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Featured Application: Power conversion for electrical engineering and appliances.

Abstract: The increasing interest in renewable energy sources has brought attention to large voltage-
gain dc—dc converters; among the different available solutions to perform a large voltage-gain
conversion, this article presents an overview of non-isolated dc—dc converter topologies that utilize
switched-capacitor circuits, i.e., diode-capacitors voltage multipliers. The review includes combi-
nations of a traditional power stage with a diode-capacitor-based voltage multiplier, such as the
multilevel boost converter. This article starts by reviewing switched-capacitor (SC) circuits, differ-
ent topologies, and different types of charge exchange; it provides a straightforward analysis to
understand the discharging losses. It then covers the multilevel boost converter and other topologies
recently introduced to the state-of-the-art. Special attention is put on SC circuits with resonant charge
interchange that have recently been probed to achieve very good efficiency. An additional contri-
bution of the article is new proof of the discharging losses in resonant switched-capacitor circuits
focused on the initial and final stored energy in capacitors, and this proof explains the relatively large
efficiency obtained with SC resonant converters.

Keywords: multilevel boost converter; voltage multiplier; switched-capacitor converter

1. Introduction

Climate-change-related problems have focused the attention on renewable energy
sources as an option to fossil fuels for electric energy generation [1-8]. Photovoltaic (PV)
panels and fuel cells (FC) stacks are among the most studied renewable energy sources, but
they produce electrical energy at a relatively low voltage; their voltage levels need to be
boosted before being injected into the utility grid. This is one reason why much attention
has been put on high-voltage gain dc—dc converters in the power electronics research
field. Dc—dc converters usually perform the first energy conversion on PV generation
systems to feed Voltage Source Converters (VSC) and integrate renewable energy into the
utility grid [9-12].

Power electronics-based converters have been used extensively in this application [9-12];
several converters, such as the boost, buck-boost, Cuk, etc., can be used to increase the
voltage to an adequate level. Traditionally, dc—dc converters are made by inductors,
capacitors, and switches. Switches can be synthesized with diodes, transistors (such as
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MOSFETS), or thyristors. Additionally, magnetic elements, such as coupled inductors or
transformers, can be used [9].

The inductor is usually the largest and heaviest component in a power converter.
An important research area related to the power electronics circuits is to achieve power
conversion without inductors; in this case, Switched-Capacitor (SC) circuits are being
investigated [13-116]. They are composed of capacitors and switches, and their research is
not new, but their combination with traditional converters and/or with small inductors
that produce a resonant charge interchange is giving a new breed to the research of SC
converters [40-116], converters in which capacitors get charge interchange between them
to increase or reduce the voltage.

This article presents an overview of hybrid SC converters. It starts with a short review
of pure SC circuits [13-39], but it focuses on modifications of those circuits mainly with
the use of small resonant inductors, which leads to resonant SC circuits [40-45,102-116],
and the combination of traditional converters, such as the boost converter topology, with
capacitor-based voltage multipliers [47-101].

It is important to emphasize that inductors used in resonant SC circuits are much
smaller than energy storage inductors used in traditional converters. Their inductance
is so small that some articles utilize air-core inductors or parasitic inductance in wires to
achieve the resonant charge interchange [108,110-112]. The resonant charge interchange
is a relatively new tendency among designers of SC circuits; it is relevant since several
converters have been investigated with relatively large efficiency [40-45,102-116]. The
efficiency of pure SC circuits is limited due to an effect in which the charge interchange
among capacitors produces a type of loss which can be called discharging loss. It has been
proved before that SC converters with a resonant charge interchange have no discharging
losses, as will be discussed later.

The overview includes contributions introduced to the state-of-the-art in the last
decade. Particularly converters under study are non-isolated and unidirectional in terms of
power flow; most of them can be adapted to provide a bidirectional power flow, with the
cost of increasing the number of transistors.

The two main types of SC circuits are pure SC circuits [13-39] and resonant SC cir-
cuits [40-45,102-116]. Resonant circuits utilize a small inductor to produce a resonant-type
sinusoidal current, but only one half cycle is used to transfer charge among the capaci-
tors before disconnecting them. A resonant design helps control the maximum or peak
current among capacitors. References [13-16] have been dedicated to reviewing pure
SC converters; this article extends the analysis to SC converters with resonant charge
interchange [40-45,102-116] and hybrid converters, converters that contain one or more
energy stored inductors [51-101].

In addition to the overview, which is the article’s main contribution, an analysis
is presented to explain the discharging losses, a difference between the initial and final
amount of stored energy in the capacitors when connected in parallel. It is well known
that when two capacitors are connected in parallel, the final stored energy (after the
interconnection) is smaller than the initial stored energy. These types of energy losses are
called discharging losses. The analysis presented in this article explains this phenomenon
and how to ensure that discharging losses remain less than a particular percentage (for
example, 5%). Furthermore, proof is provided to demonstrate that no losses are present
due to the discharging phenomenon when the transferred energy is resonant (which can
be achieved with a small resonant inductor). The provided proof is different from other
proofs presented in the literature, i.e., [43], and it is based on the amperes per second and
charge conservation principles; those bases are very well understood by power electronics
engineers, which improves the knowledge of this phenomena.

2. Classification of Switched Capacitors Converters

As mentioned before, this manuscript is not dedicated to pure switched-capacitor
circuits, but to their combination with traditional converters, their resonant versions, and
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the combination of resonant SC circuits with traditional converters. However, a short
overview of pure SC circuits is presented as an introduction. Then, the resonant charge
interchange will also be introduced. Before going to topologies, the reader may look
at [13-16] for a more exhaustive overview of the pure or classical SC circuits.

The main classification we can mention of SC circuits is shown in Figure 1, and is
separated into two main types: (i) First, the circuits that do not need transistors are usually
made of diodes and capacitors only, and these types of converters can be divided into,
(i.1) ac-to-dc rectifiers with voltage multiplication characteristics, and the other type of SC
converter that does not need transistors which is (i.2) circuits fed by digital signals used to
produce a voltage larger than the digital input level.

Ac-dc rectifiers with voltage

o multiplications function
Without

Transistors

(only diodes) Low power applications with

multiple digital signals as inputs

sC

Converters < _
Pure Switched Capacitors

(no inductors)

Transistors Resonant Switched Capacitors
\ based < (very small inductors)

Combined with energy storage
\inductors (normal size inductors)

Figure 1. The main classification of SC converters.

SC circuits based on transistors can be divided into three main types, (ii.1) pure
switched-capacitor circuits (circuits without inductors), (ii.2) SC converters with resonant
charge interchange (circuits with tiny inductors), and finally, (ii.3) SC converters (either
pure or resonant) combined with stored energy inductors (inductors in which linear ripple
approximation can be applied to their current).

Let us start with a short overview of those different circuits.

2.1. Ac-Dc Rectifiers with Voltage Multiplication Function and a Single Input Signal

The first SC circuits were ac—dc converters whose driving signal was the ac input
voltage, changing from positive to negative open and closing certain diodes. Figure 2a
shows an ac-to-dc switched-capacitor voltage doubler. The input voltage is an ac voltage
source, and it has a cycle in which it changes from positive to negative periodically. During
their negative half cycle, a current flowed through the diode s; charging capacitor C;
to the maximum voltage of the ac-source and, during this time, the circuit behaves in a
similar way to the equivalent circuit shown in Figure 2b. In the other half cycle, when the
input voltage is positive (see Figure 2c), the voltage from the source adds to the voltage in
capacitor Cy, charging capacitor C, with twice the input voltage. This kind of converter
was studied mainly at the beginning of the past century [13,14].

