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ABSTRACT This paper demonstrates a high-efficiency modular multilevel resonant DC-DC converter
(MMRC) with zero-voltage switching (ZVS) capability. In order to minimize the conduction loss in the
converter, optimizing the root-mean-square (RMS) current flowing through switching devices is considered
an effective approach. The analysis of circuit configuration and operating principle show that the RMS
value of the current flowing through switching devices is closely related to the factors such as the resonant
tank parameters, switching frequency, converter output voltage and current, etc. A quantitative analysis that
considers all these factors has been performed to evaluate the RMS current of all the components in the
circuit. When the circuit parameters are carefully designed, the switch current waveform can be close to
the square waveform, which has a low RMS value and results in low conduction loss. And a design example
based on the theoretical analysis is presented to show the design procedures of the presented converter. A 600
W 48 V-to-12 V prototype is built with the parameters obtained from the design example section. Simulation
and experiments have been performed to verify the high-efficiency feature of the designed converter. The
measured converter peak efficiency reaches 99.55% when it operates at 200 kHz. And its power density can
be as high as 795 W/in®.

INDEX TERMS Modular, multilevel, resonant, resonant DC-DC converter, switched-capacitor, zero-voltage

switching (ZVS).

I. INTRODUCTION

DC-DC power converters are widely used all over the world
and cover a lot of essential applications. On the one hand,
high-power DC-DC converters have been used in photovoltaic
(PV) applications [1], [2], [3], [4] to interface the PV arrays
with high voltage DC-Link. In electric vehicle (EV) appli-
cations, a boost converter is usually used to step up the low
battery voltage to high DC-Link voltage [5], [6], [7]. On the
other hand, low-power DC-DC converters are used in applica-
tions such as DC motor drive and intermediate bus converters
(IBC) [8], [9], [10], [11], [12]. With the rapid development of
DC-DC power conversion technology, conventional inductor-
based switching mode power supplies (SMPS) can no longer
meet the high efficiency and high power density requirement
of the market. In order to improve the performance of the

DC-DC converters, wide bandgap devices are widely used
to replace traditional silicon devices because they have bet-
ter thermal performance, reliability, and lower switching loss
than conventional semiconductor devices [13], [14], [15]. Be-
cause the inductor-based topologies rely heavily on magnetic
components to achieve their functions, there are no optimal
solutions to solve the problem that the magnetic components
are bulky and heavy. This means the fundamental issues of the
traditional inductor-based converters cannot be solved.
Switched-capacitor converters are famous for their
magnetic-less feature. The capacitors are used in the circuits
to transfer energy as well as achieve voltage conversion
functions. Because the capacitors have much higher energy
density than inductors [16], the switched-capacitor converters
have great potential to surpass the traditional inductor-based
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converters in terms of power density and weight [17].
Therefore, switched-capacitor converters are widely used in
different applications.

The traditional switched-capacitor concept has been widely
used in low-power applications, such as charge pump circuits.
And intensive research efforts have been conducted to ap-
ply the conventional switched-capacitor concept to medium
and high-power applications during the past decades [18],
[19], [20], [21]. In these circuits, the capacitors directly
charge/discharge each other to transfer the energy. Although
the power density of the switched-capacitor converters is
increased when compared with inductor-based converters,
they still suffer from low efficiency and severe electro-
magnetic interference (EMI) issues. In order to solve the
low-efficiency issue, increasing switching frequency and ca-
pacitor capacitance turn out to be very effective solutions
[22]. However, the increasing capacitance will lead to a large
passive component volume, which is against the essential
concept of switched-capacitor converters. Therefore, the res-
onant switched-capacitor concept has been applied to the
switched-capacitor circuits to provide better converter perfor-
mance. With the resonant operation, the switched-capacitor
can achieve soft-switching, which significantly alleviates the
generation of EMI and semiconductor switching loss. Most
importantly, the volume of passive components can be min-
imized. As a result, high power density and high efficiency
can be achieved. In low power areas, the converters based
on the resonant switched-capacitor concept have fully inte-
grated features [23], [24] and therefore have a very small form
factor [25], [26], [27], [28], [29], [30], [31]. At medium and
high power levels, utilizing stray inductance to achieve soft-
switching was proposed to eliminate magnetic components
[32], [33], [34]. Besides, tiny planar inductors and surface
mount inductors are used to provide superior circuit integra-
tion [11], [35].

The switched-tank concept [10], [36] is one very good
example of using the resonant switched-capacitor concept
to achieve a small form factor as well as soft-switching of
a switched-capacitor converter. The switched-tank converter
(STC) shown in Fig. 2 is derived from the modular multilevel
resonant DC-DC converter (MMRC) shown in [37]. And the
zero-current switching (ZCS) operation and design methodol-
ogy of STC has been fully investigated in [35]. In the STC,
analysis shows that the MOSFET C,g loss and conduction
loss are two of the major contributors to the total power loss
because of its ZCS operation characteristic. Minimizing these
two types of loss will help improve efficiency. Therefore, the
presented converter that is capable of ZVS operation is studied
in this work.

This paper is an extension work of the conference paper
[37]. We proposed an MMRC with ZVS capability with re-
duced RMS current of the switching devices. By analyzing the
circuit’s operating principle, a mathematical model that can
predict all the devices’ current waveforms has been developed.
The design procedure of a 600 W prototype with 48 V input
and 12 V output for data center application is demonstrated.
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Simulations and experiments have been carried out to validate
the developed mathematical model and ZVS operation. The
measured peak efficiency of the laboratory prototype reaches
99.35%. And its power density achieves 795 W/in.

This paper is organized as follows: Section II demonstrates
the circuit configuration and the converter’s ZVS operation
mode. This section also explains the voltage stress of com-
ponents in the converter. Section III clarifies how to get the
current waveforms of the switching devices, and provides
a mathematical method to calculate the RMS value of the
current flowing through all the devices. Section IV provides
analysis and design of a 48 V-12 V converter base on the
information obtained from Section III. Section V presents the
simulation and experimental results of the designed converter.
Multiple operating points are measured to validate the cor-
rectness of the presented analysis and design methodology.
ZVS operation is validated in this section as well. At last,
Section VI concludes this paper.

II. CIRCUIT CONFIGURATION AND OPERATION OF THE
PROPOSED CONVERTER

In this section, the circuit structure of the analyzed
converter will be introduced first. Then, the operation of
the converter will be demonstrated, which includes the ZVS
implementation. And voltage stress of all the components is
analyzed. It is worth mentioning that the presented circuit
structure can be also used for high-power applications,
which is similar to the high-power converter based on the
switched-tank concept [38].

A. CIRCUIT CONFIGURATION AND THE OPERATION STATES
OF THE ANALYZED CONVERTER

Fig. 1 shows the generalized circuit structure of the analyzed
converter. This architecture can be divided into two parts.
Switching devices in the first part are named wing side de-
vices. It includes all the switches that are floating in reference
to the ground. The other switches in the half-bridges that
are connected to the ground or the output directly are called
rectifier side devices. They work as synchronous rectifiers in
the circuit, which comprise the second part. Fig. 3 shows a
converter with a four times voltage conversion ratio based on
the presented circuit structure. It is composed of 10 switching
devices: 6 devices on the rectifier side, and 4 devices on the
wing side.

With different control methods, the presented circuit struc-
ture can operate at two operation modes, which are ZCS
mode and ZVS mode. The converter design and optimization
method for ZCS operation is accomplished in [35], [36], [39],
[40]. This paper focuses on analyzing and designing the con-
verter that is operating in ZVS mode. Note that the switches
that have the same color on the wing side turn on and turn
off at the same time, and so do the switches on the rectifier
side. Fig. 4 shows the four switching states of the analyzed
converter. The four switching states can be classified into two
groups, which are two phase-shift states and two non-phase-
shift states. When the switches that have the same color on
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FIGURE 1. System level configuration of the proposed converter.
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the wing side and rectifier side are conducting simultaneously, [ ¢ 1 G 4L
as shown in Fig. 4(b) and Fig. 4(d), the two switching states
are non-phase-shift states. On the other hand, Fig. 4(a) and (d) State 4

Fig. 4(c) show the two phase-shift states.

