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Summary

Many of the photovoltaic (PV) panels generate the low amounts of the voltages

under the limited values of the powers. In order to increase these voltages to

be applicable for grid utilization, DC-DC boost converters are used. A novel

nonisolated transformer-less switched-capacitor-based DC-DC power boost

structure is combined with the quadratic converter in this study. The proposed

converter has many advantages such the low-voltage stresses on the power

components, higher voltage-gain, and ability to supplying the load under the

low amounts of the switching time intervals. These features lead to fewer

amounts of the currents for the power components in the topology for the con-

tinuous conduction mode which means less dynamic losses and higher effi-

ciency. Another advantage of the proposed converter is including only one

power switch that simplifies the controller design for implementation pur-

poses. A comprehensive mathematical analysis is presented and simulation

with MATLAB/SIMULINK and implemented hardware test results confirm

the theoretical investigations.
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LIST OF SYMBOLS AND ABBREVIATIONS: CCM, continuous current mode; DT, duty cycle; T, time period; IC2,on, currents of capacitors C2 for
the first operation mode; IC3,on, currents of capacitor C3 for the first operation mode; IC4,on, currents of capacitor C4 for the first operation mode; IC5,
on, currents of capacitor C5 for the first operation mode; IC2,off, currents of capacitor C2 for the second operation mode; IC3,off, currents of capacitor C3

for the second operation mode; IC4,off, currents of capacitor C4 for the second operation mode; IC5,off, currents of capacitor C5 for the second operation
mode; ID1,on, currents of diode D1 for the first operation mode; ID2,on, currents of diode D2 for the first operation mode; ID3,on, currents of diode D3

for the first operation mode; ID4,on, currents of diode D4 for the first operation mode; ID5,on, currents of diode D5 for the first operation mode; ID6,
on, currents of diode D6 for the first operation mode; ID1,off, currents of diode D1 for the second operation mode; ID2,off, currents of diode D2 for the
second operation mode; ID3,off, currents of diode D3 for the second operation mode; ID4,off, currents of diode D4 for the second operation mode; ID5,
off, currents of diode D5 for the second operation mode; ID6,off, currents of diode D6 for the second operation mode; ΔiL1, current ripples of the
inductor L1; ΔiL2, current ripples of the inductor L2; ΔiL3, current ripples of the inductor L3; ΔVo, voltage ripples of the capacitor CO; Fs, switching
frequency; ΔVc,cap, the ripple value caused by capacitor charging and discharging; PVFD, power losses by diodes.
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1 | INTRODUCTION

Efficient, cheap, and reliable switching DC-DC power boost converters are the inevitable intermediate structures for
power transmission in renewable energy sources (RESs) especially the photovoltaic (PV) panels and the electrical and
electronics industries.1-3 Since the generated DC voltage of the PV arrays is at a very low level, these converters are
applied to increase the voltage before converting to the AC voltage at the grid side.4,5

For this reason, various structures have been proposed to increase the voltage. Converters such as conventional
boost,6-9 buck-boost,10-12 fly-back,13,14 and Cuk15,16 have not high-voltage gain, and electromagnetic interference (EMI)
and diode back-flow problems can be seen in these converters because the high-voltage gain can be obtained in higher
duty cycles for the power switches. Generally, power converters are time-varying nonlinear systems, and due to the
uncertainty of the converter parameters, their ability to be accurately modeled in all operating conditions is extremely
difficult, so the control process for the power converters is always a major challenge for designers.17-20 Therefore, nor-
mally the single-switched converters based on need only one control block is selected by engineers. The efficiency of
the converter is limited by the active power switches, diodes, capacitors, and inductors serial resistances and therefore
the cascaded boost converters due to their more components numbers are not recommended.21,22 In some studies,
researchers use an inverter to convert this DC voltage to the AC voltage and in the next step, by a transformer an AC
voltage with higher magnitude is obtained for AC utilizations and then by a rectifier block, the desired DC voltage is
obtained for DC applications. Although these topologies can obtain the high DC gains, these converters are heavier and
more expensive and have lower efficiencies based on the high number of the middle blocks and the components espe-
cially the transformer.23-25 Push-pull, forward and fly-back converters can be categorized in isolated converters that use
the transformers and the leakage inductor in the transformer is their second problem. This inductor decreases the effi-
ciency of the converter. For solving these problems, the active-clamp and snubber-based converters are presented, but
these converters include high number of components.

