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Abstract—A new switched-boost DC/DC converter with high
voltage gain is presented in this paper. Compared to other
equivalent high voltage gain converters, the proposed converter
utilizes less number of passive elements. Moreover, it uses two
active switches with the same control signal and it has a shorter
commutation paths, resulting in the lowest possible voltage
spikes across these switches. In addition, the merit of having
a continuous input current in the proposed converter makes
it convenient to many applications like the renewable energy
systems. The proposed converter is analyzed and compared
among its counterparts from different perspectives. Finally, the
introduced analysis is verified using simulation and experimental
results, where a 200 W prototype is utilized.

I. INTRODUCTION

Conventional energy sources, such as oil, natural gas, and
coal, have many negative impacts on the environment such
as greenhouse impacts and pollution. On the other hand,
renewable energy sources, such as photovoltaic (PV) and fuel
cell (FC), are cleaner and their penetration into the power
system is continuously increasing. In PV and FC-fed power
systems, high step-up DC/DC converters are mandatory in
order to boost the low output voltage of the PV or the FC,
e.g. 20-40 V, to higher voltages, e.g. 200-400 V' [1], [2].

Theoretically, the voltage gain of the conventional boost
converters can reach infinity. Meanwhile, due to the different
parasitics in the experimental layout, this voltage gain can not
exceed 4-5 in a well designed layout [3], [4]. Hence, in order to
overcome such voltage gain limitation, different solutions have
been introduced in literature. The authors in [5] are discussing
the merits behind the utilization of the switched-inductor
and the switched-capacitor cells in the conventional boost,
CUK, SEPIC and ZETA converters. However, the obtained
voltage gain may not practically be sufficient for some typical
systems. Therefore, several switched-inductor or switched-
capacitor cells (i.e. multicell operation) are mandatory in order
to reach higher voltage gains, resulting in an increase in the
converter size, cost, and complexity [6]-[9].

On the other hand, the use of coupled-inductor is an effec-
tive approach to increase the voltage gain practically using less
number of components [10]-[12]. Using this approach (i.e. the
coupled-inductor approach), the voltage gain can be increased
by increasing the coupled-inductor turns ratio without adding
extra components. Meanwhile, in order to protect the used
switches from the voltage spikes that arise from the leakage
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Fig. 1. Proposed high gain step-up DC/DC converter.

inductance, an additional snubber circuit is mandatory to be
used. This additional snubber circuit imposes extra losses and
complexity in the converter structure [13].

In addition to the prior structures, the Z-source concept
has initially been proposed in [14] as a single stage DC/AC
power converter. However, this concept can also be used in
DC/DC, AC/AC and AC/DC power conversion with minor
modifications, as described in [15] for the DC/DC conversion.
Despite the seen merits behind the Z-source concept, the
initial Z-source network suffers from some demerits such
as high inrush current during start-up, discontinuous input
current, and limited voltage gain [16]. Accordingly, in order
to mitigate the prior problems, several modifications have
been adopted on the original Z-source network, such as the
quasi Z-source converters [17]-[19], the switched-inductor Z-
source converter [20], the enhanced boost Z-source converter
[21], and the recently proposed impedance network boost
converter [22]. The quasi Z-source converters have the merit
of a continuous input current, but the voltage gain capability
is similar to the conventional Z-source converter. Meanwhile,
the voltage gain has been improved in the other mentioned
topologies, but discontinuous input and inrush start-up currents
are the major demerits behind these topologies. Furthermore,
these Z-source-based converters suffer also from the high
number of components. In [23], the enhanced boost quasi Z-
source converter has been proposed in order to overcome the
discontinuous input and the inrush current problems in the
enhanced boost Z-source converter. However, the number of
components is still relatively high.

In order to mitigate the aforementioned problems, a new
high step-up DC/DC converter is proposed in this paper. The
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Fig. 2. Modes of operation of the proposed converter. (a) First mode, in which the inductors are charging; and (b) second mode, in which the inductors are

discharging.

proposed converter achieves a high voltage gain and draws
a continuous input current using less number of components
compared to its counterparts. This high voltage gain can be
obtained with a small duty cycle in order to prevent the
magnetic core saturation as discussed in [22].

The rest of this paper is organized as follows: the proposed
converter is analyzed and compared with the state of the art
equivalent topologies in Section II. Section III introduces the
efficiency analysis of the proposed converter. In Section IV, a
200 W prototype of the proposed converter is designed, simu-
lated, and built experimentally in order to validate the reported
analysis and examine its performance. Finally, conclusions are
drawn in Section V.

II. PROPOSED DC/DC CONVERTER
A. Analysis of the Proposed Converter

The proposed converter is shown in Fig. 1 and it comprises
two switches, five diodes, two inductors, and three capacitors.
In order to analyse the proposed converter the following
assumptions are taken:

o all the components are ideal. Therefore the drain-source
resistance of the MOSFETs and the forward voltage drop
of the diodes are neglected;

« all the capacitors are large enough and the voltage ripple
across them is negligible;

« the equivalent series resistance of the passive components
is neglected;

« the inductors are large enough to maintain the converter
operation in the continuous conduction mode (CCM).