According to the volt-second balanced condition on all the
resonant inductors, one can easily tell the average voltage
values across the capacitors. In the generalized circuit shown
in Fig. 1, which is a converter with N times conversion ratio, side devices have voltage stress of V,,;. For the devices that
the DC voltage bias on capacitor C, is n times the voltage are located on the rectifier, their voltage stress is V. To be
of the output voltage, which means V¢, = nxV,,,. With the specific, in Fig. 3, the average voltage values of C3, Cy, and
capacitors’ voltage information, we can calculate switching Cj are 3V, 2 Vs and V,,,;, respectively. As a result, we can
devices’ voltage stress. For the devices that are located on derive the voltage stress of S4, S; and all the rectifier side
the wing side, the voltage across devices S, ~ S;.; is two devices is the same as the output voltage V,,,,. And switch S,
times the output voltage, which is 2V,,,;. While the other wing  S3 have a voltage stress of 2V,,;.

FIGURE 4. Operating states of the presented converter.
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FIGURE 5. Waveforms of inductors and switching devices.

For a more detailed analysis, the current waveforms of all
the components will be derived. The following assumptions
have been made to simplify the analysis:

e All the switching devices in the analyzed circuit are
ideal. Their dynamic switching behavior and on-state
resistance are not considered in the analysis.

e Deadtime is not considered in this analysis.

® The parameters of all LC branches are identical. Thus,
the current waveforms of all the LC tanks are the same.

In order to achieve ZVS on all of the switching devices, the
switching frequency should be set to higher than the resonant
frequency of the LC tank. This means the resonant circuit
should operate at the inductive impedance region of the LC
tank, as shown in (1).

1 1

A R o W
Here, L, and C, are the values of resonant inductor L, and
resonant capacitor C, in the circuit, respectively. The f; means

switching frequency, and 7 represents the switching period.
Fig. 5 shows the switch and inductor current waveforms of
the presented converter. For a half-switching cycle, when the
red switches on the wing side turn on, the current waveform
can be divided into two parts, which are state 1 and state
2 shown in Fig. 5. For the first part, the circuit is in the
phase-shift state, which is state 1 in Fig. 5. The equivalent
circuit of this state is shown in Fig. 4(a). During this state, the
rectifier side devices Sy are conducting. And the drain-source
current of the wing side devices S, and S changes from
negative to positive with slope V,,; /L. This is because the
voltage across the inductor L3 is Vj,, — V3, where Vs = 3V,
and V;, = 4V,,,;. Note that the amplitude values of the positive
part and the negative part of the current are the same in ideal
case. For the second part, the circuit operates in non-phase-
shift state, which is state 2 in Fig. 5. The equivalent circuit
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FIGURE 7. The circuit used to estimate the deadtime.

of this state can be found in Fig. 4(b). With the assumption
that the switching frequency is much higher than the resonant
frequency of the LC tank, the inductor and switch current
waveforms during this state are part of the resonant current
waveform that has the frequency of 1/(27+/L,C;). It is worth
mentioning that when the switching frequency is much higher
than the resonant frequency, the current waveform in this state
can be simplified to a straight line. Similarly, the components’
current waveforms of equivalent circuits Fig. 4(c) and (d)
correspond to the waveforms during state 3 and state 4 in
Fig. 5, respectively.

B. ZVS OPERATION OF THE PRESENTED CONVERTER

The presented converter can operate in ZVS mode. By
utilizing the resonant inductor in the resonant circuit, the
phase-shift control enables ZVS on all the switching devices.
In half a switching period, the detailed converter operation
can be divided into eight states to show the realization of
ZVS. Fig. 6 shows the detailed switching transient waveforms
of the eight states, with the consideration of deadtime. The
equivalent circuits of these eight states are shown in Fig. 8.
Among which Fig. 8(a)~(d) and Fig. 8(e)~(h) show the ZVS
realization of the wing side devices and rectifier side de-
vices, respectively. Note that we assume the converter already
reached the steady state in this study.
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FIGURE 8. Commutation states during half switching cycle.

State A: In this state, MOSFETSs S;, S4, and Sgrj.3 are turned
on. Capacitors C; and C3 are charging while C; is discharg-
ing. The C, and the voltage source provide energy to the
output during this state.

State B: MOSFETSs S; and Sy turn off at the beginning of this
state. The inductor currents commute from S, and S4 to the
output capacitors of all the wing side switches. Therefore,
the LC tanks will interact with the output capacitors of the
MOSFETsS on the wing side, which are Cg; to Cs4. The in-
ductor currents discharge the MOSFETS’ output capacitors
Cs; and Cs3. And charge capacitors Cgy and Cg4. Note that
after the switches’ output capacitors are fully discharged,
they will not be charged again during the deadtime.

State C: After the capacitors Cg; and Cs3 are fully discharged,
the corresponding device body diodes will kick in and keep
the voltage across the devices equal to the diodes’ forward
voltage. During this state, all the inductor currents start
reducing and approaching zero.

State D: MOSFETs S; and S3 turn on at the beginning of this
state. Because their output capacitors Cs; and Cs3 are fully
discharged in the previous state, the zero-voltage switching

VOLUME 3, 2022

of these devices has been achieved. At the end of this state,
all the inductor currents reach zero.

State E: In this state, all the inductor currents keep increasing

in the other direction. The capacitors C; and C3 are dis-
charging and providing energy to the output, while C; is
charging through C;.

State F: At the beginning of this state, rectifier side MOSFETs

Sr1~Sr3 turn off. The inductor currents commute from
switches Sr;~Sg3 to all the rectifier side devices’ output
capacitors Cgr;~Csgr3 and Cgg|~Csp3. The inductors will
interact with all these capacitors to charge/discharge them.
Thus, we can recycle the energy that is stored in the capac-
itors.

State G: Similar to state C, once the MOSFETS’ output capac-

itors of Sp1~Sp3 are fully discharged, all the currents will
commute to their body diodes. After that, the voltage across
them is the diode forward voltage.

State H: MOSFETs Sg1~Sp3 turn on at the beginning of this

state. Because the voltage across them is the same as their
body-diode forward voltage, the ZVS of these devices has
been achieved.
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TABLE 1. Operating States and Capacitor Charging Balance

States Capacitor Energy

A Ci:t Gl Gt Caisii— Casai— Cspe — Cgpet —
B Ci:t C] Cii? Caissil Csosai? Cspe = Cspel —
C Ci:? Gyl G Csisii— Caysai— Cspe — Cgpet —
D Ciit G} Cii1 Csisii— Coosai— Cspet = Copi —
E Cii|l C1 Gyl Cosi— Cosai— Cope = Cop—
F Cii] C1 G| Caisyi— Cosei— Cora T Cspyi ]
G Ciil Gt Cii] Csisy— Copsai — Copi = Copyi —
H Ci:l Gt GCiil Csissi— Cssai = Cspi = Cspe—

1: Capacitor charging; |:Capacitor discharging; —-: Capacitor energy unchange
Srx: rectifier-side red switches; Spy: rectifier-side blue switches.

