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Abstract: This study proposes a novel modified Cuk converter. The proposed converter attempts1

to resolve the limitations of the conventional converters such as voltage gain limitations of canon-2

ical Cuk converter. Therefore, the mentioned improvement has made the proposed converters3

more compatible for renewable energy applications. Moreover, the increase of the voltage gain in4

the proposed converter has not impacted the efficiency or the voltage stress of the switches, which5

is common in other voltage boosting techniques such as cascading methods. Furthermore, the6

advantages of Cuk converter such as continuity of the input current have been maintained. The7

average voltage/current stresses of the semiconductor devices and various types of the power8

losses have been calculated and compared with the existing topologies. Moreover, the non-ideal9

voltage gain of the proposed converters was compared with the other high step-up topologies.10

Eventually, the simulation results with PLECS along with the experiments on an 120 W prototype11

have been presented for validation.12

Keywords: Cuk converter, modified Cuk converter, non-isolated DC-DC converters.13

1. Introduction14

A boost DC-DC converter is a DC-DC power converter that owns a continuous15

input current, one switch and diode, and is capable of increasing its input voltage level16

with respect to the duty cycle of the switch [1]. Several factors have made it a highly used17

and popular power electronics device, including its simple structure, low component18

count, and good efficiency [2]. However, this converter is not capable of providing a high19

voltage gain ratio [3]. According to the relation of the ideal voltage gain of the mentioned20

converter, when the duty cycle of the switch reaches the unity, the voltage gain ratio21

should reach infinity. However, the close value of the duty cycle to unity cannot result in22

a high value of the voltage gain, considering the parasitic effects in the equation of the23

voltage gain [4], [5]. In other words, the parasitic components of the switches, inductors,24

and diodes cause a different behavior of the voltage gain that swings from a rising region25

to a maximum point, then down to a falling region [6]. In Fig. 1(a), the expressed regions26

and point have been illustrated for the boost converter in 60 W as an example operating27

point. It is worth noting, the output power of the converter is another factor that affects28

these regions. In Fig. 1(b), the voltage gain of the non-ideal mode has been extracted for29

the different output power values. It can be seen that an increase in output power level30

decreases the maximum value of the voltage gains. To extract the mentioned figures,31

the non-ideal parasitic components of the inductors, switches and diodes have been32

considered and all describing relations of the inductors voltage have been extracted33

besides the mentioned components. Consequently, the describing relations of Fig. 134

can be extracted. It is worth noting the output current of the boost topology is not35

continuous. Therefore, the output capacitor must supply the load individually during36

the time interval that the diode is reverse-biased. As a result, the output capacitor must37

Version October 14, 2021 submitted to Journal Not Specified https://www.mdpi.com/journal/notspecified

https://www.mdpi.com
https://orcid.org/0000-0000-0000-000X
https://orcid.org/0000-0002-8712-959X
https://orcid.org/0000-0002-2072-0158
https://orcid.org/0000-0001-9050-2423
https://doi.org/10.3390/1010000
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/notspecified


Version October 14, 2021 submitted to Journal Not Specified 2 of 18

(a) (b)

Rising region

Falling refion

Maximum point

Figure 1. Ideal and non-ideal voltage gains of the boost converter: (a) limits of the boost converter’s voltage gain in non-ideal mode,
(b) the behavior of the non-ideal voltage gain for different output powers.

have a high value. Due to this, it is essential to use electrolyte capacitors with high38

capacitance. However, these capacitors have unavoidable equivalent series resistance39

(ESR). A high ESR can affect the efficiency. Moreover, such a capacitor’s lifespan is40

shortened by its current stress.41

Cuk converter is another basic topology that has overcome some shortages of the42

boost converter [6]. The continuous input current in boost and Cuk topologies reduces43

the input filter capacitor value by reducing the input current stress on the capacitor [7].44

Cuk topology ensures the continuity of the output current, as well. The voltage gain45

of the Cuk converter is in a way that allows it to be used for three different types of46

operation, namely step-up, step-down, and pass-through. Additionally, the duty cycle47

determines which mode of operation is used[8], [9]. Basically, a Cuk converter operates48

by storing the input source energy in inductors and then, releasing it to the output. In49

other words, the energy is not transferred to the output directly. The optimal operation50

occurs when the stored and released energy are equal, which yields the duty cycle of51

the switch equivalent to 50 per cent. The duty cycle of such a value causes pass-through52

mode. Therefore, despite the advantages of Cuk topology, the voltage gain is low and53

insufficient.54

A solution to resolve the low voltage gain can be found in quadratic topologies of55