The circuit in Figure 2 can be extended in several ways. Some of the most common
configurations are shown in Figure 3, where 6 x rectifiers are shown, which means their
output is six times their maximum input voltage. All of them have the voltage doubler as
their core circuit, Figure 3a shows a topology in which series-connected capacitors make
both sides of the converter, and the topology in Figure 3b shows a combination in which
capacitors connected to the same point (that we can call grounded) made the left side of
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the multiplier, while series-connected capacitors made the right side of the multiplier. The
other two combinations can also be implemented, Figure 3c shows a combination in which
series-connected capacitors made the left side of the multiplier while grounded capacitors
made the right side, and finally, Figure 3d shows the topology with both sides (left and
right) made by grounded-capacitors.
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Figure 2. Ac-to-dc switched-capacitor voltage doubler (a) topology, (b) equivalent circuit when the

input voltage is the negative half cycle, (c) equivalent circuit when the input voltage is in the positive

half cycle.

Figure 3. Several topologies of ac-to-dc switched-capacitor voltage multiplier (x6 multiplier) (a) both
side series capacitor topology, (b) combination of grounded (left) and series (right) topology, (c) combina-
tion of series (left) and grounded (right) topology, and (d) both sides (left and right) grounded topology.

2.2. SC Voltage Multipliers with Digital Input Signals

The single-phase rectifiers mentioned in the last section were mainly used to obtain
a large dc voltage from the utility grid, especially for generating a large electric field in
particle accelerators. Still, their main applications were to obtain a relatively large voltage
in electronic circuits, for example, digital circuits [17,18]. An example of these multiple
inputs, which are usually digital signals, is shown in Figure 4 (as shown in [18]).

S7

_H
+
—C,

C:i: R évﬂ

Figure 4. A multiple auxiliary input SC voltage multiplier [18].
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The input voltage in Figure 4 is a dc signal; the converter does not contain transistors,
but two additional input pulsating signals drive the converter. Those additional pulsating
signals are digital, and they take values of high and low that can, instead, be 5 V for high
and 0 V for low. They are square signals with a phase shift of 180° between them; this
produces only two equivalent circuits because when one signal is high, the other is low. The
additional input signals are called v; and vy. Figure 5 shows the two equivalent circuits.

LLLLLL(&

@TTTTTT ;
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Figure 5. Equivalent circuits of the multiplier in Figure 4. (a) First equivalent circuit when v; is high
and vy is low, and (b) second equivalent circuit when v, is high and v; is low.

Input signals v; and v, in Figure 5 act as one firing signal with their complement,
v1, being a square signal (50% of duty cycle), and v, being their complementary signal;
v; is high when v; is low and vice versa. This produces two equivalent circuits shown
in Figure 5.

In Figure 5b, capacitor Cy is charged with the input voltage v, at the second semi-cycle
(Figure 5a). The capacitor Cy, in series with the input voltage source, charges C, with twice
the input voltage in the next semi-cycle (Figure 5b), the capacitor C;, in series with the
input voltage source, charges C3 with three times the input voltage. In the next semi-cycle
(Figure 5a), the capacitor Cs, in series with the input voltage source, charges C4 with four
times the input voltage, and so on. The circuit in Figure 5 produces an output equal to
seven times the input voltage.

Other topologies can work with the same principle; for example, Figure 6 shows a
simplification of the circuit in Figure 4, in which one of the digital signals is always low,
and only one digital signal is required, but in this case, the voltage gain is smaller than
in Figure 4.

@—\TTT TT"

Figure 6. A reduced version of the converter shown in Figure 4 [18].

There are other topologies with multiple digital (or AC) inputs and a dc power source,
and a voltage multiplier can be fed only with digital signals (without the dc source); as an
example, see Figure 7, as shown in [17].
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Figure 7. A multiple auxiliary input SC voltage multiplier.

2.3. SC Controlled by Transistors, the Elementary Principle

One realization of a voltage doubler similar to the digital-signals-driven SC converters
can be seen in Figure 8. Instead of using a digital signal as in Figure 6, two transistors
generate the pulses for capacitor C;. Figure 8a shows the more basic circuit with an auxiliary
pulsating signal. Figure 8b shows how the pulsating signal can be produced with two
transistors that connect the low side of capacitor C; either to the positive or to the negative
side of the input voltage source.

(a) Transistor-less (b) Transistors based
SC voltage doubler SC voltage doubler

Figure 8. Switched-capacitor voltage doubler, the simplest configuration of the converter in Figure 6,
(a) with an auxiliary pulsating signal and (b) based on two transistors and two diodes.

Diodes and transistors are basically switches. Figure 9 shows the same topology with
switches in all semiconductors, this does not modify the original idea, and sometimes in dc-
dc conversion, switches are used instead of diodes since they have lower conduction losses.
Figure 8 shows what we can consider as the conversion from the digital signals-driven SC
circuits to the modern SC circuits based on the transistors.

s 8,

I+ I+ I+
s, 7G G G
2 1+ =t 1+ = 5 1+ =
C,—— Ré% C,—— Rg"o C,—— Rg"o
v, 1 s v, s, v, 5
(a) SC voltage doubler ) s;=s;=1, s,=s,=0. (c) s;=5;=0, s,=s,=1.

Figure 9. Switched-capacitor voltage doubler, (a) four switches-based topology, (b) equivalent circuit
when switches s; and s, are on while s, and sy are off, (c) equivalent circuit when switches s; and s,
are off while s, and s4 are on.

Let us consider the circuit in Figure 9a, which can be classified as a pure SC voltage
doubler. The circuit in Figure 9a is equivalent to the one shown in Figure 8b, but it has only
switches or transistors, four transistors instead of two diodes and two transistors. Switches
s1 and s3 are driven with the same switching signal, a square signal (50% of duty cycle), and
switches s, and s4 are also driven with the same firing signal, which is the complementary
function to the first one. Two equivalent circuits are produced in this operation, as shown
in Figure 9b,c.

Figure 9b shows the switching state or equivalent circuit of the converter when s;
and s3 are on (51 = sp = 1) while s, and s4 are off (s, = s4 = 0). Figure 9c shows the other
switching state when s; and s3 are off (s; = s, = 0) while s; and s4 are on (s, =54 = 1).



Appl. Sci. 2022, 12, 8554

7 of 34

When the circuit is in the state shown in Figure 9b, capacitor C; gets charged to
the input voltage, and in the other state (see Figure 9c), C; gets in series with the input
voltage source charging C, with twice the input voltage. The load resistance discharges the
capacitor Cy, but if the capacitance value of the capacitors and the switching frequency are
large enough, it is possible to design a circuit with a relatively small output voltage ripple.

The parallel interconnection of the capacitors is the main difference between the
operation of switched-capacitor circuits and traditional converters (such as the buck or
boost); switched-capacitor circuits are intended to avoid inductors for which the energy
interchange must be done with the unique energy stored components on the circuits,
the “Capacitors”.

The circuit shown in Figure 9 is only a member of a larger family in which many
combinations can be configured and extended. Pure SC topologies have been studied since
the 1970s when the most traditional topologies were introduced. They were used as voltage
multipliers to produce a larger voltage than their input. The first classification we may
introduce to pure switched-capacitor circuits is that there are SC circuits in which input
signals drive the switches, for example, in AC-DC voltage multipliers, and converters in
which switches drive the operation.

3. Switched-Capacitor Circuits Controlled by Transistors

We studied several SC topologies with transistors and have described the most com-
mon. For example, Figure 10a shows a possible circuit extension in Figure 9. It can be called
the Series-Parallel Converter, one of the converters studied in [20].

B L

+ + + 1+ g5
s, —_—C | s, —_—C, | s, G | S0 _I_C4 N +
] (&( C,—— Ré"a
Vg @<s3 é(sﬁ é(sg S1
| | | |
(a)
S, Ss Sg Sy
ik 14 1+ 1+
e -=C, =, ==c, N
A+
G RZv,
Ve S3 S Sy Sip
(b)

1+ 1+ 1+
Sy $; Sio ¢ +
T I 1 ot ezi

©

Figure 10. The Series-Parallel Converter and their equivalent switching states, (a) topology, (b) equiva-
lent circuit when capacitors are in parallel, and (c) equivalent circuit when capacitors are in series.

