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Abstract—Switched capacitor (SC) circuits have been widely
used for low-power and high-power areas, such as the integration
circuit power supply, energy conversion for wearable devices, and
power supply for data centers and electrical vehicles. The de—dc
conversion, dc-ac inversion, ac—dc rectification, and ac-ac conver-
sion of SC topologies have been explored and discussed. This article
provides a review of different topologies, application areas, math-
ematical models, and control methods for SC circuits. Compared
with other review papers on SC converters, this article deeply and
comprehensively surveys the topological structure classification
and the equivalent circuits. It explores the application fields and
the operation performance of SC circuits. The modeling method is
presented as the steady-state modeling method and the transient
modeling method. It will help to achieve accurate simulation and
prediction and lay the foundation for theory analysis. The different
mathematical models’ construction algorithms and the suitable
application range are analyzed in this article. The control methods
determine the quality of the output voltage and the output power
for SC circuits. They are classified as the linear control methods
and the nonlinear control methods. The nonlinear control methods
will help to achieve high-quality output voltage or current regu-
lation with low ripples and fast dynamical response speed. The
comparison of different topologies, application areas, modeling
methods, and control methods is provided and discussed. What is
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more, the simulation accuracy of different modeling strategies and
static and dynamical regulation performance of different control
algorithms are presented in this article, respectively. The challenges
and opportunities for SC circuits are prospected.

Index Terms—Control method, modeling method, steady-state
model, switched capacitor (SC) circuits, transient model.

1. INTRODUCTION

WITCHED capacitor (SC) circuits have demonstrated

lightweight, small size, high power density, and minimized
inductive switching loss or associated electromagnetic interfer-
ence problems [1], [2], [3], [4], [5], [6], [7], [8],[9], [10], [11]. A
pure SC converter consists of capacitors and transistor devices.
The capacitors act as energy storage elements to achieve the
power conversion or inversion capacity through a series and
parallel connection [12].

A lot of SC topologies have been proposed and designed, al-
lowing both dc—dc voltage step-up [13], [14], [15], [16], [17] and
step-down [18], [19], [20], [21] functionality. What is more, the
SC topologies are also designed for dc—ac rectification [22], ac—
dc inversion [23], and ac—ac [24] conversion. The fundamentally
different operation of SC circuits prohibits the use of classical
analysis approaches adopted in magnetic-based converters. SC
circuits are characterized by a voltage transfer ratio. The rational
number is always determined by the topology. The transport
power ability is related to an equivalent resistance determined
by the operating frequency and the choice of components [25],
[26]. The equivalent resistance of an SC circuit could be large,
compared to effective impedances of inductor-based circuits.
SC circuits amount to capacitors excited by voltage sources,
while an inductor-based circuit incorporates capacitors excited
by current sources.

The SC circuits have been widely used in the low-power
area [27], [28], [29] and integration area [30], [31], [32]. The
integrated SC capacitors could act as the power supply unit for
the integrated circuit (IC) system on a chip and wearable devices
[331, [34], [35], [36], [37], [38]. Some simple fully integrated
SC circuits are already available in research labs and markets.
However, as the equivalent circuit is mainly composed of resis-
tors and capacitors, large charge current and discharge current
spikes occur, which will damage the transistors and diodes, as
shown in Fig. 1(a). For high-power-level applications, the small
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Fig. 1. Equivalent circuit for the SC converter and resonant SC converter [56].

(a) Equivalent circuit of the SC converter. (b) Equivalent circuit of the resonant
SC converter with injected inductors.

value inductors will be correspondingly injected into the charge
and discharge loops for SC converters, as shown in Fig. 1(b), to
form a resonant inductor, in which the inductor resonates with
the capacitor to achieve soft switching and suppress the current
spikes for the switching devices. In this way, the SC converters
could be used for the high-power application area [39], [40],
[41], [42], [43], [44], [45], [46], [47]. It could provide high
efficiency, high power density, and lightweight features.

To promote wide applications and easy voltage conversion
control, it is essential to gain a full understanding of the SC
circuits by using equivalent accurate models [38], [39], [40],
[41], [42], [43], [44], [45], [46], [471], [48], [49], [501, [51], [52],
[53], [54]. The state-space averaging (SSA) method is proposed
for modeling SC circuits. It has become a standard method for
switching capacitor circuit analysis [55]. The steady-state model
of the SC circuit has been widely referred to as equivalent circuits
for an equivalent resistance. Instead of deriving the conversion
ratio of an SC circuit directly, the calculation of equivalent output
impedance R4 is explored. Some accurate steady-state model-
ing techniques based on transient calculation for simple dual-
phase SC topologies are studied, especially for interleaved struc-
tures. However, no general modeling results are derived. The
transient calculation-based modeling technique, which takes
the output capacitor effect into account, is proposed, aiming
to improve accuracy for output ripple analysis. It is based on
the charge-balance transient-calculation (CT) modeling method
[56]. The transient modeling method has been developed based
on one switching cycle energy balance principle, as shown in
[57] and [58]. It presents a dynamic capacitor ampere-second
balance transient calculation (CASBTC) modeling method for
SC circuits. This modeling method could accurately predict the
steady-state and dynamic performance of an SC circuit. The
instantaneous input voltage, output voltage, voltage of the flying
capacitor, “ON time” of a transistor, “OFF time” of a transistor, or
one switching cycle time are all included in the proposed model.
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The dynamical states of an SC circuit are continuously mirrored
by the core model equation. Based on this modeling method,
in combination with the variable frequency control method, the
external disturbance could be instantaneously rejected by only
adjusting the switching “OFF time” or one switching cycle time
(switching frequency).