DC-DC converters. In [10]- [14], a group of DC-DC converters has been suggested. A56

quadratic form of the Cuk’s converter voltage gain can be found in all of the above topolo-57

gies. The suggested topology of [10], [14] suffers from the discontinuous input/output58

current. In addition, they operate as a Cuk converter when the duty cycle percentage59

reaches 50. In the topology proposed in [12], the input current is continuous, albeit60

with a high input current ripple. The quadratic topology of [11] suffers from the high61

voltage stress of the switches. The suggested topology of [14] has achieved continuous62

input/output current. However, different types of switches (NMOS and PMOS) have63

been used which cause a difference in their gate-driver circuit. In [15]- [17], the other64

type of quadratic converter has been recommended. In comparison with the first group,65

this kind of quadratic converter has a higher voltage gain. As a result, 50 percent of the66

duty cycle produces the same result as the boost converter in the converters mentioned67

above. The input current of the proposed converters is continuous. However, the output68

currents are discontinuous. The voltage stress of the second switch in the suggested69

topologies of [10]- [17] is higher than their output voltages,which may be seen as a70

significant drawback in high-voltage applications. In addition, both switches suffer from71

high current stress which increases their switching losses.72

In this paper, a quadratic DC-DC topology has been suggested. The improvement of73

the topology has increased the voltage gain in a way that, a 50 percent duty cycle causes74

a 3-times voltage gain. In addition, the current stress of the switches in comparison with75

[10]- [17] is low. Consequently, it has achieved a lower switch loss in comparison with76

the topologies of [10]- [17]. Moreover, the conduction loss of the inductors among of77

the significant power loss types, has become lower than [11]- [15], [17]. Therefore, the78
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Figure 2. (a) Cuk converter and how it has been modified, (b) the recommended design, (c) the procedure of its creation from the
recommended structure and and Cuk converter, (d) the equivalent circuit of the first mode, and (e) equivalent circuit f the second
mode.

efficiency of the converter has achieved an acceptable value along with increasing the79

voltage gain.80

2. Proposed Topology81

2.1. fundamental concepts82

According to Fig. 2(a), a combination of two switches, one inductor, one capacitor,83

and one diode has been presented. The components have been combined in a way that84

a switch is seen from both sides. Consequently, it can replace a low-side switch in a85

converter. As can be understood from Fig. 2(a), a Cuk converter has a low-side switch.86

As a result, the presented topology of Fig. 2(b) is the modified topology of Cuk converter.87

According to Fig. 2(c), the presented topology of Fig. 2(a) has been replaced by the88

switch of Cuk converter. The modified structure maintains the advantages of the Cuk89

converter such as continuity of the input /output current waveforms, and increases the90

voltage-gain ratio.91

2.2. Operational modes92

Both switches get activated synchronously. During the activation time of the93

switches, all diodes are OFF. To explain the function of the converter, all the com-94

ponents have been considered ideal. In addition, the operation of the converter takes95

place in continuous conduction mode (CCM). Moreover, all capacitors are high-valued96

enough to keep their voltage constant. The activation of the switches causes the first97

operational mode. During this mode, the first and the last inductors are magnetized98

due to their applied positive voltage. The voltage of the second inductor is negative.99

Therefore, it becomes demagnetized. The capacitors’ current becomes negative and100

makes them discharged. The inactivation of the switches starts the second operational101

mode. During this mode, the diodes are ON and the switches become inactivated. The102

second inductor becomes magnetized due to its positive voltage. On the other hand,103

the remaining inductors become demagnetized. In addition, all the capacitors become104

charged due to their positive current. The describing circuit of both operation modes105

has been illustrated in Fig. 2(d) and (e) respectively. The describing relations of the106

inductors’ voltage and capacitors’ current have been expressed as (1):107
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

L1
diL1

dt
= D(vin + vc1) + (1 − D)(vin − vc2)

L2
diL2

dt
= D(−vc1) + (1 − D)(vc2 − vc1)

L3
diL3

dt
= D(vc1 + vc2 − vo) + (1 − D)(−vo)

C1
dvc1

dt
= D(iL2 − iL3 − iL1) + (1 − D)(iL2)

C2
dvc2

dt
= D(−iL3) + (1 − D)(iL1 − iL2)

Co
dvo

dt
= D(iL3 − Io) + (1 − D)(iL3 − Io)

(1)

2.3. average values of the voltage/current of the energy storage components108

Referring to the volt-second balance and charge-second balance, all the expressed
equations in (1) can be equal to zero in the steady-state. In other words, the inductors
become short-circuited due to their zero average voltage and the capacitors become open-
circuited due to their zero average current. Thus, rearranging the equations concludes
the average voltage of the capacitors and average current of the inductors as (2):

VC1 =
Vin

1 − D
, VC2 =

Vin
(1 − D)2 , Vo =

D(2 − D)

(1 − D)2 Vin

IL1 =
D(2 − D)

(1 − D)2 Io, IL2 =
D

1 − D
Io, IL3 = Io

(2)

2.4. voltage/current stresses of semiconductor-based components109

By expressing the average value of the inductors’ current and capacitors’ voltage,
the current/voltage of the semi-conductors based components can be expressed as (3):

VS1 = VD1 =
Vin

1 − D
, VS2 =

Vin
(1 − D)2 , VD2 =

D(2 − D)

