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Abstract—Owing to the low voltage level that renewable energy
sources like solar panels frequently provide, and limited capability
of simple boost converter, need for high gain step-up dc-to-dc
converters are increased. In this article a single switch high step-up
dc-to-dc topology with high efficiency is developed. To obtain high
voltage gain, the described step-up dc-to-dc topology employs three
windings coupled inductor and voltage multiplier cell method. To
get the high voltage gain, this innovative converter does not require
to work at a high duty cycle state by increasing the turns ratio of the
coupled inductor. The suggested converter’s working modes and
theoretical model are investigated, and finally, a prototype setup is
used to verify the theoretical and simulation analyses’ correctness.

Index Terms—Coupled-inductor, dc-to-dc converter, high gain
converter.

I. INTRODUCTION

PHOTOVOLTAIC (PV) based renewable energy generation
share is quickly growing, with an annual growth rate of

approximately 55 GW predicted in 2018 [1]. In the creation
of microgrids, and optimal utilization of electricity supplied
by series linked PV modules, need for a voltage boost of up
to 320–400 V for the dc microgrid level interfaces is crucial
[2]. As stated in [3] and [4], this degree of voltage boost is
accomplished by connecting boost converters in a cascading
configuration. For low duty ratio operating of main switches,
two cascade-connected topologies produce quadratic boost with
such a gain restriction. Numerous switching devices can also add
to the complexity of the converter’s design and control. Chen
et al. [5] proposed a single-MOSFET quadratic boost converter
with two-stage amplifying capabilities to decrease the number of
transistors. Likewise, Habibi et al. [6] proposed a quadratic boost
topology with a single resonant network and soft-switching
capabilities. Divya Navamani et al. [7] described a thorough
examination of a large converting range converter, including
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gain factor changes due to duty ratios operating and switching
network combinations. Hu et al. [8] described a thorough design
of a cascaded dc–dc topology for PV applications, including
efficiency optimization. Abbasian et al. [9] presented a single-
switch high-gain dc–dc converter based on a voltage multiplier
cell (VMC) with the additional benefit of low voltage stresses
on components. A series of high-gain boost converters that
employ a clamped mode coupled inductor (CI) for high gain
and efficiencies is introduced in [10].

Switched capacitor-based boost topologies are another ver-
satile class of high gain dc-to-dc converters [11], [12]. This
method can increase voltage gain at a moderate duty cycle
without employing magnetic elements. The downsides of this
approach include inrush current at startup and capacitor suscep-
tibility to equivalent series resistance (ESR). A new topology
with switched capacitor circuits is presented in [11] to raise
the voltage level up to 10 times based on the conventional
configuration.

Compared to the typical boost converter, switched inductor-
based boost converters are also another effective approach for
achieving high voltage gain [13]. The minimal input current
rippling is one of the benefits of this class of converters. Further-
more, Zhang et al. [26], Hasanpour et al. [27], and Farsijani et al.
[28] introduced different kinds of single-MOSFET step-up topolo-
gies with regeneration passive clamp circuit. The primary power
MOSFET in such converters is operated under ZCS conditions
and low voltage stress. Furthermore, the CI’s leakage inductor
aids in the resolution of the diode’s reverse recovery issue. But,
the topologies stated cannot provide a broad range of voltage
gain are expensive due to the huge number of components
used.

Under ZCS conditions, the power switches in [24] and [25]
turn ON. In addition, the reverse recovery issue with power diodes
has been solved. To produce high voltage-gain, these designs
use a mix of CI and VMCs. But such converters have an ex-
cessive number of components, as well as a significant cost and
complexity. Furthermore, the leakage inductances of the CIs and
high-frequency transformers create spike turn-OFF losses in such
configurations. The power MOSFETs in [29] are soft-switched ON

and the diodes are operated with zero currents, that avoids the
reverse recovery concerns. The amount of power MOSFETs and
voltage stresses across the voltage multiplier capacitors were
noted to be excessive in [28].

A new development for a cost effective nonisolated high
step-up dc-to-dc topology based on the voltage multiplier cell
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method and CI is given in this article. The main advantages of
this converter are as follows.

1) The power MOSFET and diodes operate in ZCS condition.
So, the reverse recovery of the diodes is resolved.

2) Using the three degrees of freedom, the voltage gain can
be adjusted. (N2, N3, and D).

3) Low voltage stress on main switch and output diode.
4) Despite the small number of converter parts, the voltage

gain of the prototype converter is equal to 10.5 when duty
cycle value is around 0.5.

5) Due to the low voltage stress of the power switch, we can
use a low price low RDS switch.