To explore the linear and nonlinear phenomena of power
conversion, inversion, or rectification circuits, it is demanded
to put forward some appropriate modeling methods. There are
two main methods to study the complex behaviors in power
conversion, inversion, or rectification circuits, including the
exact simulation model and the iterative discrete map. The
simulation model could derive all the operating behaviors in
power conversion, inversion, or rectification circuits. However,
an iterative discrete map could be adopted to analyze the stability
of the system [59]. For inductor-based power conversion circuits,
the steady-state modeling methods are widely used for circuit
modulation, such as the circuit-averaging modeling method and
the SSA modeling method [60], [61], [62], [63], [64], [65],
[66]. In addition, many simplifications are considered due to the
complexity added by the coupled inductor, the several opera-
tion stages, and the large number of energy storage elements.
One of the most common simplifications is the assumption
of a perfect magnetic coupling between the windings of the
coupled inductor. An accurate dynamical small-signal model
is constructed by modeling the equivalent resistors, as shown
in [67]. Based on the analysis of the duty cycle loss caused by
leakage inductance in the static gain of the inductor-based power
conversion circuits, the equivalent resistors are derived. The
linear and nonlinear performance study of SC circuits could refer
to the inductor-based power conversion circuits by considering
the charge and discharge features of the flying capacitor.

Different modeling methods have been proposed, including
the steady-state modeling methods and the transient modeling
methods for SC circuits. However, the different features are not
compared. The suitable application area has not been figured out
for the given model. This article will review the different kinds
of mathematical models for SC circuits to set as the guidance
for the simulation and the design of SC circuits. Many modeling
methods considered the effects of capacitors and resistors in
hard-switched SC circuits. The authors in [68] also considered
the effects of stray inductance. It shows that the stray inductance
could be a particular challenge in the design of complex or
compound SC architectures. It proposes equations that could
predict the rise of equivalent resistance due to stray inductance at
high switching frequencies. A convenient curve fit based on the
fast-switching limit (FSL) and the slow-switching limit (SSL)
is presented as well.

The control method could determine the quality of SC circuits
and has been highly developed [69], [70], [71], [72], [73], [74],
[75]. For the low-power SC circuit, there are several kinds
of control methods being used to achieve the output voltage
regulation. Adopting the open-loop control method, the SC-
based circuit could provide high power density with the simple
circuit including switches and capacitors. However, the output
voltage regulation of this kind of SC circuit is poor. It has a
narrow input voltage and load operation range and suffers from
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a structurally predetermined voltage conversion ratio. When it
comes to high-power SC circuits, there are a few control methods
presented in the literature. The unregulated control method is
the common control method for high-power SC circuits. A
proportional-integral (PI) control method is adopted for a 3X
two-switch boosting SC (TBSC) converter. Based on the CT
modeling method and peak current stress estimation, stable
output voltage regulation is achieved for a high-power-level SC
circuit. In some literature works, the inductive elements along
the charge loops and discharge loops are adopted to change an
SC circuit to a resonant SC circuit and to mitigate the current
pulsation. The introduction of an inductive element is helpful
in suppressing the peak charging current and to improve system
efficiency with the soft switching operation [76], [77], [ 78], [79],
[80], [81], [82], [83], [84], [85].

The rest of this article is organized as follows. Section II
presents the topologies of SC circuits. The application areas
of SC circuits are provided in Section III. Section IV shows
the surveyed modeling methods for SC circuits. The control
methods for SC circuits are shown and discussed in Section V.
The conclusions and discussions are derived in Section V1.

II. TOPOLOGIES OF SWITCHED CAPACITOR CIRCUIT

There are different topologies of the SC circuit. Generally,
the SC circuits could be divided into pure SC circuits, resonant
SC (ReSC) circuits or hybrid SC (HSC) circuits, and quasi-SC
(QSC) circuits. A majority of SC circuits operate with hard-
switching and suffer the inrush charging current problem of ca-
pacitors. This seriously restricts performance improvement and
application. To overcome this issue, the ReSC circuit introduces
a small value inductor which is injected into the charge path or
discharge path of capacitors. It develops a basic SC unit to an
ReSC unit to achieve the soft switching [zero voltage switching
(ZVS); zero current switching ZCS)]. The detailed comparison
of different topologies of SC circuits is presented in Table I.

A. Pure SC Circuit Topology

SC circuits could provide the dc—ac inversion, dc—dc conver-
sion, ac—ac conversion, and so on [24], [42], [86], [87], [88],
[89], [90] with only capacitors and switches.

Marusarz [22] proposed a low-harmonic, 60 Hz sinusoidal
110 V ac from a 24 V dc source without inductors or trans-
formers. The circuit topology allows the same power MOSFETS
that sequentially charge a bank of capacitors to synthesize the
staircase sine wave approximation. A Fourier analysis of the
effects of MOSFET on-resistance and switching time on a 1-kW
SC circuit prototype is conducted.

The authors in [91] and [92] proposed a TBSC converter.
It distinguishes itself from the prior arts by symmetrically in-
terleaved operation, reduced output ripple, low yet even voltage
stress on components, and systematic expandability. A modeling
method is formulated. The voltage regulation could be achieved
through duty cycle and frequency adjustment. What is more, it
also provides guidance for circuit components and parameter
selection. A 1 kW TBSC converter is built to demonstrate the
converter feasibility, regulation capability with duty cycle, and
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frequency control method. The peak efficiency of 97.50% is
reached at the rated power. Sarafianos and Steyaert [93] pre-
sented a modified Dickson converter to achieve a wide input
range capacitive dc—dc conversion. This converter has been
implemented in a 90 nm technology, achieving a maximum
output power of 50 mW and a peak efficiency of 76.60% in a 2:1
conversion mode. A multiratio helical ladder SC converter for
low-power sensor nodes and a ladder SC converter are respec-
tively presented in [94] and [95]. The authors in [96] proposed
an (n/m)X SC converter. A 1-kW experimental prototype of
a variable (4/0.5) is built with the boosting function. A peak
measured efficiency of over 95% is achieved for the 1-kW
experimental prototype.