(1 − D)2 Vin

IS1 =
D

(1 − D)2 Io, IS2 = ID1 =
D

1 − D
Io, ID2 =

1
1 − D

Io

(3)

2.5. Current ripple of inductors and voltage ripple of capacitors110

The current ripple of the inductors is defined as a difference between the maximum
and minimum value of the inductors’ current waveform. According to the voltage-
current relation of the inductors in the integral form, the simplified form of the current
ripple can be defined based on the applied voltage of the inductor in one of the operation
modes. Similarly, the voltage ripple can be defined as a difference between the maximum
and minimum value of the voltage waveform. Based on the integral form of the voltage-
current relation of the capacitors, the simplified form of the voltage ripple can be defined
according to the crossing currents from the capacitor in one of the operation modes. The
mathematical expression of the explained concepts is as (4):

∆iL1 =
DVin
L1 fs

, ∆iL2 =
DVin

(1 − D)L2 fs
, ∆iL3 =

(1 − D)Vo

L3 fs

∆vc1 =
DVo

(1 − D)RC1 fs
, ∆vc2 =

DVo

RC2 fs
, ∆vo =

(1 − D)Vo

8Co f 2
sL3

(4)

3. Discontinuous Conduction Mode111

The inductors value affect the current ripple. In other words, a decrease in the112

inductors value increases the current ripple. A current ripple that is higher than twice113

the average current leads to DCM. Therefore, the minimum value of the inductors have114

been expressed as (5):115
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Figure 3. operational region of the converter in CCM and DCM, while the frequency is 100 kHz, last inductor is 1500 µH, and (a) the
output voltage is constant (90 V), (b) the input voltage is constant (30 V).

L1 >
(1 − D)4R

2D(2 − D) fs
, L2 >

(1 − D)2R
2D(2 − D) fs

, L3 >
(1 − D)R

2 fs
, (5)

In addition to the inductors’ current ripple, the average value of the current also116

affects the operation mode. In other words, a lower average current which is lower117

than half of the current ripple, concludes the operation of the converter in DCM. In118

addition, the average current of the inductors depends on the average output current.119

Therefore, the operation region of the converter has been extracted and illustrated in Fig.120

3 based on the varying value of the duty cycle and the output current for both constant121

output/input voltage. The voltage gain of the converter has a different behavior in DCM.122

In other words, the ideal voltage gain of the converter depends on the duty cycle in123

CCM. However, such a concept is not true in DCM. The describing relations of the DCM124

voltage gain are as (6), where D, D1 D2 represents the time-interval that the switches125

are on, diodes are on, and all the semiconductors are off, respectively.126

D + D1 + D2 = 1, Vo = Vin
D(D + 2D1)

D1
2 (6)

4. The Non-Ideal Mode127

4.1. The non-ideal voltage gain128

In the second section, the converter was investigated in the ideal mode. In other
words, the expressed voltage gain was extracted by ignoring the resistance of the in-
ductors (rL), and the dynamic resistance of the switches and diodes (rS,rD). However,
the expressed voltage gain in the second section cannot clearly describe the prototype’s
behavior. The voltage gain of the converter has been expressed by the employment of
the parasitic components is as(7):

Vo

Vin
=

D(2 − D)

(1 − D)2 − GrL(D)− GrS(D)− GrD (D)

GrL(D) =
rL
R

2D4 − 4D3

(1 − D)5 , GrS(D) =
rS
R

D5 − 2D4 − 2D3 + 4D2

(1 − D)6 , GrD (D) =
rD
R

−D2 + 2D
(1 − D)5

(7)
The difference of the voltage gain in both ideal and non-ideal modes has been129

illustrated in Fig .4(a). According to the equation(7), the parasitic components of the130

circuit elements as well as the load affect the voltage gain. It is worth noting, the parasitic131

components of the circuit elements refer to the quality of the used equipment. In addition,132

the load value refers to the output power. In Fig. 4(b), the voltage gain of the non-ideal133

mode has been plotted for different values of the output power. It can be understood that134

an increase in the output power decreases the maximum value of the voltage gain. In135

addition, an increase in the output power level shortens the rising interval of the voltage136

gain versus duty cycle. In Fig. 4(c), the behavior of the voltage gain in non-ideal mode137

has been plotted for both varying duty cycle and output power. It can be understood138
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that the value of the maximum gain and its corresponding duty cycle increases as the139

output decreases. In Fig. 4(d) and (e), the voltage gain of the proposed topology has140

been compared with [10]- [17] in the non-ideal mode of the converters. According to141

Fig. 4(d), while the duty cycle varies from 0 to 50 percent, the voltage gain of [10]- [14]142

varies from 0 to unity. The voltage gain of [15]- [17] varies from 0 to 2 in this interval143

and voltage gain of the proposed converter varies from 0 to 3. In Fig. 4(e), where the144

duty cycle varies from 50 to 100, the voltage gain of the suggested converter varies from145