Figure 10 also shows the equivalent circuits in the two switching states of the converter.
As their name indicates, one of the switching states (see Figure 10b) corresponds to a state in
which all capacitors (except the output capacitor) are in parallel, while Figure 10c shows an



Appl. Sci. 2022, 12, 8554

8 of 34

equivalent circuit when all capacitors (except the output capacitor) are in a series connection.
This operation can be summarized as follows from Figure 10a: We can divide the switches
into two groups; group A is made by switches sy, s3, S5, S, 53, 59, 511, and s12, and group B
is made by sy, sy, S7, 5109, and s13. We drive the converter with a single firing signal, a square
signal (50% of duty cycle), meaning the switches of group A are all closed, and the switches
of group B are all open when the firing signal is one (high). This produces the equivalent
circuit shown in Figure 10b. On the other hand, when the firing signal is zero (low), the
switches of group A are all open while the switches of group B are all closed; this produces
the equivalent circuit shown in Figure 10c.

When the circuit behaves in the same way as in Figure 10b, capacitors Cq, C,, C3, and
C4 get connected in parallel to the input voltage and charged to the input voltage level. In
the other state, those capacitors (Cq, Cp, C3, and Cy) get in series with the input voltage
source charging Cs with five times the input voltage.

This converter, which is the Series-Parallel Converter, multiplies the input voltage for
a certain value. In the case of Figure 10, the input voltage is multiplied by five, and this
value can be extended with more capacitors and switches.

The Series-Parallel Converter is one of the possible extensions to the circuit in Figure 9.
Another possible extension is shown in Figure 11; it is known as the Fibonacci Converter [21]
(another of the converters studied in [20]).

S Sy $; Sio Si3
T
1
l S,

l S} S( l S9 12

114
<+

S
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(@)

-_{4
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| L
1T
>
1=+

(©

Figure 11. The Fibonacci Converter is another possible extension to the circuit in Figure 9, (a) topology,
(b) equivalent circuit when the single firing signal is high, and (c) equivalent circuit when the single

firing signal is low.

Figure 11 also shows the equivalent circuits of the Fibonacci Converter. The converter
may seem to be operated with two firing signals, square signals with a phase shift of 180°,
or with a single firing signal in which some of the transistors are driven on when the firing
signal is high, while other transistors are driven on when the firing signal is low.

Their traditional operation can be described in the following manner. Again, we can
divide the switches into two groups: group A is made by odd switches (s1, s3, 55, 57, 59, 511,
and s13), and group B is made by even switches (s, 54, S, S8, S10, and s12). We can also drive
the converter with a single firing signal, a square signal (50% of duty cycle), meaning the
switches of group A are all closed, and the switches of group B are all open when the firing
signal is one (high), which produces the equivalent circuit shown in Figure 11b. On the
other hand, when the firing signal is zero (low), the switches of group A are all open, while
the switches of group B are all closed; this produces the equivalent circuit in Figure 11c.

When the circuit behaves as in Figure 11b, capacitor C; gets charged with the input
voltage at the next switching state (see Figure 11c). Cy, in series with the input voltage,
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charges C, with twice the input voltage at the next switching state when the circuit behaves
again as Figure 11b, with C; in series with Cy, which charges C3 to three times the input
voltage. Then, back in Figure 11c, Cp, in series with Cs3, charges C4 with five times the input
voltage. Finally, back in Figure 11b, C3, in series with Cy4, charges capacitor Cs with eight
times the input voltage.

The circuit is called the Fibonacci Converter since capacitors get charged with multiples
of the input voltage, and the multiples are equal to the Fibonacci series of numbers (consid-
ering the input voltage as the first one), whichis 1,1, 2,3,5,8 ..., (the following number is
the sum of two previous numbers).

The circuit in Figure 11 can acquire gains which are different to the Fibonacci series;
for example, if group A is made by the switches sy, s3, 54, 56, 57, 59, 510, and s12, and group B
is made by all the other switches (s, s5, sg, 511, and 513), their switching states would be
equivalent to Figure 10b,c, and the gain would be linear. As with the Series-Parallel, other
switching sequences can be tried.

One of the last classical SC converters covered is the Ladder Converter, see Figure 12a.
This converter cannot be considered as an extension of the converter in Figure 9, at least not
in a straightforward manner, and this is one of the most popular SC circuits nowadays [22-26].

e . s
G — C,— C, =
GEN 51y
—c, —c —c
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<, |, s |y .
—c —c —c
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c, = RZv, 2 RZv, (2 RZY,
<oy 5+ +
—C = =
«Xs, 5,
6 n® n®
<f<s1 5
(a) ) ®)

Figure 12. The Ladder Converter is another possible extension to the circuit in Figure 9. (a) Converter
topology, (b) equivalent circuit when the firing signal is high, and (c) equivalent circuit when the

firing signal is low.

Following the same procedure used to discuss the operation of the Series-Parallel and
Fibonacci converters, we can divide the switches into two groups: group A, made by all
the odd switches, and group B, made by all the even switches. By driving the converter
with a single firing signal, a square signal (50% of duty cycle), the switches of group A are
all closed, and the switches of group B are all open when the firing signal is one (high),
which produces the equivalent circuit shown in Figure 12b. On the other hand, when the
firing signal is zero (low), switches of group A are all open while switches of group B are
all closed; this produces the equivalent circuit shown in Figure 12c.

The parallel connection between capacitors means that all capacitors are charged to
the input voltage, the converter can be extended with more switches and capacitors, and
the circuit’s output voltage in Figure 12 is four times the input voltage.

This converter can be considered the transistorized version of a Cockcroft-Walton
Voltage Multiplier or Ladder Voltage Multiplier, a rectifier or ac-to-dc converter that utilizes the
alternating voltage to activate diodes. Several studies have been done with this converter,
such as [22-26].
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The resonant version of this converter has been used in several applications, mainly
in voltage equalizers for either batteries or capacitors connected in series, as mentioned
in Section 5.4.

Converters in this section are presented in the form of their step-up topology, but,
in all cases, they can also work as a step-down converter by inverting their source and
load side.

The field of investigating new topologies is very active among the recent contributions
to the state-of-the-art in topologies of the SC circuits. One of the recently investigated
topologies is the Flying Capacitor Multilevel Inverter [27-31], see Figure 13. Initially used as a
multilevel inverter, it has also been investigated as a dc—dc SC converter.

2 R o
T -

®)

Figure 13. Two common ways of drawing the Flying Capacitor Multilevel Converter (it is the same

topology drawn in two different ways), (a) drawn in vertical way, (b) drawn horizontally.

Figure 13 shows the converter used as a 3x converter, which means the output voltage
(or high-side voltage) is three times the input voltage (or high-side voltage). To perform
this conversion, three switching states are required instead of two, as in the previously
studied converters. Figure 14 shows the switching states of the converter in Figure 13.

N

(©

Figure 14. The three states of the switching sequence of the converter shown in Figure 13, (a) first

switching state, (b) second switching state, and (c) third switching state.

The Flying Capacitor Converter was not proposed as an SC circuit, but as a dc—ac (or
ac—dc) converter, but it can also be used as an SC dc—dc converter, although it requires more
sophisticated switching functions.
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The converter in Figure 13 requires three equivalent circuits to operate. Figure 14
shows those equivalent circuits, and Figure 14a shows the equivalent circuit in which
switches s1, s4, and s¢ are on while sy, 53, and ss5 are off. We call this the first switching state.
Figure 14b shows the equivalent circuit in which switches s;, s3, and sg are on while sy, 54,
and s5 are off. We call this the second switching state. Figure 14c shows the equivalent
circuit in which switches s,, s4, and s5 are on while s1, s3, and s¢ are off. We call this the
third switching state.