So far, the ZVS mechanism is introduced in this section.
It is worth mentioning that during the deadtime, the conduc-
tion of the body diodes will lead to considerable power loss.
Therefore, the conduction time of the diodes should be mini-
mized. Fig. 7 shows the circuit used to predict the deadtime.
Assume the capacitances of the MOSFETS’ output capacitors
are Coss1 and Cygso and the voltage stress of the two switches
are Vys1 and Vys. In order to calculate the correct deadtime.
The total charge stored in MOSFETS’ output capacitors can
be calculated with (2). Assuming the average inductor current
during the deadtime is I _,vg, the integral of the current over
the deadtime should equal to the total charge stored in Cggg1
and Cygs2, as shown in (3). Finally, the estimated deadtime
could be calculated with (4).

It is worth emphasizing that the estimated deadtime may
deviate from the actual optimal deadtime due to factors such
as MOSFET switching transition and real-time converter op-
erating condition (including the C,g value variation due to
the variation of the voltage across the device). Therefore, the
estimation should be used to make sure the deadtime falls
within the correct ballpark, and guide the hardware design.
In practical application, synchronous rectifier ICs (such as
APR349) can be used to determine when to turn on the switch
by detecting the MOSFET’s drain-source voltage. Besides,
Table 1 shows all the capacitor energy information that cor-
responds to each state.

Cosslvdsl + Coss2Va’32 = Qcoss (2)

ILﬁaugtdead = Qcoss 3

tdead = Coxslvdxl + C()SSZVdsZ (4)
IL_avg

1Il. RMS CURRENT OF THE SWITCHES IN THE CONVERTER
A. THE RMS VALUE OF THE CURRENT FLOWING THROUGH
THE SWITCHING DEVICES

In order to calculate the RMS value of the current flowing
through the switching devices, the average current flowing
through them has to be figured out as the first step. According
to the four operating states shown in Fig. 4, we can tell those
4 branches are providing power to the output. And the average
currents flowing through all the switching are identical. Thus,
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the average current /gy, _qvg flow through each device can be
calculated according to the conversion ratio and the output
current of the presented converter /. For the 4:1 converter,
Lsuy_avg 1s calculated in (5).

I{)Lll

wa_avg = 4 &)

In the general case, the average current flow through each
switch in a converter with an N:/ voltage conversion ratio
can be calculated through (6). Where the P, represents
the output power of the converter, V,,, represents the output
voltage.

IOMI POM[
I = V— = — 6
sw_avg N VOMI * N ( )

According to (6), the average device current is a function
of converter output current /,,, and voltage conversion ratio
N. On the other hand, by analyzing the switch current wave-
form shown in Fig. 5, one can tell that the average current
during the phase-shift state is zero. This means the switch’s
average current value equals its average current value during
the non-phase-shift state. Assume the phase-shift time is Ty, ;
and the switching frequency is much higher than the reso-
nant frequency, average value of the current flowing through
each switching device can be reorganized, as shown in
).

The next step is to figure out the current waveform of
the switching devices. By plugging (6) into (7), the rela-
tionship between phase-shift time and other key parameters
of the converter (switching frequency, resonant inductance,
voltage conversion ratio, output voltage, output current) can
be derived, as shown in (8). With the phase-shift time in-
formation, the devices’ current waveform can be calculated.
(9) shows the derived equation that represents the wave-
form of current flowing through wing-side switches S, and
S4. The current waveform shape of switches Sy and Sj3 is
the same as that of S, and S4. Similarly, the waveforms of
the current flowing through all the rectifier side devices can
also be derived. Furthermore, the waveform of the current
flow through the LC tank is derived, which can be found in
(10).

Vour Tshi T
Lyw_avg = ogT—SLlﬂ * (EY - Tshift) (N
SH=r
T T2 21 L,
Topip, — — — |28 o oM 8
shift 4 16 SN w Voul ( )
_ ;*_Tfhiff 4 0<t<Ty:
VLA 2 VLfr ’ = b = Lshift
. — out Tv : out
fsw_zs (1) VLi ‘hzﬂ ) Tspips <1 < %
out
0, TSI<T,
)
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Finally, with the switch current waveform derived in (9), the
RMS value of the current flow through the switching devices
can be calculated using (11). Note that all the switching de-
vices in the presented circuit have the same Iy, zys rms Value.

Isw_zvs_rms =

Lo Tyipf 1 L Toige os57. [ 1 Tsnigt
— "N di+[7,\ L dt
L Vo Ve 2 Y\ 2

(1)

B. THE LOWEST VALUE OF THE RMS CURRENT
According to (11), we can easily conclude that the devices’
RMS current in ZVS operation is not only related to the output
current /,,,; and voltage conversion ratio of the converter NV, but
also depends on switching period T, phase-shift time T,
and the value of L,/V,,. By plugging (8) into (11), the the
factor Tp;; will be canceled out. And leaving four factors that
are related to the devices” RMS current, which are I,,;, N, Ty
and Ly / Vo

In order to analyze the RMS value range of the switch cur-
rent when the presented converter has a certain output current
value, the square shape current waveform is analyzed at first.
There are two reasons for doing this. First, we assume the two
different current waveforms shown in Fig. 9 have the same
average value within a certain period. The RMS value of the
square shape current waveform is the lowest, which will be
verified in the following analysis. Second, in the ideal case,
the device’s current waveform could be infinitely close to a
square shape when the di/dt of the current waveform during
the phase-shift state is very high, as shown in Fig. 10. Note
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that the switch current waveform cannot be a square shape
since the phase-shift time is a non-zero value.

21()th 0 <t < L
2 (1) = T, (12)
square { 0, % <t<T,
V2,
Isw_square_rms = i (13)

Assuming all the switching devices in the converter have
a square current waveform when the converter operates at
steady-state, then the switch current waveform can be derived
accordingly, as shown in (12). We can tell that the magnitude
of the square waveform is a function of the converter output
current and voltage conversion ratio. And (13) calculates the
RMS value of the square shape current waveform.

With the same converter output current, the calculation
based on (11) and (13) shows that I, -y rms 1S always higher
than I, _square_rms as long as the phase-shift time is not zero.
This means the RMS value of the square waveform is theo-
retically the lowest boundary of switch RMS current in ZVS
operation. In Fig. 11, the lowest values of switch RMS current
for converters that have different voltage conversion ratio is
demonstrated. Because the switching devices’ RMS current
is directly related to their conduction loss, the presented con-
verter with ZV'S operation has the potential to achieve superior
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TABLE 2. Basic Converter Specification Used in the Design Example

Description Items Values
Voltage Conversion Ratio N 4
Typical Input Voltage Vi 48V
Typical Output Voltage Vout 12V
Typical Output Power Pout op 450 W
Typical Output Current Lous op 375A
Peak Output Power Pout_max 600 W
Peak Output Current Lout max 50 A

efficiency. Therefore, a comprehensive analysis of converter
parameters for ZVS operation is very meaningful. And the
design procedure will be provided in the following section.

IV. ANALYSIS AND DESIGN OF A 48 V-12 V CONVERTER
The ZVS and low switch RMS current features are enabled by
the phase-shift control method. In order to fully leverage these
advantages brought by the phase-shift control, this section
shows how to properly select the component parameters for
the presented converter.

In Table 2, the basic converter specification in this design
example is provided. In this design, the 4x modular multilevel
resonant DC-DC converter with 48 V input and 12 V output
will be analyzed and designed. The typical and maximum out-
put power of the converter is 450 W and 600 W, respectively.
And the output current capability of the converter is 50 A. It
is worth mentioning that the specification of this converter is
a representative specification of an intermediate bus converter
that is used in data center applications. And we can tell that
the converter has low voltage and high current output.

Based on the information obtained from previous analysis
and the converter specification, three essential aspects need
to be considered in terms of the converter design. The first is
the phase-shift time of the control signals. The second is the
switching frequency of the switching devices. The third is the
inductance value of resonant inductors in the circuit.

The design procedure is divided into three parts. The part-
one focuses on preliminarily determining the key parameters
of the converter and making sure it has enough power delivery
capability. The part-two focuses on the further selection of
the converter parameters so that the converter can achieve
superior performance. At last, the control algorism is briefly
introduced.

