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Abstract: This paper introduces a novel topology of the proposed converter that has these merits:1

(i) the topology of the converter is based on conventional boost and buck-boost converters, which2

has caused its simplicity; (ii) the voltage gain of the converter has provided higher values by the3

lower value of the duty cycle; (iii) due to the use of high-efficiency conventional topologies in its4

structure, the efficiency of the converter keeps its high value for a great interval of duty cycle; (iv)5

besides the increase of the voltage gain, the current/voltage stresses of the semiconductors have6

been kept low; (v) the continuous input current of this converter reduces the current stress of the7

capacitor in the input filter. It is worth noting, the proposed converter has been discussed in both8

ideal and non-ideal modes. Moreover, the operation of the converter has been discussed in both9

continuous/discontinuous current modes. The advantages of the converter have been compared10

with recently suggested converters. In addition, the different features of the converter have been11

discussed for different conditions. In the small-signal analysis, the appropriate compensator has12

been designed. Finally, the simulation and experimental results have been reported for 90 W13

output power, 90 V output voltage, 3-times voltage gain, and 100 kHz switching frequency.14

Keywords: Boost converter, buck-boost converter, high step-up DC-DC converters, power elec-15

tronics, renewable energies.16

1. Introduction17

The renewable applications require a high efficiency, high gain, and low volume18

converter. The buck-boost and boost converters are conventional converters that are19

capable of increasing their input voltage [1]. These converters are appropriate for high-20

efficiency applications. In addition, the simplicity of their topology has caused their21

popularity as well as their efficiency. To provide high values of the voltage gain, the22

duty cycle’s percentage has to approach 100 percent. However, such a high value of the23

duty cycle results in a dramatic switch loss besides the high value of the semiconductors’24

current/voltage stresses[2]- [4]. Moreover, the resulted voltage gain is not the same as25

the prediction of their voltage gain equation. According to Fig. 1(a), an increase in the26

duty cycle can not always increase the voltage gain. Moreover, the very close value of27

the duty cycle to unity results in a decreasing behavior of the voltage gain. Furthermore,28

the output power is the other effective factor. Based on Fig. 1(b) and (c), the increase29

of the output power besides a constant voltage decreases the maximum voltage gain.30

Moreover, an increase in the output power decreases the corresponding interval of rising31

behavior of the voltage gain. The high duty cycle has a destroying effect on efficiency.32
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As has been presented in Fig. 1(d), the high value of the duty cycle provides poor values33

of efficiency. Consequently, providing a high value of the voltage gain by the low value34

of the duty cycle is not possible[5]-[8].35

Employing high-frequency transformers can be a solution to increase the voltage36

gain[9]. In other words, the turn ratio of coils can step up isolated from the input source.37

Therefore, the load is isolated from the input source. Therefore, the load will be protected38

from happening faults on the input side [10]. However, the switches of this kind of39

converter suffer from high current stresses due to the current inertia of the leakage40

inductance [11]. Such a shortage can be solved by applying snubber circuits which41

increase the number of elements [12]. The shortage of transformer base converters does42

not stop here and EMI is another one. Furthermore, the high volume, mass, and cost of43

this kind of converter is another disadvantage [13]. Consequently, the use of this kind of44

converter is not recommended for applications that do not require the isolation of the45

load from the input source. Switch-capacitor topologies are the solution for increasing46

the voltage gain [14]. In this kind of converters, switching of switches copies the voltage47

in parallel connected capacitors and then, the series connection of capacitors results48

in a high output voltage. However, the parallel switching of capacitors causes inrush49

currents that the semiconductors suffer from the resulted current stress [8], [11], [12],50

[14].51

The quadratic DC-DC converters are another solution to increase the voltage gain.52

These topologies can be easily made by cascading or restructuring conventional convert-53

ers. In [15]- [26], recently suggested quadratic DC-DC converters have been reported.54

The reported converters of [15]- [26] can be divided into 3 groups based on the equation55

of their voltage gain. The voltage gain of [15]- [21] is 1, while the percentage of the duty56

cycle becomes 50 percent. Moreover, the output voltage is twice the input source in57

[22]-[25]. Furthermore, a 50 percent duty cycle increases the input voltage to 3 times58

more than itself. The continuity of the input current is an essential factor to reduce59

the current stress on the input filter capacitor. Moreover, the continuity of the input60

current reduces the capacitor’s value of the input filter. This concept has been provided61

in [15], [17], [18], [20]- [24]. The number of inductors has to be kept as low as possible. In62

other words, the magnetic-based components such as inductors increase the converters’63

volume. It is worth noting the suggested converters of [15], [17], [18], [22], [23] have64

three inductors that can increase the volume. The voltage stress of the semiconductors65

is another important factor. It is worth noting that the second switch suffers from high66

voltage stress in comparison with the output voltage in [17]- [26] as well as the second67

diode in [15]- [21], [23], [25], [26]. It is worth noting, both switches and the first diode68

in [15]-[22] suffer from high current stress in comparison with their input current. The69

efficiency of the converters is another essential factor. Additionally, among the different70

kinds of loss, the inductor loss is the main one. It is worth noting, the inductor loss of71

[15], [17]- [20], [24] is dramatically high. In addition, the conduction loss of switches in72

[15]- [22] is forcefully high and has a destroying effect on efficiency.73

In this paper, a transformer-less DC-DC power converter has been proposed. Due74

to the use of a combination of canonical boost and buck-boost converters, its topology is75

simple. Unlike the quadratic converters of [15]- [26], the efficiency remains more than76

