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Abstract— Multilevel modular resonant switched-
capacitor converter can achieve either zero-current
switching (ZCS) or zero-voltage switching (ZVS) by
utilizing different converter control strategies. This paper
presents a comprehensive way to compare the root mean
square (RMS) value of current flowing through switching
devices in both ZCS operation and ZVS operation. The
study shows that with appropriate converter parameter
design, the ZVS operation allows the RMS value of switch
current at most 10% lower than that in ZCS operation.
Therefore, the converter operating at ZVS mode has the
potential to achieve higher efficiency comparing to the
converter that operates at ZCS mode due to Iless
semiconductor conduction loss. Furthermore, the ZVS
operation can reduce the power loss due to MOSFET
output capacitance. A 6x converter with 54V input voltage,
9V output voltage and 600W power rating is used as an
example to show the detailed design procedure. Simulation
results are provided to verify the theoretical analysis. Also,
a 600W lab prototype that has 6 to 1 voltage conversion
ratio has been built to verify the theoretical analysis.

Keywords— multilevel, switched-capacitor, comparison,
dc-dc converter, phase-shift control, resonant converter, ZCS,
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I. INTRODUCTION

The traditional inductor-based switched-mode power
supplies (SMPS) have been widely used in different kinds of
applications for a long time. For instance, boost converter is used
in electric vehicle (EV) applications as an interface between the
car battery and the DC-link [1]-[4]. This is because the voltage
of the car battery is not high enough to be used by the inverter
that drives the motor. Also, boost converter is used in
photovoltaic (PV) applications as an interface between PV
arrays and DC-link [5]. Nowadays, wide bandgap devices
become more and more popular due to their superior reliability
and performance [6], [7]. And the size of power converters has
been greatly reduced due to the development of wide bandgap
devices [8]-[10]. As a result, reducing the size of magnetic
components such as inductors becomes the major challenge to
achieve high power density and light weight of the inductor-
based DC-DC converters. Although the wide bandgap devices
help reduce the converter size, it cannot change the fact that the

traditional inductor-based SMPS still needs bulky magnetic
components in the circuit. Thus, new converter topologies that
require minimum magnetic components are desired.

Switched-capacitor circuits are known as magnetic-less
circuits, they only use capacitors as energy transfer media in the
circuits. In traditional switched-capacitor circuits, the capacitors
in switched-capacitor converters are directly charged or
discharged by other capacitors that are connected in series [11],
[12]. This kind of switched-capacitor DC-DC power conversion
techniques are commonly used in very low power applications.
The most representative application area is chip-level
application [13]-[19]. For example, the charge pump circuit is
one of the most widely used circuits in power management
integrated circuits (PMIC). However, when it comes to medium-
power or high-power application, the high transient current due
to the capacitor charging and discharging during the converter
operation will lead to some inevitable issues, such as high power
loss and serious electromagnetic interference (EMI) problems
[20]. All these issues become fatal drawbacks for the switched-
capacitor techniques to be applied to practical industrial
applications. In order to reduce the current spike that leads to all
kinds of issues, minimizing the voltage ripples on the capacitors
is one of the effective approaches [21]. There are two ways to
achieve this approach, i.e. increasing switching frequency or
using capacitor with high capacitance in the circuit. One major
issue of this approach is that the capacitor bank volume cannot
be minimized due to the strict voltage ripple requirement.
Therefore, the resonant concept is introduced to the switched-
capacitor circuits. This kind of converter is called resonant
switched-capacitor converter or hybrid switched-capacitor
converter.

For the multilevel modular resonant switched-capacitor
converter, there are two operation modes, which are ZCS
operation mode and ZV'S operation mode. Both of the operation
modes can achieve very high efficiency [22]-[26]. On one hand,
without phase-shift control method, the switching devices in the
converter can achieve zero-current switching. On the other hand,
with the phase-shift control method, zero-voltage switching of
the switching devices can be achieved. This paper analyzes the
equivalent circuits of both operation modes and compares the
switching device’s current waveform. The study shows that the
RMS value of the current flowing through switching devices in
the ZVS operation can be lower than that in the ZCS operation.
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Fig. 1: Circuit configuration of the analyzed converter
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Fig. 2 Equivalent circuits for both ZCS and ZVS operation

But this is only true when the converter is properly designed.
Hence, this paper uses an example to show the detailed design
procedures that reach the optimum design and ensures the high-
performance operation of the presented converter. Simulation
and experimental results are provided to validate the theoretical
analysis.

II.  CONVERTER CONFIGURATION AND COMPARATIVE
STUDY

This section will introduce the circuit configuration of the
presented converter at first. Then the zero-voltage switching
operation and the zero-current switching operation of the
presented converter are demonstrated. A comparative study of
the two operation modes is conducted to show that the ZVS
operation achieves lower switching device RMS current in the
converter, which results in lower semiconductor conduction
loss.

