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ABSTRACT This paper presents a novel concept of a high-voltage-gain DC-DC converter. The converter
is made up of switched capacitors and passive resonant branches. A significant reduction in the count
of switches and low voltage stress on the switches is achieved in this proposed converter topology,
in comparison to that of a classical SC series-parallel converter. It is essential from the cost, volume, and
efficiency of the converter standpoint. The reduction in the count of switches is threefold. The highest voltage
stress on the switches depends on the output voltage and is decreased in the proposed converter as well,
as the output voltage is divided into two series-connected capacitors. The presented results demonstrate the
operation of the converter with the use of resonant branches, its switching strategies, voltage stresses of
switches, efficiency, voltage gain, and output voltage regulation as well as the zero-voltage switching (ZVS)
operation. The paper also presents novel issues related to analytical loss modeling, extended concepts of
topology, converter start-up, and operation during transient states. The demonstrated concept of the converter,
the analytical discussion and its design, as well as the experimental setup and results clearly demonstrate the
optimization achievements.

INDEX TERMS Boost converters, DC-DC converters, high voltage gain converter, switched-capacitor

converter.

I. INTRODUCTION

SWITCH-CAPACITOR (SC) circuits can be used in one
of the methods for DC energy conversion [1], [2].
The major advantages of the switched-capacitor-based
DC-DC converters are high voltage gain and magneticless
design. It allows for the decrease in the volume of the
converter and its operation in high temperatures, as the con-
verter is not equipped with ferrite-based chokes. Therefore,
such converters can be applied to operate at a high ambient
temperature. High-voltage-gain converters, especially those
in topologies with a common input and output ground, can
be applied in low-power photovoltaic systems where the
conversion of energy from a low-voltage photovoltaic (PV)
string to the grid requires significant voltage boost.
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Other applications, where the proposed converter could be
better suited, can be found in fuel cell energy harvest-
ing systems in automotive applications or DC microgrid
systems [3], [4], as well as in high-intensity discharge lamp
supply units in vehicle headlights.

The SC converters, which belong to the family of series-
parallel systems, have various advantages such as simple
topology and control, modular construction, simple gate
driver circuits [5], and a regulated number of voltage
gains [6]. Therefore, such converters can be attractive when
a suitable optimization is introduced. In [7], the authors of
this article have presented an optimization of the SCVM
topology towards a decrease in the number of switches and
the voltage stresses of the components. As a result, the num-
ber of switches has been reduced by 50%, which is a great
development compared to the SCVM [5]. This idea of opti-
mization is continued in the presented work. The converter
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with a dual output, presented in [7], is further optimized in the
novel topology with an intermediate passive branch presented
in this paper and a decreased number of switches. For the
six-fold voltage gain, four switches are required. Further-
more, the voltage stress of switches is significantly reduced
compared to that of the classical series-parallel converter [5],
which decreases Cogs loss. The output capacitance param-
eter, its large signal characterization, as well as the energy
stored (E,) and dissipated versus drain-source voltage (Vps)
are discussed [8].

High-voltage-gain SC converters and converters with a
low number of switches have been the subject of interest
in [9]-[22]. In [9], an SC converter is demonstrated that uses
two switches. The converter uses diodes as well, and the num-
ber of diodes depends on the voltage gain. The first switching
cell is made up of two transistors, a switched capacitor, and
a resonant inductor. The connection in a series of the next
switching cells, composed of diodes and capacitors, allows
the converter to be extended by larger voltage gains. The con-
verter [9] has a series structure, while the concept proposed
in this paper assumes operation in a series/parallel topology
to achieve a higher voltage gain. For this purpose, it uses four
switches. The concept proposed in [9] has been improved to
the symmetric structure composed of two switched-capacitor
cells, which is presented in [10]. It allowed the ZVS oper-
ation and output voltage regulation [10]. High voltage gain
can also be effectively designed in cascaded converters [16]
and [19]. In [19] and [20], a high-voltage-gain multilevel SC
converter has been presented. Such a converter, as presented
in [20], is very attractive, as it allows bidirectional operation.
Furthermore, all switches have the same voltage stress that
is significantly below the value of the converted voltage. The
converter presented in [21] allows for bidirectional operation
with high voltage gain using the SC topology, which pro-
vides a small and low-weight converter implementation. The
converter proposed in this paper has a lower switch count
and is attractive in unidirectional systems. It derives from the
series-parallel SC concept that, in an appropriate design, can
achieve a high power density [22].

The major disadvantages of the SC converters are a sig-
nificant number of switches, high voltage stress of switches,
and substantial losses associated with the output capacitance
discharge (Cygs loss). An optimization towards these direc-
tions makes a great development in the SC converter tech-
nique. In an SC converter based on the series-parallel concept,
such as the SC voltage multiplier (SCVM) presented in [5],
2(n — 1) switches are required to achieve an n-fold voltage
gain. Furthermore, the voltage stresses on the switches are not
equal in such a topology and reach the output voltage. This
limits the voltage gain of such a converter and increases Cogg
power losses. The transistors of an SCVM do not turn on at
zero voltage when the converter operates in the zero current
switching mode (ZCS) and the charge stored in the output
capacitance of the MOSFET-based SCVM is discharged in
each switching period. This produces losses strongly depen-
dent on the voltage stress of the switches. The problem
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of Coss loss can be overcome by the reduction of volt-
age stresses on the switches in the SC topology or by
the development of a converter where ZVS is applicable.
In references [23]-[28], SC converters with the ZVS oper-
ation have been presented. In [24], a method of phase shift is
applied in a bidirectional SC doubler and voltage regulation
is demonstrated. In [25] and [26], research of this method
demonstrates a very high efficiency of the converter in this
topology and a phase-shift method. The ZVS operation is
presented for the Dickson resonant SC converter in [23] and
in [27], [28] for families of resonant SC converters.