90 percent for a wide interval of the duty cycle. Consequently, this high efficiency is77

a remarkable point that makes it suitable for renewable applications. Moreover, the78

higher voltage gain of this converter has been provided by a lower duty cycle, lower79

semiconductor stresses, and higher efficiency in comparison with [15]- [26] in a greater80

interval of the duty cycle. The detailed expression of the converter and its operation81

parameters have been discussed in the second section. In the third section, the operation82

of the converter in the discontinuous current mode (DCM) has been explained. The83

appropriate voltage gain of the converter in the non-ideal mode of the circuit components84

has been extracted and compared with the recently suggested converters of [15]-[ 26] in85

the fourth section. The fifth section is devoted to the discussion of efficiency. Different86
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parameters such as current/voltage stress of the semiconductors, different kinds of87

losses, topological features, and storage energy of the converters have been compared in88

the sixth section. The small-signal analysis has been done in the seventh section. Finally,89

the simulation and experimental results have been extracted and discussed in the eighth90

section.91

2. Proposed converter92

The topology of the proposed converter has been presented in Fig2. (a). According93

to Fig. 2(b), the conventional boost and buck-boost converters have composed the94

topology. The same semiconductor-based components are activated and inactivated95

synchronously. It is worth noting, during the activation of the switches, the diodes are96

OFF. To discuss this converter in this section, some assumptions have to be considered97

as follows:98

• The operation of the converter takes place in the continuous conduction mode99

(CCM).100

• All the circuit components are ideal and their parasitic components are neglected.101

• The capacitors are large enough to keep their voltage constant.102

The first operation mode of the converter is started by activation of both switches.103

According to Fig. 2(c), the diodes are in their reverse biased. It is worth noting the104

inductors are magnetized due to their positive voltage as well as the capacitors are105

discharged due to their negative current. The inactivation of switches and the activation106

of the diodes start the second operation mode. The equivalent circuit of the converter107

in this mode has been illustrated in Fig. 2(d). The inductors’ voltage and capacitors’108

current during both operation modes are as (1):109 

L1
diL1

dt
= Dvin + (1 − D)(vin − vc1)

L2
diL2

dt
= Dvin + (1 − D)(−vc2)

C1
dvc1

dt
= −D(

Vo

R
) + (1 − D)(iL1 −

Vo

R
)

C2
dvc2

dt
= −D(

Vo

R
) + (1 − D)(iL2 −

Vo

R
)

(1)

According to the voltage second balance, the inductors’ average voltage is zero as well as
the current second balance concludes the zero average currents of capacitors. Therefore,
based on equation (1), the average voltage of the capacitors and average current of
inductors can be expressed as (2):

VC1 =
Vin

1 − D
, VC2 =

VinD
1 − D

, VCo =
1 + D
1 − D

Vin

IL1 = IL2 =
1

1 − D
Vo

R
, Iin =

1 + D
1 − D

Vo

R

(2)

The voltage stress of the semiconductors can be expressed according to their inacti-110

vation mode as well as their current stress can be expressed according to their activation111

mode as (3):112 
VS1 = VS2 = VD1 = VD2 =

Vin
1 − D

IS1 = IS2 =
D

1 − D
Vo

R
, ID1 = ID2 =

Vo

R

(3)

The simplified relation of the inductors’ current ripple can be expressed according113

to their applied voltage during the operation modes. Moreover, the simplified relation114

of the capacitors’ voltage ripple can be expressed according to the crossing currents115

through them as (4):116
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∆iL1 = ∆iL2 =
DVin
L1,2 fs

, ∆vc1 = ∆vc2 =
DIo

C1,2 fs
(4)

3. DCM mode117

In the second section, the extracted relation of voltage gain has been expressed for
the continuous current mode. Another time interval exists when both the switches and
diodes are inactive in the discontinuous current mode. The duty cycle represents the
ratio of the ON-time over the entire period and is denoted by D. Moreover, the ratio of
the time interval of ON mode of diodes over the whole period has been illustrated by
D1. The time interval of the OFF mode of all semiconductors over the whole period has
been illustrated by D2. The relation of D, D1, and D2 is as below:

D + D1 + D2 = 1 (5)

Based on the mentioned concepts, the voltage gain of the proposed converter in DCM,
has been expressed as below:

Vo

Vin
=

2D + D1

D1
(6)

The operation of the converter in DCM or CCM depends on the value of the
inductors and their average currents. To ensure the proper operation of the proposed
converter in CCM, the boundary value of the inductors has been expressed as (7):

L1 >
RD(1 − D)

2 fs(1 + D)
, L2 >

RD(1 − D)

2 fs(1 + D)
(7)

According to Fig. 3(a) and (b), the operation of the converter in CCM or DCM118

regions has been presented based on the value of the output current and duty cycle. It is119

worth noting, Fig. 3(a) has been extracted for a constant output voltage as well as Fig.120

3(b) has been extracted for a constant input voltage.121

4. Non-ideal voltage gain122

4.1. The relation of the non-ideal voltage gain123

In the second section, the ideal mode of the circuit components has been assumed124

and the voltage gain was extracted. To explain the real behavior of the proposed125

converter with the mathematical relations, the series resistance of the inductors, and126

switches besides the voltage drop of the diodes have been considered and the non-ideal127

voltage gain has been extracted as below:128


CCM :

Vo

Vin
=

1 + D
1 − D

(
1 − rL

R
2

(1 − D)2 − rDS
R

2D
(1 − D)2 − rD

R
2

1 − D

)
DCM :

Vo

Vin
=

D1 + 2D
D1

(
1 − rL

R
(2(

D1 + D
D1

)2)− rs

R
(

2D(D + D1)

D2
1

)− rD
R
(

2(D1 + D)

D1
)

