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Abstract—This paper proposes a split-phase control diagram for a
new design of a DC-to-DC boost converter which is called PSC-
boost and studies its performance. The PSC-boost has two sides,
the primary is a PSC converter and the secondary is a DC-to-DC
boost converter. The effect of applying the split-phase control
diagram helps reduce the output impedance successfully and
increases efficiency by 3%. The simulated and analytical results
have been proven to validate the effect of the split-phase diagram.
The simulated design contains five switches, five capacitors, seven
diodes, and three inductors to step up 10V into 160V at 200KHz
and 100KHz switching frequencies. The LTspice simulator was
used to design and test the proposed model.
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1. INTRODUCTION

Renewable energy has been proven to be an essential
sustenance of conventional energy resources. Sustainability and
eco-friendliness are two motivations that motivate hundreds of
renewable energy research projects, but the low produced
power limits its usage, for instance, PV cells produce a voltage
that ranges between 12 to 48V. To overcome this limit and
expand renewable energy applications, boosting the DC
produced voltage to a higher voltage level by using DC-to-DC
boost converters is recommended. Furthermore, DC-to-DC
converters help finding the appropriate integration between
renewable energy sources and grid utilities. There are two types
of DC-to-DC boost converters: isolated or non-isolated
converters. Their main difference is that the isolated design has
a power transformer that divides the converter into primary and
secondary sides. Having a power transformer increases the
voltage gain, however it can produce -electromagnetic
interference. Lower power density is another side effect of
using a power transformer. Thus, a non-isolated conventional
boost converter is preferable over the isolated DC-to-DC
converter due to the absence of the power transformer. Duty
cycle dependency and voltage inductor second balance are two
operational aspects of the non-isolated boost converter. The
proportional relation between the duty cycle and high voltage
gain makes the increase in the duty cycle the only way to
provide a higher voltage gain. However, the increase of duty
cycle is limited by switches’ voltage stress, which could harm
the converter’s efficiency. There are several alternative ways to
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increase the voltage gain at a lower duty cycle, such as adding
voltage multipliers to the DC-to-DC boost converter [1, 2].
Besides that, using a resonant approach for DC-to-DC
converters, shows great improvement of the converters
efficiency [3, 4]. The new DC-to-DC converter is known as a
Multilevel Boost Converter (MBC). Adding more output
multipliers and keeping the main converter part (primary side)
is the main aspect of the MBC converter [5-13]. The MBC
increases the regulated output voltage by adding voltage cells,
which are basically switched capacitors cells, but have
drawbacks, such as the failure to produce the actual output
voltage at higher duty cycles [14]. The proposed model in [14]
uses a switched capacitor converter (PSC) as a primary stage
on a conventional boost converter. The switched capacitors
cells work similarly with the MBC converter, however, they
are connected to the primary side of the conventional boost
converter. The PSC-boost converter has shown superiority in
the efficiency and actual rated voltage achievement in
comparison with the MBC converter. In [15], the proposed
control diagram helps achieving the complete soft-charging
operation. The proposed split-phase diagram helps in
increasing the efficiency by reducing the PSC converter’s
output impedance.

This paper complements our work in [14] by using a split-
phase control diagram [15] to operate the 8 switches of the
PSC-boost. The implemented control diagram increases
effectively the PSC-boost efficiency in reducing the output
impedance. Analytical and simulated results are presented.

II.  THE PSC SWITCHED-CAPACITOR CONVERTER

A. Topology and Operation

Figure 1 shows the topology of the 1-to-4 PSC converter
and its control signals. The control diagram in Figure 2(a)
shows how four modes of operation are possible. In each mode,
the capacitors are connected to each other differently for
voltage regulation purposes. In Mode-1, the flying capacitor C,
is charging and the flying capacitor Cp, is discharging. In
Mode-2, both flying capacitors C,; and Cp, are discharging and
in Mode-4 they are both charging. In Mode-3 Cy is discharging
and Cj; is charging. To find the gain voltage of the proposed
converter, each mode has a total charge that can be derived
from the following equations [15-18]:
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QT; =V, G + chcz+chlcf1 + Ve Crr (1)

where i is the number of modes (1, 2, 3, 4). From Mode-1
(Figure 2) we have:

chl = Vq )
VCZ = Vsz (3)
Ve,, Ve,, (@)

B.y substituting (2), (3) and (4) in (1) we get the total
charge of Mode-1 (5):

QT = Vin(=Cr1 = C1) +
Via(Co + Crp — € — Cpy) + Vo (€L + Crp)  (5)

To find the total charge of the rest of the modes, the same
steps can be repeated:

QT; = in(Cfl —-C)+ Vi (€ + Cpy
QT; = in(_Cfl - C1) +
Vea(Cr+ Cep + Cpp — C3) + Vot G (7)
QT, = in(Cfl - C1) +
Via(=C 4 Cpp + C) + Ve G (8)

=V0_Vin_

- CZ) + Vout CZ (6)

D D55 L3

L Di|

D« D7

Load

The 2-level of the proposed PSC-boost converter.