In some concepts, such as [17] and [18], the converter uses
switched capacitors and inductors to achieve high voltage
gain, decrease in the number of switches, and output volt-
age regulation by duty cycle control. However, the concepts
assume the use of significant inductors when compared to
the inductive resonant components used in the converter ana-
lyzed in this paper. In the resonant SC converter discussed
in this paper, the resonant inductors of L=1.27uH designed
as planar PCB components are implemented. In the switched
capacitor and inductor converters, inductive parts with higher
values are implemented (220 wH in [17], 150 wH in [18]).

The topology proposed in this paper allows for a reduction
of Coss loss by the ZVS operation and the limitation of the
number of switches despite a relatively high voltage gain. The
ZVS method allows one to turn on a switch at zero drain-
source voltage. It requires reverse current flow just before
the switch turns on, which is achieved by the special control
presented in Sections II H and III D.

The output voltage regulation is an essential feature of
power converters; however, some SC-based topologies oper-
ate with a fixed voltage ratio. In [29] and [30], the output volt-
age change of the SC converter is possible, but only in the step
mode. However, continuous voltage control can be achieved
using an adequate topology and switching method, which has
been demonstrated in [23]-[25], [27], [28], and [31]. In this
paper, we propose a converter that allows for a continuous
voltage change over a wide range. In the proposed topology,
this is accomplished by a method that uses switching fre-
quency adjustment. In [32]-[34], resonant step-up converters
have been discussed. All presented topologies are converters
with PWM-controlled voltage gain and can be assigned to a
switched-capacitor-inductor converters family.

An important aspect of future SC research may be the
selection of durable capacitors, which is important in the
commercial applications of the device. In [35] and [36],
the authors have focused on identifying the stability and
reliability parameters of capacitors that will withstand many
reload cycles and operation at high temperatures. In the pro-
posed SC converter, the capacitor voltage value is not even
half the output voltage.

The concept of the proposed converter [37] presents a
substantial improvement of the original topology demon-
strated in the conference proceedings [7] by the authors of
this paper. The converter is optimized towards the number
of switch reduction, continuous output voltage control, and

VOLUME 9, 2021



R. Stala et al.: High-Gain SC DC-DC Converter

IEEE Access

reduced Cys loss by implementing the ZVS. Therefore,
the concept presented in this paper makes novel contribu-
tions to existing knowledge. Furthermore, together with the
previous idea presented in the conference paper [7], a con-
siderable progress is achieved by reducing the number of
switches, the voltage stresses of switches, the current stresses
of the components, and the output voltage regulation in the
series-parallel SC topologies.

The paper is organized as follows. Section II presents
the theoretical aspects of the proposed DC-DC converter.
Section III contains the results of the laboratory measure-
ments of the proposed system. The waveforms of the voltages
and the input current are presented. An efficiency test for a
variable load is included in the chart. Moreover, the possibil-
ity of the output voltage control has been tested. Section IV
concludes the article and includes the proposed topics for
future research.

Il. CONCEPT OF THE NOVEL CONVERTER

A. PRINCIPLE OF OPERATION

The proposed converter is presented in Fig. 1. The principle
of its operation assumes the charging of the output capacitors
(Cout1 and Coyp2) independently by the switched-capacitor
network. The output voltage is a sum of voltages on Coy1
and Coyo. Before an output capacitor is charged, the internal
capacitors (C1—C3) are charged from the input source. The
SC network contains the intermediate resonant branch L, C>,
which does not contain any switches or diodes, but boosts the
effect of voltage gain. The converter achieves a theoretical
voltage gain G = 6 with the utilization of four switches
(S = 4) and is hereinafter called SCVMg6s4. Using resonant
circuits, the converter can operate in the zero-current switch-
ing (ZCS) mode. By the output voltage division, the maxi-
mum voltage stress on the switches should not exceed half of
the output voltage, which is very favorable from the switching
power loss standpoint.

D1 D2 D3 Dout
A
L1 L2
Cl 2 (Youll
VU u T U —
C-D " S2 (avg (;/ilu) (avg (.;.‘l:/)"in) K
Uout
D4
AN
S1 Dt 4+ C()thz
D5 Uout2 :l:

FIGURE 1. The novel concept of SC high-voltage-gain converter (voltage
gain G = 6 and the number of switches s = 4) - SCVMg6s4.

The operation of the SCVMg6s4 is based on the use of the
charging states presented in Fig. 2 in the following way:

- state A (§1 = ON; $7, S3, S4 = OFF): capacitor Cj is
being charged from the input source,
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State A: The
switched
capacitor C| is
being charged

State B: The
intermediate
capacitor is
being charged

State C: The
upper output
capacitor is
being charged;
the capacitor
C, is being
charged from
the input
source

State D: The
switched
capacitors are
being charged

State E: The
lower  output
capacitor is
being charged

FIGURE 2. The states of charging capacitors in SCVMg6s4 (Fig. 1).

- state B (S» = ON; Sy, S3, S4 = OFF): the intermediate
capacitor C; is being charged from the input source and
capacitor Cj.

- state C (81, S4 = ON; S, S3 = OFF): capacitor C
is being charged from the input source; the upper output
capacitor is being charged from capacitors C; and Cs.

- state D (§1, S3 = ON; S, S4 = OFF): two switched
capacitors are being charged — C; from the input source,
while C3 — from the intermediate capacitor C.

- state E (83, S4 = ON; S;, S, = OFF): the lower
output capacitor is being charged from the intermediate
capacitor Cy.
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In SC converters operating in the ZCS mode, the switching
periods are longer than those corresponding to the resonant
frequency of the LC circuits. Therefore, the current pulses
are separated by a dead time, which ensures a tolerance for
LC parameter mismatch. However, a small mismatch in LC
will not have a significant impact on the converter gain and
operating conditions under the ZVS operation. For a larger
difference in the L or C values in the converter, the switching
subperiods can be adjusted at the design stage.