)
(8)

where the rL, rSD, and rD refer to equivalent series resistance of the inductors,129

equivalent series resistance of the switches, and voltage drop of the diodes respectively.130

According to equation (8), the voltage gain of the converter in both ideal and non-131

ideal modes has been compared in Fig. 4(a). It is worth noting, the ideal and non-ideal132

voltage gains behave as same as each other, while the duty cycle varies from 0 to 80133

percent. Moreover, the maximum voltage gain has occurred at the 93 percent duty cycle.134

It is worth noting, the behavior of the voltage gain in the non-ideal mode of components135

depends on the quality of the circuit elements and output power. According to Fig.136

4(b), the increase of the output power besides a constant output voltage decreases the137

maximum value of the voltage gain as well as its corresponding duty cycle. In Fig. 4(c),138
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(a) (b)

(c) (d)

Figure 1. (a) The comparison of the ideal/non-ideal voltage gains of buck-boost and boost converters, (b) the non-ideal voltage gain of
the boost converter for the different output powers, (c) the non-ideal voltage gain of the buck-boost converter for the different output
powers, (d) the efficiency of the conventional converters.
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Figure 2. (a) The proposed topology, (b) the procedure of its creation, (c) the equivalent circuit of the first mode, (d) the equivalent
circuit of the second mode.

the behavior of the voltage gain has been presented varying both duty cycle and output139

power. It can be understood that the resulted voltage gain is the same at lower values140

of the duty cycle for all output power values. In addition, increasing the duty cycle141

to higher values causes more differences in the corresponding voltage gain of various142

output powers.143

In Fig. 4(d), the voltage gain of the proposed converter and [15]- [26] have been144

compared in their non-ideal mode. While the duty cycle varies from 0 to 50 percent,145

the voltage gain of the proposed topology provides higher values in comparison with146

[15]-[26]. In addition, while the duty cycle varies from 50 to 60 percent, the voltage gain147

of the suggested converter is higher than [15]- [25]. Moreover, the increase of the duty148

cycle from 60 to 7 percent, makes the voltage gain of this converter higher than [15]-149

[21]. It is worth noting, while the duty cycle varies from 70 percent to 85 percent, the150

maximum value of the voltage gain takes place for all converters of [15]- [26]. Unlike the151

converters of [15]- [26], the voltage gain of the converter keeps its rising behavior until152

the percentage of the duty cycle becomes 93 percent.153

5. Efficiency154

5.1. Mathematical relations of the efficiency155

To define the efficiency of the proposed converter, the inductor loss, the switch loss,156

and the diode loss have been expressed and magnetic and eddy current loss of inductors157

have been ignored. In the expressed relations of the power losses, rL, rSD, vDF, to f f ,158

R, and Po refer to the resistance of the inductor , the dynamic resistance of the switch,159

Threshold voltage of the diodes, the turn OFF delay time, load, and the output power160

respectively.161
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(a) (b)

CCM

DCM
CCM

DCM

Figure 3. The operation region of the converter in CCM or DCM while: (a) the output voltage is constant, (b) the input voltage is
constant.

(a) (b)

(c) (d)

(a) (b)

(c) (d)

Figure 4. (a) The comparison of the ideal/non-ideal voltage gain of the proposed converter, (b) the non-ideal voltage gain of the
proposed converter for the different output powers, (c) the behavior of the voltage gain while the duty cycle and output power are
varying, (d) the comparison of the non-ideal voltage gain of the proposed converter and suggested converters of [15]- [26].

The inductor loss of the proposed converter has been expressed as below:

PL =
2

∑
n=1

rLn I2
rmsn =

(
rL1 + rL2

(1 − D)2

)
Po

R
(9)

The conduction loss of the switches can be expressed as below:

PSC =
2

∑
n=1

rDSn I2
Sn,rms =

(
(rDS1 + rDS2)D

(1 − D)2

)
Po

R
(10)
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The switching loss of the switches has been expressed as below:

PSS =
2

∑
n=1

1
2

ISn VSn to f f n fs =
DPo fs(to f f 1 + to f f 2)

2(1 − D)2 (11)

The diode loss of the proposed converter has been written as below:

PD =
2

∑
n=1

VDFn IDn = (VDF1 + VDF2)Io (12)

The efficiency of the proposed converter can be expressed as below:

Po

Po + PL + PD + PSC + PSS
(13)

According to the expressed equations of losses and efficiency, the quality of the162

circuit components and output power affect the efficiency value. In Fig. 5(a) and (b), the163

efficiency of the converter has been extracted for the different output powers. According164

to Fig. 5(a), the efficiency of the converter is higher than 97.5 percent for 30 W to 180 W165

output power as well as the duty cycle varies from 0 to 50 percent. In addition, according166

to Fig. 5(b), the efficiency is more than 95 percent while the duty cycle varies from 50167

to 70 percent as well as the output power varies from 30 W to 180 W. Moreover, the168

efficiency of the converter remains more than 90 percent for all the mentioned output169

powers while the duty cycle is lower than 80 percent. Furthermore, the increase of the170

duty cycle from 80 percent to 85 percent makes the corresponding efficiency of 120W to171

180W output power lower than 90 percent. It is worth mentioning that the 3-dimensional172

figure of the efficiency has been plotted for the varying output power and duty cycle in173

Fig. 5(c).174

In Figs. 5(d) and (e), the efficiency of the proposed converters and the suggested175

converters in [15]- [26] has been compared. According to Fig. 5(d), while the duty cycle176

varies from 0 to 50 percent, the variation of the efficiency is lower than 0.5 percent in177

the proposed converter. However, the mentioned variation is more than 2 percent. In178

addition, the efficiency of the proposed converter is approximately constant and equals179