Fig. 1.

In the steady state operation, the total charge of any pair of
modes is assumed to be equal. In this work, we assumed that:

ATy =QT, (9)
QT, = QT; (10)
By simplifying (9) and (10) we get:
2VinCry + Vi Cpy — Ve G = 0 (11)
2VinCey — Vi Gpy =0 (12)

By combining (11) and (12), the 1-to-4 PSC converter’s
voltage gain can be calculated (13):

Vout = 4Vin (13)
The general form of the proposed converter is:
Vour = 2"V (14)

where n is the number of the stage.

B. Slow-Switching Limit Impedance (Rss)

The SC converters suffer from losses related to the
switches’ switching and the capacitors’ charging or discharging
process. This capacitors’ loss can be characterized as an output
impedance that is called a slow switching limit impedance Rgg;.
The charge flow analysis of the four modes has been applied to
find the charge multiplier of the four capacitors a’

qé = al qoue  (15)
qc =4c,qc,9c¢,,9c;,]" (16)

In [13, 14] a useful technique was used to find the charge
flow’s vector of all the operation modes. For the ith mode,
KCL can be derived by:

Biq'=0 (17)

where B; represent the reduced incidence matrices of the four
modes of 1-to-4 PSC converter:

[-1 -1 0 1 0 0] -1 -1 0 -1 0 O]
0 1 1 -1 -1 0 01 1 0 -1 0
By = By g =
0 0 -1 0 1 -1 0 0 -1 0 0 -1
1 0 0 0 0 1 1 0 0 1 1 1
c - - 4 (18)
-1 1 0 -1 0 0 11 0 1 0 0
P e e I L s B
4o 0 1 0 0 -1 %o 0 1 0 1 -1
1t 0o 0o 0o 1 1] 1t 0 0 -1 0 1]

-3 -3 -2
o
Ariow = :% Ariow = _23 qFlow ? qFlow = (19)
TR

3 3

The total output charge with respect to the output charge
can be found in (20):

Qout = Qoue + Qour + Qoue + doue  (20)
The total output charge with respect to the input charge is:
=5qm (21)

By using (21), (19) can be rewritten with respect to the
output charge (22):

[

I “qout |

3CIm 3‘1m
Qout = qin + qin +

By applying (15), the charge multipliers are:
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Then by using Tellegen’s theorem, R, can be found for
the proposed design:

Vout + Znumber of € (@c)” )2 =0 (24)
dout Ci
Vout __
where = Rgg.
dout

Rssl _ Znumber of C (azlz) (25)

C3

pooy

Fig. 2. 1-to-8 PSC topology (three-stage).
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Fig. 3. The charge flow direction for each operation mode.

C. Fast-Switching Limit Impedance

Another important parameter in the SC converters’ analysis
is finding the fast switching limit (Rgg;). In the SC converter
two parameters are responsible for increasing efficiency, which
are high switching frequency and large capacitor size. The R,
depends on the switches’ R, ,, as:

Rpg = X1 olS (q, )2 (26)

where (a,;) is the charge multiplier of eight switches in the 1-
to-4 PSC converter.

III. A COMPARISON BETWEEN THE PROPOSED PSC
CONVERTER WITH THREE SC CONVERTER TOPOLOGIES

The comparison between the proposed PSC and three
known SC converter topologies (1-to-4 series to parallel, 1-to-4
ladder, and 1-to4 Dickson) considers the fundamental
efficiency and the output impedance. The PSC converter is
found to be superior over the three other topologies in high
efficiency achievement whereas the 1-to-4 ladder has the
lowest efficiency (Figure 4). In addition, the PSC converter
successfully achieves the SSL limit at a lower switching
frequency faster than the other topologies (Figure 5). In other
words, the PSC converter requires less switching frequency to
achieve lower output impedance. The second lowest output
impedance among the compared topologies is accomplished by
the series to parallel topology, which means that an additional
comparison must be calculated between the PSC converter and
1-to-4 series to parallel considering the number of switches and
the maximum voltage stress across the switches [19-24].