The pure SC topology has acted as the ac—ac converter in
[97] and [98]. A symmetrical SC multilevel ac—ac converter
is presented in [42]. The SC technology is introduced into the
ac—ac converter, which has the advantages of small size, high
efficiency, and high power density. A 300-W prototype is built
to verify the proportional relationship between input voltage and
output voltage. The authors in [97] proposed a direct three-phase
ac—ac converter based on the SC principle and ladder structure.
With the bidirectional topology, the proposed converter could
operate as a step-up or step-down ac—ac converter. The 95.10%
efficiency of step-up and step-down modes, 0.94 capacitive
power factor, and 96.00% output voltage regulation are achieved
at the rated power. A bidirectional three-phase direct ac—ac
converter, with only capacitors and switches in its power circuit
and with its operation based on the SC principle, is proposed in
[98]. The proposed ac—ac topology could convert ac—ac voltages
within a wide frequency range, including dc voltage. A 6-kW
prototype (1.35 kW/kg power density) has been designed and
fabricated with the 380/110 V voltage conversion ratio and
100 kHz switching frequency. The measured efficiency at rated
power is 96.30%. The topology of the presented bidirectional
three-phase direct ac—ac converter is shown in Fig. 2.

B. Hybrid SC Circuit Topology

An HSC converter, along with its soft-charging and discharg-
ing feature, is illustrated to address the fundamental limits of
conventional SC circuits and to efficiently utilize the high energy
density of capacitors. What is more, in some literature works,
the inductor-based converter topology and the pure SC converter
topology will be combined together to achieve soft switching
and high power density. On top of that, various SC topologies
are synthesized from a single unit cell for obtaining higher
conversion ratios. A 6:1 cascaded series—parallel (SP) merged
with a multiphase interleaved buck topology is proposed in [99].
It presents a 48—1.5 V high step-down HSC converter. A 50-A
prototype based on this topology is constructed. It achieves
90.24% efficiency. The authors in [100] proposed a nonisolated
HSC dc—dc converter based on a modular multilevel converter.
Its unidirectional structure is examined through circuit analysis.
The voltage static gain is independent of the number of submod-
ules. It provides a good regulation range of the output voltage for
high-voltage (HV) applications. The experiments are conducted
with a 1666-W prototype. A double input-parallel-output-series
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TABLE I
ToPOLOGIES OF SC CONVERTERS

Voltage
Power Level . Ripple
Work Function Type Inductors and power Soft Switching Efﬂue{wy or Input and
. (Maxi.) Output Ports
density power
factor
[86] Step-down Normal 0 125w,/ Nope 85.00% 0.50% Single
[87] Step-down Normal 0 10W\Xn323 Nope 80.00% / Single
[22] DC-AC SCPC 0 1000 W, / Nope / / Single
[88] Step-up Serial-Parallel 0 1,1 Nope 93.00% 4.19% Single
[89] Step-up Fibonacci 0 27TW,/ Nope 88.00% 0.50% Single
N-Level o o e
[42] Step-up/down Bidirectional 0 1000 W, / Nope 98.00% 4.00% Bidirectional
[90] Step-down N Stage 0 S50W,/ Nope 77.00% / Single
[24] AC-AC Multi level 0 300w,/ Nope / 5.00% Single
Pure SC [911 Step-up TBSC 0 1000 W, / Nope 97.50% / Single
converter . 50 mW, 16.3 o, .
[93] Step-down Dickson 0 mW/mm? Nope 76.60% / Single
<10 mW, , .
[94] Step-down HLSC 0 756 mW/mm? Nope 81.00% / Single
246W,23 .
[95] Step-down Ladder 0 W/em? Nope 93.50% / Single
Variable .
. > o
[96] Step-up (/m)X 0 1000 W, / Nope =95.00% / Single
AC-AC, step- Ne 3500 W, 0.787 PF=
[97] up and step- principle and 0 kW/kg and Nope =95.00% - Bidirectional
down ladder 0.591 kKW/L 0.940
structure
Three-phase
bidirectional 6000 W, 1.35 PF= I
. f > o
[98] AC-AC direct ac_ac 0 KW/kg Nope 96.30% 0.969 Bidirectional
topolog
6:1 Cascaded .
[99] Step-down Series—Parallel 3 T5W,/ Nope 90.24% / Single
[100] Step-down MMC 1 1666 W, / Nope / 1.00% Single
Double Input-
[101] Step-up Parallel- 2 120w,/ Nope 95.00% / Double Input
Output-Series
. 440 W, 26.44 X
[102] Step-down Hybrid ReSC 6 mW/mm? ZCS 96.30% / Single
HSC Three-phase
Converter multilevel
[23] AC-DC HSC 1 7500 W, / / 97.78% / Single
Hybrid
inductive
nau 1 kVA, 1.48 _
[103] AC—-AC, step-  switching cell 1 kW/kg and / 93.00% PF=0.97 Single
up and SC 0.95 KW/L 4
ladder cell ’
[104]  Step-down Cascade 2 720 2300 Zvs 99.00%  3.0% Single
[105] Step-up N Dickson 1 150 W, / A 90.00% / Single
[106] Step-up Three Level 1 500 W,/ ZNS 95.00% / Single
[1071 Step-down Series-Parallel 3 600 W,/ / 95.50% / Single
[108]  Step-down Half-Bridge 1 3500W, / 7CS >98.00% / Single
Resonant Cell
sC [109] Step-up RTBSC 1 140 W, / ZVS and ZCS 98.30% / Single
Converter
[111] Step-up SP-MRSCC 4 100 W, / ZCS 94.40% / Single
PSCs and
[112]  Step-up/down 0SCs 2 <150 W,/ / / / MIMO
[113] DC-AC SC-MLIs 12((57 lleevv"ell))’ / Zvs >0840%  1.41% Single
Current
[114] AC-DC Three-phase 4 216 W, 3.93 /e >98.00%  ripple: Single
RSC W/em
10.00%
[115] Step-up N-Stage 0 3%:;:;1315 / 78.00% / Single
[116] Step-up QSC cells 0 Z(QVVZ;A;O / 74.00% / Single
QSscC Buck: >
Converter Bidirectional 92.00% R
[117]  Step-up/down QSC 2 1000 W, / ZCS Boost: > / Bidirectional
82.00%
[118]  Step-down Dual Basic 0 36 W, 20W/in® / 73.00% / Single