A. DESIGN CONSTRAINTS ON CONVERTER OUTPUT
POWER
Because the ultimate goal of the phase-shift control method is
to control the output current of the converter by adjusting the
phase-shift time, there is no doubt that the determination of the
key parameters, which are Tg,; ¢, fy and Ly, need to ensure the
designed converter can deliver enough power to the output.
The first step of the design procedure is to find the rela-
tionship between the converter output current and phase-shift
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FIGURE 12. Relationship between the phase-shift time and converter
normalized output current.

time. According to (5), when the converter delivers maxi-
mum current within its output current capability, the average
value of current flow through switching devices is maximum.
Therefore, when the derivative of the switch average current
shown in (7) equals zero, the phase-shift time that allows
the converter generates the maximum output current can be
found, as shown in (14). As a result, when the phase-shift
time Ty, equals to 1/4 of the switching period 7, the
presented converter has the highest output current. With this
information, we use the maximum converter output current
as the base value, and the relationship between the normal-
ized output current and phase-shift time can be calculated
using (15). Fig. 12 shows the calculated results. When 0 <
Tinir: < 0.25T;, the converter’s output current capability in-
creases as the increase of phase-shift time. On the other hand,
when 0.25T; < Tgipr < 0.5T;, the converter’s output current
capability and phase-shift time have a negative relationship.
This means for a certain output current value, there are two
corresponding phase-shift times. According to the previous
analysis, short T,; ¢, allows the the switches have low RMS
current. As a result, to allow the converter to achieve the best
performance, the range of phase-shift time should vary from
0to 0.257;.

dlsw_avg/dehift =0 (14)
16T T;

Isw_avg_nom = %ﬂ * <_S - Tshifl) (15)
T, 2

With the information that the presented converter generates
the highest output current within its current output capability
when T, rr = 0.25T;, the next step is to find out the rela-
tionship between switching frequency and the output current
capability of the converter. By plugging Ty,;r; = 0.257; into
(7), we can derive the maximum average current flow through
each switching device under different conditions, which is
shown in (16). Consequently, the output current capability of
the converter can be calculated using (17). We can tell that
the converter’s maximum output current is a function of input
voltage, switching frequency, and resonant inductance. Fig. 13
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shows the converter’s normalized output current capability
when the switching frequency sweep from 10 kHz to 1 MHz.
In this normalization, the base value is the converter’s max-
imum output current when it operates at 10 kHz. Note that
the normalized output current is only a function of switching
frequency. We can tell that the converter’s normalized output
current capability drops significantly as the increase of switch-
ing frequency at the low-frequency range. In other words, the
maximum output current is very sensitive to the switching
frequency at low frequency (e.g., less than 100 kHz). To be
specific, the converter’s output current capability decreases by
90% when the operating frequency of the converter increases
from 10 kHz to 100 kHz. However, from 100 kHz to 1 MHz,
the change of the converter’s output current capability is less
than 10%. Although low switching frequency enables the high
output current capability of the converter, it requires a large
volume of passive components. And for an intermediate bus
converter, power density is a very important factor. Therefore,
a high switching frequency is preferred in this design example.

V,
Iquuvg(max) = 32}‘4[14 (16)
sk
NsVou Vi an

I = =
out (max) 32f5Lr 32str

Finally, the inductance of the resonant inductor needs to
be properly selected to allow the converter has sufficient
power delivery capability. It’s worth mentioning that the in-
ductors whose inductance values are within a few hundreds
of nanohenry have been proven to be good choices in the
intermediate bus converter design [35] because they have the
potential to allow the converters to achieve both high power
density and high efficiency at the same time. Therefore, we
start from the off-the-shelf inductors shown in Table 3, whose
inductance values are 36 nH, 50 nH, and 70 nH. In order
to broaden the range of inductance in this analysis, we also
assume that a customized 18 nH inductor can be used in the
design. In Fig. 14, the four inductance values are evaluated.
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TABLE 3. Inductor Candidates Used in the Design

Part Number Values
Customized Design 18nH
SLC7649S-360KL 36nH
SLC7649S-500KL 50nH
SLC7649S-700KL 70nH

————— L-18nH
— — —L-36nH
— - — L=50nH
---------- L=70nH

Maximum Output Current (A)

Converter I, Requirement

0
100k M
Switching Frequency (Hz)

FIGURE 14. Maximum converter output current in terms of switching
frequency and resonant inductance.

TABLE 4. Relationship Between Resonant Inductance and Switching
Frequency

Resonant Inductance Value Maximum Switching Frequency
18 nH >1 MHz
36 nH 831 kHz
50 nH 606 kHz
70 nH 431 kHz

With a certain operating frequency, the converter’s output
current capability is significantly increased as the inductance
value decreases. To meet the converter’s output current re-
quirement, Table 4 shows that the 18 nH inductor allows the
converter operates at higher than 1 MHz, while the maximum
switching frequency of the converter using 36 nH, 50 nH,
and 70 nH inductors are limited to 831 kHz, 606 kHz, and
431 kHz, respectively.

B. CONVERTER PARAMETER DETERMINATION AND
DISCUSSION
In addition to making sure that Tz, f; and L, allow the
converter to have enough power delivery capability, some
other design criteria need to be further analyzed to achieve
the optimized design. As we have emphasized that in the
low voltage high current output application, one of the major
power loss contributors is semiconductor conduction loss, the
primary goal of the optimum design is to achieve low device
RMS current in the ZVS operation.

According to (8) and (11), we can tell that the switch RMS
current is a function of 1,,, N, Ts, L, and V,,,. With the given
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FIGURE 15. Normalized switching device RMS current when different
resonant inductance values are used (fs = 200 k).

L, and Ty values of the 48—12 V converter, the switch RMS
current can be calculated. In order to evaluate the effect of
inductance value on the RMS value of switch current, here
we use the 7y, = 5 us in the evaluation. Then four inductance
values shown in Table 4 are used to calculate the normalized
switching device RMS current values. Here we define the
normalized switching device RMS current as follows:

isw_zvs_rms (Voul ) Iout ) Lra fs)

isw_square_rms (Iout)
(18)
In (18), the base value used in the normalization is the RMS
value of the square current waveform, which is represented
by isw_sugare_rms- And the RMS values of current flowing
through switching devices in the converter are represented

isw?zvsfnorm (V(JMI ’ I()Ml ’ Lr7 fS) =

by isu_zvs_rms-

According to Fig. 15, as the increase of converter output
current, a lower inductance value allows the switching devices
in the converter to have a lower RMS current value due to the
higher di/dt of the switch current during the phase-shift state.
To maintain low conduction loss of the switching devices, the
normalized switching device current ranges from 1 to 1.1 over
the whole operating range is desired in this design. Hence,
70nH resonant inductance will not be considered among the
four inductance values. However, it is worth mentioning that
the resonant inductance cannot be too small due to two rea-
sons. First, although the low resonant inductance can make
sure the high output current capability as well as low device
conduction loss, the inductance value cannot be too low so that
the inductor has enough energy to charge and discharge the
MOSFETS’ output capacitors. In other words, a proper induc-
tance value needs to be selected to achieve a reasonable low
semiconductor RMS current and soft-switching at the same
time. Second, the small inductance will create challenges for
the controller because high-resolution PWM signals and very
fine phase-shift time are required. With all the aforementioned
considerations, the selected resonant inductance is 50nH when
the switching frequency is 200 kHz.
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FIGURE 16. Control algorithm of the proposed converter.