1-to-4 Prop
1-to-4 serie

1-to-4 Dickson

Efficiency

60
Power (W)

Fig. 4. Efficiency vs rated power.

IV. THE PROPOSED MODEL

The PSC switched-capacitor converter can be used as a
voltage multiplier and as a primary stage of a non-isolated
boost converter. The multiplier cells can be increased with
regard to the desired output voltage without distorting the
conventional boost converter side. Capacitors’ charging and
discharging processes are successfully demonstrated by fully
controllable semiconductor devices, which are switches. The 8
switches are controlled by the proposed split-phase diagram
that allows dead time for each switch. In addition to applying a
split-phase control diagram, the proposed switched inductor
cell in [25] is used as an input inductor in the boost converter
side (second-stage). The proposed control diagram is based on
the increase of the periods of the transitions modes which are
between any two existing modes. This allows a dead time for
all eight switches (Figure 3). Applying the split phase control
diagram helps to reduce the output impedance, thus exhibiting
the converter’s efficiency. Adding more modes would reduce
the charge multipliers of each capacitor and thus reduce the
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output impedance. To reduce the output impedance by using
the convectional control diagram requires a higher switching
frequency. This requirement can be recovered by applying the
split-phase control diagram where the output impedance can be
maintained low at a lower switching frequency. Table I exhibits
the comparison between the PSC output impedance for
traditional and split-phase control diagrams.

1-to-4 Series-Parallel
1-to-4 Dickson

1-to-4 PSC converter

E -,
=
S
=10 \
g
=
=
-
@
=5
s e
a1’
= \'_
107 2
[ 10°
Switching Frequency (kHz)
Fig. 5. Output impedance vs switching frequency.
TABLE 1. COMPARISON BETWEEN THE PSC OUTPUT IMPEDANCE
FOR TRADITIONAL AND SPLIT-PHACE CONTRO
Charging operation Ry (a.)?
number of C 2
. . (ac,i) 5
Conventional control diagram - -
6 L C; fsw 2
=1
number of C
. . 3 (ac i)z 5
Split-phase control diagram — Z - —
20 L C; fsw 18
i=

V. ANALYSIS OF THE PROPOSED MODEL

The proposed converter has two stages, PSC converter and
conventional boost converter (Figure 7). The boost stage has an
input which is basically the PSC converter output voltage.
When replacing the input inductor of the boost converter by the
switched-inductor model which has three inductors L, L, and
L, these three inductors are assumed to be ideal and equal.
During Mode-1 to Mode-4, each of the three inductors has a
voltage drop equal to V;,, (27) due to their parallel connection:

Vin =Viu =V, =V,3 (27)

_Vou
=22 (28)

where V,,, and R, are the output voltage and the load
respectively. When S-boost is off, a series connection of L,, L,
and L is exhibiting through Mode-5 to Mode-8:

Vin =Via + Vi + Vg + Vo (29)

since L,, L, and L; are the same, they will have the same
voltage drop.

Vin = Vi +Vip + Viz + Vour  (30)
3V, =V, +V,+Vs5 (3D
We can rewrite (30) into (31) to get (32):

Vin = 3VL + Vout (32)

VL — Vin ;Vout (3 3)

By assuming the inductor voltage’s second balance to (27)
and (33), the voltage gain of the proposed model can be
obtained:

DVyy, = —(1— D) (22 (34)

The converter gain of the second stage can be found by:
Vout 2D+1

= (35)

Vin 1-D

By substituting V;,, in (35) by the output voltage of PSC we
get:

Vour  _ 2D+1 (36)
Vout_psc 1-D
Vout_psc = ZNVin (37)

where N is the number of the converter stages.
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Fig. 6. (a) A proposed timing diagram for the split-phase operation for the

1-to-4 PSC converter, (b) The 8 operation modes of the 1-to-4 PSC converter
after applying the split-phase.
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SC Converter ‘

Fig. 7. The proposed converter and its two stages, PSC converter and
conventional boost converter.