B. SWITCHING PATTERN

The switching pattern proposed for the SCVMg6s4 converter
consists of the switching states (Fig. 2) that appear in a
suitable order. To achieve the lowest ripples of voltages and
currents in the converter, the following requirements are
assumed for the proposed switching pattern:

- no internal capacitor (Cy, Cp, or C3) is charged or
discharged twice in a row,

- in each state presented in Fig. 2, the pulses of the input
current should be comparable to each other. The only
exception is state E, where the input current does not
flow (Fig. 3).

The switching pattern that complies with the above assump-
tions is composed of the following states (Fig. 3):

SP1 = {A,B,C,B,D,B,E, ...} (1

Fig. 3 presents the proposed switching pattern SP1 and
demonstrates how the converter operates under the ZCS (zero
current switching) condition. It also defines the oscillation
time T}, and the operation (switching) period Top. The oscilla-
tion time is associated with the LC parameters of the resonant
circuits where the current flows during the charging and dis-
charging of the switched capacitors. The resonant frequency
of each of these circuits is the same. Therefore, the oscillation
time 7}, can be expressed as follows:

T, =nvLC 2)
The operation period is made up of seven cycles:
1
Top=Ts = — =TT, 3)
fs

The simulation results presented in Figs. 3 and 4 were
performed in Matlab/Simulink software. The model contains
parameters of nonideal switches and stray resistances of
the circuits with the values corresponding to those of the
experimental setup [Eq. (18)]. The parameters are assembled
in Table 1 and are used in the analytical research as well.
They were obtained from the datasheets of the components,
measurements of the passive components, and the estimation
of the other PCB stray resistances.

C. THE IDEAL VOLTAGE GAIN AT ZCS

From the switching concept presented in the previous subsec-
tion and the simulation results (Fig. 3), it follows that each
internal capacitor (C1, Ca, or C3) has the same charging and
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FIGURE 3. Switching strategy SP1 with typical time periods and
waveforms of voltages and currents of SCVMg6s4 operating in ZCS mode.
Matlab/Simulink results for 200 W of output power. Measured values of
capacitor average voltages: uc1ay = 41.14 V, Ucyay = 84.81 V, Uc3yy =
96.19 V. Component parameter according to Table 1.

TABLE 1. Parameters of the converter components in the simulation
model.

AU Inductance | Stray resistances
Parameter| L5 | Ci3 | Roson (Vl;, resistances | 7.5 of the LC
r Resr branches
16 mQ for| 0.6 V for
Value 127 | 147 | 1,884 | Di- Dy 84.11 40
uH | pF |42mQ for| 1.0V for mQ mQ
Sz DS, Dl)ul

discharging rate affected by a single pulse of current (visible
in Fig. 3 as a component of the input current):

Au = f(irc, Pout) )

However, the idealized average value of the voltage on C»
is:

Uclav = Uin (5)

The capacitor C; is charged in state B in the circuit with
Uin and Cg connected in series. In state A, the capacitor C3 is
charged from C,. Thus, the average values are as follows:

Uczav = Uin + Uctay = 2Uin (6)
UCZaV = 2Uin (7)

Uc3av
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FIGURE 4. Current stresses of diodes and switches. Parameters of the
model as in Table 1.

The output capacitor Cyy; is charged by the capacitors Co
and C3 connected in series, and the output capacitor Coy 1S
charged by the capacitor C,. Therefore, the output voltages
are

Uout1 = UC2av + UC3av = 4Uin (8)
Uouwr = Ucoav = 2Uip (9)
Uouwt = Uout1 + Uouz = 6Uin (10)

In the extended version of the converter, the output voltage
can be increased by the additional output section (Fig. 5a)
or by the input doubler (Fig. 5b). The methods give the
following voltage gains:

Uout_ex1 = 4Uin +2Uin + 2Uiy = 8Uny (11)
Uout_ex2 =2 (4Uin + 2Uin) = ]2Uin (12)

The selection of the capacitance of the switched capacitors
is associated with the output power of the converter and its
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FIGURE 5. Extended versions of the converter: a) G=8, b) G=12.

operating frequency, similarly to that of a classical series
parallel converter [5]. The switching frequency is determined
by the switching losses of the semiconductor devices in the
circuit. Resonant inductors are required to avoid inrush cur-
rents in the SC converters. The currents in the LC circuits
should oscillate within the time T}, which is comparable
to the oscillation half-period. The resonant choke can be
designed as an air-based one or can use parasitic inductance.
However, too high a resonant frequency in relation to the
switching frequency can deteriorate the efficiency of the
SC converter. The approach to justifying the inductor value
in such a series-parallel converter is presented in [5], [6].
For the selection of switches, voltage stresses are essential;
therefore, they are presented in Section III. The voltage stress
affects the blocking voltage of a switch and, finally, the drain-
source resistance. The voltage stresses on the switches are
associated with Cog loss, as the transistors in the SC con-
verters turn on with the output capacitance charged. The
switch type selection for a high-frequency operation requires
minimizing Rps(on) and Coss together. According to the con-
duction loss model presented in [5], the selection of diodes
for an SC series-parallel converter should assume the forward
voltage (Vr) minimization.

The selection of the output capacitors should consider
the frequency of energy transfer to the output capacitors.
The charging of the output capacitor occurs with a fre-
quency decreased in relation to the switching frequency. From
Figs. 2 and 3, it is seen that the output capacitor
(Cout1 or Coup2) is being charged through the time 7, (2), but
is being discharged through the time (Fig. 3):

Tcouttdiss = Tcoutadiss = Top - Tp = 6Tp (13)
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Assuming that the output capacitor is being discharged
by the constant output current Iy, in the time interval
Tcout1diss (13), its voltage change is as follows:

Iout
Tcout1diss (14)
outl,2

AUout1,2 >

where AUgy1,2 means AUgyt1 or AUgy2, respectively. Simi-
larly, Cout1 2 stands for Cout1 or Cour2, respectively. Therefore,
the output capacitors that ensure the assumed output voltage
ripples should be equal to

1
out (15)

Coutl,z > 6TPAU ) 2-
outl,

In a single operation period Ty, both output capacitors are
charged, which increases the frequency of the output voltage
ripple two times. Assuming that Ioye =1 A, AUgy12 =12V
and fy = 120 kHz, Coye1 2 > [6/(120-10%)]-(1/12) = 4.2 uF.