6) Considering the number of converter parts and voltage
stress on the semiconductors, this converter can be found
to be optimal in terms of total price.

This kind of high gain dc–dc converter is essential in sev-
eral emerging applications such as: Dc microgrid applica-
tion, LED lightning, automobile headlight, robotics and PV
systems.

The high gain dc–dc converters are of interest specially in
renewable energy systems (RES) integration since these emerg-
ing technologies are crucial to address recent energy crises in
EU and worldwide. In this regard, PV systems are one the
most extensively utilized RES type. The dc input of a PV cell,
modules, strings, or array, varies from sub-1 V to 1500 V, must be
converted to an intermediate dc voltage by a dc–dc converter(s)
for providing stable dc power for grid integration in a PV system.
As a result, the dc–dc conversion plays important role in the
overall operation of the PV system, including efficiency and
reliability, among other elements.

The rest of this article is organized as follows. Section II
evaluates the proposed structure operation concept as well as
steady-state analyses in continuous conduction mode (CCM).
The suggested converter’s design principles and voltage stress
of components are provided in Section III. In Section IV, the
presented converter is compared to different similar designs. The
experimental measurement outcomes of a laboratory prototype
of the suggested topology are shown in Section V. Finally,
Section VI concludes this article.

II. CONVERTER: OPERATION PRINCIPLES

The equivalent power circuit of the described high step-up
voltage gain single MOSFET dc-to-dc topology based on CI and
VMC with low input current ripple is shown in Fig. 1.

As seen in Fig. 1, an active power switch S, one three-windings
CI, three capacitors C1–C3, three diodes D1–D3, an output
filter capacitor CO, and an output diode DO are included in
the proposed construction. One power switch is a benefit for
the converter in the suggested topology’s construction. The CI’s
turns ratio n2 is equivalent to N2 /N1, and n3 is equivalent to N3

/N1, wherein N1, N2, and N3 are the inductor’s winding turns.
Fig. 2 depicts the various modes of operation. Fig. 3 shows the
steady-state waveform of the proposed converter operated in
CCM.

Fig. 1. Configuration of the suggested dc-to-dc boost converter.

Fig. 2. (a) Current flow path in Mode I. (b) Current flow path in Mode II. (c)
Current flow path in Mode III. (d) Current flow path in Mode IV.

Fig. 3. Characteristic waveform of the suggested topology.
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A. Mode 1

At t0, the active power MOSFETS is turned ON throughout this
period. All of diodes stayed on their pervious mode due to the
leakage inductance (Llk). In this mode, the active power MOSFET

turns ON very softly and has a soft switching operation due to
the presence of leakage inductance. Fig. 2(a) depicts the current
flow direction. By using Kirchhoff’s voltage law in this mode,
the following equations can be obtained:

V D
Lm =

[
Lm

Lm + Lk

]
Vin = kVin (1)

V D
Lk =

[
Lk

Lm + Lk

]
Vin = (1− k)Vin. (2)

B. Mode 2

The active power switch S is still turned ON during this time
period. The energy of leakage inductance (Llk) is getting empty
and D1 and D3 are forward biased diodes, whereas D2 and Do are
reverse biased diodes. Fig. 2(b) depicts the current flow direction
of this mode. The magnetizing inductor Lm and the leakage
inductor Llk continue to charge from the power supply Vin, and
the currents through all these inductors increase linearly. In this
mode, the capacitor C3 is charging and reaching its final voltage.
In this mode, because the D1 and the second winding are placed
in series, the diode turns ON softly. By using Kirchhoff’s voltage
law in this mode, the voltage of capacitors C1, C3 and voltage
of secondary and tertiary windings can be obtained

VC1 = Vin + V D
N2 (3)

VC3 = VC2 − VC1 + V D
N3 (4)

V D
N2 = n2V

D
Lm (5)

V D
N3 = n3V

D
Lm. (6)

C. Mode 3

This time interval starts at t2 when the MOSFET is turned
OFF. The stored energy in CI’s charges capacitor C2 via diode
D2. This mode ends when diode D2 is reverse biased. By
using Kirchhoff’s voltage law in this interval, the voltage of
magnetizing inductance and voltage of secondary and tertiary
windings can be obtained

V D′
Lm = k(Vin + VC1 − VC2) (7)

V D′
N2 = n2V

D′
Lm (8)

V D′
N3 = n3V

D′
Lm. (9)

D. Mode 4

The active power switch S is still turned off during this time
interval. All diodes are reverse biased, whereas Do is forward
biased diode. when the MOSFET is OFF, all parts of capacitors C1,
C3 and first, tertiary windings are placed in series together, in-
creasing the output voltage gain. The voltage of output capacitor

CO can be calculated as follows:

VO = Vin − kV D′
Lm+VC1 − V D′

N3+VC3 ≈ VC2 − V D′
N3 + VC3.