3 to 16. Consequently, it can be deduced this converter has a better and higher voltage146

gain in both ideal and non-ideal modes.147

4.2. Efficiency148

To obtain the converter efficiency, the conduction loss of inductors, switches, and149

diodes and the frequency loss of the switches are explained here. It is worth noting, the150

magnetic loss, hysteresis loss, eddy current loss, and frequency loss of the inductors151

have been neglected. Moreover, the use of MKT-type capacitors, which have extremely152

low ESR (equivalent series resistor), has made it possible to neglect the conduction loss153

of capacitors. Additionally, the parasitic inductance of circuit components stores energy154

by its current and discharges as voltage spikes during the transient inactivation [7]. The155

conduction loss of inductors, switches, and diodes and the frequency loss of the switches156

have been expressed as (8), respectively:157



PL = rL1 I2
rms1 + rL2 I2

rms2 + rL3 I2
rms3 =

(
rL1

D2(2 − D)2

(1 − D)4 + rL2

D2

(1 − D)4 + rL3

)
Po

R

PS = rDS1 I2
S1,rms + rDS2 I2

S2,rms =

(
rDS1

D
(1 − D)2 + rDS2

D
(1 − D)4

)
Po

R

PD = VDF1 ID1 + VDF2 ID2

(
VDF1

D
1 − D

+ VDF2
1

1 − D

)
Io

PSS =
1
2
(IS1 VS1 tOFF1 fs + IS2 VS2 tOFF2 fs) =

(
to f f 1 + to f f 2

)
Po fs

(1 − D)(2 − D)
(8)

The expressed equations state that the efficiency depends on the quality of the circuit158

components and output power. In Figs. 5(a) and (b), the efficiency graph has been159

plotted for the different values of the output power for all values of the duty. According160

to Fig. 5(a), while the duty cycle varies from 0 to 50 percent, the efficiency of the converter161

is more than 96 percent for the considered output powers. Moreover, based on Fig. 5(b)162

while the duty cycle is lower than 70 percent, the efficiency is more than 80 percent for163

the considered output powers. By increasing the duty cycle to 72 percent, the efficiency164

becomes more than 80 percent only for output power levels of 30 W to 90 W. In Fig. (c)165

and (d), the efficiency of the proposed topology and converters of [10]- [17] have been166

compared. According to Fig. 5(c), the efficiency of the proposed converter is close to the167

other topologies - well above 97 percent- when the duty cycle varies from 0 to 50 percent.168

Based on Fig. 5(d), the efficiency of the proposed converter is approximately same as169

others, as the duty cycle varies from 50 percent to 75 percent.170

5. Comparative analysis with other topologies171

In this section, different parameters have been expressed for the recommended172

converter besides the recently proposed converters. It is worth noting, the output173

voltage and input current have been assumed as basic values for normalizing volt-174

age/current stresses, respectively. Moreover, to calculate the different kinds of loss and175

voltage/current stress of semiconductors, a value of the duty cycle has been used that176

concludes a 3 times voltage gain in the mentioned topologies.177
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Figure 4. (a) Comparison of ideal and non-ideal voltage gain, (b) comparison of non-ideal voltage gain for different output powers, (c)
behavior of the voltage gain with respect to the varying duty cycle and output power, (d) comparison of the voltage gain of high gain
converter for varying duty cycle from 0 to 50 percent, (e) comparison of the voltage gain of high gain converter for varying duty cycle
from 50 to 85 percent.

5.1. Different kinds of power losses178

In table 1, the conduction loss of the inductors and switches has been expressed and179

valued by the duty cycle that leads to the voltage gain of 3. The corresponding value180

of the duty cycle has been reported in table 2. It can be understood that the conduction181

loss of the inductors in the suggested converter is lower than [11]- [15], [17]. In addition,182

the conduction loss of the switch in this converter is lower than all the other converters,183

except [15], [16].184

In table 2, the switching loss of the switch, the conduction loss of the diodes, the185

corresponding value of the duty cycle, and concluded efficiency have been reported.186

It can be understood that the proposed converter has achieved the lowest value in187

comparison with [10]-[17]. In addition, the conduction loss of the diode is only lower188

than [15], [17]. Moreover, the suggested converter uses the lowest value of the duty cycle189

to provide the voltage gain of 3. In the last column of the second table, the efficiency190

has been reported. As it has been reported, the suggested converter has the highest191

efficiency among [10]- [15], [17]. It is worth noting, the difference between the efficiency192

of the proposed converter and [16] is 0.5 percent.193
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(a) (b)

(d)(c)

Figure 5. (a) Efficiency of the converter for different output powers and varying duty cycle from 0 to 50 percent, (b) efficiency of the
converter for different output powers and varying duty cycle from 50 to 100 percent, (c) comparison of the efficiencies of high gain
converters for varying duty cycle from 0 to 50 percent, (d) comparison of the efficiencies of high gain converters for varying duty cycle
from 50 to 100 percent.