The simulation results presented in Figs. 3—4 mainly
demonstrate the concept of converter operation and that of
the efficiency model based on the input current distribution
among the devices.

D. EFFICIENCY

Figures 3, 4, 17, 18, and 22 relating to the operation under
the switching strategy SP1 show that the amplitudes of all
input current pulses are nearly the same. Therefore, it can be

assumed that they are equal to I,. This amplitude calculated
from (Fig. 3):

12 T, Piy
Iinav =——In=— (16)
7 Top Uin
is equal to:
T, Top Pj
Imzlﬂinavzlﬂi (17)
127, 12 T, Ui

and is also the amplitude of all current pulses of the diodes
and transistors except that of transistor S; (two pulses of
amplitude 2/, and one pulse of amplitude I,). It is essential
to keep in mind that fjn,y and Iy, are also affected by the
converter parameters such as forward voltage drops of the
diodes and all parasitic resistances.

Based on the aforementioned assumption and taking into
account the drain-to-source on-resistances of the transistors,
the forward voltage drops on the conducting diodes, the stray
resistances of the inductances and circuits on the PCB, as well
as the turn-on losses in the transistors, the inverter efficiency
can be calculated.

The total conduction losses are the sum of the conduction
loss APj in the transistors, the loss AP; in the diodes, and
the loss APz in other stray resistances

4 2
APc = APci + APcy+ APcs = ) Rosnils
’ AUpl AUpout!
+ Z 1=y AUbiIpiav + AUpoud pout-av
3
; 2
+ E -y (rEsRm + Tl (18)
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where Rps(on)k denotes the drain-to-source on-resistance of
the transistor Sy, AUp; and AUpgy; are the forward voltage
drops across diodes D; and Dy, rESRm 1S the resistance of
inductance L,,, ry, is the stray resistance of the PCB in the
circuit of inductor L,,. Is; and Iz, are RMS values of the
transistor and inductance currents, respectively, and Ip;,y and
Ipout—av are the average values of the diode currents.

Moreover, it is assumed that the voltage drops across the
diodes remain constant in the conducting state. The values of
currents Isg, Irm, Ipiay, and Ipoy—av depend on the current
shape and are given in Figs. 3—4 as functions of Iy, (17).

The turn-off switching loss is practically zero, due to
the ZCS switching. However, there is a turn-on switching
loss associated with charging and discharging the output
capacitances of the MOSFETSs. The total switching power
loss APgw is:

AWsy

APgy = AVszfS =
Top

(19)
where: A Wgw is the energy lost at turn-ons in the MOSFETS’
resistances (Coss 10ss) in a single switching cycle Top. A way
to calculate these losses is presented in [40].

The overall efficiency equals:

APc  APgy
Pin Pip
The relationship between efficiency (20) and the input

power Pj, of the converter is presented in Fig. 6. It was
assumed that

n=1 (20)

Li=L=I3=LCi=C=C=C,
AUp) = AUpy = AUpz = AUps; AUps = AUpout;
Rps(on)1 = Rps(on)2 = RpS(on)4» TESR1 = FESR2 = TESR3
= RgsR, r1 =12 =13. (21)

®

Efficiency (%)
[1s] o o] w
o - N w

o]
©
T

88 L . . L L
0 50 100 150 200 250 300

Py (W)

FIGURE 6. Efficiency of SCUMg6s4 operating under switching strategy
SP1 versus input power. Model parameters as in Table 1
at U;,, = 50 V and AWy, = 60 ul.

The converter parameters used in the simulation are given
in the caption of the figure below and approach those of the
experimental model in Fig. 16 and Table 5. Furthermore,
the Top/Tp ratio was assumed to be 7, as can be seen in all
simulations and measurements presented in the paper.
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The current I;, and efficiency are functions of the Top/T}
ratio (Fig. 3), where T, is the duration of each current pulse.
The variation in the inductance L will have no effect on the
efficiency if the switching period T, is modified to keep the
ratio Top/Tp constant. However, if this ratio varies, this will
affect the value of current I, and efficiency.

Fig. 7 and Table 2 present a comparison of the types of
losses in the proposed converter and the losses calculated
for the particular devices. In this comparison, the voltage
and current stresses of the switches related to the output
voltage and the input current, respectively, are also presented.
From the results, it is seen that the devices used operate at
low voltage stress, which allows for the use of transistors
with low Rps(on) and low cost. Furthermore, the current of
the converter devices is only a fraction of the input current.
Power losses are distributed among many devices as well.
Therefore, the problem with the profitability of the proposed
converter compared to a classical boost converter is typical
for a multilevel converter that contains a large number of
components operating at lower voltage and current stresses,
as well as with lower losses in the device.

a)

b) Dout

S1 S3

c) d) S-loss-otal

switching losses

R1
D-loss-total

2 R-loss-total

s4
s2

R3

i R

FIGURE 7. Comparison between: a) losses in transistors, b) losses in
diodes, c) losses in other stray resistances, and d) various types of
losses. Model parameters as in Table 1 at U;, =50V,

AWSW =60 n j, and Pin =250 W.

Fig. 7d) shows a big impact of the losses in the diodes
and resistances on the efficiency. It could be reduced by
using diodes with possibly low forward voltage drops and
minimizing the resistances of the inductors and the PCB.

E. START-UP AND TRANSIENT RESPONSE OF THE SCVM
Fig. 8 shows the simulation results of the start-up and tran-
sient response for the load change in the SCVMg6s4 con-
verter. The start-up is carried out by connecting the converter
to the 50 V input source with 2 Q. After the 25-ms period,
the charging resistor is bypassed and the output capacitor is
charged to the rated voltage.