TABLE 5. Parameters Used in the Simulation and Experiments

Items Symbols Values
Typical input voltage Vin 48V
Typical output voltage Vou 12V
Switching Frequency f 200 kHz
Resonant Inductance L. 50 nH
Resonant Capacitance C, 120 uF
Maxumum Output Power Pt max 600 W
On-state Resistance— Sy, S4, Srn, Spa R oni 1.3 mOhm
Output Capacitance — Sy, Ss, Sra, Spa Cossi 900 pF
On-state Resistance - S5, S3 Ras on2 1.5 mOhm
Output Capacitance - S, S3 Coss2 600 pF

C. CONTROL ALGORISM

By adjusting the phase-shift time, the proposed converter can
achieve output voltage regulation. However, the voltage regu-
lation function comes at a price of reduced efficiency. So, the
main goal of the voltage regulation is to maintain a 4:1 voltage
conversion ratio in this design. Fig. 16 shows the control block
diagram of the proposed converter. Here the deadtime can be
adjusted by shifting the modulation signals up and down in
reference to the carrier signal. The phase-shift time will be
generated according to the error between the target output
voltage and the actual output voltage. Then applied to the
synchronous rectifier gate control signals.

Because the controller design needs the dynamic perfor-
mance of the converter and controller hardware capability to
be well considered, a more detailed control circuit analysis
will not be covered in this paper.

V. SIMULATION AND EXPERIMENTAL RESULTS

Both simulations and experiments have been performed to
verify the analytical analysis and operation of the presented
converter. Table 5 shows all the critical parameters that are
used in this section. The operating frequency of the converter
is 200 kHz, the inductance of the inductor is 50 nH, and the ca-
pacitance used in the resonant tank is 120 uF which is aligned
with the determined value from the previous section. The
parameters of the switching devices are based on Infineon 25
V and 30 V OptiMOS devices, which are also used to build the
lab prototype. It is worth mentioning that, the main purpose of
the prototype is to validate the converter design methodology.
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To avoid complexity, we keep the hardware design simplified
and used a fixed deadtime in the experiments, which is 30
ns. Fig. 17 shows the deadtime required to finish the ZVS
operation, which is the simulated result based on the SPICE
model. Fig. 18 and Fig. 19 show the simulation results for the
converter operating with 30 ns deadtime at 100 W and 600 W,
respectively. The impact of the longer deadtime will result in
higher conduction loss on the diode during the deadtime under
heavy load conditions.

A 48 V-12 V lab prototype has been built to verify the oper-
ation of the presented converter. Table 6 illustrates the actual
parts and their part numbers that are used in the lab prototype.
Fig. 20 shows the top view of the prototype that is used to
verify the theoretical analysis. All the switching devices and
resonant inductors are placed on the top side of the board.
Fig. 21 shows the bottom side of the lab prototype, where all
the gate driving circuits are located on this side. The area of
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TABLE 6. Parts Used in the Prototype

Items Part#
Switching devices BSZO13NE2LSSI
BSZ0500NSI

Gate Driver LMG1205
Resonant Inductor SLC7649S-500
Resonant Capacitor GRM32EC72A106KE05

Micro-controller TMS320F28335
Level-shifter ADUM6200CRWZ

FIGURE 21. Bottom view of lab prototype with 4:1 voltage conversion
ratio.

TABLE 7. Dimentsion of the Lab Prototype

Items Value Unit

High 0.32 Inch

Length 1.65 Inch

Weigth 1.43 Inch
Maximum Power 600 w

Power Density @ Max Power 795 W/in?

the active power circuit is 1.43 inches x 1.65 inches, and the
height of the converter is 0.32 inches. Therefore, the proposed
converter can achieve 795 W/in® density, as summarized in
Table 7. The power density of this prototype is slightly higher
than the switched-tank converter presented in [35].

Three operating points are measured and simulated in this
section. First, a 25 W case is simulated to show that when
the output power of the converter is not high enough, the
Coss of MOSFETS cannot be fully discharged to achieve ZVS
operation. Second, a 50 W load operation has been evaluated.
This operating point is the boundary condition where all the
MOSFETS are about to achieve the ZVS operation. Third, the
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heavy load is evaluated to verify the theoretical RMS current
calculation and the ZVS operation as well.
It is worth emphasizing that there are 2 main purposes for
providing the simulation results in this section:
e Verify the correctness of the simulation model by com-
paring the simulated results with the experimental results
e Use simulated waveforms as a supplement to exper-
imental waveforms due to the limited measurement
compatibility of the prototype
Fig. 22 and Fig. 23 show the simulated waveforms of
the presented converter delivering 25 W power. At this load
condition, the energy stored in the inductor is very limited.
Therefore, the MOSFETSs’ Cqg cannot be fully discharged,
and ZVS is not achieved. Fig. 24 shows the inductor current
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waveforms of L; and L3 when the presented converter out-
puts 50 W power. The current waveforms are very close to
the square shape. Note that due to the challenge of measur-
ing switching devices’ current waveforms, inductor current
waveforms are measured instead to verify the RMS current
calculation. And the Rogowski current transducers are used
for the measurement. The RMS values of I; and Iy 3 are 2.12
A and 2 A, respectively. All the current values are aligned with
the calculated values very well. Fig. 25 shows the simulated
current waveforms of switching devices in the converter. The
shape of the waveforms matches the experimental waveforms.
The RMS value of the switch current is 1.49 A.

Furthermore, the boundary of the converter’s ZVS oper-
ation has been found through simulations and experiments.
Fig. 26 shows the simulated results that all the MOSFETSs are
about to achieve ZVS at this operating point. According to
the experimental results shown in Fig. 27, we can also tell
the drain-source voltage reaches a very low level before the
MOSFET is turned on, which is aligned with the simulated
waveforms. Therefore, the ZVS operation can be achieved
when the converter’s load is between 50 W-70 W.

In Fig. 28, the current waveforms of inductors L and L3
are demonstrated under heavy load conditions. Due to the
limitation of the DC electronic load resolution capability, we
have tested the prototype at 550 W output here. According
to the measured waveforms, their RMS values are 24.37 A
and 23.8 A, respectively. And the calculated value is 24.3 A.
For better comparison, the two inductor current waveforms are
overlapped each other to show that the current flow through all
the resonant branches is almost balanced. Similarly, Fig. 29
shows the MOSFETS’ current waveforms at 550 W load. The
simulated RMS value of current flow through all the switching
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FIGURE 29. MOSFETs' current waveforms when Py, = 550 W.

devices is 17.26 A. And the calculated value is 17.18 A. We
can tell that the simulated converter’s switch RMS current

values matches the theoretical analysis.

The ZVS operation is validated at this operating point as
well. In Fig. 30, the MOSFET’s drain-source voltage decrease
at to, and the corresponding Vs remains low at this time,

which indicates the MOSFET’s output capacitor has been
discharged by the resonant inductor. At time t, the current
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commutes to the body diode when the MOSFET’s output
capacitor is fully discharged. Between t; and t,, the MOS-
FET’s body-diode is conducting. At time tp, the MOSFET’s
gate-source voltage starts rising, and the switch turns on in
a short time. As a result, the ZVS of the device has been
achieved.

In Fig. 31, the voltage waveforms of switches S; and Sj
are provided. We can conclude that the voltage stress of
S; and S5 is 24 V, while all the other switches’ stress is
12 V. Fig. 32, the voltage across capacitors Cy, C, and C3 are
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measured, which are 12 'V, 24 V, and 36 V, respectively. The
results match the theoretical analysis. In Fig. 33, the dynamic
performance of the proposed converter is demonstrated. we
can tell that when the load changes from 100% to 10%, the
converter output voltage can be regulated within 30 us. While
the inductor current takes about 60 us to become stabilized.
And the voltages across resonant capacitors are always very
stable.