Switched-capacitor-based (SC) DC-DC boost converters have been investigated in References 26 to 28. Although,
the main purpose of these converters application is to increase the voltage gain and efficiency, many of the SC-cell
topologies oblige the power components especially the power switch to endures a high-voltage and current stresses dur-
ing the transient-time that can directly increase the dynamic losses by considering the internal resistance of the compo-
nents and decrease the efficiency. Also, normally more than one SC-cell is needed for the high-voltage gain
approaches.26-28

Various topologies based on the concept of the switched-capacitor cells have been presented in References 26 to 28
in which a soft switching method is used to reduce switching losses and electromagnetic interference problems.
Coupled-inductor converters are another solution to improve voltage gain.29,30 Because in addition to the coefficient of
duty, the ratio of the turns of the coupled inductors is another factor in determining the voltage gain. Despite the stated
advantage for the coupled inductor type converters, they have a relatively high input current and this can reduce the
useful life of the converter input capacitor. Cross-coupled inductors are presented in References 29 and 30 in which an
active or inactive clamp circuit is used to achieve soft switching conditions. An interleaved technique is used to reduce
the ripple of the input and output components and reduce the size of the capacitors required in the input and output of
the converter.31-34 Applying this technique also reduces the stress of the semiconductor power flow. Interleaved DC-DC
converters are presented to decrease the current levels in the converter and the dynamic losses. These topologies, in
fact, present a parallel connection of the boost converters which are connected to the same power source and load and
the current of the load is dividing between these blocks for more reliability and longer-life time.33,34 These converters
are suitable for high-power applications and for middle levels of the powers, based on the components numbers cannot
be reasonable to be applied.

In this study, a novel switched-capacitor cell is presented that can mitigate the voltage stress on drain-source pins of
the power switch by making a Snubber configuration and the output voltage is dividing on the switch and SC cell
capacitors. The Snubber specification give the ability to prevent high-voltage overshoots on the switch at the start time
of the switching. This converter has a high-voltage gain and at the 0.8 of the duty cycle can present a voltage with
70 times greater than the input voltage. The mathematical assessments including the voltage-gain calculations, current
for the diodes, capacitors, and inductors, losses investigations and efficiency calculations for the proposed converter is
presented in Section 2. Section 3 presents the simulation and experimental results and compares the features of the pro-
posed converter with the several new and well-known topologies for the DC-DC boost converter and Section 4 summa-
rizes the obtained results.
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2 | PROPOSED SC-BASED DC-DC BOOST CONVERTER

Figure 1A presents the proposed switched-capacitor-based boost converter. There are three inductors L1, L2, and L3, six
capacitors C1-C5 and CO and six diodes D1-D6 and one power switch M in this converter. The simplest way to analyze
the converter is obtaining the configuration of the converter for the ON and OFF-states of the power switch in two dif-
ferent time intervals for the continuous conduction mode. So, one can obtain the voltage gain of the converter through
the KVL and KCL laws.

FIGURE 1 A, Proposed switched-capacitor-based boost converter, and the configuration of the converter when the power switch is

in, B, ON and C, OFF-states
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2.1 | Analysis of the proposed converter in ON and OFF-states of the switch

Figure 1B,C illustrates the configuration of the proposed converter and the connection between components in ON and
OFF-states of the switch, respectively.

State 1: As can be seen in Figure 1B, diodes D2 and D5 are activated and other diodes are deactivated in this working
mode. The maximum voltage on the anode side of the diode D1 will be equal to zero because the power switch is in
short-circuit condition so this diode is deactivated. Also the cathode of this diode is connected to the capacitor C1 that
has a positive voltage and greater than the input voltage. This section of the converter is the input side of the quadratic
boost converters that have been analyzed in detail in many researches already.9,16,35 This voltage will charge the induc-
tor L2 through the power switch. Figure 2 is presented to give more details for this working state. This figure shows that
the voltage across inductors L1 and L3 are positive and the currents of these inductors are charging through VIN-D2-M
and L2-C2-CO-C4 components respectively. The voltage on capacitor C5 is increasing through the diode D5. For this, the
direction of the current in diode D5 and polarities of the capacitors should be considered. The orange arrow in Figure 3
shows the path to write the KVL for this loop. The positive polarities of the capacitors are given to better analysis. This
loop shows that the voltages of the capacitor C3 and C5 are decreasing and increasing in this operational mode. Capaci-
tors C2 and C4 are charging the currents of the inductor L3 and output capacitor CO. For this loop, the current of the
capacitor C1 also is discharging on inductor L3 and output capacitor. Loops with purple and green colors show these
states. Equations (1) to (4) are written based on loops with blue, orange, red, and green colors, respectively.

FIGURE 2 State of the components for ON-time interval of the switch and KVL loops

FIGURE 3 State of the components for OFF-time interval of the switch and KVL loops
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VL1 =Vi ð1Þ

VC3 =VC5 ð2Þ

VL2 =VC1 ð3Þ

VL3 =VC1 +VC2 +VC4−Vo ð4Þ

Voltage at the input and output sides of the converter and across inductors L1, L2, and L3, and capacitors C1 to C5

and CO are presented by Vi and VO, VL1, VL2, and VL3 and VC1, VC2, VC3, VC4, VC5, and VCO, respectively.
State 2: Unlike the first case, diodes D2 and D5 are deactivated in this working mode according to Figures 1C and 3.