During the start-up procedure, the overcurrent approaches
the two-fold value of the rated input current (for a load
of 200 W). The charging resistor can be bypassed when
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TABLE 2. Comparison of operational parameters of the converter
components. P;,, = 250 W.
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o . . . .
)
200 T T T
u_out1 [V]
100 B
I u_out2 [V]
I I . . time [s]— i L .

0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

FIGURE 8. Converter start-up (Tga,t) With input charging resistor (22)
at 200 W of output power. Switching strategy SP1 of SCVMg6s4 operating
in ZCS mode. Matlab/Simulink simulation results.

the output voltage uoy1 > uin. In such a case, turning on
transistor §1 does not cause the source to be shorted by capac-
itor Coy1. Further charging, without bypassing the resistor,
uses LC circuits and can be continued with an overcurrent but
without inrush currents. Fig. 9 shows a rapid load change —
from 200 W to 0 W. From the results (Fig. 9), it follows that
the converter in the open-circuit mode represents a first-order
type behavior.

F. OUTPUT VOLTAGE CONTROL

The switch S controls the process of charging capacitors
C1, C3, and Cyy1- When the switching period of switch S
is shorter than the oscillation time in the resonant circuit,
less amount of energy is transferred from the source to
capacitor C; and further to other capacitors (Figs. 10 - 11).
The effect of output voltage regulation appears under such a
switching strategy.

Similarly to the SC voltage doubler presented in [25],
the proposed topology of the converter allows the termination
of the transistor currents in three states A, C, and D (Fig. 10).

The operation of the SCVMg6s4 with the output voltage
control can use the same switching order (1) with additional
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FIGURE 9. Open-circuit operation (7,,, |0ad) for the switching strategy
SP1 of SCVMg6s4 operating in ZCS mode. Matlab/Simulink results.
Parameters of the model as in Fig. 3.

SwitchiAng Top
logic 4 : o »
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FIGURE 10. Modification of the proposed switching pattern SP1 (1) for
output voltage control.

states where the appropriate diodes and freewheeling diodes
are activated (Table 3). The turn-on times of the remaining
switches used in states A, C, and D are shorted in the same
way as in the case of Sy. Fig. 10 presents one period of the

State A: The
switched
capacitor C is
being charged

Dead-time A

State B: The
intermediate
capacitor is
being charged

Uout2)
D5 |

FIGURE 11. Conversion from state A to state B with the dead-time A state
when the output voltage control is used.

" h o
proposed switching pattern for the output voltage regulation. ] it i 2l D2 o o
Fig. 11 shows the current flow in state A and state B with plpince i 4 4
dead times. This phase-shift method is used in [24]-[26]. (‘12 Uoutl a
-4 1
L C= uer e | Tlues |
TABLE 3. Diodes activated after current termination in states vty | o2 | S4, | ave-2im i
, C, D H - 11). out
(A, C, and D) (Fig. 11). D4 3
N 1
Stage Active diodes Active freewheeling diodes N~ S'TTD'J 4+ 1Cout
Dead-time A D Ds; Input LC filrer ' s Uou2| 7=
Dead-time B D\, D3, Ds, Doy, Ds), Ds3 L T
Dead-time C D], D}, DS, Doul DSZ, DS4

G. INPUT CURRENT FILTERING

The input current of the converter is made up of high-
frequency pulses. The use of a classical passive LC filter
(Fig. 12) allows one to effectively reduce the source current
fluctuations.
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FIGURE 12. SCVMg6s4 converter with LC input filter.

The lowest frequency of the input current spectrum is the
following:
1 1

— = 22
Top 1Ty (22)

fop =
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This component of the frequency f;, is effectively damped
to approximately 5% of the average value of the input cur-
rent, when an LC filter composed of a 10 uH inductor
and a 100 uF capacitor is used (Fig. 12). The components
with higher frequencies, especially about the frequency fosc,
become insignificant in the source current, as seen in Fig. 13.

10

ifA] T "iin )
/ - I_source

0 L L L
0.0179 0.01792 0.01794 0.01796 0.01798 t[s]

FIGURE 13. The input current of the converter (i;,) and the current of the
supply source (isource)-

H. ZERO VOLTAGE SWITCHING CONDITIONS (ZVS)

The problem of energy dissipation in the structure of a transis-
tor when it is switched on with the charged output capacitance
is analyzed in depth in [38], [39]. The problem can be over-
come when the output capacitance of the switch is discharged
by a reverse current just before its turn-on. In [25] and [38],
this is demonstrated in the converters analyzed there. In the
proposed topology, transistor S can be turned on at zero
drain-source voltage, which is shown in Fig. 10.

When the current of switch Sjis terminated in state A,
the current of inductor L; flows through the freewheeling
diode of the switch S>. The current discharges the output
capacitance of the switch Sy and allows it to be turned on
at zero Ups voltage (zero voltage turn-on). In the ZCS mode,
switch $> is turned on at Ups = 50 V. The operation in the
ZVS mode reduces the loss of the converter associated with
the output capacitance (Cygs loss) and allows for an operation
at a higher frequency with assumed efficiency. The problem
of Coss loss and a method of its reduction by a negative switch
current are presented in [38], [39].

The proposed converter derives from a family of series-
parallel resonant SC converters. The classic series-parallel
switched capacitor voltage multiplier (SCVM) is described
in detail in [5]. Table 4 presents a comparison of the
SCVMg6s4 with the SCVM and other SC converters derived
from the series-parallel concept. Fig. 15 presents the previous
version of the investigated converter described in the confer-
ence paper [7].