98.9 percent. Moreover, the efficiency of the introduced converter is 98.5 percent while180

the percentage of the duty cycle is 50 percent. According to Fig. 5(e), while the duty cycle181

varies from 50 to 85 percent, the efficiency of the converter is still more than 90 percent.182

However, the suggested converters in [15]- [26] have the same condition while the duty183

cycle is lower than 60 percent. Consequently, the proposed converter can provide higher184

voltage gain by the close value of the duty cycle to unity besides the high value of the185

efficiency.186

5.2. Comparison of the various losses of the proposed converter with the other step-up topologies187

while the duty cycle is varying and output power is 90W188

In Fig. 6(a) and (b), the inductor loss of the proposed converter has been compared189

with the inductor loss of [15]-[26]. In Fig. 6(a), the duty cycle varies from 0 to 50 percent,190

and in Fig. 6(b), the duty cycle varies from 40 percent to 80 percent. In Fig. 6(a), the191

inductor loss of the proposed converter is lower than the inductor loss of the converters192

of [22] and [24], higher than the remaining converters, and varies from 0.1 W to 0.4 W. In193

Fig.6(b), while the duty cycle varies from 50 percent to 80 percent, the inductor loss of194

the proposed converter is lower than all the mentioned converters by exception of the195

mentioned converters of [16] and [21]. It is worth noting that the inductor loss of the196

proposed converter becomes lower than the mentioned converters of [16] and [21] while197

the duty cycle varies from 67 percent to 80 percent.198

In Fig. 6(c) and (d), the switching loss of the proposed converter has been compared199

with the mentioned converters of [15]-[26] while the duty cycle varies from 0 to 50200
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(a) (b)

(c) (d)

(a) (b)

(c) (d)

(b)(a)

(c)

(d) (e)

Figure 5. (a) The efficiency of the proposed converter for the different output powers while the duty cycle varies from 0 to 50, (b) The
efficiency of the proposed converter for the different output powers while the duty cycle varies from 50 to 100, (c) the efficiency of the
proposed converter while the duty cycle and output powers are varying, (d) the comparison of the efficiency among the proposed
converter and converters of [15]- [26] while the duty cycle varies from 0 to 50 percent, (e) the comparison of the efficiency among the
proposed converter and converters of [15]- [26] while the duty cycle varies from 50 to 100 percent.

percent and 45 percent to 90 percent respectively. As can be understood from Fig. 6(c),201

the switching loss of the proposed converter is lower than the mentioned converters of202

[22], [24], and [26]. Moreover, it can be understood from Fig. 6(d) they the switching loss203

of the proposed converter is lower than the mentioned converters of [17], [21], [22], [24],204

[26].205

In Fig. 6(e), the diode loss of the proposed converter has been compared with the206

proposed converters of [15]-[26]. As can be understood, while the duty cycle varies from207

0 to 50 percent, the diode loss of the proposed converter is lower than the mentioned208

converter of [24] and while the duty cycle varies from 50 percent to 80 percent, the diode209

loss of the proposed converter is lower than the mentioned converters of [15]-[26].210

5.3. The efficiency and losses of the proposed converter for the different vales of the output power211

In Figs. 7(a)-(f), the percentage of the efficiency and the different kinds of loss have212

been illustrated for the output power of 30 W, 60 W, 90 W, 120 W, 150 W, and 180 W. It is213

worth noting the percentage of the duty cycle is 50 percent. As can be understood, the214

major loss is diode loss. Moreover, an increase in the output power leads to an increase215

in the inductor loss to more than twice the switching loss. Furthermore, an increase of216

output power to more than 150 W concludes the higher value of the summation of the217

inductor and switch loss in comparison with the diode loss. It is worth noting, in all the218

mentioned output powers, the efficiency is more than 97 percent.219
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(a) (b)

(c) (d)

(e)
Figure 6. (a) The comparison of the inductor loss among the proposed converter and the suggested converters of [15]- [26] while
the duty cycle varies from 0 to 50 percent, (b) the comparison of the inductor loss among the proposed converter and the suggested
converters of [15]- [26] while the duty cycle varies from 50 to 100 percent, (c) the comparison of the switch loss among the proposed
converter and the suggested converters of [15]- [26] while the duty cycle varies from 0 to 50 percent, (d) the comparison of the switch
loss among the proposed converter and the suggested converters of [15]- [26] while the duty cycle varies from 50 to 100 percent, (e) the
comparison of the diode loss among the proposed converter and the suggested converters of [15]- [26] while the duty cycle varies from
0 to 100 percent,

