page.

The average current of the inductors is obtained in equa-
tions (64)-(66). Then, the conduction losses of the inductors
can be expressed by:

Riyy = Ry, =R

I, 5
Pry Ly, = R X (l_)) + R
X(2(1 — D) — nND(4 — 2D) + 6N?D + 2NI P
nD(4 — 2D) 4 6ND + 2 ¢
(78)

The forward resistance losses (PRF,q.,)) and voltage drop
losses (PVF ;o5 ) Of the power diodes can be achieved as (79),
as shown at the bottom of the next page.
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Power losses of the capacitors can be achieved as:
n+6 1, , n—-2 1,
2 R %
2 () R x5,
tRe. X ( 2D* +2—4D )2
X
Re = D@4 —2D) T 6ND +2°°
+Rpe x I,

o(rms)

)2

PRCapaCitors :RRC X

(80)

Based on (76) -(80), the overall efficiency of the proposed
structure can be expressed by (81), as shown at the bottom of
the next page.

IV. COMPARISON STUDY

To illustrate the advantages and disadvantages of the pro-
posed structure, some comparisons between the proposed
structure and other topologies are done in terms of volt-
age gain, normalized voltage stress across semiconductors
(power switch/diode), number of components and overall
efficiency. Therefore, to illustrate the main advantages of
the proposed converter, a comparison study between the pro-
posed structure and other converters is shown in Table 1 and
its results are shown in Fig. 5 as different curves. Gen-
erally, almost all high step-up converters have low nor-
malized voltage stress on semiconductor (switch/ diode),
capable to transfer an about large power rating with proper

efficiency [13]-[15]. Besides, can be said that the cost of the
system will be low due to selecting with a lower rating of
power semiconductors [16]-[18]. The proposed converter has
lower normalized voltage stress on semiconductors (switch/
diode), then the total efficiency of the proposed converter is
about high [25].

A. THE VOLTAGE GAINS VERSUS DUTY-CYCLE

Fig. 5(a) illustrates the voltage gain curves of the proposed
converters versus the duty cycle. The voltage gains curves of
the proposed structure for K = 1, different turns ratio and
the different number of voltage multiplier units are provided
and these are compared with other structures. By observing
Fig. 5(a), it can be said that the voltage gain curves of the
proposed structure are above the other structures [10]-[12].
Generally, the proposed converter has a high gain for different
turn’s ratio and different VM stages. Then, the proposed con-
verter capable to use for high voltage level applications [20].

B. THE MAXIMUM VOLTAGE STRESS ON THE SWITCH

Fig. 5(b) shows the normalized voltage stress on switch com-
parison between the proposed converter and other structures.
By comparing the shown curves on this figure, the normalized
voltage stress on the switch curve for the proposed converter
is located lower than curves for other structures [13], [14].

1 DV, 2 8
A L S .Y (69)
2 fiLm 2D ' 2(1-D)
lxD/xDVi :(n+2 n+8 )E
2 fsLtot 2D ' 2(1-D)’ R 70
oy _ SNV = 3nDV,y + 2DV, + V/(5nNVi — 3nDV,, + 2DV,)? 4+ 16(V,, — nNVi)nND?V;
2V, — 2nNV;
Vo 5nNV; — 3nDV, + 2DV, + /(5nNVi — 3nDV,, + 2DV,)? + 16(V, — nNVi)nND?V; 5 D*(1 — D)R an
(7 fiLiot(n + 2 4+ 6D)(2V,, — 2nNV;) 1
1 2 1 2
Pswitch:PrDS,ON'i‘EPSwitching:RDS—ON XIS(rmS)—’_E(CS VS XfS)
2(1-D)I, I, 1 D(N +3)+(1—N)KD—2D? S
= Rps— 2Y4+-C 1%
bs ON(nD(4—2D)+6ND+2 5 T3 S(nD(N—2D+K+3)+ND(5K—nK+1)+D(K— 1)+20) ofs
77
n+8 I, , n+2 I, n+2 (N+3)+(1 — N)K —2D
PrLosseswiotesy = PRFwiodesy T PVFbiodesy = [T(B) Rrp+ 2 (E) Reo |+ 2 ( 2(1-D) Wilo
n+ 2(D10Vi )((N +3)+(1 =N — 20) . LV; )(N +3)+(1=N)K —2D
n
2 '1-D 2(1 — D) 1-D 2(1 — D)
DN —2D+ K +3)+NDSK —nK + D)+ DK —1)+2  NDK
2(1 - D) 1-D"
(79)
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Also, the normalized voltage stress across the power switch
is more decreased by adding VM stages [16], [25].