From the comparison of pure SC converters presented
in Table 4 and Fig. 14, it is seen that the proposed converter
has a very good proportion of the voltage gain to the number
of switches and low voltage stress of switches. Therefore,
this is a low-cost converter that can be suitable for high-
voltage-gain applications. It is more favorable than the cas-
caded converter composed of a series connection of voltage
multipliers. The proposed converter uses three chokes, but
these devices have very low energy and volume in SC cir-
cuits. The SCVMgb6s4 has better parameters than the cas-
caded converter composed of multipliers [19]. This cascaded
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0,89 ! m Proposed G=6
0,90
0,70 0,57
CONVERTER TOPOLOGY

FIGURE 14. Development of SC series-parallel converter switch count.
Comparison of voltage gains related to the number of switches between
five optimized topologies of series-parallel SC converters.

ﬁ | A A
CT)l’in Uoutl|==
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l AN l

A

Uout2 —l—

i

FIGURE 15. SCVMg7s7 converter presented in [7].

converter was analyzed for high-power thyristor-based
applications with switches between multipliers (design A
in Fig. 14). However, the intersection switches can be
replaced by diodes in low-power systems, which is consid-
ered in Table 4 and in Fig. 14 (design B). The volume of
the presented converter has been presented with the assem-
bled through-hole capacitors and with adequate replace-
ments (for the PCB designed for current tests). It brings
about a substantial improvement in the power density of
the SCVMg6s4. However, it can still be optimized, because
voltage multipliers can achieve a much higher power density,
as demonstrated in [22] for the voltage doubler. The number
of states required for energy transfer in a single operation
period (as in Fig. 2) is also compared with the ripple factor
in Table 4, which depends on the number of states connected
with the output capacitor in one complete operation period.
The SCVMg6s4 requires the use of seven states, and the
classical SCVM uses only two. However, the input current
pulses occur in six per seven of the switching states (Fig. 4).
The output capacitor (Coy; 0or Coyr2) is charged in every
third switching state, whereas in the SCVM it is charged in
every second.

Ill. EXPERIMENTAL RESULTS

A. EXPERIMENTAL SETUP

The SCVMg6s4 has been experimentally investigated to ver-
ify the principle of operation, switching concepts, voltage
gain, output voltage regulation, voltage stresses on switches,
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TABLE 4. Comparison between the proposed converters and SC topologies derived from the series-parallel concept (only reported values of volume and
efficiency are presented).

Proposed Proposed | Proposed
Case (Fig.1) extended | extended Ref. [5] Ref. [7] | Ref. [9] | Ref. [10] Ref. [16] Ref. [19] Ref. [21] | Ref. [22]
) (Fig. 5a) | (Fig. 5b)
Demonstrated 2
case of a gain 6 10 14 4 7 (extended G 2-13 8 6 2
G ton)
Switch count 2 ~1.2-13 (for |9-15 (with intersection transistors)
ns 4 6 6 6 7 (2) 4 G=13) 6-14 (with intersection diodes) 12 2
. 2 3-7 (with intersection transistors)

Diode count 6 7 8 4 S| uyy | 4O 0 6-8 (with intersection diodes) 0 2
Voltage stress min: Ui min: U | min: Ui | o (mins Un ) min: Uin min: Uin min: Uin | min: Ui
across . max: max: . max: Uin  |max: 0.22-13 . . .

switches | 23 Vo | g | 23 Uaa | ™Y |47y | (U (for G=13) max: Uou max:2Uin | max:Uow
Inductor 3x1.27uH, . .
countina | Energy s{:)red: 3x 4x 3x 3x Ix1uH 2 1, 2 or 3 higher energy input 1x
. - chokes, depending on the -
demonstrated | #=0.27 mJ (at | 1.27pH | 1.27pH 0.627uH [ 2.97pH | (1x1uH) configuration 0.83uH
setup Pin=300W)
SWltChEd 1 ~0.8-13 (for 3-7 (in one case and two 4 (and 2
capacitor 3 3 4 3 3 2G _ . . ) . output 1
(2n-2) G=13 intermediate capacitors required) .
count capacitors)
Output For G =2 and For the
voltage Possible Possible | Possible adequate - Possible | Possible Possible Possible - adequate
control design design
Efficiency .96'9
o 93.48 - - 95 91.9 94.4 simula- 98.4 - 96.5 97.1
[%] tion result
P °f‘?:f;eV:]i“e 200 for G =5
. 104 - - 200 305 49.6 50 300 for - 200 540
efficiency G=6and7
[W]
demonstrated:
Power 468, current
density d 2 limit: - - - - - - - - - 9330
[W/dm3] esign limit:
4855
Input/output
common No No No Yes No Yes Yes Yes Yes No Yes
connection
Number of
states in one 2
switching 7 10 7 2 4 2 4 (for G=5) 2 2 2
cycle
Depends
Output on con-
voltage ripple 2/7 trol / for 2/7 172 2/4 172 172 12 172 2/6 12
factor further
research

power losses, efficiency, and temperature field distribution.
Fig. 16 presents the photograph of the SCVMg6s4 laboratory
experimental setup, and Table 5 contains important parame-
ters of the converter and control modulation. The components
are assembled on a PCB board with an area of approximately
162 x 89 mm. However, the setup is not optimized to demon-
strate the maximum volume density, but to allow for obtaining
credible results of operation.

The volume of the converter (assuming that the height of
the MKP capacitor is 41.5 mm) is equal to V &~ 0.59 dm?
and the power density is Pp ~ 468 W/dm>. The power
density of the tested setup deteriorates due to the large dimen-
sions of the input and output capacitors. However, it can
be significantly improved by selecting capacitors with low
volume, e.g., CERA LINK (with a height of 4 mm). This
would allow us to increase the converter’s power density up
to 10 times (Pp = 4855 W/dm?>) using the existing PCB
board. The gate driver circuits have been implemented with
multiple bootstrap circuits. The topology and switching of the
converter allow the high-side transistors (S», S3, and S4) to
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FIGURE 16. The experimental converter - SCVMg6s4.

be supplied by bootstrap circuits with parameters presented
in Table 5. Dual-channel and single-channel driver types were
used in the converter.