With these assumptions, there are two modes of operation in
each switching cycle as shown in Fig. 2, where the inductors
are charging in the first mode which is shown in Fig. 2(a), and
discharging in the second mode which is shown in Fig. 2(b).

In the first mode as shown in Fig. 2(a), S; and S, are
simultaneously turned ON with the same PWM signal (i.e. the
same control signal). Moreover, all the diodes, except Do, are
OFF. In this mode, both inductors (L; and Lo) are charging,
while C5 is discharging. In the second mode which is shown
in Fig. 2(b), S1 and S5 are turned OFF simultaneously, and
all the diodes, except D5, are ON.

Due to the volt-sec balance of the inductors and the charge

balance of the capacitors in steady-state, the normalized av-

erage voltages across the capacitors (V¢ /Vin, Ve, /Vin, and
Ve, /Vin) are given by

Ve, 1-2D Ve, Ve, 1

Vin 1—4D+2D2’ Vin Vm_174D+2D(21’)

where D is the duty cycle of the PWM signal given to S
and Sy, and it is equal to ton/Ts, where ton is the ON
time that corresponds to the first mode and T is the time of
one switching cycle. Then, the normalized average inductor
currents (I, /I;, and Iy, /I;,), being I;, is the average dc
input current, are given by

I g Ir,
Ii ’ Ii7z
It is worth to note that the average output voltage (V,)
is equal to the average voltage across C3 (V¢,), ie. the
normalized output voltage V,/V;, is given by
Vo 1
Vin 1—4D +2D?’
which defines the voltage gain (G) of the proposed converter.
In order to properly select the values of the different
passive elements in the converter, certain amounts of voltage
and current ripples are considered. Then, by defining Al
and Alp, as the peak-to-peak current ripples of L; and Lo
respectively, while defining AVe,, AV, and AV, as the
peak-to-peak voltage ripples of Cy, Cs, and Cs respectively,
the passive elements can be selected utilizing the following
equations:

=1-D. 2)

3

(1= D)(Vo, Vi)

t foo AL @

where f; is the switching frequency, which is equal to 1/75,
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TABLE I
VOLTAGE AND CURRENT STRESSES OF THE DIFFERENT SEMICONDUCTOR DEVICES IN THE PROPOSED CONVERTER

Sl and SQ D1 D2 D3 ‘ D4 ‘ D5
Peak voltage G- Vin Ve, + Ve, | Ve, — Vo, G-V,
I, + AL /2+ I, + Al /2— B
Peak current Ii, + AL /2 I, + AIL, /2 I, +AlL,/2 /0 - D) I,/(1 - D)

TABLE II
COMPARISON AMONG THE PROPOSED CONVERTER AND THE STATE OF THE ART CONVERTERS INTRODUCED IN [20]-[25]

Proposed | Converter | Converter | Converter | Converter | Converter | Converter
converter in [20] in [21] in [22] in [23] in [24] in [25]
Num. of switches 2 1 1 1 1 2 2
Num. of diodes 5 8 6 8 6 5 6
Num. of inductors 2 4 4 4 4 2 2
Num. of capacitors 3 3 5 3 5 3 2
Inpu.t cgrrent Yes No Yes No Yes Yes No
continuity
Input and output Not Not Not Not
Common Common | Common
grounds common | common common | common
TABLE III 8
PARAMETERS OF THE IMPLEMENTED 200 W SWITCHED-B0OST DC/DC r Proposed converter-- 1
CONVERTER 6l Converters in [19] and [21]-" RN
Vout \ 300V | fs \ 100 kHz o Z: Converters in [18], [20], and [23] -----: N :
Vin ' 30V | Ly ' 360 uH 3t 1
C, ; 22 uF | Lo ; 360 pH oL Converter in [22]---=--=-. ~
Co '22puF | C3 ' 22 puF Lr
0
5 10 %D 15 20 25

and I, is the average output current.

Table I summarizes the voltage and current stresses of the
different semiconductor devices. Note that the voltage ripples
across the different capacitors are assumed to be negligible.

B. Comparative Study

In order to evaluate the performance of the proposed con-
verter, a comparative study with the state of the art equivalent
topologies is considered. Fig. 3 shows the voltage gain of the
proposed converter (i.e. V,/V;,,) compared with the equivalent
topologies introduced in [20]-[25]. Furthermore, Table II
introduces a comparison among the proposed converter and
the prior mentioned state of the art converters in terms of
number of switches, diodes, and passive elements, and input
current continuity.

According to Fig. 3, it can be seen that the voltage gain of
the proposed converter is higher than the converter presented
in [20], [22], [24], [25] and similar to the converters presented
in [21], [23]. Meanwhile, compared to the latter converters (i.e.
the converters presented in [21], [23]), the proposed converter
utilizes less diodes and passive elements but with an additional
switch as shown in Table II. Furthermore, unlike the converter
presented in [21], the proposed converter benefits from having
a common ground between the input and the output.