QsC
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Fig. 2.

hybrid SC boost (DIPOS-HSCB) converter is proposed, which
consists of two different kinds of input-parallel-output-series cir-
cuits as shown in [101]. The proposed DIPOS-HSCB converter
achieves an HV gain with low component stress and a small input
current ripple. Furthermore, an automatic current balancing
function for all input inductor currents could be achieved using a
special carrier phase-shifted modulation scheme. The prototype
rated at 200 V/120 W is built and the maximum efficiency
of the proposed DIPOS-HSCB converter is 95.00% at 120 W.
The authors in [102] proposed a novel hybrid ReSC converter
that performs a 48-3.4 V direct conversion. The prototype of
the proposed converter is constructed for theory verification. It
provides a continuous output power of 440 W with a maximum
efficiency of 96.30% at 30 A load current.

The HSC topology is adopted for ac—dc power rectification
or ac—ac power conversion. Cortez and Barbi [23] proposed a
three-phase multilevel power factor correction rectifier using
the HSC concept. It achieves good features such as low number
of active switches, HV gain (ac—dc), sinusoidal currents, low
voltage stress across all components, and simple control. A 7500
W/220 V to 1600-V laboratory prototype is built and tested.
It provides 97.78% maximum power rectification efficiency.
The proposed topology is shown in Fig. 3. A hybrid boost SC
converter operating as an ac—ac solid-state autotransformer is
presented in [103]. The high-gain ratio output voltage could be
obtained by integrating a basic inductive switching cell and an
SC ladder cell. A single-phase prototype is constructed with
55/220 V voltage conversion and 1 kVA rated power. The
measured 93.00% peak efficiency is achieved with the 0.974
power factor.

C. Resonant SC Circuit Topology

In combination with other potential advantages such as soft
switching and voltage regulation, resonant SC converters are
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Fig. 3. High-gain three-phase multilevel HSC PWM PFC rectifier in [23].

developed. In the ReSC approach, both inductors and capacitors
are used in the voltage conversion and power transfer process. It
shows promise in the development of future high-performance
power electronics systems. Compared to conventional SC con-
verters, the augmenting inductors can greatly reduce or eliminate
the capacitor charge sharing loss, and thus improve the energy
utilization of the capacitors without sacrificing efficiency. The
cascade topology, N Dickson topology, and three-level topology
ReSC converter are, respectively, presented in [104], [105], and
[106]. The ZVS function is achieved. An improved 48-12 V
step-down SP ReSC converter for data center applications is
presented in [107]. The 95.50% peak efficiency is achieved with
a proper switching device voltage clamping strategy. A special
ReSC converter is shown in [108] with the ZCS function. It pos-
sesses features such as high efficiency, high power density, and
lightweight. ZCS could be achieved with the resonant operation.
It allows the converter to operate with high efficiency. A family
of resonant two-switch boosting switched-capacitor converters
(RTBSCs) with ZVS operation and a wide line regulation range
is proposed in [82], [109], and [110]. Based on the previously
proposed TBSC converters in [90] and [91], only a small res-
onant inductor is added, while two bulky capacitor banks are
replaced by two small-value resonant capacitors. Furthermore,
by operating an RTBSC converter above the resonant frequency,
the transistors are ZVS turned ON and diodes are ZCS turned
ON/OFF. The authors in [111] proposed a kind of SP multireso-
nant SC converters (MRSCCs) by incorporating resonant tanks
into the traditional SP-SC converter and adopting the on-time
fixed frequency modulation. A 100-W 4X SP-MRSCC prototype
is designed and tested to verify the above analyses. It has
the potential to be utilized for connecting 12 V and 48 V dc
buses between traditional and future data centers. A generalized
synthesis methodology is proposed in [ 112] to derive multi-input
multioutput (MIMO) converters without intermediate energy
buffer stages based on basic power converter cells. The authors
in [113] introduced the ZVS technique into SC-based multilevel
inverters (MLI) by updating the basic SC unit to the resonant
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TABLE II
APPLICATION AREAS OF SC CIRCUITS
Work Function Type Power Level Efficiency (Maxi.) Load Voltage Operated Application
Frequency Area
[119] Step-down stsﬁvae“rttesrc 600 W 98.55% 9.0V 387 kHz
[120] Step-down ZIV Converter 840 W 99.00% 120V 60 kHz
HSC Data Center
[121] Step-down Converter 750W 97.50% 5.1V 450 kHz
R t SC
[122] Step-down P 720W 99.00% 120V 100 kHz
Four-level flvine. 660.0 V with 8 kHz,
[123] Step-up canmcitor Onye nger 55 kW =97.00% 220V input 12 kHz,
pactior conv voltage(Maxi.))  and 20 kHz
Resonant SC
[124] Step-up o or / 97.00% 400.0 V 20 kHz Electric
Forward:400.0V Vehicle
- 0/ .
[125] Bidirectional HSC 400 W Step-up: 94.09%; Reverse:40.0- 20 kHz
Converter Step-down: 94.41%
120.0 V
[126] Step-up SQBC 300 W 97.83% 300.0 V 36 kHz
[127] Step-down ID <02 W 87.00% 1.1V /
[128] Step-down GSwRC 225W 85.00% 1.5V 5 MHz
50-60
_ . 0,
[129] Step-down 2:1 ReSC 7.7W 85.10% 3V,185V MHz IC power
[130] Step-down 3:1 ReSC 4.62 W 87.00% 3.7V 1.7 MHz supply
Charge-Pump o 31.25 kHz
[131] Step-up Voltage Doubler 0125 W 81.70% SV to 1 MHz
[132] Step-down M‘g;‘gi‘:fersc 1w 80.00% 12V-33V /
HSC
[133] Step-up Converter 500 W 97.00% 58.0V 100 kHz
SCC-Based o - PV
[134] / Modular DPP 60 W (each panel) 99.60% ~31.0V 100 kHz Strings
1:3,1:4, 1:5, 0.17~1.7 mW N 0.5-22V
[135] 1:6, and 1:7 SPV PV cell) 93.70% (PV cell) 1 MHz
37V,1.2V,49
-] 0, £ ]
[136] Step-up/down Pure SC Converter 1.5 mW 98.00% V.and 2.5V 1.1 MHz
[137] Step-down DOSC 300 uW 78.00% 1.0 Vand 0.55 V 13 MHz
[138] Step-up/down Tiifmlfg 1\§$g 190 pW 95.80% 0.1-19V 10 kHz Wearable
Multiple Voltage 1 V.08V, and Devices
[139] Step-down Gain SC Buck 40 pW 80.00% ’ 0.6 V’ 13 MHz
Converter :
Fully Integrated o
[140] Step-down Asynchronous 1-230 uW 80.00% 0.3-1.1V /