The voltage across the capacitor C1 is increasing through the inductor L1 via the input voltage and because the voltage
across this inductor is negative, the current of the inductor begins to decrease. Also, the voltage on the capacitor C2 is
increasing through the inductor L2 and diode D3 that can be seen by purple loop color in Figure 3. Voltage of the capac-
itors C3 and C4 are increasing respectively through the diode D4 and D6. These states can be tracked by orange and red
loops in Figure 3. Also, the state of the capacitor C5 shows that the voltage of the capacitor is decreasing in this opera-
tional mode. By considering the loops with blue, purple, orange and yellow colors simply the Equations (5) to (8) can
be obtained as follows:

VL1 =Vin−VC1 ð5Þ

VL2 = −VC2 ð6Þ

VL2 =VC1−VC3 ð7Þ

VL3 =VC4−Vo ð8Þ

VC4 =VC3 +VC5 ð9Þ

Equation (9) shows that the voltage on the capacitor C4 is equal to the total voltages of the capacitors C3 and C5.
Figure 4 is presented to show the voltage and current states of the different components in this converter for ON and
OFF-time intervals of the power switch. To obtain this figure, the states of the components are considered through Fig-
ures 1B,C, 2, and 3.

2.2 | Voltage-gain assessment for the converter

Duty cycle D is a ratio that can present the ON-time duration for the power switch according to a period time T:

D=
Ton

T
ð10Þ

In this equation Ton is the time interval duration that the switch is activated. The average voltage across an inductor
is zero in a time period. This is well-known as the voltage-balance theorem.36 By considering this theorem for the
inductor L2, through Equations (3) and (6) one can write:

ðDT
0

VC1dt+
ðT
DT

−VC2ð Þdt=0 ð11Þ

The voltage value for the capacitor C2 is equal to:
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VC2 =
DVC1

1−D
ð12Þ

Also, the voltage across the capacitor C1 can be obtained as:

VC1 =
Vi

1−D
ð13Þ

By replacing the Equation (13) into (12), one can write:

FIGURE 4 The states of the different components under ON

and OFF-switching time intervals. Inductors are charged and

discharged simultaneously and the diodes D1, D3, D4, and D5

activated and deactivated simultaneously for these times intervals
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VC2 =
Vi

1−Dð Þ2 ð14Þ

The same theorem for this inductor can be rewritten through Equations (3) and (7):

ðDT
0

VC1dt+
ðT
DT

VC1−VC3ð Þdt=0 ð15Þ

Through the Equation (2), the voltage on capacitors C3 and C5 can be obtained as follows:

VC3 =VC5 =
VC1

1−D
=

Vi

1−Dð Þ2 ð16Þ

As mentioned for Equation (9), the voltage on capacitor C4 is equal to the total voltages across the capacitors C3

and C5:

VC4 =
2VC1

1−D
=

2Vi

1−Dð Þ2 ð17Þ

The voltage-balance theorem can be written for the inductor L3 as follows:

ðDT
0

VC1 +VC2−VC3 +VC4 +VC5−Voð Þdt+
ðT
DT

VC4−Voð Þdt=0 ð18Þ

By replacing the Equations (12) to (17), under the continuous conduction mode, the voltage gain of the proposed
converter can be obtained as follows:

MCCM =
Vo

Vi
=

2+D

1−Dð Þ2 ð19Þ

FIGURE 5 The voltage gain of the proposed converter and other conventional boost and buck-boost converters, for the duty cycles, A,

D ≤ 0.5; B, D ≥ 0.5
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Figure 5A,B is presented for the voltage-gain crosscheck of the proposed DC-DC boost converter and the conven-
tional Boost, Buck-Boost, Cuk, Cascaded Boost, and KY Boost converters. This figure easily can prove that the gain of
the proposed converter is higher for all different duty ratio values with the comparison for these converters. The reason
that gain curves presents in two sub-figures is that presenting a better comparison for voltage-gain that begin from
around 0 to around 70 for 0 < D < 0.8.