B. OPERATION OF THE CONVERTER IN ZCS MODE

To verify the basic concept of the operation of the
SCVMgb6s4, the switching pattern SP1 (1) was used. The
experimental waveforms presented in Figs. 17 and 18 confirm
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TABLE 5. Parameters of the laboratory converter.

Parameter Value

Input voltage 50V

Input capacitor 100 uF +20% + 4.7 uF + 5%

Output capacitor 2x4.7pF£5%

Resonant and operating Jo=fose = 116.5 kHz, fs = 35 kHz (ZCS)
frequency

SC capacitance
Resonant inductances

1470 nF

Planar chokes: 3F36 Ferrite E18 Core
6 turns in PCB, (L =1.27 uH

and Resg = 84.11 mQ at 120 kHz)

35 um

FR4 — ISOLA IS410 (TG 180° C)
BSC160N15NS5 (Vps =150 V, Ip =56
A, Rpson) = 16 mQ), RFS4229PbF (Vps
=300V, Ip=45 A, Rpsen =42 mQ)
UCC21520ADWR -4 A/6 A, dual-
channel isolated gate driver
1EDI60H12AH - 6.0 A high-side
isolated gate driver

2x 1 pF £ 5% + 100 nF £ 5% (1206)
MURSI160T3 diode 600V 1A with
resistor R =2 Q (1206)

PCB: copper thickness
PCB: laminate and prepreg
Transistors

Dual-channel driver for
high and low sides
Single-channel driver for
high side

Bootstrap circuit capacitor
Bootstrap resistor and diode

Tek Prevu

B H 3
1004 10.0p 25065/ @/ 12 Nov 2020
40.0Y 50,0V 5M points -800mA 13:43:16

FIGURE 18. Experimental waveforms of SCVMg6s4 in ZCS mode. CH1:
input current f;;,, CH2: voltage across resonant capacitor C;, CH3: voltage
across resonant capacitor C,, and CH4: voltage across resonant
capacitor Cs. P, = 300 W, fs = 34 kHz, and U;,, =50 V.

Diodes VB60170G-E3 (Ir =2x30 A, Vrrm =
170 V, Ve =0.5 V at 5A, 125°C),
STTH30L06 (Ir =30 A, Vrrm = 600V,
Ve=1.0V)
Controller FPGA Control Board (Intel MAX10
10M16SAE144C8G)
Tek Stop Is - 191
. 24,2
lin
FIGURE 19. The steady-state temperature distribution - infrared
photography of the converter. SCVMg6s4 operation with input power
equal to 100 W without external airflow.
" D AN
Uout " 4 TABLE 6. Hot spots of the converter (Fig. 19).
Point name Component Temperature [°C]
Uout2 -
e . = ¥ y Spl Transistor S} 39.7
n _ -
B% 5.00 J{a.ouu: 2.5005/5 D ][ 12 Nov zuzo} Sp2 Transistor S, 40.9
& 100y € 100" 5M points -3.204 13:27:09
Sp3 Transistor S; 432
FIGURE 17. Experimental waveforms of SCVMg6s4 in ZCS mode. CH1: Spd Transistor S. 343
input current i;,, CH2: 50 V as input voltage, CH3: voltage uy, and CH4: P 4 )
output voltage uyy. P, = 300 W, fs ~ 35 kHz, and U, =50 V. Sp5 Inductor L, 471
. . Sp6 Inductor L, 49.2
that the converter operates according to this pattern
. . . . . . Sp7 Inductor L 28.8
(its concept is described in Section II). Fig. 18 shows that
Sp8 Output Diode Doy 30.1

the total voltage gain is close to the value G = 6. In Fig. 18,
the switching operation is clearly seen as well. The voltage
ripples on the switched capacitors are kept optimal, because
each discharging state is followed by a charging one.

Fig. 19 presents the thermography result of the converter
operating at Poy = 100 W (point of maximum efficiency).
Table 6 presents the results of the temperature measurements
of the switches, diodes, and planar chokes. From these results,
it follows that the heat dissipation in the switches and diodes
is not significant and that the surface-mounted semiconduc-
tors can be cooled by the PCB itself. However, a heat concen-
tration near the resonant coils can be observed. The traces of
the planar choke (~49.2°C) are the hottest points on the PCB.
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Fig. 20 presents the graph of voltage gain and efficiency
versus input power. A series of measurements have been
performed at a fixed switching frequency fs =~ 35 kHz.
The efficiency has been precisely measured with the use
of a Yokogawa WT 1500 Power Analyzer. The maximum
efficiency of the converter in the ZCS mode was n = 93.43%.
The result is rewarding, considering that the test setup has
been designed as a low-cost unit (typical 35-micrometer
copper thickness on the PCB, planar chokes, and MOSFET
switches) and that parasitic resistances can cause overall
efficiency deterioration.
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FIGURE 20. Measured voltage gain and efficiency (with theoretical
efficiency - Fig. 6) of SCVMg6s4 versus input power at operating
frequency fg ~ 35 kHz without external airflow.

Fig. 21 presents the measurements of the drain-source volt-
ages of the switches. From the results, a significant benefit
of the proposed topology is seen. The SCVMg6s4 topology
ensures lower voltage stresses compared to those of the con-
verters presented in [5], [7], and [19]. The maximum mea-
sured voltage on three switches is 100 V at the approximately
three times higher output voltage.

Tek stop g i1
; U 4
UDs-s1
L L i ; e 1
Bitips-szp ; - :r
1{Ds-s3 | : l l, : \
D - : <
e 1 : :
1/Ds-s4 WM\L W : i ]
» —
& 10V 2.5065/5 @

]{4.0%5 }[ 12 Nov 2020]
@& 10V 100 v SM points 74.0Y 13:53:57

FIGURE 21. Voltage stresses on switches - plots from channels (CH) 1 to
4 denote voltages across transistors 1 to 4, respectively. The test was
carried out at a low input power P;, = 50 W and operating

frequency fs ~ 35 kHz.