(10)

III. STEADY-STATE ANALYSIS OF THE PRESENT TOPOLOGY

A. Voltage Gain Calculation

By substituting (1) in (5) and (6) these equations are obtained

V D
N2 = n2kVin (11)

V D
N3 = n3kVin. (12)

By substituting (11) into (3) VC1 can be obtained

VC1 = (1 + kn2)Vin. (13)

By utilizing the volt-second equilibrium axiom for magnetic
inductor (Lm) ((1) and (7)) and by according to (13) VC2 is
found as

VC2 =

(
1 +

1

D′ + kn2

)
Vin. (14)

By substituting (12), (13), and (14) into (4) VC3 is obtained

VC3 =

(
1

D′ + kn3

)
Vin. (15)

According to (13) and (14) in (7) V D′
Lm can be calculated

V D′
Lm = −k

D

D′Vin. (16)

By substituting (1) in (8) and (9) these equations are obtained

V D′
N2 = −kn2

D

D′Vin (17)

V D′
N3 = −kn3

D

D′Vin. (18)

By substituting (14), (15), and (18) into (10) the nominal gain
of suggested topology can be found

VO

Vin
=

(
2 +D′

D′

)
+ k

(
n2 +

n3

D′
)
. (19)

As just a result, if the CI leakage inductance is ignored, the
coupling parameter k is close to unity and the recommended
converter ideal voltage gain is as follows:

M =
VO

Vin
=

(1 + n2)D
′ + 2 + n3

D′ . (20)

Fig. 4 depicts a curve of voltage gain M vs turns ratio and duty
ratio D. This demonstrates that the turns ratio has a considerable
effect on step-up voltage gain. Furthermore, the high voltage
gain would be obtained in the suggested topology without the
use of an excessive duty ratio or a large turns ratio. It should
be noted that in this image, some parameters have been omitted
due to their small size and effects, such as winding resistance.
The voltage drop due to the coupled-inductor in this topology is
extremely low due to the resistance and current flowing through
it. By considering these parameters in practice, the voltage gain
will be slightly reduced, an example of which will be shown in
Section V (see Fig. 13).
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Fig. 4. Ideal voltage gain versus duty ratio for different turn ratio.

B. Voltage Stress of Semiconductors

The voltage stress of the power MOSFET and diodes for the
recommended 3Windings CI design must be evaluated in order
to make the appropriate selection. The voltage stress on diode
D2 is equal to the power MOSFETs, and the voltage stress on
diode DO is equal to diode D1. A 3Windings CI converter’s
voltage stresses are computed, as shown in (21)–(23). By using
(13), (14) the voltage stress on the MOSFET and diode D2 can be
obtained

VS = VD2 =
Vin

D′ =
Vo

(1 + n2)D′ + 2 + n3
. (21)

By using (20), (14) the voltage stress on the diodes D3, DO

and by using (14), (16), (17) the voltage stress on the diode D1

can be obtained

VD1 =

(
D

D′ + 1

)
(1 + n2)Vin (22)

VD3 = VDO = (1 + n3)
Vin

D′ =
(1 + n3)Vo

(1 + n2)D′ + 2 + n3
. (23)

It is observed that (21)–(23) are dependent on the turn ratios
of CI. Therefore, we can choose the parts cheaper with lower
voltage stress based on the turn ratios of the CI.

C. Current Stress of the Components

The incredibly small-time intervals are disregarded to ease the
process. As the magnetizing inductor LM is sufficiently large,
the magnetizing current is considered as a fixed. So, by using the
Kirchhoff’s current law, the following equations can be obtained:

Iin ≈ Iin(avg) = GmIO (24)

IS =

(
Gm +

3

D

)
IO (26)

ID1 = ID3 =
2IO
D

(27)

ID2 =

(
Gm +

1

D

)
IO (28)

IDO =
IO
D′ . (29)

D. Efficiency Estimation

To correctly judge the converter’s effectiveness, it is prefer-
able to study the converter losses by computing the converter
efficiency around its nominal power (at 200 W). In general, the
converter losses can be divided into four groups.