As a short discussion of advantages and disadvantages, the Fibonacci Converter has
a voltage gain that increases significantly when the number of power stages increases, in
contrast to the Ladder and the Series-Parallel, whose voltage gains increase linearly when the
number of power stages increases. The Ladder and the Series-Parallel have the advantage
of having the same voltage in all capacitors, equal to the input voltage. The Ladder has
the advantage against the other two in that switches are also rated to the input voltage.
The Series-Parallel and the Fibonacci require transistors of a larger voltage as the number of
power stages increases. The Flying Capacitor topology has the same voltage in all switches,
but a different voltage across capacitors. It requires three switching states instead of two.

One of the most recent contributions to the SC topologies was the proposition of
the Multilevel Modular Capacitor-Clamped DC-DC Converter or the MMCC Converter [32].
Figure 15 shows the MMCC Converter.

L L7
<|£<s8 C3 | S C4 + +

T T C,—— v,
LT

Figure 15. The MMCC Converter topology.

The operation can be explained in the following manner: The digital inputs are divided
into two groups with the same firing signal; similar to the former SC converters, it has two
equivalent circuits (except for the flying capacitor, which has three).

Figure 16a shows the first equivalent circuit; in this state, switches s1, s3, s4, s7, s9,
s11, and sy3 are on, while sy, ss, s¢, Sg, S10, and s1p are off. Figure 16b shows the second
equivalent circuit; in this state, switches sy, s3, s4, Sy, S9, 511, and s13 are off, while sy, s5, s,
sg, S19, and s1, are on.

S l $7 | Si3
G| IECZ I |, fq
4 11 + +
C,==R év{,
Ve s, S, N

(@)
l Ss l Sio
+ + mn +
s, G G, Sq G, C, " +
Ci ::R é‘}a
Ve Se Si2
()

Figure 16. Equivalent circuits of the MMCC Converter, (a) first switching state, (b) second switch-
ing state.
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During the first switching state, capacitor C; gets charged to the input voltage v,.
During the second state, Cy, in series with the input voltage, charges C, to twice the input
voltage. Then, in the following switching state (back to the first state), C,, in series with the
input voltage, charges C3 with three times the input voltage. In the next state, C3, in series
with the input voltage, charges C4 with four times the input voltage. Finally, Cy, in series
with the input voltage, charges Cs with five times the input voltage. The topology can be
extended. In the case of Figures 15 and 16, we are depicting an 5x voltage multiplier.

By analyzing the equivalent circuits or switching states, the MMCC converter work in
some way as a transistors-based version of the converter in Figure 4, but each capacitor has
a pair of transistors that work as its “digital” inputs (instead of separate pulsating signals).

Following the comparison and discussion, the MMCC converter seems similar to a
combination of the Series-Parallel with the Fibonacci; it has the Fibonacci voltage gain, which
means its voltage gain can be relatively large with few power stages. All capacitors and
all switches have the same voltage stress equal to the input (or low side) voltage. Those
advantages make it superior to previous topologies, which is why their development can be
considered a significant contribution. Several articles have been dedicated to this converter,
including their resonant charge interchange, as will be discussed in Section 5.4.

Table 1 shows a comparison of the transistors-based pure switched capacitors based on
the number of switches, the maximum voltage stress on switches, the number of capacitors,
the maximum voltage on capacitors, and the output voltage that can be used to obtain a
voltage gain.

Table 1. Comparison between transistorized pure switched-capacitor converters.

Number of Maximum Number of Maximum Output
Topology . Voltage on a . Voltage on a
Switches f Capacitors . Voltage
Switch Capacitor
5x Series-Parallel
(Figure 10a) 13 4x Vg 5 5x Vg 5x Vg
8x Fibonacci
(Figure 11a) 13 5x Vg 5 8x Vg 8x Ve
4x Ladder
(Figure 12a) 8 Ve 6 Ve 4x Vg
6% Ladder (no draw) 12 Ve 10 Ve 6x Vg
3x Flying Capacitor
(Figure 13a) 6 Ve 3 3x Vg 3x Vg
5x Flying Capacitor
(no draw) 10 Ve 5 5x Vg 5x Vg
>x MMCC 13 Vg 5 5x Vg 5x Vg

(Figure 15) :

4. The Charge Interchange between Capacitors

As mentioned before, one of the motivations for studying SC converters is the recent
development of topologies with a relatively high efficiency at a relatively large power.
For example, [104] reported an efficiency of 99% with a 22 kW prototype. Table 2 shows
some of the references in which switched converters are reported to have achieved a high
efficiency. It can be observed that in those cases (mentioned in Table 2), the converters
operate with a resonant charge interchange. This section discusses the different types of
charge interchange among SC circuits and the analysis of stored energy (before and after
the paralleling of capacitors).
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Table 2. References of switched-capacitor converters with high efficiency.

Title Reference  Peak Efficiency Reported Power Rating of Experiment
Multilevel DC-DC Power Conversion System with o
Multiple DC Sources [102] 98.9% 10kw
Analysis and Comparison of Medium-Voltage
High-Power DC/DC Converters for Offshore Wind [104] 99.1% 22 kW
Energy Systems
SiC-Based Bidirectional Multilevel High-Voltage
Gain Switched-Capacitor Resonant Converter with [105] 97% 5 kW
Improved Efficiency
DC-DC High-Voltage-Gain Converters with Low o
Count of Switches and Common Ground [107] 1% 300w
Design and Analysis of Switched-Capacitor-Based o
Step-Up Resonant Converters [109] 94.4% loow
Multiphase Multilevel Modular DC-DC Converter o
for High-Current High-Gain TEG Application [110] 97% 650 W
Zero-Current-Switching Multilevel Modular o
Switched-Capacitor DC-DC Converter [111] 98% 150 W
Switched-Capacitor-Cell-Based Voltage Multipliers o
and DC-AC Inverters [112] 96% Tkw
Resonant switched-capacitor voltage multiplier with o
interleaving capability [113] 95.5% 150 W
LLC Resonant Voltage Multiplier-Based Differential
Power Processing Converter Using Voltage Divider [114] 99.6% 1.2 kW

with Reduced Voltage Stress for Series-Connected

Photovoltaic Panels under Partial Shading

Nonisolated High Step-Up Soft-Switching DC-DC
Converter with Interleaving and Dickson [115] 97.9% 1kW
Switched-Capacitor Techniques

Input Current Ripple Reduction in a Step-Up
DC-DC Switched-Capacitor [116] 95% 700 W
Switched-Inductor Converter

It has been observed that traditional SC circuits have discharging losses. This section
explains this term. It has also been observed and demonstrated that SC circuits with a
resonant charge interchange seem not to have discharging losses. One of the contributions of
this article is to provide a new demonstration (other demonstrations have been published
before) based on the amperes per second and charge conservation principle. These princi-
ples are widely used and known for power electronics engineering, for which we think the
analysis will be better understood.

4.1. Different Types of Charge Interchange

Switched-capacitor circuits have different applications; when they are used for power
conversion, there is a disadvantage from the power electronics point of view; when capaci-
tors get connected in parallel, the current among the capacitors, what we usually call the
“charge interchange” [34,40,41], is limited only by parasitic resistances in both transistors
and capacitors. This produces a spike-type waveform such as the ones shown in Figure 17.
The circuit in Figure 17 shows two capacitors. Let us consider that they have different volt-
ages before being paralleled (V1 > V). The resistor Rp,, lumps the parasitic resistances
of the loop, including both capacitors of ESR and the switch-on resistance. The peak current
is equal to the initial voltage difference divided over the parasitic resistance Rp,. The
current follows the classical exponential discharge. This does not make their applications
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prohibited, there are many applications in power electronics for switched-capacitor circuits,
and the peak current can be calculated and handled.

v

(@) (b) T ©

Figure 17. Basic non-resonant SC circuit, (a) schematic, (b) current between capacitors with full
charge interchange, (c) current between capacitors with a partial charge interchange.