SC unit. Experimental results of both five-level and seven-level
SC inverters demonstrate the effectiveness of the ZVS design.

The authors in [114] proposed a three-phase resonant driver
based on the ReSC for the light-emitting diode (LED). The
proposed ac—dc resonant SC LED driver provides good features,
such as low currentripple and low flicker. The ZCS is achieved. A
216-W laboratory prototype is designed to supply an LED device
from an ac 220 V (60 Hz) voltage source. The experimental
results show that the power factor is higher than 0.98, with 6.60%
flicker and 89.00% power rectification efficiency.

D. QSC Circuit Topology

The QSC converter, as shown in [115], [116], [117], and
[118], has been proposed to achieve the continuous input current
waveform and better regulation capability than the traditional

SC circuits. The transistors of the QSC circuit are operated in an
active region, acting as a voltage-controlled current source. The
current magnitude is determined by the gate—source voltage.

III. APPLICATION AREAS OF SWITCHED CAPACITOR CIRCUITS

The SC circuits have been used for different areas such as
data centers, electric vehicles (EVs), solar energy generation
and harvesting, IC power supply, and wearable devices. The
detailed application areas of SC circuits are given in Table II.

A. Data Center Application

A data center is typically a centralized location where all the
networking and computing equipment is placed and connected
for the purpose of gathering, processing, and mainly storing and
allowing access to large amounts of data to the consumers. To
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the high-power consumption of data centers, the dc distribution
system is widely used to replace traditional ac systems in data
centers due to its high efficiency feature. To provide a solution
to an ever-growing stress on data centers and their huge power
losses, different topologies of SC circuits have been devel-
oped, such as the ReSC circuits [119], zero inductor-voltage
(ZIV) circuits [120], and the HSC circuits [121]. A resonant
SC converter is adopted for data center power conversion, as
shown in [122]. It provides 99.00% peak efficiency. The ZVS
control technique is implemented on the presented cascaded
resonant-based intermediate bus converter (IBC) for 48—-12 V
data center power delivery with a 720-W hardware prototype.

B. Electric Vehicles Application

The SC circuit has been adopted for EVs for many years,
as shown in [123], [124], [125], and [126]. A 55 kW variable
3X SC dc—dc converter for plug-in hybrid EVs is shown in
[123]. The utilization of parasitic inductance in the proposed
variable 3X converter reduces the pulse current, the conduc-
tion loss, and the capacitance requirement. A compact size
(27.2 cm x 24.4 cm x8.8 cm) and lightweight (5.6 kg) are
achieved with more than 97.00% efficiency. The topology of the
variable 3X SC converter is shown in Fig. 4. An HSC/switched-
quasi-Z-source bidirectional dc—dc converter (SQBC) is pro-
posed in [125] for EVs with hybrid energy sources. It has a
wide voltage gain range in the bidirectional energy flows. Com-
pared with the traditional quasi-Z-source bidirectional dc—dc
converter, the proposed converter only changes the position of
the main power switch and employs an SC cell at the output of the
HV side. The forward 400 V dc voltage is achieved with 94.09%
peak efficiency. The reverse 40—-120 V voltage could be reached
with 94.01% peak efficiency. The SQBC has the characteristics
of wide voltage gain and low voltage stress. It is suitable for
the power interface between the supercapacitors and the dc bus
in the multisource system of EVs. Based on the topology of
SQBC, the authors in [126] achieved the ZVS ON for all power
switches and ZCS OFF for synchronous rectification switches in
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both step-up and step-down modes by adjusting the switching
frequency to adapt the boundary soft-switching condition. The
peak 97.83% efficiency over a wide operation range is reached
with a good dynamic response.