Table 1: Comparison of power loss as the voltage gain ratio equals 3

Inductors loss (W) Switches conduction loss (W)

proposed converters Po
rL
R

2D4 − 8D3 + 11D2 − 4D + 1
(1 − D)4 = 0.63 Po

rS
R

D3 − 2D2 + 2D
(1 − D)4 = 0.45

[10] Po
rL
R

2D4 − 6D3 + 8D2 − 4D + 1
(1 − D)4 = 0.5 Po

rS
R

2D3 − 2D2 + D
(1 − D)4 = 0.8

[11] Po
rL
R

3D4 − 5D3 + 7D2 − 4D + 1
(1 − D)4 = 1.15 Po

rS
R

5D3 − 4D2 + D
(1 − D)4 = 0.7

[12] Po
rL
R

D4 − 2D3 + 3D2 − 2D + 1
(1 − D)4 = 1.41 Po

rS
R

2D3 − 2D2 + D
(1 − D)4 = 0.8

[13] Po
rL
R

2D2 − 2D + 1
(1 − D)4 = 1.28 Po

rS
R

2D3 − 2D2 + D
(1 − D)4 = 0.8

[14] Po
rL
R

2D4 − 6D3 + 8D2 − 4D + 1
(1 − D)4 = 1.12 Po

rS
R

2D3 − 2D2 + D
(1 − D)4 = 0.8

[15] Po
rL
R

3D2 − 4D + 2
(1 − D)4 = 0.91 Po

rS
R

2D3 − 6D2 + 5D
(1 − D)4 = 0.8

[16] Po
rL
R

2D4 − 6D3 + 8D2 − 4D + 1
(1 − D)4 = 0.55 Po

rS
R

2D3 − 2D2 + D
(1 − D)4 = 0.4

[17] Po
rL
R

D2 − 2D + 2
(1 − D)4 = 1.56 Po

rS
R

D3 − 2D2 + 2D
(1 − D)4 = 0.88

5.2. The comparison of the current/voltage stress of the switches and diodes at the operating point194

In table 3, the normalized voltage stress of switches and diodes has been valued195

by a percentage of the duty cycle which provides the voltage gain of 3. Based on the196

mentioned table, the first switch and diode of this converter have achieved the lowest197

value among [10]- [17]. The voltage stress of the second switch is lower than [10]- [11],198

[13]- [16]. However, the voltage stress of the second diode of this converter is more than199

the others.200

In table 4, the current stress of the switches and diodes has been compared. As201

can be understood, the current stress of the first switch is lower than [10]- [15], [17]. In202
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Table 2: Comparison of power loss as the voltage gain ratio equals 3

Switching loss of switches (W) Diodes loss (W) Duty cycle η

proposed converters
fsPoto f f

(1 − D)(2 − D)
= 0.013

VDF Io(1 + D)

1 − D
= 1.5 0.5 97.2

[10]
fsPoto f f

1 − D
= 0.027

VDF Io

1 − D
= 1.35 0.63 97.1

[11]
fsPoto f f D
(1 − D)2 = 0.046

VDF Io

1 − D
= 1.35 0.63 96.5

[12]
fsPoto f f (1 + D)

1 − D
= 0.044

VDF Io

1 − D
= 1.35 0.63 96.1

[13]
fsPoto f f

1 − D
= 0.027

VDF Io

1 − D
= 1.35 0.63 96.3

[14]
fsPoto f f

1 − D
= 0.027

VDF Io

1 − D
= 1.35 0.63 96.4

[15]
fsPoto f f (1 + D)

1 − D
= 0.036

VDF Io(1 + D)

1 − D
= 1.82 0.57 96.6

[16]
fsPoto f f (1 + D)

1 − D
= 0.036

VDF Io

1 − D
= 1.15 0.57 97.7

[17]
fsPoto f f (1 + D)

1 − D
= 0.036

VDF Io(2 − D)

1 − D
= 1.66 0.57 95.6

Table 3: Comparison of the normalized voltage stress of semiconductors as the voltage gain ratio equals 3

VS1

VO

VS2

VO

VD1

VO

VD2

VO
D

proposed converter
1 − D

D(2 − D)
= 0.66

1
D(2 − D)

= 1.32
1 − D

D(2 − D)
= 0.66

1
D

= 2 0.5

[12]
1 − D

D2 =0.82 1
1 − D

D2 =0.82
1
D

=1.6 0.63

[10]
1 − D

D2 =0.82
1
D

=1.6
1 − D

D2 =0.82
1
D

=1.6 0.63

[11]
1

D2 =2.56
1
D

=1.6
1 − D

D2 =0.82
1
D

=1.6 0.63

[13]
1 − D

D2 =0.82
1
D

=1.6
1 − D

D2 =0.82
1
D

=1.6 0.63

[14]
1 − D

D2 =0.82
1
D

=1.6
1 − D

D2 =0.82
1
D

=1.6 0.63

[15]
1 − D

D
=0.75

2D − 1
D

=0.24
1 − D

D
=0.75 1 0.57

[16]
1 − D

D
=0.75

1
D

=1.75
1 − D

D
=0.75

1
D

=1.75 0.57

[17]
1 − D

D
=0.75 1

1 − D
D

=0.75 1 0.57

addition, the current stress of the second switch and the first diode are the lowest values203

among [10]- [17]. However, the current stress of the second diode is more than the others.204