1) Switch Losses: Switch losses are classified as switching
losses and ohmic losses. Because the converter switches softly
when the switch is turned ON, its switching losses only comprise
losses when the MOSFET is switched OFF. The following equation
is required to compute ohmic losses and switching losses:

Ploss(turn OFF)s =

(
1

2
∗ VDS ∗ IDS ∗ tturn−OFF fall time

)
∗ fs
(30)

Ploss(conduction) = RDS(ON) × I2DS(rms) (31)

Ploss(MOSFET) = Ploss(turn OFF) + Ploss(conduction switch). (32)

2) Diode Losses: For the scenario of diodes, the ohmic losses
and reverse recovery losses of the diodes are ignored in this
topology due to use Schottky diodes, and the major losses of the
diodes are due to the voltage drops of the diodes in their average
currents. As a result, the relevant equation can also be assumed

Ploss(diodes) = Vforward diode × ID(average) + rD × I2D(rms)

= VfD1 × ID1 + VfD2 × ID2 + VfD3

× ID3 + VfDO × IDO. (33)

Due to small amount of rD, it is not considered.
3) Capacitor Ohmic Loss: In order to obtain the internal

resistance loss of capacitors, the following equation can be
considered:

Ploss(capacitor) = ESR × I2Co(rms). (34)

The rest of capacitors have a small ESR due to their material
(MKT).

4) Coupled Inductor Losses: The core loss of the CI
(Ploss(core)) can be calculated using the datasheet parameters.
Moreover, the CI’s other loss can be obtained as follows:

Ploss(ohmic) = (ILk(rms))
2RL (35)

Ptotalcore = Ploss(core)
+ Ploss(ohmic). (36)

The efficiency of topology can be derived using the equation
of losses from past parts as follows:

η =
PO

PO + Ploss
(37)

Under full load, the converter’s efficiency can theoretically
reach 97.44%.

E. Design Considerations

1) Capacitors Design: The following equations are used to
calculate the size of capacitors by assuming 4% voltage ripple
for C1, C2 , C3, and 0.1% voltage ripple for CO assumed
capacitors average current equal to IO

C1 =
PO

VOΔVC1fs
(38)
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Fig. 5. (a) VO/Vin. (b) VSW/VO. (c) Vdout/VO when duty cycle is 0.5.

C2 =
PO

VOΔVC2fs
(39)

C3 =
PO

VOΔVC3fs
(40)

CO =
PO

VOΔVCOfs
. (41)

The peak-to-peak ripple of the output capacitor (and other
capacitors in the converter circuit) is suggested to be kept under
5% [27]. In this article, we have tried to design the converter by
compromising the performance and cost factors.

2) Coupled Inductor Magnetizing Inductance Design (Lm):
By assuming 50% current ripple, the amount of the magnetic
inductance is obtained from the following equation:

Lm =
VinD

ΔILmfs
→ Lm1 >

VinD

0.5(n2 + n3)IOfs
. (42)

Voltage gain, normalized voltage stress of the main MOSFET

and output diode are showed in Fig. 5(a)–(c), respectively.

IV. COMPARISON

A. General Comparison

Several comparisons are explored in this part to clarify the
advantages of the provided topology. In the first comparison,
our goal is the voltage gain of similar topologies and it is much
more important than the output voltage. Table I summarizes
characteristics of the recommended topology and comparable
designs reported in [14], [15], [16], [17], [18], [19], [20], [21],
[22], and [23]. For different duty cycles (with n2 = 2 and
n3 = 2 for 3-windings and n = 4 for 2 windings CI based con-
verters), Fig. 6(a) displays voltage gain comparison outcomes of
recommended topology and topologies described in [14], [15],
[16], [17], [18], [19], [20], [21], [22], and [23]. According to this

Fig. 6. Outcomes of comparison of suggested topology with certain related
boost topologies. (a) Voltage gain of various topologies for various duty cycles.
(b) Normalized voltage stress of master switch against duty cycle in some
topologies [14], [15], [16], [17], [18], [19], [20], [21], [22], [23]. (c) Normalized
voltage stress of output diode against duty cycle in some topologies [14], [15],
[16], [17], [18], [19], [20], [21], [22], [23].

graph, the voltage gain of the suggested design is better than the
others except [19], [22] throughout all duty cycle ranges. Also,
the voltage gain of proposed topology is better than [19], [22]
for all duty cycle amounts less than 0.67. This benefit is owing to
the proposed configuration’s incorporation of a CI with voltage
multiplier cell. As shown in Fig. 6(b), the normalized voltage
stress across the MOSFET in the given topology is smaller than
in the other configurations for most values of duty amount. As
shown in Fig. 6(c), the normalized voltage stress over the output
diode in the suggested topology is smaller than configurations
[14], [16], [17], [19], [20], [21], [22], [23]. Thus, in the proposed
topology, a power MOSFET with low RDS(on) resistance may be
employed to save costs while improving the total efficiency.
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TABLE I
DETAILED COMPARISON OF THE SUGGESTED CONVERTER WITH VARIOUS CIS TOPOLOGIES

The suggested converter, according to this part, have a high
voltage ratio with reduced voltage stress on the MOSFET, making
it suitable for renewable energy purposes.