In order to validate the mathematical model that is used
to estimate the theoretical RMS value of the devices’ current
within the whole load range, Fig. 34 shows the comparison
between the calculated inductor current RMS value and the
experimental results. The comparison shows that the discrep-
ancy between the two curves is within 5% of the calculated
curve. Fig. 35 shows the thermal performance of the presented
converter. When the converter outputs 550 W power, the
hottest components on the board are the resonant inductors.
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When there is no active cooling used for the prototype, the
inductor temperature is 46 °C.

A power loss breakdown is performed to help better un-
derstand the power loss distribution and future improvement
direction of the proposed converter, as shown in Fig. 36. It
is worth mentioning that the ZVS is partially achieved when
the load is light, and the Cog loss takes majority part of the
MOSFET switching loss. As the increase of converter output
power, the converter’s switching loss reaches the minimum
level when the ZVS is fully achieved and the MOSETS’ turn-
off loss is not high as well. Under heavy load conditions,
the MOSFET conduction loss and PCB loss are the majority
losses. Note that the PCB loss is estimated using finite element
analysis (FEA) software, which is similar to [41].

In addition, a comparison is performed to highlight the
advantage of the proposed converter. Fig. 37 shows the ef-
ficiency of the presented converter. Its peak efficiency can
reach as high as 99.55% when the gate drive loss is not in-
cluded in the total loss. If gate drive loss is considered, the
prototype reaches 99.35% peak efficiency. Under the nominal
and maximum load, it achieves 98.07% and 97.5% efficiency,
respectively. When compared with the other state-of-the-art
works [42], [43], [44], the proposed converter has a great
advantage in terms of efficiency under the light load condition.
Table 8 shows a more comprehensive comparative study. The
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TABLE 8. Comparison With State-of-the-Art 48-12 V Converters
Reference Max Power Soft-Switching ?;ll:fll: Compl())?ls:n‘t]e(joun " Isolated (Pefl?/il:iﬁlllft))]a d)
Proposed 600W ZVS 10 6 N 99.35% / 97.5%
[36] 450w ZCS 10 N 98.61% /97.41%
[45] 120W ZVS on part of the switches 8 5 N 98.6% / 98%
[46] T20W ZVS 16 8 N 99% /97.23%
[12] T20W N/A* 10 5 N 96.2% / 95.7%
[47] 840W N/A* 24 10 N 99.3%/97.2%
[48] 900W ZVS 12 Y 98.4% / 98%
[49] 500 ZVS +ZCS 8 2 Y 97.8% /97.4%
[50] 450 ZVS 8 1 Y 96.2% /95.7%

* N/A means no soft-switching is implemented in the converter.

Efficiency (48V-12V)

100%
99%
< 98%
o
=]
o
2 g7
E 97% Ref[42]
m Ref[43]
Ref [44]
96% Proposed Converter (Measured w/o gate)
Proposed Converter (Measured w/ gate)
= = = = = Proposed Converter (Estimated w/ gate)
95%
0 100 200 300 400 500 600
Output Power (W)

FIGURE 37. Measured efficiency of the presented converter.

study shows that both the switching device and the passive
component usage in the proposed converter are very low. And
the proposed converter achieves superior performance that is
similar to all the other top-tier converters [12], [45], [46], [47],
[48], [49], [50].

VI. CONCLUSION

A high-efficiency modular multilevel resonant DC-DC con-
verter, as well as its design methodology, have been proposed
in this paper. The basic operating principle and the ZV'S opera-
tion of the presented circuit are demonstrated. A mathematical
analysis of the components’ RMS current is performed in this
paper. A 48 V to 12 V converter design example shows the
design constraints based on the given converter specifications.
With the design constraints, detailed design procedures that
ensure the high-efficiency operation of the proposed converter
are presented. Based on the designed converter parameters, a
lab prototype has been built to verify the effectiveness of the
presented design method and the operation of the presented
converter. Both light load and full load tests are carried out
to verify the theoretically calculated RMS current values. The
measured RMS values of device currents match with the the-
oretical calculation, with higher than 95% accuracy. The ZVS
operation is verified through the experiments as well. The

VOLUME 3, 2022

measured peak efficiency is 99.35% when gate drive loss is
considered. And its power density can achieve 795 W/in>.

REFERENCES

[11 W. Li and X. He, “Review of nonisolated high-step-up DC/DC
converters in photovoltaic grid-connected applications,” [EEE
Trans. Ind. Electron., vol. 58, no. 4, pp.1239-1250, Apr. 2011,
doi: 10.1109/TIE.2010.2049715.

Y. Liu, H. Abu-Rub, and B. Ge, “Front-End isolated quasi-z-
source DC-DC converter modules in series for high-power photo-
voltaic systems—Part I: Configuration, operation, and evaluation,”
IEEE Trans. Ind. Electron., vol. 64, no. 1, pp. 347-358, Jan. 2017,
doi: 10.1109/TIE.2016.2598673.

M. Forouzesh, Y. Shen, K. Yari, Y. P. Siwakoti, and F. Blaab-
jerg, “High-Efficiency high step-up DC-DC converter with dual
coupled inductors for grid-connected photovoltaic systems,” IEEE
Trans. Power Electron., vol. 33, no. 7, pp.5967-5982, Jul. 2018,
doi: 10.1109/TPEL.2017.2746750.

Y. Hu, W. Cao, S. J. Finney, W. Xiao, F. Zhang, and S.
F. McLoone, “New modular structure DC-DC converter without
electrolytic capacitors for renewable energy applications,” [EEE
Trans. Sustain. Energy, vol. 5, no. 4, pp. 1184-1192, Oct. 2014,
doi: 10.1109/TSTE.2014.2334604.

A. Merkert, J. Muller, and A. Mertens, “Component design and
implementation of a 60 kW full SiC traction inverter with boost con-
verter,” in Proc. IEEE Energy Convers. Congr. Expo., 2016, pp. 1-8,
doi: 10.1109/ECCE.2016.7854947.

J. Scoltock, G. Calderon-Lopez, and A. J. Forsyth, “Topology and
magnetics optimisation for a 100-kW Bi-directional DC-DC con-
verter,” in Proc. IEEE Veh. Power Propulsion Conf., 2018, pp. 1-6,
doi: 10.1109/VPPC.2017.8330900.

H. Kim et al, “SiC-MOSFET composite boost converter with
22 kW/L power density for electric vehicle application,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., 2017, pp.134-141,
doi: 10.1109/APEC.2017.7930684.

E. Hamo, A. Cervera, and M. M. Peretz, “Multiple conversion ratio res-
onant switched-capacitor converter with active zero current detection,”
IEEE Trans. Power Electron., vol. 30, no. 4, pp. 2073-2083, Apr. 2015,
doi: 10.1109/TPEL.2014.2326005.

K. Sano and H. Fujita, “A resonant switched-capacitor con-
verter for voltage balancing of series-connected capacitors,” in
Proc. Int. Conf. Power Electron. Drive Syst., 2009, pp. 683-688,
doi: 10.1109/PEDS.2009.5385680.

Y. He, S. Jiang, and C. Nan, “Switched tank converter based
partial power architecture for voltage regulation applications,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., 2018, pp.91-97,
doi: 10.1109/APEC.2018.8340993.

Z.Ye, Y. Lei, and R. C. N. Pilawa-Podgurski, “A resonant switched ca-
pacitor based 4-to-1 bus converter achieving 2180 W/in 3 power density
and 98.9% peak efficiency,” in Proc. IEEE Appl. Power Electron. Conf.
Expo., 2018, pp. 121-126, doi: 10.1109/APEC.2018.8340997.

(2]

[3]

[4]

[3]

[6]

(7]

[8]

[91

[10]

[11]

769



LI ET AL.: ANALYSIS AND DESIGN OF HIGH-EFFICIENCY MODULAR MULTILEVEL RESONANT DC-DC CONVERTER

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

770

D. Reusch, S. Biswas, and Y. Zhang, “System optimization of a high
power density non-isolated intermediate bus converter for 48 v server
applications,” IEEE Trans. Ind. Appl., vol. 55, no. 2, pp. 1619-1627,
Mar./Apr. 2019, doi: 10.1109/TIA.2018.2875387.