Table 1: Comparison of power loss

Inductors loss Switches conduction loss

proposed converters Po
rL
R

2

(1 − D)2
= 0.36 Po

rS
R

2D
(1 − D)2

= 0.18

[15] Po
rL
R

D4 − 2D3 + 3D2 − 2D + 1

(1 − D)4
= 1.26 Po

rS
R

2D3 − 2D2 + D
(1 − D)4

= 0.7

[16] Po
rL
R

2D4 − 6D3 + 8D2 − 4D + 1

(1 − D)4
= 0.43 Po

rS
R

2D3 − 2D2 + D
(1 − D)4

= 0.7

[17] Po
rL
R

3D4 − 5D3 + 7D2 − 4D + 1

(1 − D)4
= 1 Po

rS
R

5D3 − 4D2 + D
(1 − D)4

= 0.6

[18] Po
rL
R

2D4 − 6D3 + 8D2 − 4D + 1

(1 − D)4
= 1 Po

rS
R

2D3 − 2D2 + D
(1 − D)4

= 0.7

[19] Po
rL
R

2D2 − 2D + 1

(1 − D)4
= 1.14 Po

rS
R

2D3 − 2D2 + D
(1 − D)4

= 0.7

[20] Po
rL
R

2D2 − 2D + 1

(1 − D)4
= 1.14 Po

rS
R

2D3 − 2D2 + D
(1 − D)4

= 0.7

[21] Po
rL
R

5D2 − 6D + 2

(1 − D)4
= 0.43 Po

rS
R

5D3 − 6D2 + 2D
(1 − D)4

= 0.27

[22] Po
rL
R

3D2 − 4D + 2

(1 − D)4
= 0.91 Po

rS
R

2D3 − 6D2 + 5D
(1 − D)4

= 1.67

[23] Po
rL
R

2D4 − 6D3 + 8D2 − 4D + 1

(1 − D)4
= 0.55 Po

rS
R

2D3 − 2D2 + D
(1 − D)4

= 0.4

[24] Po
rL
R

D2 − 2D + 2

(1 − D)4
= 1.6 Po

rS
R

D3 − 2D2 + 2D
(1 − D)4

= 0.9

[25] Po
rL
R

2D2 − 2D + 1

(1 − D)4
= 0.67 Po

rS
R

2D3 − 2D2 + 2D
(1 − D)4

= 0.4

[26] Po
rL
R

2D2 − 2D + 1

(1 − D)4
= 0.36 Po

rS
R

D3 − 2D2 + D
(1 − D)4

0.45
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efficiency 99%

switches loss < 1%
inductors loss < 1%

diodes loss 1%
inductors loss 10%

switches loss 5%

diodes loss 85% efficiency 98.52%

inductors loss < 1%
switches loss < 1%

diodes loss 1%

inductors loss 18%
switches loss 9%

diodes loss 73%

efficiency 98.3%

inductors loss < 1%
switches loss < 1%

diodes loss 1%
inductors loss 23%

switches loss 12%

diodes loss 65% efficiency 98%

inductors loss < 1%
switches loss < 1%

diodes loss 1%
inductors loss 28%

Switches loss 14%

diodes loss 58%

inductors loss 30%
switches loss 15%

diodes loss 56%efficiency 97.9%

inductors loss < 1%
switches loss < 1%

diodes loss 1%

efficiency 97.7%

inductors loss < 1%
switches loss < 1%

diodes loss 1%

inductors loss 35%
switches loss 17%

diodes loss 48%

(a) (b)

(c) (d)

(e) (f)

Figure 7. The percentage of the efficiency and losses while: (a) the output power is 30 W, (b) the output power is 60 W, (c) the output
power is 90 W, (d) the output power is 120 W, (e) the output power is 150 W, (f) the output power is 180 W.

Table 2: Comparison of power loss

Switching loss of switches Diodes loss Duty cycle

proposed converters
fs Po to f f D

1 − D2 = 0.06 2VDF Io = 1 0.5

[15]
fs Po to f f (1 + D)

1 − D
= 0.04

VDF Io
1 − D

= 1.315 0.62

[16]
fs Po to f f

1 − D
= 0.02

VDF Io
1 − D

= 1.31 0.62

[17]
fs Po to f f D

(1 − D)2
= 0.04

VDF Io
1 − D

= 1.31 0.62

[18]
fs Po to f f

1 − D
= 0.02

VDF Io
1 − D

= 1.31 0.62

[19]
fs Po to f f

1 − D
= 0.02

VDF Io
1 − D

= 1.31 0.62

[20]
fs Po to f f

1 − D
= 0.02

VDF Io
1 − D

= 1.31 0.62

[21]
fs Po to f f (3D − 1)

D(1 − D)
= 0.11

VDF Io
1 − D

= 1.31 0.62

[22]
fs Po to f f (1 + D)

1 − D
= 0.03

VDF Io (1 + D)

1 − D
= 1.8 0.57

[23]
fs Po to f f (1 + D)

1 − D
= 0.03

VDF Io
1 − D

= 1.15 0.57

[24]
fs Po to f f (1 + D)

1 − D
= 0.03

VDF Io (2 − D)

1 − D
= 1.65 0.57

[25]
fs Po to f f (1 + D)

1 − D
0.03

VDF Io
1 − D

= 1.15 0.57

[26]
fs Po to f f

(1 − D)(2 − D)
= 0.01

VDF Io (1 + D)

1 − D
= 1.5 0.5

6. Small signal analysis220

Based on the described relations of the capacitors and the inductors in the second
section, the voltage of the inductors and the current of the capacitors can be written as
below: 

L1
diL1

dt
=< vin > −(1 − d) < vc1 >

L2
diL2

dt
= d < vin > −(1 − d) < vc2 >

C1
dvc1

dt
= (1 − d) < iL1 > − <

vc1 + vc2

R
>

C2
dvc2

dt
= (1 − d) < iL2 > − <

vc1 + vc2

R
>

(14)
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Table 3: Comparison of voltage stress