The normalized voltage stress across the power switch for
N = 2 and n = 1 is limited to 0.18 and also this value for
N = 2 and n = 2 limited to 0.18. Therefore, using a power
MOSFET with lower Rps-on causes to decrease the power
losses of the power MOSFET.

C. THE MAXIMUM VOLTAGE STRESS ON THE DIODE

Fig. 5(c) illustrates the comparison between the normalized
voltage stresses on diodes versus duty-cycle. By observing
Fig. 5(c), it is clear that the normalized voltage stress on the
diode curves of the proposed converter (withn = 2, N = 2)
is lower than the other curves [15], [16], [19]. The maximum
voltage stress across the power diodes of the VM cells are
clamped to the capacitors of the VM cells. The normalized
voltage stress on these diodes will be decreased by adding
the number of VM cells [21]-[24]. Therefore, using the lower
rating values of the power diodes (voltage/current) causes to
decrease the cost of the proposed structure [12], [26].

V. EXPERIMENTAL RESULTS

The experimental results of a laboratory prototype are pro-
vided. The proposed converter with about 260 W, D = 0.6,
N = 2 and n = 2 are built and tested. Figs. 6(a) and (b)
show the efficiency of the proposed converter versus power
level and load current variation for n = 2 and N = 2,
respectively. In this section, the experimental results are
provided in Figs. 6-8 to confirm the theoretical analy-
sis of the proposed converter. Fig. 6(a) illustrates the
efficiency curve of the proposed converter versus power
variations for duty cycle 0.6 value. Based on Fig. 6(a),
the maximum efficiency happens at 90W for n = 2
and N = 2 which is equal to 96.55%. The measured effi-
ciency of the proposed converter is achieved at about 95.35,

the overall efficiency has 4.7% tolerances for load cur-
rent variations. The maximum efficiency (95.35%) is hap-
pened in about 0.69A load current. The load current is
changed from about 0.1A to 0.8A and the efficiency of
the proposed structure is fixed in 91.85% for all variation
of load current. Generally, the current/voltage level of the
proposed converter is increased by adding VM stages and
thus increases the power level. However, the efficiency of the
proposed structure is higher than 91.85% for all power ranges
and this shows that the power losses of the semiconductors
are not significantly. By observing Figs. 6(a) and (b), the
efficiency of the proposed converter is limited to 91.85%
for about all power levels, then it is clear that the overall
efficiency has lower tolerance (about 4.7%). Generally, major
losses of the proposed converter are related to the conductive
losses of the semiconductors. However, the low nominal
values of the semiconductors cause to do not make much
significantly.

The cost and characteristics of the power components
are shown in Table 2. Also, the used components have a
low rating value to transfer the specified power level. Also,
the power level of the proposed topology can be signifi-
cantly increased by adding the VM cells, the stress of the
power components does not significantly change. Therefore,
it causes to decrease the cost of the converter and also have
good efficiency for different power levels.

Table 3 illustrates the simulation and experimental results
for switch S and diode D5;.