C. IC Power Supply Application

The integrated SC converter has been used for the IC power
supply with high power density capacity and high integration
capacity, as shownin [127], [128], [129], [130],[131], and [132].
A novel interleaved discharging (ID) approach is presented
in [127] to reduce the output ripple in step-down SC dc—dc
converters. The verification results of a four-stage SC dc—dc
converter show that the ID approach could reduce the output
ripple by a factor of three. The proposed ID topology also
improves the converter efficiency by 7.00%. The authors in [128]
presented a detailed analysis of the characteristics of a gyrator
switched-resonator converter (GSWRC) IC. The optimization
method combined with the converter’s benefits presents an
attractive approach for power delivery in point-of-load (PoL)
applications. The fabricated IC prototype operation is demon-
strated with 1.5 A, delivering up to 2.25 W from a 3 V input
voltage, with peak efficiency at 85.00%. An IC implementation
of an HSC converter based on a modified SP architecture is
presented in [130]. The converter operates in a quasiresonant
mode to regulate a nominal 3.7 V output voltage from a 12 V
supply voltage. The presented converter IC is designed in 180 nm
bulk complementary metal-oxide—semiconductor (CMOS) with
a5 V option for power devices. It is tested in a flip-chip assembly
with a 36 nH 0402 inductor to deliver up to 4.6 W at 87.50%
efficiency at a power density of 0.23 W/mm?. The authors in
[131] presented a 3-5 V integrated dual-mode digital-control
step-up SC dc—dc power converter. The feedback control circuit
is equipped with a low-power analog-to-digital converter that
monitors and feeds the output voltage to a digital controller. With
light loading, the control loop operates in a pulse-skipping mode.
With heavy loading, the control loop operates in a frequency
modulation mode based on a numerically controlled oscillator
whose switching frequency varies from 31.25 kHz to 1 MHz.
The presented design generates a regulated 5 V output voltage
with an output current of up to 25 mA from a 3 V power supply,
delivering an output power greater than 100 mW. The load regu-
lation is measured to be 0.14% with an efficiency of 80.00%. The
IC of the inductorless switched-mode dc—dc voltage converter is
proposed in [132]. The converter is based on a novel multiphase
SC architecture. It uses reconfigurable charge-pump circuits and
a multiloop discrete and continuous time control technique. It
is used as a stand-alone IC for converting power rail voltages
or lithium electrochemical cell voltages 2.8-5.5 V into power
supply voltages 1.2-3.3 V of the modern microcontrollers and
other low-voltage ICs.

D. Solar Power Generation and Solar Energy Harvesting
Application

SC circuit is also adopted for solar power generation and solar
energy harvesting. The authors in [133] proposed the SC-based
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integrated pulsewidth modulation (PWM) boost converter inte-
grating voltage equalizer for the photovoltaic (PV) strings. The
presented integrated converter could control the operation volt-
age of a string while automatically preventing the partial shading
issues, hence achieving two functional roles at the same time.
The peak 98.00% efficiency is achieved with the 500 W power
level. The authors in [134] introduced a switched-photovoltaic
(SPV) dc—dc converter that switches the PV cells of a series solar
string periodically in parallel to balance their voltages and ex-
tract the maximum available power under mismatch conditions.
This SPV converter exploits the intrinsic capacitance of the PV
cells to establish an implicit 1:n SC converter that allows the
extra current of the stronger cells in the string to flow around the
underperforming cells to the output instead of getting shunted
to the ground. Fabricated in a 0.18 ym CMOS process, the
presented SPV converter achieves a peak harvesting efficiency of
91.30% under 50% current mismatch among the employed PV
cells, demonstrating a 30.20% efficiency improvement over the
prior solutions. An SC-based integrated PWM boost converter
integrating voltage equalizer is proposed in [135]. The proposed
integrated converter could control the operation voltage of a
string while automatically preventing the partial shading issues,
hence achieving two functional roles at the same time. The
experimental equalization tests for three panels connected in
series are performed emulating a partial shading condition with
a 500 W prototype. The verification results show that the string
voltages could be boosted based on the PWM control method.
The prototype achieves a 21.00% improvement in extractable
maximum power. Thus, it demonstrates the efficacy of the
proposed integrated converter.

E. Wearable Devices Application

SC circuits have been widely used for wearable devices. The
authors in [136] proposed an SC converter that could achieve the
step-up and step-down voltage conversions of 3.74 and 1.233 V
for normal mode and 4.87 and 2.48 V for high mode, with the
ripple variation of 20-60 mV. The proposed converter has been
designed in a standard 0.35 zm CMOS technology and with con-
version efficiency up to 97.00%-98.00%. It agrees with state-of-
the-art SC converter designs. The authors in [137] presented an
area and power-efficient dual-output switched capacitor (DOSC)
dc—dc buck converter for wearable biomedical devices. This
DOSC converter has an input voltage range between 1.05 and
1.40 V and generates two simultaneous regulated output volt-
ages of 1 and 0.55 V. A step-up/step-down unified topology is
proposed in [138] which covers the input voltage range from
0.85 to 3.6 V and the output voltage range from 0.1 to 1.9 V. A
dual-output topology with a four-way channel mapping and an
on-demand channel sharing control is also presented and verified
for delivering two regulated voltages with good efficiency and
fast transient response speed. The authors in [139] introduced
an efficient reconfigurable, multiple voltage gain SC dc—dc buck
converter as part of a power management unit for wearable
electronics. The proposed SC converter achieves an input voltage
of 0.6-1.2 V generated from an energy harvesting source. The
presented SC converter utilizes pulse—frequency modulation to
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generate multiple regulated output voltage levels, namely 1, 0.8,
and 0.6 V based on two reconfigurable bits over a wide range of
load currents from 10 to 800 pA. The measured peak efficiency
is 80% at a load current of 800 A and regulated load voltage
of 1 V. A fully integrated asynchronous step-down SC dc—dc
conversion structure suitable for supporting ultra-low-power
circuits commonly found in biomedical implants is presented in
[140]. The designed circuit regulates load voltages from 300 mV
to 1.1 V derived from a 1.2 V input voltage. A total of 350 pF
on-chip capacitance is implemented to support a maximum of
230 ©W load power while providing efficiency up to 80%. The
validated circuit of the proposed concept is fabricated in 0.13 ym
CMOS technology. Experimentally measured results confirm
the expected functionality and performance of the proposed
circuit.