By rewriting (36), the voltage gain of the PSC-boost
converter can be represented as:
Vour _ 2N (2D+1)

= 2G4 (3g)

Vin 1-D

VI. RESULTS AND DISCUSSION

LTspice simulator was used to study the PSC-boost
converter and its performance in split-phase control. Based on
the simulation parameters in Table II, the two-level PSC-boost
converter successfully converts 10V to 160V as presented in
Figure 8.

TABLE IL. SIMULATION PARAMETERS OF THE PSC-BOOST
Parameter Value
Input voltage (V) 12V
Switching Frequency B, (kHz) 100
Switching Frequency S, to Ss (kHz) 200
Diode type MBRS240LT3
Switches type IRFIS40NPbF
Cito C; 94uF
C//, C/zal’ld C,, 188]J.F
Duty cycle of Spoost 50%

The output voltage
The output of PSC
The input of PSC

Voltage (v)

T
dss a5

fas _3ns bas s Lms 1585 18as
Time (s)
Fig. 8. The output voltage of the proposed PSC-boost converter.

Furthermore, the single inductor in the boost side was
replaced by a switched inductor model to increase the proposed
converter’s gain and its rated output power. The switched-
inductor cell operates in two operation modes regarding to the

Spoost States. The three inductors have a parallel connection
when S 1S on and a series connection when Sy, 1S Off.
Having parallel and series connections allows inductors to
charge and discharge instantaneously. The dependency
between Sy States and inductors’ connections can be proven
by the waveform similarity between the switched inductor
input current and the Sy, gate driver, as indicated in Figure 9.

P
MHE A A A A EAEAAAEAEAEEAE @ E
v
10
1]
v
1o
o
o]
]
::._4_______1__1_ Vg signal of S-boost
al

H oo e e e e e ] Ilnpu(currenlofboos(slage

20.54a5 20.558s 20,S6as 20.57as 20.58ss 20,59ms 20.60as 20.6lms 20,625 20.6as 20.6dss 20.65as 20.66as 20.67ms 20,685 20.6%s 20.70ms,

Time (s)
Fig. 9. Iin with the duty cycle, shows L1, L 7 and L3 parallel and series
connections.
PSC stage controlled by conventional control
PSC stage controlled by Split-phase
10’
g
s
=
-
@
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©
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Fig. 10.  The output impedance at two different control diagrams.
100
PSC stage controlled by conventional control
PSC stage controlled by Split-phase
- \\
—
Sw
g
=
= s
80
s
200 250 300 350 400 450 500 550 600
Power (w)
Fig. 11.  The efficiency of PSC multiplier cells at two different control
diagrams.

Since the PSC-boost converter consists of two stages (SC
cells and a conventional DC-to-DC boost converter), in this
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article the primary stage of PSC cells was designed to operate
in the complete soft-charging operation [13, 15]. The complete
soft-charging operation effectively reduces the switching
frequency requirement that is essential to decrease the SC
converter’s output impedance as presented in Table L
However, in order to achieve the complete soft-charging
operation, a split-phase control diagram is needed. The split-
phase diagram presents a transition mode between any two
existing modes in the conventional operation. For instance, a
transition mode, called Mode-1b, will appear between Mode-1
and Mode-2. The difference between Mode-1 and Mode-1b is
that Mode-1b has three capacitors instead of four. The isolation
of the fourth capacitor reduces the total charge multipliers, and
as a result, lower output impedance will be achieved.

The work in [14] has been completed in this paper. The
PSC converter is controlled by the split-phase control diagram
instead of its conventional operation. Figure 10 shows a
comparison of the PSC converter’s output impedance before
and after using the split-phase control diagram. It can be clearly
seen that using a split-phase control diagram helps to reduce
the output impedance and as a result a lower switching
frequency is required to reduce the capacitors’ losses. In
addition to the output impedance reduction and low switching
frequency requirement, the spilt-phase operations increase the
converter’s efficiency. The reduction of the output impedance
which represents the SC converter loss is behind the high
efficiency achievement.

VIL

The LTspice simulator has been used to design the
proposed model and successfully produces a 160V from 10V
input. The effect of using a split-phase control diagram to
improve the efficiency of the PSC-boost converter was proven
in this article. The spilt-phase control diagram reduces the
switching loss and the output impedance. The split-phase
control diagram was compared with the conventional control
diagram in [9] and the efficiency effectively increased from
92% to 95%. This superior efficiency achievement is caused by
the lower output impedance and dead time periods. In addition,
the split-phase reduces the switching frequency required to
reduce the output impedance of the PSC stage. This
requirement can be achieved at a lower switching frequency
limit when the split control diagram is used. Furthermore, the
split-phase reduces the effect of the higher switching frequency
in order to reduce the output impedance. This requirement can
be instead achieved at a lower switching frequency.