A. Circuit Configuration and Two Operation Modes

Fig. 1 shows the generalized circuit configuration. The
switching devices in the presented converter can be classified
into two parts. The first part is the rectifier side devices. They
constitute the half-bridges that are connected to the ground. The
second part is wing side devices. All the wing side devices are
floating devices. For a converter with N times voltage
conversion ratio, the number of switching device on the wing
side is N. And the number of switching device on the rectifier
side is 2(N-1). In terms of the wing side devices, the voltage
stress of S; and S, equals to the output voltage, while the voltage
stress of switch S, to S,.1 is the two times of the output voltage.
And the voltage stress of the rectifier side devices is Vour.

The presented converter has two operation modes. And they
achieve zero-current switching and zero-voltage switching,
respectively. Note that the detailed method of realizing ZCS and
ZVS will not be covered in this paper since they have been
studied in [23] and [24]. This section focuses on analyzing the
switching devices’ current waveform for both operation modes
and calculating the RMS value of device current. Fig. 2 shows
the four equivalent circuits that can be used to analyze the
switching devices’ current waveform for ZCS and ZVS
operations. In order to simplify the analysis, several assumptions
have been made:

e  All of the switching devices in the analyzed converter
are ideal.

e  Voltage ripples across all the capacitors in the converter
are negligible.



o  The effect of the deadtime on the switching device RMS
current is negligible.

e The inductance value and capacitance value in all the
resonant tanks are identical.

For the ZCS operation, there are only two operation states,
which are shown in Fig. 2(a) and Fig. 2(c). In this operation
mode, the switching frequency of all switching devices is
matched with the resonant frequency of the resonant tank, which
can be calculated using (1). Fig. 3 shows the current waveforms
of switching devices in ZCS mode. According to Fig. 3, the
current flowing through all the switches is sinusoidal waveform.

1 1
= — = 1
s Ts  2mL,C, M

For the ZVS operation, the phase-shift control method is
used to achieve the soft-switching function. Therefore, there are
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Fig. 3 Switch current waveform when converter operates at ZCS mode
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Fig. 4 Switch current waveform when converter operates at ZVS mode

four switching states during the converter operation, whose
equivalent circuits are shown as state 1 to state 4 in Fig. 2. The
switching frequency for this operation should be higher than the
resonant frequency of the resonant tank, as shown in (2). Fig. 4
shows the current waveform of the switching devices in a
converter that operates at ZVS mode.
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B. Target For the Optimized Design

fs >

When the presented converter has a certain average output
current /,,;, the average value of current flowing through each
switch can be calculated using (3). In (3), the P,,,; represents the
output power of the converter, V,,; represents the output
voltage, and N is the voltage conversion ratio of the converter.
It’s worth mentioning that this calculation method can be used
in both ZCS and ZVS operation modes.

IO‘ll.t Pout
Isw_avg - T - Vout—*N (3)
With the average current information, the amplitude of the
switch current in ZCS operation and ZVS operation can be
calculated, as shown in (4) and (5). Thus, the switching device
RMS current value can also be calculated.

1 Tsnife
[sw_zvs_peak = L /V * 521 (4)
r/ Vout
J 5
Isw_zus_peak = 07\[ ©)

When the converter operates at ZCS operation mode, the
switching device RMS current is a function of converter output
current. On the other hand, the RMS value of the current flowing
through switches depends on converter output current, output
voltage, switching frequency and resonant inductance value.
Fig. 5 shows the switch current waveform in extreme case while
the converter operates at ZVS mode. In the extreme case, the
phase-shift time is infinitely close to zero. Although the extreme
case is an ideal case, it shows the lowest possible RMS value of
switch current in ZVS operation. Fig. 6 shows that the converter
with ZVS operation can achieve less semiconductor conduction
loss with proper parameter design. And the desired design
region of the presented 6x converter is marked in Fig. 6. A
design example in the next section will be demonstrated.

ig(t) ig(t)

Switch ON Switch ON

|

Extreme Case I I
Phase-Shift Time = 0 |
|

AN
Current Waveform with
Lowest RMS Value

ZVS Operation
Current Waveform

Fig. 5 Switch current waveform in extreme case (ZVS operation)
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Fig. 6 Target for the optimized design

III. DESIGN EXAMPLE

In Table I, the basic converter specification used in this
design example is provided. The designed converter has 54V
input and 9V output. The typical output power is 450W and the
maximum output power is 600W. This converter can be used in
the data center as an intermediate bus converter. Table II shows
the two converters that achieve the same function but with
different operation mode, and we assume they use the same
switching devices in the converter. In this example, the optimum
design of converter #2 allows the converter has less switching
device RMS current than converter #1 when they have the same
output power. In this design example, because the inductors that
have inductance within a hundred nanohenry have been proven
to be good choices for this specific design [22], three off-the-
shelf inductor candidates are selected as the starting point of this
design, as shown in Table III.