IV. MODELING METHODS FOR SWITCHED
CAPACITOR CIRCUITS

In the modeling methods of switching capacitor circuits in
general, and power stages in particular, two main approaches
are presented: one is based on state-space modeling, and the
other uses an averaging technique, as shown in [55]. There
are several steady-state modeling methods for SC circuits. The
previous modeling methods for SC circuits have established
static models essentially composed of an ideal transformer and
an equivalent output resistance (EOR). Recently, some transient
modeling methods have been proposed to simulate the dynamic
performance of an SC circuit.

A. Average Current-Based Method

In [141] and [142], an average current-based steady-state
model is proposed based on Fig. 5. It assumes the intermediate
capacitor voltage varying from V,; to V. during the discharging
state. According to the charge balance principle, the average
current passing from V; to V5 is found and defined as i.

The equivalent resistance between V; and V5 is thus derived
as follows:

po_Vi-Va 1 1+ep(Z)
“T i fO1—exp(2T)

where D is duty cycle of charging and discharging states, and
7 = RC is the time constant of charging and discharging loops.

ey
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Equation (1) provides a unified form of the output impedance
showing the overall impacts of circuit parameters on the steady
state of the unity gain SC converter, including the switching
frequency, duty cycle, time constant, and capacitance of the fly-
ing capacitor. However, the method is based on the assumption
of firm input and output sources. It is general but may not be
accurate when a limited output filter capacitor is considered.

All impacts of the circuit of steady-state SC circuits are
exhibited by (1), including capacitance of the flying capacitor,
switching frequency, duty-cycle, and charging and discharging
constants. However, due to the loss estimation of the average
current, the accuracy under low frequency is impaired, as shown
in [142].

The average current-based method has been used for the res-
onant SC converter, as shown in [142]. The circuit is simplified
to a lumped RLC circuit, as shown in Fig. 3. This circuit is
used to describe the operation of each subcircuit in its relevant
conduction time. To comply with the equivalent model, the
equivalent resistance of the substate of resonant SC converters
could be derived as

2 TR, 2

eia:k
fleia = K405,

[1 —sine(2¢;)] 2)

where k; is the proportionality factor of the charge phase, the
angle ©; = wT;,/T;, Tiy is the time interval, df; = fs/ foi is the
ratio between the switching frequency and the natural frequency
of the resonant network, and R;, is the substate loop resistance.

The power loss of the substate could be expressed as a function
of the average output current as

22T Ria
Peza = (Io) k; 4df,

[pi — cos(pi) sin(p;)]. 3)

The energy dissipated in the subcircuit due to the loop resis-
tance R;, and the current during the time interval 7;,, which is
derived by integrating the instantaneous power over the substate
time interval 7, is derived as

%/wom
o = Ria(Lis)? / 2 [sin (worat)]dt
0

2l — cos (i) sin (¢i)]
- Rza (kaz) 2w0ia (4)

where wp;q = 27 foiq is the natural resonant frequency of the
phase i substate “a.”

B. Average-Current-Base Conduction Loss Method

Another general method based on average-current conduction
loss calculation is presented in [143]. This method divides a
switching period into switching phases according to the opera-
tion modes. For each phase, equivalent RC subcircuits are found
and the power loss caused by each subcircuit is calculated to
match a corresponding equivalent output resistor Ieq. Then, the
total output impedance can be accumulated as follows:

M 1 1+exp(B)
_ 2 i
Heq = ; ki 2fsC; 1 —exp(—p;) )
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where 3; = Ti/R;C;, T; = 1/fi is the operation time of the
subcircuit, R; is the total resistance alone the circuit loop, Cj
is the total capacitance, and k; is the proportionality factor that
is calculated by KCL principle taking into account the charge
balance equations.

This method could be used for either dual-phase SC circuits or
multiphase SC circuits. It also considers the frequency effect on
the steady state. However, it suffers from inaccuracy issues for
SC circuits with large capacitor voltage ripple for its employ-
ment of average current for conduction loss calculation. This
method is suitable for SC circuits without coupling loops since
the RC subcircuits are difficult to simulate for some complex SC
circuits. Complex coupling loops refer to two circuit loops which
share a common element while each loop contains individual
charging and discharging elements (source or capacitor) in the
same switching mode. A typical example is the ladder SC
converter.

C. State-Space Averaging Method

An SSA model is proposed in [144] and [52], and the EOR is
derived as

R
Reg= R+ (©6)

where R = Ry, + r, R,y is the “ON resistance” of the transistor,
r is the internal resistance of the flying capacitor, and d is the
duty-cycle of the charging period of the flying capacitor.

As shown in (6), the SSA modeling method is focused on
the duty cycle of switches, and the accuracy will be affected by
the capacitance of the flying capacitor and the “ON time” of the
charging period.

The state-space modeling technique has also been applied
here to estimate the variation in EOR for different operating
conditions of multilevel SC circuits using the pulse-dropping
switching scheme.