CONCLUSION

REFERENCES

[1] J.C. Rosas-Caro, J. M. Ramirez, and P. M. Garcia-Vite, “Novel DC-DC
Multilevel Boost Converter,” in IEEE Power Electronics Specialists
Conference, Rhodes, Greece, Jun. 2008, pp. 21462151, doi: 10.1109/
PESC.2008.4592260.

[2] M. Mousa, M. E. Ahmed, and M. Orabi, “New converter circuitry for
PV applications using multilevel converters,” in 3/st International
Telecommunications Energy Conference, Incheon, South Korea, Oct.
2009, pp. 1-6, doi: 10.1109/INTLEC.2009.5352031.

[3] K. Jayaswal and D. K. Palwalia, “Performance Analysis of Non-Isolated
DC-DC Buck Converter Using Resonant Approach,” Engineering,
Technology & Applied Science Research, vol. 8, no. 5, pp. 3350-3354,
Oct. 2018.

(4]

(3]

(6]

(7

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

V. V. S. K. Bhajana and P. Drabek, “Development and Evaluation of an
Isolated Resonant Converter for Auxiliary Power Supply in DC
Traction,” Engineering, Technology & Applied Science Research, vol. 9,
no. 2, pp. 4048-4052, Apr. 2019.

J. C. Rosas-Caro, J. M. Ramirez, F. Z. Peng, and A. Valderrabano, “A
DC-DC multilevel boost converter,” IET Power Electronics, vol. 3, no.
1, pp. 129-137, Jan. 2010, doi: 10.1049/iet-pel.2008.0253.

A. S. Musale and B. T. Deshmukh, “Three level DC-DC boost converter
for high conversion ratio,” in International Conference on Electrical,
Electronics, and Optimization Techniques, Chennai, India, Mar. 2016,
pp. 643-647, doi: 10.1109/ICEEOT.2016.7754759.

J. R. Rahul, A. Kirubakaran, and D. Vijayakumar, “A new multilevel
DC-DC boost converter for fuel cell based power system,” in /EEE
Students’ Conference on Electrical, Electronics and Computer Science,
Bhopal, India, Mar. 2012, pp. 1-5, doi: 10.1109/SCEECS.
2012.6184822.

M. S. B. Ranjana, N. S. Reddy, and R. K. P. Kumar, “A novel non-
isolated switched inductor floating output DC-DC multilevel boost
converter for fuelcell applications,” in IEEE Students’ Conference on
Electrical, Electronics and Computer Science, Bhopal, India, Mar. 2014,
pp. 1-5, doi: 10.1109/SCEECS.2014.6804492.

M. S. Bhaskar, N. S. Reddy, R. K. P. Kumar, and Y. B. S. S. Gupta, “A
novel high gain buck-boost multilevel converter using double voltage-
lit switched-inductor cell,” in IEEE International Conference on
Computer Communication and Systems, Chennai, India, Feb. 2014, pp.
248-253, doi: 10.1109/ICCCS.2014.7068201.

G. Tibola, J. L. Duarte, and A. Blinov, “Multi-cell DC-DC converter
with high step-down voltage ratio,” in [EEE Energy Conversion
Congress and Exposition, Montreal, QC, Canada, Sep. 2015, pp. 2010-
2016, doi: 10.1109/ECCE.2015.7309944.

G. Butti and J. Biela, “Novel high efficiency multilevel DC-DC boost
converter topologies and modulation strategies,” in /4th European
Conference on Power Electronics and Applications, Birmingham, UK,
Sep. 2011, pp. 1-10.

D. Gunasekaran, L. Qin, U. Karki, Y. Li, and F. Z. Peng, “Multi-level
capacitor clamped DC-DC multiplier/divider with variable and fractional
voltage gain - an (n/m)X DC-DC converter,” in IEEE Applied Power
Electronics Conference and Exposition, Long Beach, CA, USA, Mar.
2016, pp. 2525-2532, doi: 10.1109/APEC.2016.7468220.

A. S. Alateeq, Y. A. Almalaq, and M. A. Matin, “Modeling and
simulation of GaN step-up power switched capacitor converter,” in Wide
Bandgap Power Devices and Applications 1I, San Diego, California,
United States, Aug. 2017, vol. 10381, p. 103810G, doi: 10.1117/
12.2274174.