VS1
VO

VS2
VO

VD1
VO

VD2
VO

proposed converter
1

1 + D
= 0.67

1
1 + D

= 0.67
1

1 + D
= 0.67

1
1 + D

= 0.67

[15]
1 − D

D2 =1 1
1 − D

D2 =1
1
D

=1.61

[16]
1 − D

D2 =1
1
D

=1.61
1 − D

D2 =1
1
D

=1.61

[17]
1

D2 =2.68
1
D

=1.61
1 − D

D2 =1
1
D

=1.61

[18]
1 − D

D2 =1
1
D

=1.61
1 − D

D2 =1
1
D

=1.61

[19]
1 − D

D2 =1
1
D

=1.61
1 − D

D2 =1
1
D

=1.61

[20]
1 − D

D2 =1
1
D

=1.61
1 − D

D2 =1
1
D

=1.61

[21]
1 − D

D2 =1
1
D

=1.61
1 − D

D2 =1
1
D

=1.61

[22]
1 − D

D2 =1.32
2D − 1

D
=1.61

1 − D
D

=0.75 1

[23]
1 − D

D
=0.75

1
D

=1.61
1 − D

D
=0.75

1
D

=1.75

[24]
1 − D

D
=0.75 1

1 − D
D

=0.75 1

[25]
1 − D

D
=0.75

1
D

=1.75
1 − D

D
=0.75

1
D

=1.75

[26]
1 − D

D(2 − D)
=0.67

1
D(2 − D)

=1.33
1 − D

D(2 − D)
=0.67

1
D(2 − D)

=1.33

Table 4: Comparison of current stresses

IS1
Iin

IS2
Iin

ID1
Iin

ID2
Iin

D

proposed converter
D

1 + D
= 0.34

D
1 + D

= 0.34
1 − D
1 + D

= 0.34
1 − D
1 + D

= 0.34 0.5

[15] 1
1 − D

D
=0.61

1 − D
D

=0.61
(

1 − D
D

)2
=0.34 0.62

[16] 1
1 − D

D
=0.61

1 − D
D

=0.61
(

1 − D
D

)2
=0.34 0.62

[17] 1
2D − 1

D
=0.61

2D − 1
D

=0.61
(

1 − D
D

)2
=0.34 0.62

[18] 1
1 − D

D
=0.61

1 − D
D

=0.61
(

1 − D
D

)2
=0.34 0.62

[19] 1
1 − D

D
=0.61

1 − D
D

=0.61
(

1 − D
D

)2
=0.34 0.62

[20] 1
1 − D

D
=0.61

1 − D
D

=0.61
(

1 − D
D

)2
=0.0.34 0.62

[21] 1
1 − D

D
=0.61

1 − D
D

=0.61
(

1 − D
D

)2
=0.34 0.62

[22] 2-D=1.43 1-D=0.43
1 − D

D
=0.75

(1 − D)2

D
=0.34 0.57

[23] D=0.57 1-D=0.43 1-D=0.43
(1 − D)2

D
=0.34 0.57

[24] 1 1-D=0.43
1 − D

D
=0.75

(1 − D)2

D
=0.34 0.57

[25] D=0.57 1-D=0.43 1-D=0.43
(1 − D)2

D
=0.34 0.57

[26]
1

D(2 − D)
=1.34

1 − D
2 − D

=0.34
1 − D

D(2 − D)
=0.67

(1 − D)2

D(2 − D)
=0.34 0.5

Table 5: Comparison of components number and voltage gain

No. L No. C No. S No. D No.
[15] 3 3 2 2 10
[16] 2 2 2 2 8
[17] 3 3 2 2 10
[18] 3 3 2 2 10
[19] 2 2 2 2 8
[20] 2 2 2 2 8
[21] 2 2 2 2 8
[22] 3 3 2 2 10
[23] 3 3 2 2 10
[24] 2 2 2 2 8
[25] 2 2 2 2 8
[26] 2 2 2 2 8

proposed 2 2 2 2 8

All the inductors current , capacitors voltage, and the duty cycle can be expressed as the221

summation of a DC and an AC term. It is worth noting that the mentioned AC term can222

be neglected as below:223
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Table 6: Comparison of stored energy.

Stored energy of inductors

proposed converters
2D

1 + D
V2o

2k fs R
= 1mJ

[15]
1 + D

D
V2o

2k fs R
= 3.91mJ

[16] 2
V2o

2k fs R
= 3mJ

[17] 2
V2o

2k fs R
= 3mJ

[18] 2
V2o

2k fs R
= 3mJ

[19] 2
V2o

2k fs R
= 3mJ

[20] 2
V2o

2k fs R
= 3mJ

[21] 2
V2o

2k fs R
= 3mJ

[22] (1 + D)
V2o

2k fs R
= 2.35mJ

[23] (1 + D)
V2o

2k fs R
= 2.35mJ

[24] (1 + D)
V2o

2k fs R
= 2.35mJ

[25] (1 + D)
V2o

2k fs R
= 2.35mJ

[26]
2

2 − D
V2o

2k fs R
= 2mJ

{
< iL1 >= IL1 + îL1 ,< iL2 >= IL2 + îL2 ,< vC1 >= VC1 + v̂C1 ,< vC2 >= VC2 + v̂C2 , d = D + d̂
îL1 << IL1 , îL2 << IL2 , v̂C1 << VC1 , v̂C2 << VC2 , d̂ << D

(15)
The matrices of the space state equations have been expressed as below:224

dx̂
dt

= Ax + Bd̂ (16)

where

x̂t =

[
dîL1

dt
,

dîL2

dt
,

dv̂C1

dt
,

dv̂C2

dt
,

]

A =



0 0
D − 1

L1
0

0 0 0
D − 1

L2
1 − D

C1
0

−1
RC1

−1
RC1

0
1 − D

C2

−1
RC2

−1
RC2


Bt =

[
a1, a2, a3, a4

]
C =

[
0, 0, 1, 1

]
a1 =

VC1

L1
, a2 =

VC2

L2
, a3 =

−IL1

C1
, a4 =

−IL2

C2
(17)

Based on the matrices, the bode diagram of the proposed converter has been
extracted and the phase and gain margin have been extracted -45.1 dB and -88.7 deg
respectively. The bode diagram has been illustrated in Fig. 8(a). Based on the expressed
space state equations, the compensator of the mentioned system have been calculated as
below by MatLab.