2.3 | Components current calculations

According to the state of the components in Figure 1B, the current follows through the capacitors C2, and C4 and the
inductor L3 and the load can be presented by Equation (20):

−IL3 = IC2,on = IC4,on = −Io ð20Þ

IC2,on and IC4,on present the currents of the capacitors C2 and C4 for ON-state of the power switch. According to the
voltage-balance theorem for the inductors, the current-balance theorem can be presented for the capacitors.36 Based on
this principle, the average current follows through a capacitor in a time period including both ON and OFF-time inter-
vals is equal to zero. At the first step, this theorem can be applied for the capacitor C4 as follows:

ðDT
0

IC4,ondt+
ðT
DT

IC4,off dt=0 ð21Þ

IC4,on can be replaced by Equations (20) and (22) can be used to find the IC4,off:

IC5,off = − IL3 + IC4,off
� � ð22Þ

These equations also can be used for the current of the capacitor C5:

IC5,off = −
Io

1−D
ð23Þ

IC5,off presents the current of the capacitor C5 for the OFF-state operational mode. Since the same current follows
through the capacitors C5 and C3 but in reverse direction, one can write:

IC5,on = −IC3,on =
Io
D

ð24Þ

IC5,on and IC3,on present the current of the capacitors C3 and C5 for ON-state. Equation (24) is written by considering
the Figures 1B and 2 and shows the capacitors C5 and C3 are charging and discharging through the power switch,
respectively. By considering the second operational mode, the current of the inductor L2 can be written as follows:

IL2 = IC2,off + IC3,off + IC4,off + IL3 =
2+D
1−D

Io ð25Þ

IC2,off, IC3,off, and IC4,off present the currents of the capacitors C2, C3, and C4, respectively. The current equations for
the power diodes D3, D4, D5, and D6 will be obtained through Equations (26) to (29), respectively:

ID3 = IC2,off + IL3 =
Io

1−D
ð26Þ

ID4 = IC3,off =
Io

1−D
ð27Þ
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ID5 = −IC3,on =
Io
D

ð28Þ

ID6 = −IC5,off =
Io

1−D
ð29Þ

IL2, IC2,on, and IC4,on are parameters that will be specify the current of the power switch:

IM = IL2−IC2,on− IC4,on =
1+2D
D 1−Dð Þ Io =

V3
o−VoV2

C1

VC1Vo−2V 2
C1

� �
R

ð30Þ

By replacing the Equation (13) for the voltage of the capacitor C1 into Equation (30), this current is obtained as
follows:

IM =
V3

o−VoV 2
C1

VC1Vo−2V2
C1

� �
R
=

V3
o−Vo

V
i

1−Dð Þ2
Vi

1−D

� �
Vo−2 V2

i

1−Dð Þ2
� �

R
ð31Þ

The current of the input source side, by considering the ON and OFF-states of the switch and configurations pres-
ented in Figures 1B,C, 2, and 3, can be written by Equation (32):

Ii =
ðDT
0

IL2−IC2,onð Þdt+
ðT
DT

IL2−IC2,off
� �

dt=
2+D

1−Dð Þ2 Io ð32Þ

This equation presents the relation between input current Ii and output current IO.

2.4 | Inductor current ripples calculation

The current ripples for the inductors of the proposed converter generally can be obtained as follows:

ΔIL =
DVi

Lf s
=
D 1−Dð ÞVo

2+Dð ÞLf s
=

ViVo−2V2
i

V i +Voð ÞLf s
ð33Þ

ΔIL, L, and fs present the ripple value for the current of the inductor, related inductor and switching frequency of
the converter respectively. By this equation, the maximum ripple value ΔIL,max can be calculated in term of the mini-
mum level of the duty cycle Dmin:

ΔIL,max =
DminVi,max

Lf s
=
Dmin 1−Dminð ÞVo

2+Dminð ÞLf s
ð34Þ

So if IL,av presents the average current of the inductors, the maximum current can be obtained for the inductors L1,
L2, and L3 through Equations (35) to (37):

IL1,max = IL1,av +
ΔIL1
2

=
2+D

1−Dð Þ2 Io +
D 1−Dð ÞVo

2 2+Dð ÞL1f s
ð35Þ
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IL1,max = IL1,av +
ΔIL1
2

=
2+D
1−D

Io +
D 1−Dð ÞVo

2 2+Dð ÞL1f s
ð36Þ

IL2,max = IL2,av +
ΔIL2
2

= Io +
D 1−Dð ÞVo

2 2+Dð ÞL2f s
ð37Þ

2.5 | Ripples calculations for the output capacitor

This ripple ΔVo can be obtained through the classic equation of the electrical charge ΔQ for the capacitor that is pres-
ented as (38):

ΔVo =
ΔQ
Co

=
1
Co

×
ΔIL3
2

×
Ts

2
×
1
2
=

VoD 1−Dð Þ
8 2+Dð ÞL3Cof

2
s

ð38Þ

This equation is presented to find the minimum value of the output capacitor Co,min to fix the output voltage at the
desired level:

Co,min =
ΔIL3,max

8f sΔVo
=

VoDmin 1−Dminð Þ
8 2+Dminð ÞL3f 2sΔVo

ð39Þ

2.6 | Efficiency calculations

The efficiency of the converter can be obtained by considering of the internal resistance for the circuit components. This
resistance for the power switch in ON-state is shown by rDS, for diodes are shown by PRF1 to PRF6, for capacitors by RC1

to RC5 and RCO and for the inductors by rL1to rL3. The threshold voltage for the diodes can be shown by VF1 to VF6. The
dynamic losses can be calculated by the effective value of the switch current. This current IS,rms, can be written by (47):

IS,rms =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

ðDT
0

IL2−IC3,on−IC4,onð Þ2dt
s

=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

ðDT
0

1+ 2D
D 1−Dð ÞIo

� �2

dt

s
=

1+2Dffiffiffiffi
D

p
1−Dð Þ Io ð40Þ

So, the dynamic losses for the switch will be equal to:

PrDS = rDSI
2
S,rms = rDS

1+ 2Dð Þ2
D 1−Dð Þ2 I

2
o ð41Þ

The switching losses of this switch can be written as:

PSw = f sCSV
2
S = f sCS

VC1

1−D

� �2

= f sCS
V2

i

1−Dð Þ2 ð42Þ

In (42), CS and VS are the output capacitor of switch and the voltage on switch when is deactivated respectively.
Equation (42) can be rewritten as:
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PSW = f sCS
MCCM +2ð ÞVo

4MCCM

� �2

ð43Þ

So, the total losses for the power switch can be obtained as follows:

PSwitch =PrDS +
PSw

2
ð44Þ

The effective current for the Diodes D1 and D2 can be calculated:

ID1,rms =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

ðT
DT

Io
1−D

� �2

dt

s
=

Ioffiffiffiffiffiffiffiffiffiffi
1−D

p ð45Þ

ID2,rms =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

ðDT
0

2+Dð ÞIo
1−D

� �2

dt

s
=

2+Dð ÞIo
1−D

ffiffiffiffi
D

p
ð46Þ

The dynamic losses of diodes can be obtained by (47):

PRFð ÞD =RFI
2
D,rms ð47Þ

The average values for the currents of the diodes ID1,av should be considered for calculation for the losses on these
diodes when are activated.

So, the losses on these diodes when are activated can be shown by:

PVFð ÞD =VFID,av ð48Þ

Also, for the capacitors, the effective current values IC,rms should be considered to obtain the power losses on these
components. In Equation (49), rC is the serial equivalent resistance for the capacitors:

PRC = rCI
2
C,rms ð49Þ

The effective current values IL,rms for the inductors L1, L2, and L3 and the power losses on these inductors PrL can be
calculated through Equations (50) to (52), respectively:

IL1,rms =
2+D
1−D

� �2

Io !PrL1 =RL1I
2
L1,rms =RL1

2+D
1−D

� �2

I2o ð50Þ

IL2,rms =
2+D
1−D

Io !PrL2 =RL2I
2
L2,rms =RL2

2+D
1−D

� �2

I2o ð51Þ

IL3,rms = Io !PrL3 =RL3I
2
L3,rms =RL3I

2
o ð52Þ

So the total losses for all components can be calculated by:

Ploss =PM +
X6

a=1
PRFð ÞDa +

X6

u=1
PVFð ÞDa +

X6

a=1
PRCa + PrL1 +PrL2 + PrL3 +PRCo ð53Þ
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The efficiency equation for the converter can be obtained generally by:

η=
Po

Po−Ploss
=

1

1+ Ploss
Po

ð54Þ

By replacing the Equation (53) into Equation (54), efficiency for the proposed converter can be obtained as follows:

η=
1

1+ φ
RD 1−Dð Þ2 + rCo

D2 1−Dð Þ2R
12 2+Dð Þ2L23f 2s

+ f sCsV 2
i

1−Dð Þ2RI2o

ð55Þ

In Equation (55), φ can be summarized by (56):

φ= 1+2Dð Þ2rDS +D 1−Dð Þ RF3 +RF4 +RF6ð Þ+ D 1−Dð Þ2
Io

X6

u=1
VFu + 1−Dð Þ2RF5 +D2 1−Dð Þ rC2 + rC4ð Þ

+ 1−Dð Þ rC3 + rC5ð Þ+DRL1 + 2+Dð Þ2DRL2 +D 1−Dð Þ2RL3

ð56Þ

Also, the voltage stress on the drain-source pins of the power switch is equal to:

VS =
VC1

1−D
=

Vo

1−Dð Þ2 ð57Þ

Based on the Equation (57), the voltage stress across the switch is less than the output voltage and the output volt-
age is dividing on the switched-capacitor cell block components to impose the less amount of voltage on the switch.
This increases the reliability and long-life of the converter and decreases the losses of the switch.