A. Alateeq and M. Matin, “A Novel Design of a High Gain Step-Up
Converter Using Switched-Capacitors/Switched-Inductors Cells,” in
IEEE International Conference on Electro/Information Technology,
Rochester, MI, USA, May 2018, pp. 0102-0106, doi: 10.1109/
EIT.2018.8500201.

A. Alateeq, Y. Almalag, and M. Matin, “A Performance of the Soft-
Charging Operation in Series of Step-Up Power Switched-Capacitor
Converters,” Journal of Low Power Electronics and Applications, vol. 8,
no. 1, Mar. 2018, doi: 10.3390/jlpea8010008, Art. no. 8.

Y. Lei, R. May, and R. Pilawa-Podgurski, “Split-Phase Control:
Achieving Complete Soft-Charging Operation of a Dickson Switched-
Capacitor Converter,” [EEE Transactions on Power Electronics, vol. 31,
no. 1, pp. 770-782, Jan. 2016, doi: 10.1109/TPEL.2015.2403715.

M. D. Seeman and S. R. Sanders, “Analysis and Optimization of
Switched-Capacitor DC-DC Converters,” IEEE Transactions on Power
Electronics, vol. 23, no. 2, pp. 841-851, Mar. 2008, doi:
10.1109/TPEL.2007.915182.

A. Alateeq, Y. Almalag, and M. Matin, “Using SiC MOSFET in
switched-capacitor converter for high voltage applications,” in North
American Power Symposium, Denver, CO, USA, Sep. 2016, pp. 1-5,
doi: 10.1109/NAPS.2016.7747971.

S. Xiong, S.-C. Wong, S.-C. Tan, and C. K. Tse, “A Family of
Exponential Step-Down Switched-Capacitor Converters and Their
Applications in Two-Stage Converters,” IEEE Transactions on Power

www.etasr.com

Al-Ateeq & Alateeq: Soft-Charging Effects on a High Gain DC-to-DC Step-up Converter with PSC Voltage



Engineering, Technology & Applied Science Research Vol. 10, No. 5, 2020, 6323-6329 6329

Electronics, vol. 29, no. 4, pp. 18701880, Apr. 2014, doi: 10.1109/
TPEL.2013.2270290.

[20] B. P. Baddipadiga and M. Ferdowsi, “A high-voltage-gain dc-dc
converter based on modified dickson charge pump voltage multiplier,”
IEEE Transactions on Power Electronics, vol. 32, no. 10, pp. 7707-
7715, Oct. 2017, doi: 10.1109/TPEL.2016.2594016.

[21] R. S. N. Ayudhya, “A switched-capacitor Dickson charge pumps for
high-voltage high power applications,” in International Conference on
Information Science, Electronics and Electrical Engineering, Sapporo,
Japan, Apr. 2014, pp. 1147-1150, doi: 10.1109/InfoSEEE.2014.
6947850.

[22] C. Abraham, B. R. Jose, J. Mathew, and M. Evzelman, “Modelling,
simulation and experimental investigation of a new two input, series-
parallel switched capacitor converter,” IET Power Electronics, vol. 10,
no. 3, pp. 368-376, Mar. 2017, doi: 10.104%/iet-pel.2015.1000.

[23] P. Perez-Nicoli, P. C. Lisboa, F. Veirano, and F. Silveira, “A series—
parallel switched capacitor step-up DC-DC converter and its gate-
control circuits for over the supply rail switches,” Analog Integrated
Circuits and Signal Processing, vol. 85, no. 1, pp. 37-45, Oct. 2015, doi:
10.1007/s10470-015-0573-4.

[24] J. C. Dias and T. B. Lazzarin, “Steady state analysis of voltage
multiplier ladder switched-capacitor cell,” in 12th IEEE International
Conference on Industry Applications, Curitiba, Brazil, Nov. 2016, pp. 1-
6, doi: 10.1109/INDUSCON.2016.7874485.

[25] A. Alateeq, Y. Almalaq, and M. Matin, “A switched-inductor model for
a non-isolated multilevel boost converter,” in North American Power
Symposium, Morgantown, WV, USA, Sep. 2017, pp. 1-5, doi:
10.1109/NAPS.2017.8107406.

www.etasr.com Al-Ateeq & Alateeq: Soft-Charging Effects on a High Gain DC-to-DC Step-up Converter with PSC Voltage