B. Comparison With Two-Windings Converters

In this section, in order to compare the proposed converter
with two-windings converters, three comparisons have been
made. In these comparisons, it is assumed that the proposed
converter has a ratio of (1:0:2, n2≈0 (The windings of secondary
is very, very low, and negligible), n3 = 2), and the turns ratio of
the two windings converters is 1:2. Fig. 7(a) displays voltage gain
comparison outcomes of recommended topology and topologies
described in [19], [20], [21], [22], and [23]. The voltage gain of
suggested converter is high and appropriate especially in lower
duty cycle values. As shown in Fig. 7(b), the normalized voltage
stress across the MOSFET in the given topology is smaller than
in the other two windings topologies for most values of duty
amount. As shown in Fig. 7(c), the normalized voltage stress
over the output diode in the suggested topology is smaller than
configurations [23], [19], [20], [21].

V. EXPERIMENTAL RESULTS

The laboratory prototype has been designed and implemented
in order to verify the performance and practicality of the dc–dc
converter combination that have been discussed in this article.
Fig. 8(a) shows a picture of the experimental setup and the power
circuit that was constructed and Table II shows the details of its
components. In all experimental results, the output power of the

TABLE II
SYSTEM PARAMETERS OF THE SUGGESTED TOPOLOGY

converter is 200 W, and the LA200-P current sensor is used to
measure the current.

Experimental waveforms of the elements illustrated in Fig. 9.
The gate pulse with 50% duty cycle is depicted in Fig. 9(a).
Fig. 9(b) shows the voltage and current waveforms of the main
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Fig. 7. Comparison of suggested converter when the windings of secondary
is very low and negligible with other two winding converters. (a) Voltage gain
comparison. (b) Normalized voltage stress of master switch comparison. (c)
Normalized voltage stress of output diode comparison. (Turns ratio: 1:2).

power MOSFETs. It is important to note that the turning-ON loss
of the MOSFET is very low due to its ZCS operation.

The voltage across the power MOSFETs is measured to be
40 V, which confirms (21). The voltage and current waveform of
diode D1 is shown in Fig. 9(c). The voltage across the diode is
measured to be 80 V, confirming (22). The voltage and current

Fig. 8. Experimental setup of suggested converter.

waveforms of diodes D2, D3 and output diode DO are shown in
Fig. 9(d)–(f). The voltages throughout the diodes are reported
to be 40 V, 100 V, 100 V verifying (21) and (23).

The diodes have a ZCS operation. Fig. 9(g) and (h) indicates
the current and voltage from the tertiary side and primary induc-
tance of the CI, accordingly. Fig. 9(i) depicts the experimental
waveforms of output load acquired from the prototype suggested
topology working at full load.

The distribution of different losses resulting in the proposed
high-gain topology under nominal-load conditions is depicted
in Fig. 10(a). The efficiency values achieved while calculating
and testing with the prototype at different output power range
are shown in Fig. 10(b). The calculated results are quite near to
the practical ones. It is important to note that the output voltage
of these converters is not equal to each other and is equal to its
values in Table I.

Furthermore, the purpose of Fig. 10(b) is to show that the
proposed converter with the used components (power switches,
coupled-inductors, and diodes) has an appropriate efficiency
compared to the topologies available in the state of art with their
special components. Moreover, by using newest components
such as using SiC switches with lower RDS, we may expect
better efficiency from the proposed converter which needs to be
investigated.

In order to have a more detailed look at the soft switching
operation in this converter, the conducting current and breaking
voltage on switch S is presented in Fig. 11. It can be seen that the
active power MOSFET turns ON very softly due to the presence
of leakage inductance (see the Mode 1 of converter operation)

It is important to note that, by using the snubber correctly
in the proposed converter, the maximum amplitude voltage on
components (switch or diodes) can be reduced. Fig. 12(a) and
(b) shows the voltage and current of the switch and the voltage
and current of the diode, respectively, after applying the snubber.

To evaluate the correctness of the generated ideal voltage-gain
and compare it to actual voltage gain, nominal, and experimental
prototype output voltages are shown in Fig. 13.



FARSIJANI et al.: HIGH STEP-UP COST EFFECTIVE DC-TO-DC TOPOLOGY BASED ON THREE-WINDING 57

Fig. 9. Experimental waveforms. (a) Gate Pulse. (b) Power MOSFET. (c) Voltage and current of diode D1. (d) Voltage and current of diode D2. (e) Voltage and
current of diode D3. (f) Voltage and current of output diode Do. (g) Voltage and current of LN3. (h) Voltage and current of LN1. (i) Voltage and current of output
load.