Z. Ni, X. Lyu, O. P. Yadav, and D. Cao, “Review of SiC
MOSFET based three-phase inverter lifetime prediction,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., 2017, pp.1007-1014,
doi: 10.1109/APEC.2017.7930819.

Z. Ni, Y. Li, X. Lyu, O. P. Yadav, and D. Cao, “Miller plateau
as an indicator of SiC MOSFET gate oxide degradation,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., 2018, pp. 1280-1287,
doi: 10.1109/APEC.2018.8341181.

R. Singh and A. R. Hefner, “Reliability of SiC MOS devices,”
Solid-State Electron., vol. 48, no. 10-11, pp. 1717-1720, 2004,
doi: 10.1016/j.sse.2004.05.005.

R. L. MAY, “Analysis of soft charging switched capacitor power con-
verters,” University of Illinois at Urbana-Champaign, 2013. [Online].
Available: https://www.ideals.illinois.edu/handle/2142/46665

M. D. Seeman, V. W. Ng, H. P. Le, M. John, E. Alon, and S. R.
Sanders, “A comparative analysis of switched-capacitor and inductor-
based DC-DC conversion technologies,” in Proc. IEEE 12th Workshop
Control Model. Power Electron., 2010, pp. 1-7, doi: 10.1109/COM-
PEL.2010.5562407.

F. H. H. Khan and L. M. M. Tolbert, “A multilevel modular capacitor
clamped DC-DC converter,” in Proc. Ind. Appl. Conf. 41st IAS Annu.
Meeting, 2006, pp. 966-973, doi: 10.1109/IAS.2006.256642.

M. K. Alam and F. H. Khan, “A high-efficiency modular switched-
capacitor converter with continuously variable conversion ratio,” in
Proc. IEEE 13th Workshop Control Model. Power Electron., 2012,
pp. 1-5, doi: 10.1109/COMPEL.2012.6251791.

F. H. Khan and L. M. Tolbert, “Universal multilevel DC-DC converter
with variable conversion ratio, high compactness factor and limited
isolation feature,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
2008, pp. 17-23, doi: 10.1109/APEC.2008.4522694.

F. H. Khan and L. M. Tolbert, “A 5 kW bi-directional multi-
level modular dc-dc converter (MMCCC) featuring built in power
management for fuel cell and hybrid electric automobiles,” in
Proc. IEEE Veh. Power Propulsion Conf., 2007, pp.208-214,
doi: 10.1109/VPPC.2007.4544127.

G. Y. Zhu and A. loinovici, “Steady-state characteristics of switched-
capacitor electronic converters,” J. Circuits, Syst. Comput., vol. 7,
no. 02, pp. 69-91, 1997, doi: 10.1142/S0218126697000061.

S. R. Sanders, E. Alon, H. P. Le, M. D. Seeman, M. John, and V. W.
Ng, “The road to fully integrated DC-DC conversion via the switched-
capacitor approach,” IEEE Trans. Power Electron., vol. 28, no. 9,
pp. 41464155, Sep. 2013, doi: 10.1109/TPEL.2012.2235084.

L. Hanh-Phuc, “Fully integrated power conversion and the enablers,” in
Proc. 9th Int. Conf. Power Electron. ECCE Asia, 2015, pp. 1778-1783,
doi: 10.1109/ICPE.2015.7168019.

K. Kesarwani, R. Sangwan, and J. T. Stauth, “A 2-phase resonant
switched-capacitor converter delivering 4.3W at 0.6W/mm?2 with 85%
efficiency,” in Proc. IEEE Int. Solid-State Circuits Conf. Dig. Tech.
Papers, 2014, pp. 86-87, doi: 10.1109/ISSCC.2014.6757349.

K. Kesarwani, R. Sangwan, and J. T. Stauth, “Resonant-switched capac-
itor converters for chip-scale power delivery: Design and implemen-
tation,” IEEE Trans. Power Electron., vol. 30, no. 12, pp. 6966—-6977,
Dec. 2015, doi: 10.1109/TPEL.2014.2384131.

V. Wai, S. Ng, and S. R. Sanders, “Switched capacitor DC-DC
converter: Superior where the buck converter has dominated,” 2011, Ac-
cessed: Dec. 12, 2018. [Online]. Available: http://www.eecs.berkeley.
edu/Pubs/TechRpts/2011/EECS-2011-94.html

C. Schaef, B. Reese, C. R. Sullivan, and J. T. Stauth, “Design as-
pects of multi-phase interleaved resonant switched-capacitor converters
with mm-scale air-core inductors,” in Proc. IEEE 16th Workshop
Control Model. Power Electron., 2015, pp. 1-5, doi: 10.1109/COM-
PEL.2015.72365009.

C. Schaef and J. T. Stauth, “A 12-volt-input hybrid switched capaci-
tor voltage regulator based on a modified series-parallel topology,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., 2017, pp. 2453-2458,
doi: 10.1109/APEC.2017.7931043.

R. C. N. Pilawa-Podgurski and D. J. Perreault, “Merged two-stage
power converter with soft charging switched-capacitor stage in 180 nm
CMOS,” IEEE J. Solid-State Circuits, vol. 47, no. 7, pp. 1557-1567,
Jul. 2012, doi: 10.1109/JSSC.2012.2191325.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

J. T. Stauth, M. D. Seeman, and K. Kesarwani, “A resonant switched-
capacitor IC and embedded system for sub-module photovoltaic
power management,” /IEEE J. Solid-State Circuits, vol. 47, no. 12,
pp. 3043-3054, Dec. 2012, doi: 10.1109/JSSC.2012.2225731.

Y. Li, X. Lyu, and D. Cao, “A zero-current-switching high con-
version ratio modular multilevel DC-DC converter,” IEEE J. Emerg.
Sel. Top. Power Electron., vol. 5, no. 1, pp. 151-161, Mar. 2017,
doi: 10.1109/JESTPE.2016.2623794.

D. Cao and F. Z. Peng, “Zero-current-switching multilevel modular
switched-capacitor DCDC converter,” IEEE Trans. Ind. Appl., vol. 46,
no. 6, pp. 2536-2544, Nov. 2010, doi: 10.1109/TTA.2010.2073432.

D. Cao, S. Jiang, and F. Z. Peng, “Optimal design of a mul-
tilevel modular capacitor-clamped DC-DC converter,” IEEE Trans.
Power Electron., vol. 28, no. 8, pp.3816-3826, Aug. 2013,
doi: 10.1109/TPEL.2012.2231438.

Y. Li, X. Lyu, D. Cao, S. Jiang, and C. Nan, “A 98.55% effi-
ciency switched-tank converter for data center application,” /EEE
Trans. Ind. Appl., vol. 54, no. 6, pp.6205-6222, Nov. 2018,
doi: 10.1109/TIA.2018.2858741.

S. Jiang, S. Saggini, C. Nan, X. Li, C. Chung, and M. Yazdani,
“Switched tank converters,” IEEE Trans. Power Electron.,, vol. 34,
no. 6, pp. 5048-5062, Jun. 2019, doi: 10.1109/TPEL.2018.2868447.

Y. Li, B. Curuvija, X. Lyu, and D. Cao, “Multilevel modular
switched-capacitor resonant converter with voltage regulation,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., 2017, pp.88-93,
doi: 10.1109/APEC.2017.7930677.

Z. Ni, Y. Li, C. Liu, M. Wei, and D. Cao, “A 100-kW SiC
switched tank converter for transportation electrification,” [EEE
Trans. Power Electron., vol. 35, no. 6, pp.5770-5784, Jun. 2020,
doi: 10.1109/TPEL.2019.2954801.