Despite the fact that the current waveform among the capacitors does not prohibit
the application of SC circuits in power conversion, it presents the following concerns and
disadvantages for high-power applications:

o  If the peak current is too large, it may damage the components (transistors and capacitors).
In transistors, a large current, such as the peak current in the SC converters, causes an
increase in the switching losses of the transistor, increasing its junction temperature [117].
A spike current has a larger RMS value than a flat one. It is better to have a flat current.
There is an effort to reduce parasitic resistances in new devices, transistors, and capac-
itors; we can expect that the peak current will be larger if we use better components.

The peak of the current can be reduced if the switching frequency is high enough to
prevent a large discharge of the output capacitor, leading to what we call “partial charge
interchange” (see Figure 17), but this still is more used in low power since the switching
losses of transistors may be larger.

Those concerns have limited the applications of what we now call “pure switched
capacitors” circuits to low-power applications, but it has motivated the creation of another
type of switched-capacitor circuits, which we call Resonant Switched Capacitors (RSC).

Resonant Switched-Capacitor (RSC) circuits contain small inductors to avoid a spike
current while making those currents sinusoidal. It is important to emphasize that avoiding
inductors was the motivation to develop SC converters, and then the inclusion of inductors
may sound contradictory, but inductors used in RSC converters are pretty small compared
to energy storage inductors used in traditional converters. Figure 18 shows a comparison
of two inductors used in traditional converters (such as the boost converter) and a small in-
ductor (0.2 pH) used in an RSC converter. Some articles have reported air-core inductors or
the use of the parasitic inductance on wires to produce the resonant charge interchange [42].

Figure 18. Comparison between two energy storage inductors and a tiny resonant inductor.

Figure 19 shows an equivalent circuit of two capacitors connected in parallel through
a small resonant inductor, Ly.s; the current between the capacitors tends to be sinusoidal.
We assume the switch opens when the current crosses zero to prevent the current from
becoming negative.
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Figure 19. Basic resonant SC circuit, (a) schematic, (b) current between capacitors with resonant

charge interchange.

The shape depends on the damping factor, as explained in [42], but as we can choose
the capacitance and the inductance (and try to minimize the parasitic resistance), the
designer can ensure the current is similar to a sinusoidal.

The resonant switching limits the peak current between capacitors; it produces a zero
current switching and leads to better circuit efficiency. Conversely, the resonant period
must be considered to avoid opening the resonant circuit before the current reaches zero.
The main difficulty with the resonant-switched capacitor operation is that the current does
not stop automatically when it reaches zero. It tends to produce a sinusoidal signal, typical
in resonant circuits. It is important to open the switch exactly when the current reaches
zero, which is difficult considering the resonant frequency may change due to the tolerance
of components from one converter to another one. Another option is to use a diode to
prevent the current from becoming negative [40,41].

The efficiency improvement on resonant switched-capacitor circuits compared to
pure switched capacitors can be explained by analyzing the efficiency from the stored
energy point of view [43]. The efficiency of a power converter is usually analyzed from
the power consumption point of view, but the current shape (which depends on parasitic
components) is not easy to determine on switched-capacitor circuits; the other option is the
energy-based analysis.

4.2. Energy Analysis on the Non-Resonant Charge Interchange

The energy analysis is well known in the case of a pure switched-capacitor circuit;
50% of the data is in the mind of many researchers, but that 50% applies only in the case
of a full-charge interchange of capacitors of the same capacitance, and when one of those
capacitors is initially discharged. Let us start from the beginning to understand that value
and analyze different cases.

Let us consider a circuit made only by two capacitors, C; and Cp, as in Figure 20.
The capacitances of the capacitors and their initial voltage may be different. In addition,
let us recall the well-known analogy between the studied system and a hydraulic system
consisting of two interconnected water tanks since capacitors have the same mathematical
model as water tanks.

&

|

Cl
Figure 20. Pure switched-capacitors circuit and their hydraulic analogy.
For the energy-based analysis, it is not necessary to model parasitic resistances, which

makes the analysis relatively simple. Let us consider whether capacitors get connected in
parallel or whether we open the valve which connects the water tanks.
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Capacitors are initially disconnected and have different initial voltages vy; and vy;,
respectively. If the switch closes and remains closed until the current becomes zero, a full
charge interchange process will take place. The current would be similar to the one shown
in Figure 17, leading to a new equilibrium; this process may be, ideally, instantaneous (in
the ideal case of zero parasitic resistance), and some charge will be transferred from the
capacitor with a larger initial voltage to the capacitor with a smaller initial voltage. After
the transient, both capacitors will be charged to the same final voltage vr.

From the charge conservation principle, the initial and final charge of the circuit must
be the same, which can be expressed as:

Civ1; + Gy = C]'Uf + szf = (Cl + CZ)Uf 1)

From the circuit (or the water tanks analogy), the final voltage vy can be expressed as
in Equation (2).
_ Gio3i 4 Gy
Vp = —————
G+C

Let us focus on the stored energy in both the initial and final states. The initial stored
energy can be expressed as (3),

@)

2 2
_ Gy n Couy;

£0 2 2

3)
while the stored energy at the final state, after the transient, can be expressed as in Equation (4).

CiVZ GV?  (Ci+C)V?
s Bcad I f @)

T 2 2

By substituting (2) into (4), the stored energy after the transient can be expressed
as in Equation (5):

©)

- (C1 4 Ca) [ Crog; + Covgi \ 2 _ (G + Couy)?
f 2 G+ G 2(C1 + CZ)

The difference between the initial and final stored energy depends on the parameters
and initial conditions of the system. Let us consider the case in which both capacitors have
the same capacitance (C; = C; = Cin (5)). The final stored energy would be expressed as (6).

C
& = Z(Uli +U2z‘)2 (6)

Now, let us define a ratio of the final over the initial energy “#.” by dividing (6) over
(3); this can be a measure of efficiency by considering that the initial state contains the input
energy and the final state contains the output energy, and it can be expressed as
C(v1;+vp; 2 2
ClowFox)” I 21) (v1; + v21) 1 01i02;

= )

e = C(vl,-22+vz[2) o 2(2)11'2 + 021'2) 2 2711'2 + 1721'2

Figure 21 shows a graph of (7) as a function of the ratio among v,; divided over vy;.
We are considering that the voltage in C; is initially larger, but the same case would be
obtained in the other case with an inverse flow of the current and power.
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Figure 21. Store energy ratio among the final and the initial condition.

There are many things we can discuss in this experiment; some important comments are:

(i)  The stored energy ratio is always smaller than 1, which is expected from the efficiency
analysis in the power converters.

(ii) The capacitance of the capacitors seems to disappear from (7), but this is only when the
capacitors are equal. If the capacitors are different, the ratio among the capacitances
would appear as a factor in Equation (7).

(iii) The minimum ratio (or efficiency) observed when capacitors are equal is 0.5 of 50%,
but this is only the minimum. The efficiency may be larger if the second capacitor
initially has more than 50% of the other one. The efficiency remains over 90%. On
the other hand, if one capacitor’s initial voltage is smaller than 50% of the other, the
efficiency decreases rapidly.

(iv) The efficiency is larger if the initial difference of the voltages is smaller, but if the initial
voltage of the capacitors is equal, the charge interchange would be zero. Then, the
100% efficiency has a trade-off versus the amount of charge transferred. This is another
way of seeing why pure SC circuits are mainly used in low-power applications.