Fig. 10. Distribution of losses in different components under full-load conditions and the efficiency curve. (a) Power loss dissipated in several components of
the Suggested topology (at 200W output). (b) Calculated and experimented efficiency curves of suggested converter and topologies in [14], [15], [16], [17], [18].
(Note: This figure is case sensitive and based on the results presented in the referred research papers knowing that the components used in those converters are not
the same. Therefore, considering the same components in the practical structure, some curves may be slightly different).



58 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS, VOL. 4, NO. 1, JANUARY 2023

Fig. 11. Conducting current and drain to source voltage on MOSFETs.

Fig. 12. Experimental results after applying the appropriate snubber. (a) Drain
to source voltage and current of MOSFET. (b) Diode D1.

Fig. 13. Nominal and experimental output voltages.

VI. CONCLUSION

A design based on a CI with three windings for a nonisolated,
high gain, single switch dc-to-dc converter was presented in
this article. High voltage gain is accomplished in the proposed
design by utilizing a 3Windings CI and voltage multiplier cell.
By increasing the CI turn ratio, the voltage conversion ratio of
the given topology is enhanced. Because the voltage stress on
the main MOSFET is minimal, a power MOSFET with a lower ON-
state resistance could be chosen. The behavior of the converter
and steady-state evaluation in CCM were explicitly explained.
As a final demonstration of the converters’ abilities to operate,
experimental measurement results were provided. It should be
noted that the performance of this converter is preferred in CCM

and if it needs to be used in discontinuous mode, the voltage gain
and some other equations will be different.

The main advantages of the proposed structure over the con-
ventional boost converter are as follows.

1) Soft switching operation for main switch and diodes.
2) Higher voltage gains especially in lower duty cycle values.
3) Greater degree of freedom to design and increase voltage

gain (turn ratios n2, n3 and duty cycle).
4) Lower normalized voltage stress on the main switch.
This topology can find its application in several emerging

technologies such as in Solar Home Systems for rural/urban
environments or to supply high intensity discharge lamp used
in automobile head lamps or dc microgrid application or traffic
lights or other low-cost systems. If the output power has a signif-
icant drop (lower than %15 of nominal output power), the soft
switching performance of the converter will be compromised
and the efficiency will decrease from our desired level.

REFERENCES

[1] G. Masson, S. Orlandi, and M. Rekinger, “Global market outlook for
photovoltaics 2014-2018,” Glob. Market Outlook, vol. 18, pp. 15–19,
2007.

[2] S. Anand and B. G. Fernandes, “Optimal voltage level for DC microgrids,”
in Proc. Ind. Electron. Conf., 2010, vol. 36, pp. 3034–3039.

[3] S. H. Chincholkar, W. Jiang, and C.-Y. Chan, “A normalized output error-
based sliding-mode controller for the DC–DC cascade boost converter,”
IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 67, no. 1, pp. 92–96,
Jan. 2020.

[4] S. Pourjafar, H. Shayeghi, S. M. Hashemzadeh, F. Sedaghati, and M. Maa-
landish, “A non-isolated high step-up DC–DC converter using magnetic
coupling and voltage multiplier circuit,” IET Power Electron., vol. 14,
no. 9. pp. 1637–1655, May 2, 2021, doi: 10.1049/pel2.12139.

[5] S.-M. Chen, T.-J. Liang, L.-S. Yang, and J.-F. Chen, “A cascaded high step-
up DC–DC converter with single switch for microsource applications,”
IEEE Trans. Power Electron., vol. 26, no. 4, pp. 1146–1153, Apr. 2011.

[6] S. Habibi, R. Rahimi, M. Ferdowsi, and P. Shamsi, “Coupled inductor
based single-switch quadratic high step-up DC-DC converters with re-
duced voltage stress on switch,” IEEE J. Emerg. Sel. Topics Ind. Electron.,
2022, to be published, doi: 10.1109/JESTIE.2022.3209146.

[7] J. Divya Navamani, A. Lavanya, D. Almakhles, and M. Jagabar Sathik,
“A review on segregation of various high gain converter configurations for
distributed energy sources,” Alexandria Eng. J., vol. 61, no. 1, pp. 675–700,
2022.

[8] X. Hu, X. Liu, Y. Zhang, Z. Yu, and S. Jiang, “A hybrid cascaded high
step-up DC–DC converter with ultralow voltage stress,” IEEE J. Emerg.
Sel. Topics Power Electron., vol. 9, no. 2, pp. 1824–1836, Apr. 2021.