Fig. 7(a) illustrates the output voltage of the proposed
converter which is about 360V. Figs. 7(b) and (c) illus-
trate the voltage waveforms of the capacitors C2 and C2n.
The voltage values of the capacitors C2 and C2n are
about 71.8V and 71.6V which are confirm (37). Fig. 7(d)
shows the voltage value of the capacitor C3. The obtained
voltage value of the capacitor C3 is about 53 which

260W for n = 2 and N = 2. Regarding Fig. 6(b), confirms (38).
P, x 100%
NConverter = 2(1 — D)I 1 (81)
Rps— 0 2
s-oN oDy +6ND+2 | D

1 DN +3) + (1 — N)KD — 2D? 202
+=Cs( ) Vifs

2 nD(N—zD+K+3)+ND(5K—nK+1)+12)(K—1)+20

Iy, 2(1 — D) — nND(4 — 2D) + 6N>D + 2N _

RL x (2)> +R I
FRL > ()7 R nD(4 — 2D) + 6ND + 2 o)

n+8 I n+2 1 n+2 (N+3)+ (1 —-N)K —2D

(-2YRpp + ——(—"=)Rp, | + Wil
P, + 2 D 2 '1-D 2(1 — D)
n+2 DILVi (N+3)+(1—N)K — D)+ (I,,V,- )(N+3)+(1—N)K—2D
n
2 '1-D 2(1 — D) 1-D 2(1 — D)
DN —2D +K +3) + ND(SK —nK + 1) + DK — 1) +2
2(1 — D)

+NDKV'+R ><n+6(10)2_+_R Xn—2( 1, )2+R

—p PR 2T D ke 2571 °D ke

( 2D>+2—4D LY+ Re. x I2
X X

nD(4 —2D) + 6ND +2°° Re = TReyms)
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TABLE 1. Comparison between the proposed structure and other structures.

No No No
Switch Diodes ; ’ .of Efficiency
conve . : . Max. current on No.of  of of o
Voltage gain normalized normalized . . . . cap [%] for
rter switch switch  dio  induct :
voltage stress voltage stres de or acit 260W
or
Conve . b
ntional 1 1 I, 1 1 1 1 -
boost 1= D 1=D
+ + + :
[21] N t2 1 N 1 N 210 L 2N, | 3 3 1 93
11— D N t2 N t2 1= D D
v M, TH T M., TN *I 2N *1
Ry R e <0, o4 s 2 946
1-D WM (N T M . (N 1) D(17D)
3+t Dp M., "1 Mo ., T + N
[23] Soeow Seow oy, 2 no 2 -1 953
1- D AM ey 2M oy 1= D
+ Nt
4 27D 0.25 0.25 NI a2, 2 4 2 4 95.6
- D 1™ D D
2Dtk T W, 20 (M ., 1) bt s n+
[25] 217D) M. (nF2%a¥) M., (nF2%an 20D} i ] g 1 2 2 nt3 9.1
2EN (AT D) M., tN NV F DM, TN 2YN (1t D)
[26] 1-b M ., (2PN M ., (2T N) DA™ D) ! 1 4 1 4 96
pn N L L N, 2 2 2 4 953
1D N N 1= D
N t2 1 1 N t2
[28] p—— v e p— 1 2 3 3 938
+ 1 + 12D (Nt
o] X2 AERMLINE 122DV 7D, 1 4 2 5 91.90
172D N t2 N t2 N t2 D@17 2D)
+ 1 2N t1 +
o] 2D — = W, 4 2 2 3 94.80
1= D 2(N T 2(N t1) 1= D
+ + + +
31] N t2 1 1Nt N 2/,,+2(N ni, | 3 ) 4 9540
1= D N t2 N *t2 N t2 1D D
Pro. M D(2D) D27 D) 27D, N o ’l 0535
Conv. o WD(2"D)*IND Y1 D (2" D)*IND *1  aD(4-2D)*6ND*2 D 5 4
= volt - ;
N.n N- turns ratio ’:nu\llt(i)pEEf ) - VY oy T2n *J;N'*mm con 120 TM T
sell 2n
TABLE 2. Cost and characteristics of the power components. TABLE 3. Simulation and experimental results for Switch S and diode
D21.
Components Magnitude Cost ($)
Input/Output voltages 24/361 V N Components Simulation Experimental
Switching frequency 40 kHz - Peak voltage across switch S [V] 59.9 59.93
Magnetizing Inductor . Average current switch S [A] 11.40 11.35
L, 0.5 mH Core: 5.778 RMS current switch S [A] 15.14 15.20
Leakage Inductor Lg 2 uH - Peak voltage across diode D5, [V] 59.60 59.50
Cy, Gy, Cop, ...y Cyy, Cs, Average current diode D, [A] 0.70 0.71
i 330 pF 7x0.58% RMS current diode Ds; [A] 1.25 126
C, 470 uF, 450 V 1.26$
Power switch TK55S10N1 0.998
All diodes MUR1560 8x0.9%