We can say the ratio between the final over the initial stored energy has an impact on
the efficiency based on the principle of connecting capacitors in parallel.

Another interesting commend is that the power losses found in this analysis do not
depend on the parasitic resistance that connects capacitors, but a low parasitic resistance
would lead to a faster charge interchange (which is an advantage) and a larger peak current
(which is a disadvantage).

This kind of analysis is not common in other types of converters, in which losses are
analyzed from the power dissipation point of view.

Before analyzing the resonant switched-capacitor circuit, we would like to emphasize
that it is not difficult to transfer charge among capacitors with efficiencies over 95% in pure
switched-capacitor circuits.

4.3. Energy Analysis in the Resonant Charge Interchange

Recently, many SC topologies have been studied with a resonant charge interchange,
with a relatively large efficiency at a relatively large power [40-45,102-116], some of them
for a large power [44], which seems unexpected considering SC circuits have these “dis-
charging losses”. This is because when the resonant charge interchange is introduced,
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the difference in the stored energy that we have called the discharging losses seems to
disappear. This has been studied and proven, e.g., in [43]. Here, we present different
proof based on the volts-second balance and charge conservation principles, which may be
simpler to understand by readers involved in the power electronics field.

Figure 22 shows a resonant switched-capacitor cell. It has a switch that connects the
capacitors through the resonant inductor “L.s” (small size).

Figure 22. A basic resonant switched-capacitor circuit.

The charge interchange is different than the pure SC case. The main differences are
that (i) the current tends to be sinusoidal, and (ii) we can stop the current before it finds
an equilibrium (preferably during a zero crossing), meaning the final voltage of capacitors
would be different vyf # vy. In other words, the inductor is chosen in a way that the
current has a resonant behavior. This requires a very small inductor, much smaller than the
energy storage inductors. If we let the circuit reach the equilibrium, parasitic resistances
would damp the current, and it will become zero when capacitors are charged to the same
voltage, which would lead to the same result of pure switched-capacitor circuits. However,
we can also open the switch before that happens. When capacitors have different voltages,
the most common choice is to allow only a half-sine wave in the current, which leads to a
current as shown in Figure 19, which is more detailed in Figure 23.

i v i, (1)

(vli _Vz,') T

/"/_(Z)

(Vz, _Vlz)_

Figure 23. Voltage and current signals during the resonant charge interchange.

The current through the inductor starts rising when the switch closes, at an instanta-
neous rate of (vy; — vy;)/L; the current of the inductor stops rising when both capacitors
have the same voltage, that is, the moment in which the inductor has its maximum current
Iimax, see Figure 23.
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During the x-point or maximum current point, the voltage in both capacitors is the
same, and it can be called vy. The voltage v, can be calculated by using the principle of
charge conservation, with the same procedure as in (2), in other words:

_ Cogi + Cooy;

T Og4+G ®

We can also calculate the amount of charge that capacitors have interchanged from the
beginning of the transient to the x-point. The amount of charge C; has transferred to C;
can be expressed as (9).

Ay = Cioy; — Croy = Cy(v1; — vx) ©)

In other words, from the beginning of the transient to the x-point, C; has provided
charge (it has lost charge), and the amount of lost charge reduces their voltage from vy; to
vy. Again, we are considering that Cj, initially, has a larger voltage; on the other hand, Cp
has gained some charge, the same amount of charge, which can be expressed as (10).

Ag = Covy — Coug; = Co(vx — 02;) (10)

Note that we consider that C, has gained some charge, and its voltage has increased,
meaning that vy is larger than vy;.

In Figure 23, we assumed that both capacitors have the same capacitance, which makes
the figure symmetrical, but the equations can be applied to different capacitances.

The inductor was initially discharged. It had zero current at the beginning of the
transient, and now, at the x-point, it has its maximum current I, = I. From the principle
of volts per second balance, to discharge the capacitor back to zero current, the same
number of volts per second must be applied with inverse polarity, and it will drain the
same amount of current in the discharge process (the end of the first half cycle of the shape
of the current) compared to the current drained during the charging process.

This means that at the end of the resonant charge interchange (at the end of the semi-
sine), capacitor C; would lose twice the charge expressed in (9) and (10), and their final
charge can be expressed as (11)

Cyo1f = Coy; — 2(Croy; — Croy) = 2C1ox — Croy; (11)

where Cyvyy is the final charge in Cy, expressed as the initial charge minus the charge lost
during the transient (twice the charge expressed in (9)). An analog procedure can be used to
calculate the final charge in Cj, their initial charge plus twice the charge it wined (expressed
in (10) and (12)).

Covap = Coug; + 2(Coux — Couyi) = 2Co0x — Couy; (12)

By substituting (8) into (11) and (12), the final charge in C; and C; can be expressed as
(13) and (14), respectively.

C1v1; + Covy;

Croyp =2G (W) — Croy; (13)
C1v1; + Covy;

Covpp = 2Cy <1C111+C§21> — Covy; (14)

Let us consider for a moment that both capacitors have the same capacitance (C; = C; = C),
then (13) and (14) would lead, respectively, to (15) and (16).

Coy; + Coy; v1; + Uy
Cvlf:2C<g+C2’> —Cvli:>vlf:2(h221) — U1 = Uy (15)
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Covq; + Cuy; U1i + Uy
Cv2f = 2C<E+C2’> — Cup; = Upf = 2(11221) — U2 = U1 (16)

Equations (15) and (16) bring an interesting fact. If the capacitors have the same
capacitance, the capacitors swap their voltage, and the final voltage in C; is equal to the
initial voltage in C;, and vice-versa.

Equations (15) and (16) can be used to demonstrate that there is no difference from
the initial stored energy to the final stored energy (there are no discharging losses as in the
pure SC circuits); both the initial and final stored energy can be expressed as (17).

_Co?  Co? o Coi? | Copf

= 2 f=72 2 (17)

The conclusion is interesting, but this applies only to the case when capacitors have the
same capacitance. The case when capacitors are different leads to the same result (as will be
shown). There is no difference between the initial and final stored energy; to demonstrate
that, let us consider that the capacitance C; is different from C,, and let us define a ratio
among the capacitances (18).

_ G
=3
By considering (18), Equations (13) and (14) can be rewritten as (19) and (20).

k (18)

(19)

Cioif = 2G4 (W> — Cyoy;

C1+kCq

C1v1; + kCr0p;
C1+kCq
The definition of k in (18) allows for simplifying the mathematical procedure. Only

one capacitance, Cy, is present in equations, which allows simplifying (19) and (20) as (21)
and (22), respectively.

v1; + kvy; 1—-k 2k
vy = 2(H> U= v + TrEo2 (21)

kcl’l)zf = 2kC1 < ) - kClei (20)

1+k
v1; + kv, 2 1—k
oo =2( TR e = prp e T @)

Let us consider the following definitions for the sake of simplicity:

1—

=

2
p= T+% (24)

Equations (21) and (22) can be re-written, considering (23) and (24), as (25) and (26).
v1f = avy; + kPoy; (25)

Uaf = PUy; — avy (26)

The initial stored energy in the capacitors can be expressed as (27).

Cio12 Covn? C
g = 71;11 + 2321 = 71 (Uh‘z + k02i2> (27)
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while the final energy can be expressed as (28).

. C101f2 n szzfz

e =— 5 (28)

Now we can substitute (25) and (26) into (28) to investigate if the result is equal to (27).
C C
ef = 71(04011‘ +kpoa)” + 72(,5011‘ — avy;)’ (29)
Expanding the quadratic terms in (29) and considering C, = kC; leads to (30).
C kC
€f = 71 (062011'2 + 2kafoq;vz; + k2ﬁ202i2) + 71 (,520112 — 2Bavy;vy; + 042021'2) (30)

Multiplying by 2/C; on both sides of (30) leads to (31)

2¢
7Cf = (zxzvuz + Zkﬂéﬁvlivgi + kZ,BzZ)zl'z) + k(ﬁZUliz — 20(/3?]11'2121' + 0627121'2> (31)
1

Now we can group similar terms as in (32).