C(S) =
31.11

s
(18)

According to the designed compensator, the bode diagram of the converter after com-225

pensating is as in Fig. 8(b).226
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7. The comparison of the different features of the proposed converter and recently227

suggested topologies in an operating point228

In tables 1 to 6, different features have been compared for 90 W output power, the229

corresponding duty cycle of 3-times voltage gain, and 1 A output current. It is worth230

noting that the inductors loss and conduction loss of switches have been compared. It231

can be understood that the proposed converter has the lowest inductor loss as well as the232

switch loss in comparison with [15]-[26]. Moreover, the switching loss of the switches,233

diode loss, corresponding duty cycle, and efficiency have been reported in table 2. It is234

worth noting, the switching loss of the proposed converter is more than [15]- [26]. But,235

the diode loss of the proposed converter has achieved the lowest value. Moreover, the236

proposed converter employs a lower value of the duty cycle in comparison with [15]-237

[25]. In the third and fourth tables, the normalized values of the voltage/current stresses238

of semiconductors have been reported and compared. It is worth noting, the output239

voltage and input current have been considered as the base values of the voltage/current240

stresses respectively. It can be understood that the voltage stress of the second switch241

and diode has the lowest value in comparison with [15]- [26]. Moreover, the voltage242

stress of the first switch and diode has a lower value in comparison with [15]- [25].243

Furthermore, according to table 3, the current stress of the first switch and diode has244

the lowest value among [15]- [26]. It is worth noting, the current stress of the second245

switch in the proposed converter is lower than in [15]- [25]. It has to be reminded, the246

current stress of the second diode is the same in all converters. In the fifth table, the247

number of the circuit components has been compared. It can be understood that the248

proposed converter has 2 inductors, capacitors, switches, and diodes as same as [16],249

[19], [20], [24]- [26]. In other words, the rest of them have 3 inductors and capacitors and250

2 switches and diodes. In the sixth table, the stored energy of the inductors has been251

calculated and reported. It can be understood that the proposed converter has the lowest252

storage energy. It is worth noting, the dimension of the converter is relative to the stored253

energy of the converter. Consequently, it can be stated that the proposed converter has254

the lowest dimension among [15]- [26].255

8. Simulation and experimental results256

To simulate the proposed converter, the inductors’ and capacitors’ values have257

to be found. Therefore, the expressed equations of current/voltage ripples in (4) are258

used. In addition, the switching frequency and percentage of current/voltage ripples259

have to be valued. Due to equipment limits, the frequency has been assumed 100 kHz.260

Moreover, the current ripple of the inductors and voltage ripple of the capacitors have261

been considered 30 and 5 percent respectively. It is worth noting, to use the percentage262

of the current/voltage ripples with their corresponding equations, the average current263

of the inductors and average voltage of capacitors have been calculated as (19):264 {
Vin = 30V, VC1 = 60V, VC2 = 30V, D = 0.5
IL1 = IL2 = 2A, Io = 1A

(19)

PLECS software has been used to extract the simulation outcomes. The version of the265

employed software is 4.1.2. The inductors and capacitors value based on (4), (19) are as266

(20):267

L1 = L2 > 250µH, C1 > 1.6µF, C2 > 3.2µF (20)

The inductors current and capacitors voltage have been presented in Fig. 9(a)-(e).268

The average current of the inductors and average voltage of the capacitors are as (21):269

IL1 = 2A, IL2 = 1.8A, VC1 = 59.9V, VC2 = 30.1V, Vo = 90V (21)

A comparison between (21) and (19) defines their compatibility. Therefore, the
validity of the expressed relations of (2) and (4) is improved. In Figs. 9(f) to (i), the
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(a) (b)

(c) (d)

(a) (b)

(c) (d)

(b)(a)

(c)

(d) (e)

(a)

(b)

Figure 8. The bode diagram while: (a) before compensating, (b) after compensating.

current waveforms of the switches and diodes have been illustrated. According to these
figures, the average current of the semiconductors is 1 A. Moreover, it can be understood
that the switches and diodes operate asynchronously as well as stated in the second
section. According to (1), the applied voltage to the inductors is 30 V and -30 v in the first
and second modes respectively. It is worth noting, these values are compatible with Fig.
9(j) and (k). Moreover, in the first mode, the crossing current from the capacitors is −Io.
Furthermore, in the second modeIL − Io crosses the capacitors. It is worth noting, the
current waveforms of Fig. 9(l) and (m) are compatible with the mentioned concepts. It is
worth noting, the applied voltage to the semiconductors during their inactivation mode
is compatible with the extracted equations in (3). In Fig. 10, the boost and buck-boost
converters have been simulated to increase 30 V input source to 90 V output. It is worth
noting, 66 percent and 75 percent duty cycles cause the voltage gain of 3 in the boost
and buck-boost converters respectively. The presented results in Fig. 10(a)-(h) are for
the boost converter and the remaining is for the buck-boost one. In comparison with
the proposed converter, the boost and buck-boost converters require a higher duty cycle
to have a 3-times voltage gain. Moreover, according to Figs. 10(g), (h), (o), and (p) the
semiconductors experience higher voltage during their inactivation mode. Furthermore,
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Figure 9. The simulation results of the proposed converter: (a) the first inductor current, (b) the second inductor current, (c) the first
capacitor voltage, (d) the second capacitor voltage, (e) the output capacitor voltage, (f) the first switch current, (g) the second switch
current, (h) the first diode current, (i) the second diode current, (j) the first inductor voltage, (k) the second inductor voltage, (l) the first
capacitor current, (m) the second capacitor current, (n) the first switch voltage, (o) the second switch voltage, (p) the first diode voltage,
(q) the second diode voltage.