the maximum voltage value of the power diode D4 which is
obtained about 58.6V. Fig. 8(d) shows the current waveform
By observing Fig. 8(a), the average current of the coupled and maximum voltage stress on the MOSFET. The average
inductor (Lg) is about 11.36A which validates the theoretical current of the MOSFET is obtained about 11.35A and the
analysis and feasibility of the proposed structure. According maximum voltage stress is achieved by about 60V. Generally,
to Fig. 8(b), the maximum voltage stress across the power based on Figs. 6-8, it can be said that the experimental results
diode D> is about 59.5V which this value conforms the and theoretical analysis confirm each other well.
obtained value of theoretical analysis for D, based on by For dynamic response, two voltage sources are connected
applying KVL law in Fig. 2(a) and (37). Fig. 8(c) illustrates series each other. The values of which are about Vi, = 15V
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FIGURE 5. Comparison of curves based on theoretical analysis with other
topologies, (a) Voltage gain versus duty-cycle, (b) Normalized voltage
stress on switch versus duty-cycle, (c) Normalized voltage stress on diode
versus duty-cycle.

and Vip» = 9V respectively and output power is 300W.
As can be seen from Fig. 3 at first, for the input voltage of
24V, the output voltage is 361V. After a small-time, the input
voltage source of Vjy is failed suddenly and the input voltage
is decreased to 9V. Therefore, after a small interval (about
980msec), the output voltage is decreased to 140V and stays
constant. Also, the output power is decreased to 40W. As a
result, the voltage drop in the input source will not affect
the load regulation. The dynamic response of the proposed

VOLUME 8, 2020
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FIGURE 6. Efficiency versus power variations.
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FIGURE 7. The voltage waveforms of the capacitors, (a) Capacitor Co,
(b) Capacitor C2, (c) Capacitor C2n, n = 2 (d) Capacitor C3.

converter for 62.5% voltage drop at the input side is shown
in Fig. 9.
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FIGURE 8. The current/voltage waveforms of inductor LK and
semiconductors (MOSFET/diode), (a) Current of inductor LK,

(b) Maximum voltage of diode D21, (c) Maximum voltage of diode D4,
(d) Maximum voltage/current of MOSFET.
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FIGURE 9. Dynamic response for 62.5% voltage drop at the input voltage
value.

Fig. 10 illustrates the experimental prototype of the pro-
posed converter.
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FIGURE 10. Experimental prototype of the proposed converter. {R2}

VI. CONCLUSION

In this study, a new high voltage gains dc/dc converter
using coupled inductor and voltage multiplier cell is pre-
sented suitable for renewable sources. In addition, the voltage
gains of the proposed converter more increases by ris-
ing the turns ratio value and number of VM cells. Also,
the maximum voltage of the power semiconductors (power
switch/diode) is clamped to the capacitor’s voltage of the
VM cells which it causes to decrease the normalized voltage
stress on switch/diode. Therefore, the power losses of the
converter are decreased by selecting the power switch and
power diodes with a lower rating. Using just one switch
with lower Rps.on leads to decrease the total power losses
and decrease the cost of the system. Consequently, the over-
all efficiency of the converter is high about for al power
ranges. The overall efficiency of the proposed converter is
about upper than 91.85 for all power levels. A laboratory
prototype of the proposed converter is built and tested in
about 260W level with 40kHz switching frequency. As the
experimental results are provided and to be well-confirmed
the theoretical analysis, also it was shown that the proposed
converter capable to obtain 95.35% efficiency value. The tol-
erance efficiency of the converter is about 4.7% for all power
ranges.
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