Fig. 3. Voltage gain versus duty cycle variation of the proposed high gain
step-up DC/DC converter versus the equivalent converters.

III. EFFICIENCY ANALYSIS

In order to analyse the converter efficiency the following

assumptions are made:

1) capacitors are large enough. Therefore, the voltage ripple
across them is negligible;

2) inductors current ripple is negligible;

3) switches ON resistances are modeled with rpg; and
rpse for S; and S,, respectively and their parasitic
capacitances are represented with C's; and Cgo respec-
tively;

4) Vi1, Vo, Vs, Ves, and Vg represent the forward
voltages of Di, Dy, D3, Dy, and Ds respectively;

5) Rri, Rre, and Ry 3 are the equivalent series resistance
of Ly, Lo and Ls, respectively.

The conduction losses of the switches can be calculated by

Py =Tps11 s, = ps1D(I1 + I11)?

9
=rps1D(2 — D)* Ly, ®

PTDSz = TDS2I7?mSSQ = TDSQD(ILI + IL1)2

10
= TDSQD(Q — D)2[m. ( )
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Fig. 4. Simulation waveforms of the proposed converter at full-load (a) input and output voltage (b) voltage across C2 (c) voltage across C1 (d) input current
(e) switch S1 voltage (f) switch S2 voltage
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Fig. 5. 200 W switched-boost DC/DC converter.

~=ve, (50 V/DIV
! ;=ve, (50 V/DIV)

[ ~=ve, (50 V/DIV)

/

v, (150 V/DIV)

fﬂjﬁ:’i
IAVAN

—ir, (2 A/DIV)
5.0us/DIV
, Vs, (150 V/DIV) <>

AT

(b)

Fig. 6. Experimental results of the 200 W switched-boost DC/DC converter.
(a) Voltages across the different capacitors and the voltage across S as well;
and (b) shows the currents in L; and L2 in addition to the voltage across
S1. Note that the voltage gain is equal to 10.
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Meanwhile, the switching losses can be obtained from
Psi = Cs1fsVE = Cs1 £V,
Psy = CsafsVé, = Csa fs V3,

(11)
(12)
where, Vg1 and Vgo are the voltage stress across S; and

So, respectively. Then, the diodes conduction loss can be
calculated as follows:

Pp1 = Vrilavep, = (1= D)Vl

= (1—-D)Vpi1ip, (13

Ppa = Vpolavep, = DVl

14
= DVp11;y, (14
Pps = Vislaveps = (1 — D)Vpslpo (15)
= (1—D)*Vpsln,
Pps = Vralgvep, = DVps(Ip1 + Ir2) (16)
= (2 - D)Vpslip,
PD4 = VFBIaveDg = (1 - D)VF5IO' (17)

The conduction losses in the inductors can be estimated
from
2 2
Py = R l;, = R 1,

Pro = Rpal?y = (1 — D)Rp1 I3,

(13)
19)

Finally, the total power loss of the proposed converter can be
calculated from

Pioss :Z$:1PTD31. + E?:lpsi (20)
+ 215:1PDi + Z?:IPLW
Therefore, the converter efficiency can be written as
P, P,
@) (@) @1

nN=—=———.
Pi PO + -Ploss
IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the theoretical results, the converter
is simulated using a MATLAB/Simulink model. The circuit
parameters are as given in Table III. The output voltage is
about 300 V' as is shown in Fig. 4(a) which is consistent with
(4). The voltages across C5 and C3 are shown in Fig. 4(b)-(c),
respectively. The voltage ripple across Cs is about 15 V/, i.e.
about 5% of its nominal voltage (300 V). The voltage across
(1 is oscillating between 143 V' and 150 V and its voltage
ripple is lower than 5% of its nominal voltage (145 V). The
input current is shown in Fig. 4(d). It is can be seen that
the input current is continuous and its ripple is about 28%.
The voltage stresses of S; and S, are shown in Fig. 4(e)-(f),
respectively. The voltage stress on both switches is equal to
output voltage, which is consistent with theoretical results.

In order to verify the prior analysis and examine the
functionality of the proposed converter, a 200 W prototype
is designed and implemented as shown in Fig. 5, whose
parameters are listed in Table III.

The experimental results of this prototype are shown in
Fig. 6(a) and Fig. 6(b), where Fig. 6(a) shows the voltages
across the different capacitors and the voltage across S; as
well, while Fig. 6(b) shows the currents in L; and Ly in
addition to the voltage across S;. Note that the inductors
have higher current ripples than the theoretical value due
to the higher voltage ripples across the capacitors. These
results confirms the functionality of the proposed converter
and verifies the reported analysis.

V. CONCLUSION

In this paper, a new DC/DC converter with high voltage gain
and continuous input current capabilities has been proposed.
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This converter utilizes less number of passive elements com-
pared to the equivalent converters. The proposed converter is
analyzed and the design procedure of the passive elements
is introduced. Moreover, a comparative study among this
converter and the state of the art equivalent topologies is
presented. Finally, simulation and experimental results of a
200 W system have been shown.
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