£
Zc—f =02 [lxz + kﬁz} + v1709i [2kap — 2kaf] + vy [kzﬁz + kzxz} (32)
1

The factor that multiplies v1;2 can be simplified as (33).

1-k\? 2 \?
2 2 pr— —_— —_— pr—
a” +kp _<1+k> +k(1+k> 1 (33)
The factor that multiplies Vo2 can be simplified as (34):
22 2 of 2\ 1-k\? _
k*B* + ka _k<1+k +k Tk =k (34)

The factor that multiplies vy;vy; is:
2kap —2kaff =0 (35)

By substituting (33), (34), and (35) into (32), the stored energy in the capacitors after
the charge interchange transient can be expressed as (36).

2
02i
2

2
01i
2

+kCq

&
fo = Uliz + kTJZiZ = &= Cy (36)

G

The stored energy at the end of the charge interchange transient equals the initial
stored energy calculated in (27). The conclusion of this exercise is also interesting, and
there are no discharge losses. The initial energy is equal to the final energy in a resonant
switched-capacitor circuit. That does not mean the energy conversion can be made with
100% of the efficiency as there are still losses in the transistors, switching and conduction
losses, as well as in all components of the converter, but the discharging losses that we
analyzed for the pure switched capacitors in the former section are not present in resonant
switched capacitors.

This result is also because we opened the switch (see Figure 19 or Figure 22) when
the current has a zero crossing after the first half sine cycle. This may be challenging since
the tolerance of the components may produce small changes in the resonant frequency
from one converter to another one. Some solutions have been proposed to overcome this
challenge, such as the use of diodes or thyristors to ensure the current will stop at the
zero crossing [40,44,45].
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4.4. Simulation of the Energy Recovery Phenomena

Computer simulations help us to perform fast analysis of physical systems, and they
are widely used in the field of power converters. This section presents a brief simulation of
a resonant SC circuit. The intention is to have a quick idea about the stored energy behavior
and to have some parameters which can be quickly replied in commercial software. The
computer simulations applied to the dc—dc converters are a research field by itself; different
approaches and commercial software may bring slightly different results and simulation
times due to their convergence [118]. The simulation results discussed in this section were
performed using the Synopsys Saber software (Version 4.0, Synopsys Inc., Mountain View,
CA, USA).

The schematic is shown in Figure 24a, along with the main parameters. Two capacitors
of 0.2 F are connected in parallel with different initial voltages. An ideal diode (no voltage
drop) was inserted to prevent the current from becoming negative. The diode is ideal,
but the inductor has a small equivalent series resistance (ESR = 0.001) not shown in the
schematic, only to prevent errors in the numerical simulation.

Ver0) = 0.8V¢(0)

VeaoA0) = 0.6V¢,(0)

Veal0) = 0.2V,(0)

Ves(0) = 0.0V¢4(0)
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Figure 24. Basic resonant SC circuit simulated, (a) schematic with parameters in the simulation,
(b) evolution of store energy during charge interchange for different values of initial voltage.

Five simulations were performed with an end time of 0.2 s, and a time step of 1 ps.
The initial condition or initial voltages in the capacitors are calculated to have 10 Joules
(initially). The ratio between the initial voltage in C; over the initial voltage in C; are: 0, 0.2,
0.4, 0.6, and 0.8. The specific voltages are listed in Table 3.

Table 3. Parameters of simulation in Figure 24b.

vc1(0) vc2(0) ir.(0) Initial Stored Energy
10 0 0 10

9.80581 1.96116 0 10

9.28477 3.71391 0 10

8.57493 5.14496 0 10

7.80869 6.24695 0 10

The results graphics are shown in Figure 24b. The stored energy in the capacitors
decreases until it reaches the value predicted by (5). That would be the final stored energy
in a pure switched-capacitor circuit. It can be compared to Figure 21. However, after a time,
the energy (stored in the inductor) is returned to the capacitors.

5. Hybrid SC Converters
5.1. The Traditional Boost Converters with an Input SC Multiplier

For achieving a large voltage-gain conversion, a traditional boost converter may
work at a relatively high duty cycle, but the efficiency of a traditional boost converter (in
their simple topology or interleaving) decreases when their duty cycle approaches one.
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This constrains the voltage gain achievable with a boost converter [46]. Most switched-
capacitor converters are mostly voltage multipliers without output voltage regulation,
despite regulations that can be achieved with pure SC converters. Combining SC converters
with traditional converters results in a good solution to achieve a high voltage gain and
regulation. One approach may be connecting an SC converter in a cascaded connection
with a boost converter, which means the output of the SC converter is the input of the boost
converter. The topology of the Series-Parallel Converter followed by the Boost Converter has
been investigated in several configurations [51-101], see Figure 25.
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Figure 25. Transistors-based series parallel SC converters in the literature, (a) circuit studied in [47,48],
(b) circuit studied in [49].

The switch realization can be done in different options [9]. This helps to synthesize
the converter with different configurations. Figure 25a,b have the same equivalent circuits.
Those circuits correspond to references [47-49]; other two similar converters were presented
at [50].

5.2. The Traditional Boost Converters with an Output SC Multiplier

Instead of connecting an SC circuit as the input of a boost converter, an SC circuit can
be connected as the output of a boost converter. This brings the topology of the multilevel
boost converter [51], a converter that drives a voltage multiplier such as the ones in Figure 3
with a boost converter. Any of the voltage multipliers in Figure 3 can be used for this
purpose. Figure 26 shows three possible options.

The multilevel boost converter has been studied in several articles [51-59], with
contributions that include their modeling and control [56-59]. Some works include the
negative extension (instead of the positive) or both [51,55,57].

The multilevel boost converter has several advantages which make it very attractive.
It requires only one transistor rated to a relatively low voltage, all the diodes and the
transistors are rated to the same voltage, depending on the voltage multiplier, i.e., in
Figure 26a, and all capacitors are rated to the same voltage, which is relatively low compared
to the output voltage. The input current is continuous, and the transistor is grounded,
simplifying the gate drive design. As shown in [41], only one tiny capacitor is required to
achieve the resonant charge interchange in all capacitors.
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Figure 26. The Multilevel boost converter: (a) topology studied in [51], (b) topology studied in [52],
(c) topology studied in [41].

5.3. Other Traditional Converters with SC Voltage Multipliers
As well as to the boost converter, other traditional topologies can be used to drive

a diode-capacitor voltage multiplier. Figure 27a shows the traditional Cuk converter.
Figure 27b shows the multiplier Cuk Converter. Figure 27c shows the traditional Single-
Ended Primary-Inductor Converter or SEPIC, while Figure 27d illustrates their multiplier
version. Those converters have been studied in [60,61].

L +C1 <L
v s, C. R=v v,
(a)

L, G

g S,
s L% C2T+ R% ;
©

Ll—) Cl
H
vg l Sl
()

Figure 27. Other traditional converters and their multiplier version: (a) the Cuk converter, (b) multi-
plier Cuk converter [60], (c) the SEPIC converter, and (d) multiplier SEPIC converter [61].

Other configurations have been investigated based on the same principle for either a
dc input [62-66] or an ac input [67-69].

Other configurations have been tried with more than one input switching state, for
example, with two interleaved switching stages to drive a ladder voltage multiplier [70-85];
some of those topologies resemble the series capacitor boost converter.

Another possibility is using the quadratic boost converter to drive the voltage multi-
plier, as explored in [90,91], or topologies with multiple inductors [92-95], Z-source net-
works [96,97], and the cascaded connection or the interconnection with sets of multipliers
in different manners [98-101].