2.7 | The voltage ripples of the capacitors

Figure 6A presents the estimated ripple curve for the capacitor C2. The ripple amplitude is shown with ΔVC2. ΔVC2,ESR

is the ripple value caused by equivalent serial resistance of C2 and ΔVC2,cap is the ripple value caused by charging and
discharging of this capacitor. The actual voltage across the capacitor is in form of the curve indicated in red color in this
figure. The orange curve has been given to present the impact of the ΔVC, ΔVC,cap, and ΔVC,ESR components on the
voltage. So, the ripple for this capacitor can be obtained from:

ΔVC2 =ΔVC2,ESR +ΔVC2,cap ð58Þ

The maximum ripple value is equal to:

ΔVC2,ESR =ESRC2ΔIC2 ffiESRC2 IC2,off −IC2,on
� �

=
ESRC2Io
1−D

ð59Þ

In this equation, ESRC2 is defined by:

ESRC2 =
tanδC2
2πf s

ð60Þ

That, tanδC2 is the losses coefficients of this capacitor. ΔVC2,cap can be presented by:
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ΔVC2,cap =
IC2,off 1−Dð ÞT

C2
=
DTVo

RC2
ð61Þ

The same fact can be presented for the capacitors C3, C4, and C5. The current and voltage curves for these capacitors
are illustrated in Figure 6B-D, respectively. In Equations (62) to (66), ΔVC,ESR is the ripple value caused by equivalent
serial resistance of capacitors and ΔVC,cap is the ripple value caused by charging and discharging of the capacitors. So,
the ripple for the capacitors C3, C4, and C5 can be obtained respectively from:

ΔVC3,4,5 =ΔVC3,4,5ESR +ΔVC3,4,5cap ð62Þ

ΔVC3,4,5ESR =ESRC3,4,5ΔIC3,4,5 ffiESRC3,4,5 IC3,4,5,on−IC3,4,5,off
� �

=
ESRC3,4,5Io
D 1−Dð Þ ð63Þ

ESRC3,4,5 =
tanδC3,4,5
2πf s

ð64Þ

ΔVC3,4,5cap =
IC3,4,5onDT

C3,4,5
=

TVo

RC3,4,5
ð65Þ

The voltage ripple for the output capacitor is defined by:

FIGURE 6 Voltage and current waveforms for capacitors, A, C2; B, C3; C, C4; and D, C5
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ΔVo =
VoD 1−Dð Þ

8 2+Dð ÞL2Cof
2
s

ð66Þ

A comparison has been done to evaluate the performance of the proposed converter with some of the well-known
DC-DC boost structures. Table 1 presents this comparison. The proposed converter is including the more inductors,
diodes, and capacitors and has only one power switch that is less than the number of switches for the proposed con-
verters in References 37 and 38. The main advantages of the projected topology can be summarized in high-voltage gain
and mitigated-voltage stress features on the main power switch. These two important parameters are compared in
Table 1 and for better understanding, Figure 7 is presented. Figure 7A,B shows this comparison separately for the volt-
age gain and voltage stress.

Since the converters in References 39 and 40 have the (1-2D) term in the denominator of their gain equation, so the
duty cycles equal or near to 0.5 are the critical switching ratios for these structures, and switching should be avoided in
this area. Switching with these duty cycles endures high-voltage stress near to output voltage on the power components
especially across the power switch that causes serious damages to the switch and other power elements and an abrupt
increment in the circuit losses.

For other amounts of the duty cycles, the voltage gain of the proposed converter shows the best result and the volt-
age stress is less for this converter for duty cycles more than 0.5. For smaller duty ratios, the generated voltage across
the switch is not high enough to damage the switches in all converters presented in References 37–39, and the proposed
topology.

TABLE 1 Comparison between

proposed and other boost converters
Parameter 37 38 39 40 41 Proposed

Inductors 2 2 2 2 2 3

Capacitors 3 5 3 3 3 6

Diodes 4 4 3 2 2 6

Switches 2 1 2 1 1 1

Voltage gain 2
1−D

2+D
1−D

3+D
1−D

1
1−2D

2 1−Dð Þ
1−2Dð Þ

2+D
1−Dð Þ2

Stress on switches VO
2

VO
2+D

VO+Vin
4 Vo VO − Vin (1 − D)2Vo

FIGURE 7 A comparison between the proposed and other DC-DC boost converters, A, voltage gain; B, voltage stresses across main

power switch
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3 | SIMULATION AND EXPERIMENTAL RESULTS

In order to confirm the investigated mathematical analysis for the proposed converter, in this section, the simulation
and hardware test results are presented. The components specifications are shown in Table 2. In order to prepare a
comparison for the simulation and experimental results, the same values for the components are selected. The power
switch is derived under 50% of the duty cycle D = 0.5. Based on Equation (19), for the input voltage equal to 24 V DC, a
voltage with around 240 V DC amplitude at the output of the converter is expected.