[9] S. Abbasian, M. Farsijani, and K. Abbaszadeh, “A Non-isolated high Step-
up soft switching DC to DC converter with continues input current and low
switch voltage stress,” in Proc. 12th Power Electron., Drive Syst., Technol.
Conf., 2021, pp. 1–6.

[10] Q. Zhao and F. C. Lee, “High-efficiency, high step-up dc-dc converters,”
IEEE Trans. Power Electron., vol. 18, no. 1, pp. 65–73, Jan. 2003.

[11] O. Abutbul, A. Gherlitz, Y. Berkovich, and A. Ioinovici, “Step-up switch-
ing mode converter with high voltage gain using a switched-capacitor
circuit,” IEEE Trans. Circuits Syst. I, Fundam. Theory Appl., vol. 50, no. 8,
pp. 1098–1102, Aug. 2003.

[12] M. Zhang, Z. Wei, M. Zhou, F. Wang, Y. Cao, and L. Quan, “A high
step-up DC–DC converter with switched-capacitor and coupled-inductor
techniques,” IEEE J. Emerg. Sel. Topics Ind. Electron., vol. 3, no. 4,
pp. 1067–1076, Oct. 2022.

[13] B. Krishna and V. Karthikeyan, “Active switched-inductor network step-up
DC–DC converter with wide range of voltage-gain at the lower range of
duty cycles,” IEEE J. Emerg. Sel. Topics Ind. Electron., vol. 2, no. 4,
pp. 431–441, Oct. 2021.

[14] M. Mahmoudi, A. Ajami, and E. Babaei, “A single switch high step-up
DC-DC converter with three winding coupled inductor,” Int. Trans. Elect.
Energy Syst., 2018, Art. no. e2668.

https://dx.doi.org/10.1049/pel2.12139
https://dx.doi.org/10.1109/JESTIE.2022.3209146


FARSIJANI et al.: HIGH STEP-UP COST EFFECTIVE DC-TO-DC TOPOLOGY BASED ON THREE-WINDING 59

[15] K.-C. Tseng, J.-T. Lin, and C.-C. Huang, “High step-up converter with
three-winding coupled inductor for fuel cell energy source applications,”
IEEE Trans. Power Electron., vol. 30, no. 2, pp. 574–581, Feb. 2015.

[16] Y. Tang, D. Fu, J. Kan, and T. Wang, “Dual switches DC/DC converter with
three-winding-coupled inductor and charge pump,” IEEE Trans. Power
Electron., vol. 31, no. 1, pp. 461–469, Jan. 2016.

[17] Y. P. Siwakoti and F. Blaabjerg, “Single switch non-isolated ultra-step-up
DC–DC converter with an integrated coupled inductor for high boost ap-
plications,” IEEE Trans. Power Electron., vol. 32, no. 11, pp. 8544–8558,
Nov. 2017.

[18] R. Moradpour and A. Tavakoli, “A DC–DC boost converter with high
voltage gain integrating three-winding coupled inductor with low input
current ripple,” Int. Trans. Electr. Energy Syst., vol. 30, no. 6, Jun. 2020,
Art. no. e12383.

[19] H. Seong, H. Kim, K. Park, G. Moon, and M. Youn, “High step-up DC-DC
converters using zero-voltage switching boost integration technique and
light-load frequency modulation control,” IEEE Trans. Power Electron.,
vol. 27, no. 3, pp. 1383–1400, Mar. 2012.

[20] H. Liu, L. Wang, Y. Ji, and F. Li, “A novel reversal coupled induc-
tor high-conversion-ratio bidirectional DC–DC converter,” IEEE Trans.
Power Electron., vol. 33, no. 6, pp. 4968–4979, Jun. 2018.

[21] A. Kumar and P. Sensarma, “Ripple-Free input current high voltage gain
DC–DC converters with coupled inductors,” IEEE Trans. Power Electron.,
vol. 34, no. 4, pp. 3418–3428, Apr. 2019.

[22] A. R. Majarshin and E. Babaei, “High step-up DC–DC converter with
reduced voltage and current stress of elements,” IET Power Electron.,
vol. 12, no. 11, pp. 2884–2894, Aug. 2019.

[23] M. Rezvanyvardom and A. Mirzaei, “Zero-Voltage transition nonisolated
bidirectional buck–boost DC–DC converter with coupled inductors,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 9, no. 3, pp. 3266–3275,
Jun. 2021.