It is worth noting that the interested readers can use the reported normalized values205

of the current/voltage stresses in table 4 and 5 to find the behavior of the normalized206

values for different values of the duty cycle.207

5.3. The comparison of the components number and continuity of input/output currents208

In table 5, the number of circuit components and the continuity of the input/output209

currents have been compared among the proposed topology and suggested topologies210

of [10]- [17]. The number of inductors and capacitors is the same in suggested topology211
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Table 4: Comparison of the normalized current stress of semiconductors as the voltage gain ratio equals 3

IS1

Iin

IS2

Iin

ID1

Iin

ID2

Iin
D

Vo

Vin

proposed converter
1

2 − D
= 0.66

1 − D
2 − D

= 0.33
1 − D
2 − D

= 0.33
1 − D

D(2 − D)
= 0.66 0.5

D(2 − D)

(1 − D)2 = 3

[10] 1
1 − D

D
=0.59

1 − D
D

=0.59
(

1 − D
D

)2

=0.33 0.63
(

D
1 − D

)
2 = 3

[11] 1
1 − D

D
=0.59

1 − D
D

=0.59
(

1 − D
D

)2

=0.33 0.63
(

D
1 − D

)
2 = 3

[12] 1
2D − 1

D
=0.41

2D − 1
D

=0.59
(

1 − D
D

)2

=0.33 0.63
(

D
1 − D

)
2 = 3

[13] 1
1 − D

D
=0.59

1 − D
D

=0.59
(

1 − D
D

)2

=0.33 0.63
(

D
1 − D

)
2 = 3

[14] 1
1 − D

D
=0.59

1 − D
D

=0.59
(

1 − D
D

)2

=0.33 0.63
(

D
1 − D

)
2 = 3

[15] 2-D=1.43 1-D=0.43
1 − D

D
=0.75

(1 − D)2

D
=0.33 0.57

D
(1 − D)2 =3

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

D
=0.33 0.57

D
(1 − D)2 =3

[17] 1 1-D=0.57
1 − D

D
=0.75

(1 − D)2

D
=0.33 0.57

D
(1 − D)2 =3

Table 5: Comparison of components number and voltage gain

No. L No. C No. S No. D Total Input current Output current Voltage gain

proposed 3 3 2 2 10 Continuous Continuous
(

D
1 − D

)2

[10] 2 2 2 2 8 Discontinuous Discontinuous
(

D
1 − D

)2

[11] 3 3 2 2 10 Continuous Continuous
(

D
1 − D

)2

[12] 3 3 2 2 10 Continuous Discontinuous
(

D
1 − D

)2

[13] 2 2 2 2 8 Discontinuous Discontinuous
(

D
1 − D

)2

[14] 3 3 2 2 10 Continuous Continuous
(

D
1 − D

)2

[15] 3 3 2 2 10 Continuous Discontinuous
D

(1 − D)2

[16] 3 3 2 2 10 Continuous Discontinuous
D

(1 − D)2

[17] 2 2 2 2 8 Continuous Discontinuous
D

(1 − D)2

and converters of [10], [12], [14]-[16]. In addition, the number of switches and diodes is212

the same in all converters. The input current of the suggested topology and proposed213

converters of [11], [12], [14]- [16] are continuous. In addition, the output current of the214

suggested design is continuous as same as [11], [14].215
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6. Simulation results216

To verify the findings the second section, the simulation results have been discussed217

here. To find the suitable values of the inductors and capacitors, some parameters need218

to be considered. The voltage and current values need to follow the safety requirements219

and equipment limits. Therefore, the input voltage and output current have been220

exceeded 30 V and 1 A, respectively. Due to the frequency limits of the inductor wire,221

switching frequency has been set to 100 kHz. Moreover, according to the power quality222

considerations, the current ripple of inductors and voltage ripple of capacitors have been223

considered 30 and 5 percent, respectively. The average value of the inductors’ current224

and capacitors voltage have to be calculated by equation (3). Consequently, the inductors225

average current and capacitors average voltage is expressed as (9).226

IL1 = 3A, IL2 = IL3 = 1A, VC1 = 60V, VC2 = 120V, VO = 90V (9)

Based on the calculated values in (9) and the expressed relations of (4), the inductors227

and capacitors are expressed as (10):228

L1 = 160µH, L2 = 1000µH, L3 = 1500µH, C1 = 3.34µF, C2 = 0.83µF, Co = 0.083µF
(10)