C. OUTPUT VOLTAGE CONTROL

According to the concept presented in Section II F, the output
voltage can be controlled by varying the turn-on time of
transistor S; (Figs. 9 and 10). Reducing the turn-on time of
S1 below the oscillation time (7p,) decreases the converter
voltage gain. This method was verified by experiments, and
the results obtained confirm its effectiveness.

Figs. 22-24 present the waveforms of the output voltages
and the input current in the case of the operation with the
maximum voltage gain (Fig. 22) and with the decreased
turn-on time of transistor Sy (Figs. 23 and 24).

From these results, it follows that decreasing the turn-on
time of switch S} leads to a decrease in the converter voltage
gain. Fig. 25 presents the graph with the output voltage versus
output power results. From the results, it follows that the
method allows for continuous voltage regulation over a wide
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FIGURE 22. Experimental waveforms of SCVMg6s4. CH1: Input current,
CH2: input voltage, CH3: output voltage ugy,t,, and CH4: output
voltage ugyty- Pin = 110 W and Uy = 287 V.
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FIGURE 23. Experimental waveforms of SCVMg6s4. CH1: input current,
CH2: input voltage, CH3: output voltage uy,, and CH4: output
voltage ugy¢1- Pj = 61 W and output voltage 190 V.
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FIGURE 24. Experimental waveforms of SCVMg6s4. CH1: input current,

CH2: input voltage, CH3: output voltage uy,, and CH4: output
voltage ug 1. Pin = 38 W and output voltage 138 V.

range. Switch S; does not operate in the ZCS mode, and
additional switching losses may occur in this switch. How-
ever, the switch S, operates in the ZVS mode, which reduces
its Cogs loss.

D. OPERATION WITH ZVS

In Section II H, the concept of the implementation of ZVS
in switch S» was introduced. The method is based on dis-
charging the output capacitance of transistor S, by the reverse
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FIGURE 25. Converter output voltage vs. time duration of the S; turn-on
interval - resistive load (variable values of fs).
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FIGURE 26. Switching of transistor S; — ZCS mode. CH1: gate-source
voltage of transistor S;, CH2: gate-source voltage of transistor S,, CH3:
drain-source voltage of transistor S, and drain current (S,).

TekStop = I
o Uacs-si \ .
Ugs-s2
Ups-s2 \
o \'”x_
P A me‘
ol D52 : r_’ VA e : ]
Y A
\no .
@& sov }[zoms 2.5065/s S 1[ 7 Jan 2021}
& 5ov €P 12504 SM points -150 v 14:27:12

FIGURE 27. Switching of transistor S, - ZVS mode. CH1: Gate-source
voltage of transistor S;, CH2: Gate-source voltage of transistor S,, CH3:
drain-source voltage of transistor S,, CH4: drain current of transistor S,.

flow of the current in the resonant circuit. To achieve this,
switch S is turned off before the time when the current in the
oscillatory circuit reaches zero. Figs. 26 and 27 present the
experimental results that demonstrate the switching current
and voltage when transistor S is turned on. In the case of
the ZCS mode (Fig. 26), the drain-source voltage varies from
positive to zero, as a result of turning on switch S», which
causes the Cygg loss. The visible rapid increase in drain current
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during the voltage transition can cause additional switching
losses.

The charge stored in the output capacitance is dissipated
in the transistor. Additionally, a rapid change in drain-source
voltage triggers significant disturbances. In the case of the
ZNS operation (Fig. 27), the drain-source voltage of the
switch S, falls down when the switch S is turned off. A small
portion of the negative current is visible in the waveform of
the S, drain current. Turning on switch S» occurs at zero
drain-source voltage, which reduces Cygs loss and signifi-
cantly decreases disturbances.

IV. CONCLUSION

This paper presents a novel concept of the topology and
switching methods of a novel DC-DC converter. The research
results presented in this paper confirm that the proposed
converter contains various superior qualities, such as the
following.

- High voltage gain. The theoretical maximum voltage gain
of the converter can reach six.

- Low number of switches. The converter requires only
four switches, which is favorable compared to the
series-parallel SC converters.

- Quasi-inductiveless, low-volume design. The principle
of operation assumes the transfer of energy through the
capacitors. Low-volume chokes (based on planar PCBs)
are used to achieve an oscillatory current in the cir-
cuits where the switched capacitors are charged and dis-
charged.

- Low voltage stresses on switches. The converter can use
switches with voltage stress three times lower than those
required in a typical series-parallel converter.

- High efficiency. The efficiency achieved was 93.48%.
Furthermore, it can be improved in design with a focus
on minimizing parasitic resistances.

- Continuous output voltage regulation. This is an essential
advantage in the SC-based converter family, where many
converters operate with a fixed voltage gain.

- Fig. 25 also shows the nonlinear voltage change when
we change the duration of the S; pulse. This character-
istic may be important during the design process of the
closed-loop control.

- Operation of one switch in the ZVS mode.

The outstanding characteristics of the converter were
achieved by an original approach to a series-parallel SC con-
verter, where the structure was extended in parallel rather than
in series. When a voltage multiplier, such as that presented
in [5], is extended by applying a larger number of switching
cells connected in series, the output voltage gain increases,
but the stresses of the switches also increase. Furthermore,
in SCVM converters, the voltage stress of one switch is at
the level of the output voltage [5]. This increases the cost
of the converter and limits the application of SI MOSFET
switches (e.g., in the case of the DC-link supply of
3-phase 3 x 400 V inverters). In the proposed approach
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to converter optimization, the output voltage is extended
in a parallel structure, which limits the voltage stresses of
switches and gives many positive qualities of the converter.
Note that parallel operation of the SCVM converters is not
possible, as they do not operate as a dynamic current source
to charge a common output capacitor. Therefore, the proposed
idea of a parallel structure can be of special interest and useful
for other concepts of converters based on SC circuits.

High-voltage-gain DC-DC converters can be applied in
systems supplied from fuel cells [3], DC grids [4], auto-
motive discharge headlamps [41], or in adequate topologies
in PV systems.
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