TABLE I BASIC CONVERTER SPECIFICATION USED IN THE DESIGN

We assume the switching frequency of the converters is
350kHz. According to Fig. 7, when the phase-shift time is 0.25
time of the switching period, the converter #2 can generate the
highest output current. Also, with the decrease of resonant
inductance, the output current capability of the converter #2 is
increased. This means for the same output current, converters
with lower inductance have less phase-shift time, and their
switching devices’ current waveform is closer to the extreme
case that mentioned in Fig. 5. Fig. 8 shows the comparison
between converter #1 and converter #2 regarding the RMS value
of the device current. When resonant inductance is 36nH and the
converter outputs the maximum current, the switching devices
in converter #1 and converter #2 has the same device RMS
current, which means they have the same semiconductor
conduction loss. It’s worth mentioning that with the increase of
output power, the power loss due to device output capacitor can
be partially or fully recycled in converter #2, while converter #1
cannot achieve this function. So this design is considered as one
of the optimum design points of converter #2, especially the
converter for the low voltage high current application.
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EXAMPLE

Description Items Values

Input Voltage Vi 54V
Maximum Input Current I 11.1V

Output Voltage Vou 9V
Maximum Output Current Lo 66.6A
Maximum Output Power Pout max 600 W
Typical Output Power Pout op 450 W

Voltage Conversion Ratio N 6

TABLE II TWO CONVERTERS USED IN THE DESIGN EXAMPLE

Converters Operation Mode
Converter #1 ZCS Operation
Converter #2 ZVS Operation

TABLE III INDUCTOR CANDIDATES USED IN THE DESIGN EXAMPLE

Part Number Values
SLC7649S-360KL 36nH
SLC7649S-500KL 50nH

SLC7649S-700KL

70nH

ES n

w

Switching Device RMS Current Ratio

(ZVS Operation RMS Current / ZCS Operation RMS Current)
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Fig. 7 Output current and phase-shift time relationship (f=350kHz)
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IV. SIMULATION RESULTS AND EXPERIMENTAL
WAVEFORMS

Simulation has been performed to verify the theoretical
analysis and show that the switching devices in a converter that
operates at ZVS mode have lower RMS current stress than that
in the converter operates at ZCS mode. Table IV shows the
parameters used to simulate the converter that operates at ZCS
mode. Similarly, Table V shows the designed converter
parameters for ZVS operation. It is worth mentioning that
although converter #1 uses lower capacitance for resonant
capacitors, it needs U2J or COG ceramic capacitors to ensure the
accurate resonant operation, whose capacitance density is not as
high as the X7R/X5R ceramic capacitors that can be used in
converter #2. As a result, the volume of the resonant capacitor
bank is very similar in the two converters.

Fig. 9 and Fig. 10 show the switching devices’ current
waveforms of converter #1 and converter #2, respectively.
When the converters have 450W power output, the RMS values
of the current flowing through the switches in converter #1 and
converter #2 are 13.00A and 12.56A. At this operating point, not
only the semiconductor conduction loss is reduced, but also the
power loss due to MOSFET output capacitors can be recycled.
Fig. 11 shows the inductor waveforms of both converters.
Because the inductor ripple current in converter #2 is lower than
that in converter #1, the inductor in converter #2 could be more
efficient than the inductor in converter #1. Therefore, with the
reduced power loss on inductors and semiconductors, the ZVS
operation is possible to enable higher efficiency of the presented
multilevel modular resonant switched-capacitor converter.

TABLE IV PARAMETERS USED IN THE SIMULATION
(CONVERTER #1, ZCS OPERATION)

Items Symbols Values
Switching Frequency f 354 kHz
Resonant Inductance L, 36 nH
Resonant Capacitance C, 5.64 uF
Output Power P, 450 W

TABLE V PARAMETERS USED IN THE SIMULATION
(CONVERTER #2, ZVS OPERATION)

RMS value of the former current waveform is lower than the
later one, which matches with the theoretical analysis.
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Fig. 9 Switch current waveforms when converter operates at ZCS mode
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Items Symbols Values
Switching Frequency f 350 kHz
Resonant Inductance L, 36 nH
Resonant Capacitance C, 120 uF
Output Power Pou 450 W
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Fig. 10 Switch current waveforms when converter operates at ZVS mode
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A lab prototype that is capable of delivering 600W
maximum power has been developed to verify the theoretical
analysis and simulation results. The GaN-based prototype uses
EPC2023 as switching devices. Because measuring the current
waveform of each switching device is difficult, inductor
waveforms are measured instead. Fig. 12 shows the inductor
waveform when the converter operates at ZVS operation mode.
And Fig. 13 shows the inductor current waveform when the
presented converter operates at ZCS operation mode. And the
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Fig. 11 Inductor current waveform comparison
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V. CONCLUSION

This paper compares two soft-switching mechanisms of the
presented 6x multilevel modular resonant switched-capacitor
converter. The study shows that compared with ZCS operation
mode, ZVS operation mode of the converter can reduce the
power loss of semiconductors and inductors. A design example
has been performed to show the design procedure of the
presented converter. Simulation results and experimental
waveforms are provided in the paper to verify the theoretical
analysis.
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