The simulation results have been extracted by PLECS software. The voltage/current229

waveforms of all circuit components have been presented in Fig. 6. According to Figs.230

6(a)-(f), the average value of the inductors current and capacitors voltage is as (11):231

IL1 = 3A, IL2 = IL3 = 1A, VC1 = 59.5V, VC2 = 120V, VO = 90V (11)

A comparison between (11) and (9) confirms their compatibility. In addition, based232

on the extracted Figs. 6(g)-(l), the average voltage of the inductors and average current233

of capacitors is zero and the extracted results are compatible with voltage/current234

second balance. In Figs. 6(m)-(p), the current waveforms of semiconductors have been235

presented. It is worth noting, the switches are activated synchronously. Moreover, during236

the activation of diodes, the switches are OFF. These concepts are compatible with the237

theoretical descriptions of the second section. In Fig. 6(q)-(t), the voltage waveforms238

of the semiconductors have been presented. It can be understood that the voltage of239

the first capacitor has been applied to the first switch and diode. Moreover, the applied240

voltage to the second switch is the second capacitors voltage which is compatible with241

the extracted result in Fig. 6(r). Furthermore, the applied voltage to the second diode242

is the sum of the first and second capacitors which is compatible with the extracted243

outcome.244

7. Experimental results245

In line the simulation results, the current/voltage waveforms of all circuit com-246

ponents have been extracted. Same as the simulation results, the minimum values247

of capacitor and inductors of the prototype follow the calculations of (10). Moreover,248

metallized polyester film capacitors with low ESR have been used. In addition, for the249

inductor windings, litz wires have been used. Moreover, IRF540 and 2015OCT have250

been used as the MOSFET and diode in the prototype. Furthermore, IRF2110 has been251

used as the driver of the MOSFETs. The experimental results have been presented in252

Fig. 7. According to Fig. 7(a), the average current of the first, the second, and third253

inductors is 3A, 1A, and 1A, respectively. Moreover, based on Fig. 7(d), the voltage of254

the inductors is compatible with volt-second balance. It is worth noting, in Fig. 7(b)255

the voltage waveform of the capacitors has been illustrated. Additionally, the average256

value of the voltage is 59.5 V, 120V, and 90V for the first to third capacitors respectively.257

Moreover, the charge-second balance can be understood from Fig. 7(e) due to the zero258

average value of the presented current waveforms. In Fig. 7(c) and (f) the current wave-259
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Figure 6. (a) first inductor current, (b) second inductor current, (c) third inductor current, (d) first capacitor voltage, (e) second capacitor
voltage, (f) output capacitor voltage, (g) first inductor voltage, (h) second inductor voltage, (i) third inductor voltage, (j) first capacitor
current, (k) second capacitor current, (l) output capacitor current, (m) first switch current, (n) second switch current, (o) first diode
current, (p) second diode current, (q) first switch voltage, (r) second switch voltage, (s) first diode voltage, (t) second diode voltage.

forms and voltage waveforms of the semiconductors have been presented respectively.260

According to Fig. 7(c), the operation of the semiconductor takes place asynchronously,261

which is compatible with the theoretical analysis of the paper as well as the simulation262

results. Moreover, the applied voltages to the semiconductors during their OFF mode, is263

compatible with the simulation results and the theoretical equations. It is worth noting264

that the prototype has been shown in Fig. 8(a). Moreover, the detailed information of265

the MOSFETs drivers have been illustrated in Fig. 8(b), and (c) for low-side and high-266
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Figure 7. The experimental results: (a) inductors current, (b) capacitors voltage, (c) semiconductors current, (d) inductors voltage, (e)
capacitors current, (f) semiconductors voltage.
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Figure 8. (a) The prototype, (b) driver of low side switch, (c) driver of high-side switch.

side switches, respectively. Additionally, other comparisons based on the experimental267

results have been presented in Fig. 9. In Fig. 9(a) and (b), the diagram of the non-ideal268

voltage gain have been compared with the extracted results of the experiment for 90 W269

output power, 30 V input voltage, and varying duty cycle. It can be understood, while270

the duty cycle varies from 20 to 50 percent according to Fig. 9(a), the theoretical and271

experimental voltage gains will perfectly match. The same concept is true for the duty272

cycles ranging between 50 - 70 percent as per Fig. 9, but there is a difference between the273

theory and experiments in duty cycles greater than 70 percent, which was predictable274

due to the parasitic effects. In Fig. 9(c) and (d), the efficiency of the converter has been275

compared based on the theoretical analysis and experiments. It can be understood, while276

the duty cycle varies from 20 percent to 50 percent in Fig. 9(c), the difference of the277

curves increases from 2 percent to 3 percent. Moreover, while the percentage of the duty278

cycle becomes 50 percent, the extracted efficiency from the theory and experiment is 97279
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Figure 9. Theoretical analysis vs experiments: (a) the comparison of the theoretical and experimental voltage gain while the duty cycle
varies from 0 to 50 percent, (b) the comparison of the theoretical and experimental voltage gain while the duty cycle varies from 50
to 100 percent, (c) the comparison of the theoretical and experimental efficiency while the duty cycle varies from 0 to 50 percent, (d)
the comparison of the theoretical and experimental efficiency while the duty cycle varies from 50 to 100 percent, (e) pie chart of the
efficiency and losses,(f) loss break down, (g) comparison of the theoretical and experimental efficiency for varying output power from
30 W to 180 W.