Figure 8A presents the input and output voltages and shows that the desired voltage has been obtained. Figure 8B
illustrated the input and output current for the projected converter.

Based on the Equation (32), and by considering the Table 2 parameters, for the 170 W as the output power, since
the output voltage is fixed at the 240 V DC, a current around 0.7 A of magnitude for the load side is expected. So, cur-
rent with the average amount of 7 A is expected at the input side. Figure 8B shows that that the expected current is
obtained in the input side.

In different studies for the design of a power converter including the buck, boost, or buck-boost structures, the
design is done in such a way that the magnitude of the ripple of the current flowing through the inductor does not
exceed 50% of the average current of the inductor.36-41 In the proposed converter, since the maximum ripple and aver-
age current values are 2A and 7A, respectively, this ratio will be around 28% that is considered as a good design. Also,
the Equation (34) shows that the fewer ripples can be obtained for the input current with a greater inductor or higher
switching frequency. The main concern is that there is a reverse relation between the frequency and value of the induc-
tor. It means that for the higher frequencies one has to apply a smaller inductor and vice versa. Also, applying a small
inductor is not recommended for high-power utilizations including the converter and inverter blocks since the

TABLE 2 Components values Parameter Simulation Experimental

Input voltage 24 V DC 24 V DC

Output voltage 240 V DC 240 V DC

Output power 170 W 170 W

L1, L2 200 uH 200 uH

L3 100 uH 100 uH

C1 100 uF 100 uF

C2, C3, C4, C5 100 uF 100 uF

CO 470 uF 470 uF

D1-D6 Based on DSEP15-06A specifications DSEP15-06A

MOSFET Based on IXTQ460P2 specifications IXTQ460P2

Switching frequency 50 KHz 50 KHz

FIGURE 8 The input and output, A, voltage, and B, current waveforms under D = 0.5
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switching frequencies are below 50 KHz in these applications. That is the reason for the around 50% of the ripple is
acceptable for the inductor current.42-48 For the simulation results, the MATLAB/SIMULINK has been used.

Figure 9 presents the voltages across the inductors. Since a positive voltage across an inductor charges the inductor
current and the negative voltage discharges the current of the inductor, this figure easily can confirm that all of the
inductors will begin to be charged and discharged simultaneously. The charging will be done in the ON-state time inter-
val of the switch and the discharging process will happen at the OFF-state. Figure 10 illustrates the voltage across the
different diodes in the proposed converter. From Figure 10A, as predicted in Section 1 for the states 1 and 2 for the ON
and OFF-operational modes of the power switch, and as shown in Figure 1B,C, at the same time only one of the diodes
D1 and D2 are activated. A negative voltage across a diode shows that the diode will be deactivated and a voltage with a
positive amplitude equal to the diode's threshold voltage will activate the diode.

Also Figure 10B shows that the states of the diodes in the switched-capacitor side based on Figure 1B,C is truly esti-
mated and when D3, D4, and D6 are activated diode D5 is deactivated and vice versa.

Figure 11A,B presents the voltages across the capacitors in the proposed power converter. An interesting result that
easily can track by this figure is the voltage on the capacitor C4 that is equal to the total of the voltages on the capacitors
C3 and C5. This state had been predicted by the Equation (9).

Figure 12 shows the comparative curves to evaluate the efficiency of the proposed converter and the converters pres-
ented in Table 1 theoretically. According to this figure, efficiency is less for all of the converters for the low power appli-
cations. The reason is clear. Any converter losses a fixed amount of the power for the semiconductor components. So,
when the power value is low, the efficiency is low too.37-41 Other losses types for a power circuit are including the
switching and dynamic losses. So, for the higher power values the efficiency is being more. As can be seen from this fig-
ure, the efficiency of the proposed converter is being more by increasing the output power and reaches the most effi-
cient point at around 150 W. After this power, the proposed converter maintains its efficiency. For obtaining this curve,
input and output voltages is fixed to 24 and 240 V, respectively and by changing the load value, different levels of the

FIGURE 9 Voltage across inductors and charging and

discharging time intervals

FIGURE 10 Voltage across, A, D1, D2, and B, D3-D6 for charging and discharging time intervals
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load currents are obtained. Since P = V. I, the different power values can be calculated for the output side. The average
amount of the input current is reported through the oscilloscope in the MATLAB/SIMULINK environment and the
input power is obtained through the same power equation. So, the efficiency easily can be found by ƞ= PO

Pin
.