Y. Li, X. Lyu, D. Cao, S. Jiang, and C. Nan, “A high effi-
ciency resonant switched-Capacitor converter for data center,” in
Proc. IEEE Energy Convers. Congr. Expo., 2017, pp. 4460-4466,
doi: 10.1109/ECCE.2017.8096766.

D. Cao et al, “An ultra efficient composite modular power
delivery architecture for solar farm and data center,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., 2018, pp.73-80,
doi: 10.1109/APEC.2018.8340991.

X. Lyu, Y. Li, N. Ren, C. Nan, D. Cao, and S. Jiang, “Optimization of
high-density and high-efficiency switched-tank converter for data center
applications,” IEEE Trans. Ind. Electron., vol. 67, no. 2, pp. 1626-1637,
Feb. 2020, doi: 10.1109/TIE.2019.2898589.

R. Tahir, “Novel switched-capacitor converter supports 48-V power
architecture in data centers,” Milpitas, Sep. 2019. [Online]. Available:
https://www.infineon.com/dgdl/Infineon-DCDC_48V_Power_Architec
ture_H2PToday- Article-v01_00-EN.pdf?fileld=5546d4626d66c2b101
6d6af0758558cb

Z. Ye, Y. Lei, and R. C. N. Pilawa-Podgurski, “A 48-to-12
v cascaded resonant switched-capacitor converter for data cen-
ters with 99% peak efficiency and 2500 w/in power density,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., 2019, pp. 13-18,
doi: 10.1109/APEC.2019.8721812.

J. Zhu, R. Scheuss, and D. Maksimovic, “Ladder transformerless
stacked active bridge converters,” in Proc. IEEE Energy Convers.
Congr. Expo., 2019, pp. 151-156, doi: 10.1109/ECCE.2019.8912694.

J. Zhu and D. Maksimovic, “A family of transformerless stacked active
bridge converters,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
2019, pp. 19-24, doi: 10.1109/APEC.2019.8721857.

Z. Ye, Y. Lei, and R. C. N. Pilawa-Podgurski, “The cascaded reso-
nant converter: A hybrid switched-capacitor topology with high power
density and efficiency,” IEEE Trans. Power Electron., vol. 35, no. 5,
pp. 49464958, May 2020, doi: 10.1109/TPEL.2019.2947218.

S. Webb and Y. - E Liu, “Al2 switch zero-inductor voltage
converter topology for next generation datacenters,” in Proc.
IEEE  Energy Convers. Congr. Expo., 2020, pp.143-150,
doi: 10.1109/ECCE44975.2020.9236387.

M. H. Ahmed, M. A. de Rooij, and J. Wang, “High-Power den-
sity, 900-W LLC converters for servers using GaN FETs: Toward
greater efficiency and power density in 48 v to 6V12 v converters,”
IEEE Power Electron. Mag., vol. 6, no. 1, pp.40-47, Mar. 2019,
doi: 10.1109/MPEL.2018.2886106.

Vicor, “4:1 Intermediate bus converter module: Up to 500 W output,”
2016. [Online]. Available: https://www.vicorpower.com/documents/
datasheets/ds_IBOxxE120T40xx-xx.pdf

VOLUME 3, 2022



IEEE Open Journal of

4k Power Electronics

[50] Flex, “PKB4000D series fully regulated DC-DC converters,” 2019.
[Online].  Available: https://flexpowermodules.com/resources/fpm-
techspec-pkb4413d-450w

YANCHAO LI (Member, IEEE) received the
B.S. degree from Southwest Jiaotong University,
Chengdu, China, in 2012, the M..S. degree in elec-
trical and computer engineering from the NYU
Tandon School of Engineering, Brooklyn, NY,
USA, in 2014, and the Ph.D. degree from North
Dakota State University, Fargo, ND, USA, in 2019.
He is currently a Hardware Engineer with Google
LLC. From 2019 to 2021, he was a Senior Appli-
cation Engineer with AzPower (Los Angeles). In
2014, he was with Philips Lighting North America
Corporation as a Design Engineer Intern.

His main research interests include wireless charging, SiC and GaN de-
vice based power converters for data centers, telecommunication, power
grid, and electric vehicle applications, modular multilevel dc-dc converters,
high-density and high-efficiency dc-dc converters, grid-connected inverters,
PMSM drives, and LED drivers.

MENGXUAN WEI (Student Member, IEEE) re-
ceived the B.E. degree in electrical engineering and
automation from Sichuan University, Chengdu,
China, in 2015, and the M.S. degree in electrical
engineering from the State University of New York
University at Buffalo, Buffalo, NY, USA, in 2017.

She is currently working toward the Ph.D. de-
gree in electrical engineering with the University of
Dayton, Dayton, OH, USA. Her research interests
include multilevel modular dc-dc converter appli-
cations, high-power density high-efficiency dc-dc
converter applications, and wide bandgap device applications.

XIAOFENG LYU (Senior Member, IEEE) received
the B.S. degree from the Nanjing University of
Aeronautics and Astronautics, Nanjing, China, in
2010, the M.S. degree in power electronics from
Zhejiang University, Hangzhou, China, in 2013,
and the Ph.D. degree from North Dakota State Uni-
versity, Fargo, ND, USA, in 2017. From 2018 to
2022, he was a Senior Applications Manager with
Navitas Semiconductor, Los Angeles, CA, USA.
He is currently an Assistant Professor with Zhe-
jiang University. He has authored or coauthored
more than 40 papers. He is the Guest Editor of IEEE JOURNAL OF EMERGING
AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS.

His research focuses on wide-bandgap based high-density power convert-
ers.

VOLUME 3, 2022

ZE NI (Member, IEEE) received the B.S. degree in
electrical engineering from the Hubei University
of Technology, Wuhan, China, in 2010, the M.S.
degree in electrical engineering from the Harbin
Institute of Technology, Shenzhen, China, in 2013,
and the Ph.D. degree in electrical engineering from
North Dakota State University, Fargo, ND, USA,
in 2020.

From 2013 to 2015, he worked on 10 kV
Static  Synchronous Compensator, Shenzhen,
China. From 2019 to 2020, he was a research
participant with the National Transportation Research Center of Oak Ridge
National Laboratory, Knoxville, TN, USA. Since 2020, he has been a Sr.
Applications Engineer with Monolithic Power Systems Inc. in San Jose,
CA, USA. His research interests include wide-bandgap device reliability and
applications, switched-capacitor resonant converter, and multilevel inverter.

DONG CAO (Member, IEEE) received the
B.S. degree from Zhejiang University, Hangzhou,
China, in 2005, and the M.S. and Ph.D. degrees
in electrical engineering from Michigan State Uni-
versity, East Lansing, MI, USA, in 2010 and 2012,
respectively. From 2012 to 2014, he was with Ford
Motor Company as a core power electronics engi-
neer for hybrid electric vehicle electrified driveline
hardware development. From 2014 to 2019, he was
an Assistant Professor with North Dakota State
University, Fargo, ND, USA. In August 2019, he
joined the University of Dayton, Dayton, OH, USA, as the GE EPISCenter
Professor and tenured Associate Professor. He has authored or coauthored
more than 80 referred IEEE conference proceedings and journals collecting
~3500 citations with an H-index of 29.

His research interests include high-density and high frequency power con-
verters for data centers, electric vehicle/aircraft, and solar farm applications
using SiC/GaN devices, power management for fuel cell electric vertical take-
off and landing (eVTOL) aircraft, machine learning and artificial intelligence
for magnetic design, ground fault localization, and power converters lifetime
predictions. He was the recipient of the early career researcher of the year
award from NDSU in 2019. He was also the recipient of four prize paper
awards from IEEE. He is the Associated Editor and the Guest Editor for
several IEEE Journals and Transactions.

771