based on Figs. 10 (e), (f), (m), and (n) the semiconductors experience higher current
during their activation. Consequently, the proposed converter provides the mentioned
voltage gain with a lower duty cycle and semiconductors’ current/voltage stresses. In
Fig. 11, the details of the used drivers have been presented. Moreover, IRF540 and
2015OCT are the used type of the MOSFETs and diodes. Furthermore, all the used
capacitors are MKT capacitors with a low equivalent series resistance (ESR). In Fig. 12,
the experimental results of the proposed converter have been illustrated. Based on the
expressed values of the inductors and capacitors in (20), the voltage waveforms of the
capacitors and current waveforms of the inductors have been illustrated. In addition,
their average values have been expressed in (21):

IL1 = IL2 = 2A, VC1 = 60V, VC2 = 30V, Vo = 90V (22)
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Figure 10. The simulation results of the boost converter (a) the first inductor current, (b) the output voltage, (c) the inductor’s voltage,
(d) the capacitor’s current, (e) the switch current, (f) the diode current, (g) the switch voltage, (h) the diode voltage, and the simulation
results of the buck-boost converter (i) the first inductor current, (j) the output voltage, (k) the inductor voltage, (l) the capacitor’s
current, (m) the switch current, (n) the diode current, (o) the switch voltage, (p) the diode voltage.
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Figure 11. How to use IRF2110 MOSFET driver.

A comparison between the extracted values from experimental and simulation270

results defines their compatibility. Moreover, according to Figs. 12(d) and (e), the271

current of capacitors and the voltage of the inductors have been presented. Furthermore,272

their average value is zero and compatible with the current/voltage second balance.273

It is worth noting, the current/voltage waveforms of the semiconductors have been274
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Figure 12. Experimental results: (a) the capacitors voltage, (b) the inductors current, (c) the semiconductors current, (d) the capacitors
current, (e) the inductors voltage, (f) the semiconductors voltage.

presented in Fig. 12(c) and (d). The average value of their currents is 1 A and compatible275

with the extracted equation in (3). Furthermore, the applied voltage during inactivation276

mode is as same as simulation results.277

It is worth noting that the voltage gain of the converter has been extracted for278

different values of the duty cycle from the prototype and compared with the theoretical279

relation of the non-ideal voltage gain in Fig. 13. It can be understood, both results are280

the same as each other while the duty cycle varies from 67 percent. Moreover, as the281

duty cycle increases from 67 percent, a difference takes place between the theoretical and282

experimental results. In Fig. 14, the efficiency of the converter has been extracted for the283

different values of the output powers and 50 percent duty cycle based on the theory and284

experiment. It is worth noting, the efficiency of the proposed converter varies from 99285

to 97.8 percent while the output power varies from 30 W to 180 W. However, based on286

the experimental results, the efficiency varies from 95.2 to 89 percent in the mentioned287

interval of the duty cycle. It is good to mention that the differences in the extracted288

results have occurred due to neglecting some kinds of loss and quality of the used circuit289

components. This difference is more obvious in Fig. 15 where the efficiency has been290

extracted from the theoretical relations and experimental results for the varying duty291

cycle from 20 to 80 percent. It is good to mention that the prototype of the converter has292

been presented in Fig. 16.293

9. Conclusion294

In this paper, a novel combination of the conventional DC-DC converters was295

proposed. Due to the use of conventional converters, it was capable of providing a high296

value of the voltage gain besides a high value of the efficiency. It was discussed that the297

proposed converter was capable of providing an efficiency higher than 90 for a great298

interval of the duty cycle. Moreover, the different kinds of losses and current/voltage299

stresses were expressed and compared with the recently suggested converters in an300

operating point. Furthermore, the stored energy of the converter was compared with301

other high gain converters and the lower dimension of the proposed topology was302

concluded. Additionally, the voltage gain and efficiency of the proposed converter were303

compared with other high gain converters for all values of the duty cycle. In all the304

mentioned comparisons the better function of the proposed converter was deduced. It305

is worth noting, the small-signal analysis was done and a suitable compensator was306

designed. Finally, the simulation results of the proposed converter were extracted as well307

as the conventional converters by PLECS and compared with each other. Furthermore,308

the advantages of the proposed converter were discussed in comparison with the boost309

and buck-boost converters according to the simulation results. Furthermore, the experi-310

mental results were discussed and compared with the simulation results and theoretical311

considerations. Additionally, the efficiency of the converter was compared based on the312

theoretical and experimental results, and their differences were discussed for a varying313
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Figure 13. The comparison of the non-ideal voltage gain based on theory and practical voltage gain based on the experiment.
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Figure 14. The comparison of the theoretical and experimental efficiency for different output powers, 90V output voltage, and 50
percent duty cycle.
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Figure 15. The comparison of the theoretical and experimental efficiency for 90W output power while: (a) the duty cycle varies from
20 to 50 percent, (b) the duty cycle varies from 50 to 80 percent.

output power besides a constant duty cycle as well as the duty cycle is varying besides314

a constant output power. It is worth noting, the same study was done for the voltage315

gain and the extracted equation of the non-ideal voltage gain was validated. It is good316

to mention, due to the use of buck-boost and boost with each other in the proposed317
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Figure 16. The prototype.

converter, the continuous input current of the proposed converter was provided beside318

a high current ripple. In future work, the ZVS and ZCS techniques are going to be319

investigated in the proposed topology, and a strong control method to be applied to its320

controlling concepts. As the last concept, this converter is not suitable for high power321

applications and it is recommended to employ this topology for output powers that are322

lower than 200 W.323
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