5.4. Traditional SC Converters Modified to Have Resonant Charge Interchange

Several studies have been dedicated to the use of traditional SC topologies for power
conversion with a resonant charge interchange. One example is the ladder converter with
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the resonant charge interchange shown in Figure 28. Figure 28a shows the 2x multiplier
(the output voltage is twice the input), while Figure 28b shows the 4 x converter.

+
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@ 2z O
NI N
(@ (b)

Figure 28. The resonant ladder SC converter, (a) 2x version, (b) 4x version.

This converter has been used in several applications, mainly for voltage equalization
in a series of capacitors or batteries [102-106]. The resonant charge interchange can be
produced in a traditional SC converter by introducing small inductors in some parts of
the circuit.

The multilevel boost converter, see Figure 26, or multiplier boost converter has also
been studied in their resonant charge interchange version [41], see Figure 29.

Figure 29. The Multilevel boost converter with resonant charge interchange [41].

A modified version of the converter in Figure 9 has been investigated in [107] (see
Figure 30). It consists of a cascaded connection of two converters with convenient modifica-
tions to produce a resonant charge interchange.
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Figure 30. A resonant version of the converter in Figure 9.

A modified version of the Series-Parallel converter, see Figure 10, was studied in [44],
with a resonant charge interchange, as shown in Figure 31. Figure 31a shows the straight-
forward converter with thyristors and diodes, while Figure 31b shows a simplified version
proposed in [44] with fewer switches but the same operation.
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Figure 31. Thyristors-based implementations of the series-capacitor SC converter with resonant
charge interchange, (a) straight forward realization, (b) a simplified version proposed in [44].

Thyristors can be used to produce the resonant charge interchange and stop the current
automatically when it tries to become negative, particularly useful in very large power
applications, such as the one presented in [44] (see Figure 31).

The Fibonacci SC topology, see Figure 11, was used in [40] with the resonant charge
interchange. The contribution included a modified switching sequence that allows per-
forming the resonant charge interchange with a single inductor.

The Flying Capacitor topology, see Figure 13, has been used as a traditional dc-dc
converter, with a stored energy inductor and PWM voltage regulation, and also a SC
converter with a resonant charge interchange [30]. Another resonant charge interchange
SC converter was recently studied in [108].

The SC converter shown in Figure 6 was studied with a resonant charge interchange
(with a single inductor) in [109], and the topology is shown in Figure 32.

Figure 32. Topology studied in [109].
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The MMCC converter, see Figure 15, has been studied in their resonant charge inter-
change version [110,111]. In this case, the authors proposed not to use physical inductors,
but to use the distributed inductance on the circuit to produce the resonant operation.
Other topologies which are different from the traditional have been studied to achieve SC
power conversion with a resonant charge interchange [112-116].

5.5. Demonstrative Experimental Results

As a demonstrative example, a traditional multilevel boost converter was built. The
experimental results are provided in this section. Figure 33 shows the 2 x multilevel (or
multiplier) boost converter, Figure 33a shows the circuit schematic, while Figure 33b,c show
the equivalent circuits of the converter when the switch is closed and open, respectively.

S
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Figure 33. A 2x multilevel boost converter, (a) schematic, (b) equivalent circuit when the transistor
is closed, and (c) equivalent circuit when the transistor is open.

When the transistor is closed, the inductor is connected to the input voltage vy, when
the switch opens, the voltage across the inductor is v, — vc1. From the circuits shown in
Figure 33, and by applying the averaging theory [9], it is possible to write the inductor
voltage along the entire switching period, as in (37).

%'L:d%g—i-(l—d)LLUCl (37)
where d is the duty cycle of the converter, i.e., the time in which the converter is closed
divided by the total switching period. By considering the small ripple approximation and
the steady state condition [9], it is possible to obtain the voltage across the capacitor and
express it in terms of the duty cycle and the input voltage. The steady state or equilibrium
voltage across C; can be expressed as (38).

Ve

V. =
C1 1-D

(38)

The use of upper-case letters indicates steady state (or equilibrium) values. From
Equation (38), we can see that capacitor C; has the same voltage of a traditional boost
converter. Then, we can see from Figure 33b, that there is a switched-capacitor action
in which capacitor C; transfers charge to capacitor C,. This is a non-resonant charge
interchange. Despite this, the charge interchange may lead to discharging losses. If the
voltage in C; is 65% of the voltage in C; before it is in parallel, the efficiency of the charge
interchange would be around 95% (see Figure 21). At the next switching action, C; transfers
charge to C3, in a similar action. The amount of charge transferred from C; to C3 can be

calculated as (39).
1
Aqez to 3 = loutD— (39)
fs

where fs represents the switching frequency. Equation (39) calculates the amount of charge
lost by C3 when the switch is off, and this charge must be recovered from C, in a steady
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state. The voltage drop in C3 can be calculated by dividing the charge in (39) over the
capacitance C3. This amount of charge transferred from C; to C3 comes from C; when the
switch is closed, and then the same calculation can be performed to calculate the voltage
drop in the capacitor C,. Table 4 contains the experiment parameters.

Table 4. Parameters of simulation in Figure 24a.

Capacitance of Capacitors C1 = C, = C3 10 uF
Inductance L 1mH
MOSFET IRFP4127PbF
Diodes (all 3) APT60S20BG
Switching frequency 50 kHz
Output load resistor R 100 O

Figure 34 shows important waveforms, the current through the inductor, the output
voltage (voltage across the resistor), the voltage across Ci, and the switch voltage; the
voltages are displayed at 50 V/div and the current at 1 A/div. Figure 34a corresponds to
an input voltage of v¢ = 50 V and a duty cycle of D = 0.5, the output voltage was measured
as 189 V, the output power measured as 357 W, and the efficiency as 93%. Figure 34b
corresponds to the operating point in which the input voltage vy = 50 V, the duty cycle was
D = 0.6, the output voltage was measured as 238 V, the output power measured as 362 W,
and the efficiency was 93%.
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u
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Figure 34. Important waveforms of the converter operation, from top to bottom: the current through

the inductor, the output voltage, the voltage across capacitor C; and switch voltage. (a) For D = 0.5,
and (b) for D = 0.6.
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Figure 35 corresponds to the operating point in which the input voltage ve = 50 V, the
duty cycle was D = 0.7, the output voltage was measured as 321 V, the output power was
measured as 371 W, and the efficiency as 94%.
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Figure 35. Important waveforms of the converter operation, from top to bottom: the current through
the inductor, the output voltage, the voltage across capacitor Cy, and switch voltage for D = 0.7.

6. Conclusions

This article presents an overview of hybrid SC converters. It starts with a short review
of pure SC circuits, but then it focuses on modifications of those circuits, mainly with the
use of small resonant inductors, which leads to resonant SC circuits, and their combination
of traditional converters such as the boost converter.

The resonant charge interchange is a relatively new tendency among designers of SC
circuits. It is relevant since several converters have been investigated with a relatively large
efficiency. The overview includes topologies recently introduced to the state-of-the-art.
Particularly, converters under study are non-isolated and unidirectional in terms of power
flow; most of them can be adapted to provide bidirectional power flow, with the cost of
increasing the number of transistors.

In addition to the overview, which is the article’s main contribution, an analysis
is presented to explain the discharging losses, a difference between the initial and final
amount of stored energy in capacitors when connected in parallel. The analysis presented
in this article explains this phenomenon and how to ensure discharging losses are less than
a particular percentage. Furthermore, one element of proof is provided to demonstrate that
no losses are present due to the discharging phenomenon when the transferred energy is
resonant. The provided proof is different from other proofs presented in the literature, and
it is based on the amperes per second and charge conservation principles. Those bases are
very well understood by power electronics engineers, which improves the knowledge of
this phenomenon.
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