percent and 93.6 percent respectively. Furthermore, according to Fig. 9(d), the efficiency280

of the converter is higher than 80 percent for the percentage of the duty cycles lower than281

71. However, this value is 73 percent in the theoretical result. Typically, the efficiency282

of the power converter declines as the duty cycle of the switch increases, due to the283

increase of the power loss over the components. However, it should be outlined that284

the practical voltage gain in a transformer-less topology would not normally exhibit285
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ultra-high voltage gains, due to the parasitic effect, which confirms the efficiency yield286

of over 80 percent is for the practical gains in Fig. 9. It is good to mention that the287

experimental efficiency and different losses have been expressed for the operating point288

in Fig. 9(e) and (f). The diode and inductor losses are the same at the operating point289

according to Fig. 9(f). Moreover, according to this figure, the switch loss is lower than the290

diode and inductor losses. In Fig. 9(g), the efficiency of the converter has been extracted291

for the different output powers from the theory and experiment while the duty cycle is292

50 percent, and the output voltage is 90 V.293

8. Conclusion294

In this article, a high step-up DC-DC converter was proposed. The proposed295

converter was based on the Cuk converter. Therefore, the continuity of the input296

current was maintained. This feature makes this converter suitable for renewable energy297

applications. Moreover, the ideal model of the proposed converter was studied and298

explained in CCM and DCM. The average voltage of the capacitors, the voltage gain,299

the boundary value of the inductors, and the CCM and DCM operation regions were300

studied. The relation of the non-ideal voltage ratio was extracted then which was301

compared with the practical voltage ratio to validate its combustibility. Furthermore, the302

improvements of the proposed converter in comparison with the conventional Cuk and303

the other converters were discussed and it was deduced that the proposed converter304

has a higher voltage ratio by the lower value of the duty cycle. The mathematical305

equations of the efficiency and different power losses were expressed. Therefore, the306

advantages of the proposed converter was discussed in various aspects. Finally, the307

simulation and the experimental results were delivered and compared with the design308

assumptions based on theoretical analysis. Finally, the compatibility of the simulation309

and experimental results with the theoretical relations validated the correctness of the310

mathematical analysis.311
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10. Appendix365

The state equations of the proposed converter are as (12).366 

L1
d < iL1 >

dt
= Vin + d < vc1 > −(1 − d) < vc2 >

L2
d < iL2 >

dt
= −d < vc1 > +(1 − d) < vc2 >

L3
d < iL3 >

dt
= d < vc1 + vc2 > − < vo >

c1
d < vc1 >

dt
=< iL2 > −d < iL1 + iL3 >

c2
d < vc2 >

dt
= −d < iL3 > +(1 − d) < iL1 − iL2 >

co
d < vo >

dt
=< iL3 > −< vo >

R

(12)

The required assumptions and neglecting are as (13).367

{
iL1 = îL1 + IL1, iL2 = îL2 + IL2, iL3 = îL3 + IL3, vc1 = v̂c1 + Vc1, vc2 = v̂c2 + Vc2, vo = v̂o + Vo

îL1 << IL1, îL2 << IL2, îL3 << IL3, v̂c1 << Vc1, v̂c2 << Vc2, v̂o << Vo
(13)

The space state equations based on the state matrices is as (14).368

ẋ = Ax + Bu, y = Cx (14)

The mentioned matrices are as :369
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(a)

(b)

Figure 10. The bode diagram: (a) before compensating, (b) after compensating.



dîL1

dt
dîL2

dt
dîL3

dt
dv̂C1

dt
dv̂C2

dt
dv̂Co

dt


=



0 0 0
D
L1

D−1
L1

0

0 0 0 −D
L2

1−D
L2

0
−D
C1

1
C1

−D
C1

0 0 0

1−D
C2

1−D
C2

−D
C2

0 0 0

0 0 1
Co

0 0 −1
RCo


x +


b11
b12
b13
b14

d̂, y =



0
0
0
0
0
−1



t

d



Version October 14, 2021 submitted to Journal Not Specified 18 of 18

Based on the expressed relations, the bode diagram of the converter has been illustrated
in Fig. 10 for both before/after compensating. Additionally, gain and phase margins for
both mentioned modes have been expressed as (15) and (16).

Gm = −36dB, Pm = 173deg (15)

Gm = 11.1dB, Pm = 64.8deg (16)

The appropriate compensator for the mentioned converter has been calculated by
Matlab as (17).

− 0.010318 ∗ 1 + 0.0099s
s

(17)
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