Figure 13A presents the implemented hardware. Since that this circuit has been designed to be used for the PV utili-
zations, the real value of these panels components and parameters are considered. For example, the input voltage and
output power of the converter have been fixed at 24 V DC and 170 W that is the normal level of the voltage and the
power for many of the PV panels like JIYANGYIN HAREON HR-200W/24. Differential probes are used to measure the
voltage and currents of the components in the circuit. Test results are shown in Figure 13B-K. in some of these figure a
coefficient is appearing on the figure that show the real measured value by the probes. For example, the (2.32 × 20) in
Figure 13B illustrates that the volume on the differential probe has been adjusted on 20 and it shows the real measured
value is 46.4 V. The driving signal at the gate-source and result voltage across drain-source pins are presented in
Figure 13B. As can be seen in this figure, around 24 V is considered for the gate-source pins and for the 240 V DC at
the output load, a voltage with around 46.6 V of amplitude drops at the drain-source pins. In comparison with the out-
put voltage, this level of the mitigated voltage is considerable and approximately around 20% of the output voltage
appears in switch. It is one of the main advantages of the proposed converter. This result shows that the output voltage
is dividing on the other capacitors of the switched-capacitor cell. Figure 13C presents the input and output voltages.
Since the duty cycle and the switching frequency are adjusted on 0.5 and 50 KHz, where 240 V DC is expected at the
output ends, a voltage around 232 V DC is obtained that is a considerable result. The voltage across the inductors L1 to
L3 are reported in Figure 13D,E. These figures can easily confirm that all of the inductors are charging and discharging
simultaneously that is presented in Figures 1B,C, 2, 3, and 4. Charging and discharging mean that voltage on inductors

FIGURE 11 Voltage across, A, C1, CO, and B, C2-C5

FIGURE 12 Efficiency comparison for the proposed converter

and other converter in Table 1
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FIGURE 13 Experimental results. A, Implemented hardware, B voltage across the gate-source and drain-source pins of the power

MOSFET, C, input–output voltages, voltages across, D, the inductors L1 and L2 and E, the inductors L2 and L3, and F, the diodes D1-D2,

and G, D3-D4, and H, D5-D6, and on capacitors, I, C1-C2, J, C3-C4 and K, C5-CO
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are positive and negative, so the current follows through the inductors are raising and falling respectively. But since the
proposed converter has been designed to operate in the CCM, the average of the currents of the inductors always should
be positive. Raising and falling of the current make the current ripples that is presented in Figures 4 and 8B.

FIGURE 13 (Continued)
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Figure 13F-H illustrates the voltages across the power diodes D1 to D6. Results confirm the theoretical investigations
presented in Section 2 in the Figures 1B,C, 2, and 3 and the Equations (1) to (9). Diodes D1 and D2 and diodes D5 and
D6 are activated asynchronously and the diodes D3 and D4 are activated simultaneously. Another important issue is the
voltage stresses across the anode-cathode pins of the diodes. According to these results, the dropped voltage values
reversely for the diodes D1 to D6 are 45, 45, 43.2, 99.2, 99.2, and 44 V, respectively. These levels of the voltages in com-
parison with the output voltage are completely less and tolerable. Figure 13I-K shows the voltages across capacitors
C1-C2, C3-C4, and C5-C6, respectively. The voltages values are reported equal to 48, 100, 100, 96, 102, and 240 V DC,
respectively for the capacitors C1 to C5 and CO. The theoretical analysis shows that the 48, 96, 96, 96, 96, and 240 V DC
are expected according to Equations (13) to (17) for these capacitors, respectively. There is a good matching between
the measured results and the values are estimated through the mathematical analysis. The differences between some of
these voltages can be considered as the losses on the internal resistances of the capacitors.

Figure 14 shows the efficiency curves for the proposed converter according to real test results and the simulation
results presented in Figure 12. This figure shows that the efficiency in the real conditions of the laboratory-scaled proto-
type is closed to the results for the simulation. The difference between these two curves can be expressed as the internal
resistance of the components and voltages droops across the power diodes and other slight parameters that have not
been considered mathematically.

4 | CONCLUSION

A new switched-capacitor-based, transformer-less, and single-switched DC-DC power boost converter is presented in
this study. Although the number of the power diodes, capacitors and inductors are more for the proposed topology in
comparison with the classical boost and buck-boost converters, the voltage gain of the projected structure considerably
is more and the converter suggests a mitigated-voltage stress on the power switch. These features will be more impor-
tant when know for the duty cycle equal to 0.8, theoretically with 10 V DC as the input voltage, a voltage with 70 times
greater than magnitude of the input voltage can be obtained at the output nodes and the dropped voltage on the drain-
source pins will be equal to 175 V that is only the quarter of the output voltage. This feature can increase the reliability
and long-life of the converter and decrease the power losses on the switch. The reaction of the circuit under CCM oper-
ational condition was analyzed and the voltage and currents of the components were investigated mathematically and
practically by a 170 W implemented hardware.
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