[24] T. Nouri, N. Vosoughi, S. H. Hosseini, E. Babaei, and M. Sabahi, “An
interleaved high step-up converter with coupled inductor and built-in
transformer voltage multiplier cell techniques,” IEEE Trans. Ind. Electron.,
vol. 66, no. 3, pp. 1894–1905, Mar. 2019.

[25] P. Mohseni, S. H. Hosseini, M. Maalandish, and M. Sabahi, “Ultra-
high step-up two-input DC–DC converter with lower switching losses,”
IET Power Electron., vol. 12, no. 9, pp. 2201–2213, Jul. 10, 2019,
doi: 10.1049/iet-pel.2018.5924.

[26] M. Zhang, Z. Wei, M. Zhou, F. Wang, Y. Cao, and L. Quan, “A high
step-up DC–DC converter with switched-capacitor and coupled-inductor
techniques,” IEEE J. Emerg. Sel. Topics Ind. Electron., vol. 3, no. 4,
pp. 1067–1076, Oct. 2022.

[27] S. Hasanpour, M. Forouzesh, Y. P. Siwakoti, and F. Blaabjerg, “A new
high-gain, high-efficiency SEPIC-Based DC–DC converter for renewable
energy applications,” IEEE J. Emerg. Sel. Topics Ind. Electron., vol. 2,
no. 4, pp. 567–578, Oct. 2021.

[28] M. Farsijani, S. Abbasian, H. Hafezi, M. Tavakolibina, and K. Abbaszadeh,
“A single-switch ultra-high gain DC-DC converter with low input current
ripple and ZCS,” in Proc. Int. Conf. Smart Energy Syst. Technol., 2021,
pp. 1–6.

[29] P. Alavi, P. Mohseni, E. Babaei, and V. Marzang, “An ultra-high step-up
DC–DC converter with e voltage gain and soft-switching capability,” IEEE
Trans. Ind. Electron., vol. 67, no. 11, pp. 9238–9250, Nov. 2020.

[30] R. W. Erickson and D. Maksimović, Fundamentals of Power Electronics,
3rd ed. Cham, Switzerland: Springer International Publishing AG, 2020.

Mohammad Farsijani (Student Member, IEEE) was
born in Tehran, in 1996. He received the M.Sc. de-
gree in electrical power engineering, power electron-
ics from the K. N. Toosi University of Technology,
Tehran, Iran, in 2021.

He is currently with the KNTU lab. He is also
one of R&D expert team with JDEVS company. He
is a regular reviewer in the Transactions on Power
Electronics and IEEE ACCESS JOURNAL. His research
interests include multilevel inverters, high gain dc–
dc converter, and common-mode noise reduction in

power electronics systems.

Sohrab Abbasian (Student Member, IEEE) was born
in Babol, Iran, in 1995. He received the B.Sc. de-
gree in electrical power engineering from the Babol
Noshirvani University of Technology, Babol, Iran,
in 2018 and the M.Sc. degree in electrical power
engineering, power electronics from the K. N. Toosi
University of Technology, Tehran, Iran, in 2021.

His research interests include high gain dc–dc
converters and soft-switching techniques for dc–dc
converters.

Hossein Hafezi (Senior Member, IEEE) received the
B.Sc. degree from the K. N. Toosi University of
Technology, Tehran, Iran, in 2008, the M.Sc. degree
from Dokuz Eylul University, Izmir, Turkey, in 2013,
and the Ph.D. degree from the Energy Department,
Politecnico di Milano, Milan, Italy, in 2017, all in
electrical engineering.

His employment experience includes working as
a Postdoctoral Research Fellow with the Energy De-
partment, Politecnico di Milano and as an Assistant
Professor with the School of Technology and Inno-

vations, Electrical Engineering, University of Vaasa, Finland. Since September
2020, he has been with the Faculty of Information Technology and Communica-
tion Sciences, Tampere University, as University Lecturer. His research interests
include power electronics converters design and control, power electronics,
and its applications in power quality improvement and smart grids systems,
renewable energies integration into modern and smart grid systems and their
effects on power quality and system operation, dc and Hybrid dc–ac low voltage
distribution systems, microgrid systems, and electric power system studies.

Adib Abrishamifar (Member, IEEE) was born in
Tehran, Iran, in 1967. He received the B.Sc., M.Sc.,
and Ph.D. degrees in electronics from the Iran Uni-
versity of Science and Technology (IUST), Tehran,
Iran, in 1989, 1992, and 2001, respectively.

Since 1993, he has been with the Department of
Electrical Engineering, IUST. His current research
interests include analog integrated circuit design and
power electronics.

https://dx.doi.org/10.1049/iet-pel.2018.5924


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