The maximum and minimum values of the SSL for an N-
module multilevel SC converter are shown in the following
equation:

N
R min — 55 7
SSL, Cla @)
N B N x me

RSSL,max = =ms X RSSL,min (8)

Of tri O X f sqr
where fq and fy; are the frequency of the square and triangular
waves, respectively; my is the frequency modulation index.
The EOR of the N-module multilevel SC converter is derived
as
(N + 1)‘/111 - ‘/out
Tout '
The averaged-switch modeling method considers conduction
losses in a discontinuous mode for SC circuits, as shown in
[144] and [52]. It proposes a dynamic average-value model of
the capacitor-based switching stage in fourth-order PWM dc—dc
converters. The power dissipation due to conduction loss is also
considered. The average-value models of dependent sources
could be derived by considering the functions of the duty cycle

Reg =

©))
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and average values of switching-stage terminal variables. The
conduction loss of the averaged capacitor-based stage should
dissipate the same power as the respective parasitic. The total
resistance and voltage source representing the combined para-
sitic is calculated as

, _ B 2
L1+ 1 1—dy)+irid
roc =1+ [(le jL2)( 1) Zle 2] e
(i1 4+ ir2)(di —d2) + ir1da]
, B 2
lira(di —do) +ipa(1—di)]

— — ~ 2Tcl (10)
(i1 4+ ir2)(di —d2) + ir1da]
- T N1 — -
Vi, = (jL1+ZL2)( dy) + ir1ds Via, an

(iz1 + in2)(di — do) + ir1do

D. FSL and SSL Methods

The SSL and FSL modeling methods are proposed in [145].
For the SSL model, the finite resistance of a transistor and the
equivalent series resistance of a flying capacitor are ignored, and
the output resistance is derived as

2
Qe
Rgs1. = E .
3 cifs

For the fast-switching frequency limit model, the output re-
sistance is given as

12)

Res =2 Ri(a,:?). (13)

The slow and fast switching frequency limit modeling meth-
ods just emphasize the output impedance under very slow and
fast switching frequency conditions. Based on the energy con-
servation principle, it neglects the parameter of the duty-cycle.

An accurate and generalized curvature-based, steady-state
modeling technique for SC circuits is proposed in [ 146]. The pro-
posed technique provides averaged expressions for all capacitor
voltages across the full range of practical operating conditions,
including the hybrid SSL-FSL mode. A simple and generalized
expression for the output impedance is obtained, which relates
the SSL and FSL impedances to the total output impedance. This
expression could be used to quickly and accurately compute the
output voltage without deriving the converter’s state equations
and to precisely weigh the contribution of each floating capacitor
and parasitic resistance on the output impedance. The output
impedance formula for the SC circuit could be written as

R — R . R N 1 1
t Dl D2 Cfs 1 — 67D1TS/RC
1
- 1 — e D2T5(C+Cou) /RCCou

_RC __ RCCw |
DlTs D2TS(C + Cout) '

(14)
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E. Phase-Shift Modeling Method

A phase-shift modulation method is proposed for the GaN-
based SC converter, as shown in [147]. The presented SC circuit
could realize HV gain with high efficiency and power density
based on its modular topology. The general steady-state model is
built. The relationship between the order of the dynamic model
based on the conventional method and the number of modules
in the converter is achieved to illustrate the complexity and high
computational cost.

F. Voltage Gap Calculation Method

Another modeling approach based on voltage gap calculation
is shown in [148]. It is also based on the basic SC block, as
shown in Fig. 2. The voltage gap between the input voltage and
maximum flying capacitor voltage as well as the gap between
minimum flying capacitor voltage and the output voltage is cal-
culated. Based on the proposed gap expressions, the equivalent
impedance between V7 and V5 could be expressed as follows:

_ T _ Tar

1 ¢ RaC e RaC

1+ — — . as
Cfs 1— 67Tb 1—e R C

This modeling method is developed for multi-input SC cir-
cuits, regardless of resonant or nonresonant conditions.

Req =

G. Charge-Balance Transient-Calculation Method

The static states have been deeply studied in [149] and [150],
and the transient calculation for SC circuits is also proposed.
A CT modeling method is presented to address the regulatory
challenges for SC circuits [53]. The accuracy of the model is
improved by employing transient calculation. It takes the charge
redistribution phase into account. What is more, the duty cycle,
switching frequency, as well as output capacitor are also con-
sidered simultaneously in the final output impedance formula.

For the interleaved SC circuit condition, the EOR is derived

as
T coth dT L C,Ts L (@
404 2R, C1 401(01 + Co)

Reg =

(16)
where (7 is the capacitance of the flying capacitor and C), is the
capacitance of the filter capacitor, d is the duty cycle of charge
switch, T is a period of one switching cycle, Ry is the equivalent
resistance of the charge loop, and Ryg;s is the equivalent resistance
of the discharge loop.

For the noninterleaved SC circuit condition, the EOR is given
as

Ts dT, (2C, 4+ C1)°T,
Ry = th
17 90, © <2RchC’1> t 861G, (€14 Cy)
Cy
' Ra. 17
oo, e an

H. Dynamic Capacitor Ampere-Second Balance Transient
Calculation Modeling Method

A dynamic CASBTC modeling method is proposed in [57]
and [58], which is based on the work presented in [151] and
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TABLE III

COMPARISON OF SURVEYED MODELING METHODS FOR SC CIRCUITS
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[152]. It provides good performance in predicting the dynamic
and static states of SC circuits. The dynamical states of input
voltage, output voltage, the voltage of the flying capacitor,
“ON time” of a transistor, “OFF time” of a transistor, or one
switching cycle time are all included in the proposed model. This
modeling method sets the charging time of the flying capacitor
as the constant value. The output voltage could be regulated by
adjusting the discharging time or one switching cycle time of
the flying capacitor. If the “ON time” of a transistor is set less
than the time constant 7 of the charge loop, the operation range
of an SC circuit could be largely expanded with the variable
frequency control method.

In one switching cycle, the capacitor ampere-second balance
of flying capacitor C could be derived as

—Quischarge = Lais(t)Tott = Lo(t) Lot

(18)
where Iop ;) is the real-time charging current of the flying
capacitor, g (4) is the real-time discharging current of the flying
capacitor, Ty, and Ty are the charging period and discharging
period of the flying capacitor, and I, is the real-time output
current of the presented SC circuit in [57] and [58].

Qcharge = Ich(t)Ton =

Considering the discharging period of T is linear, therefore,
(18) could be rearranged as

/T"“ Vin = Loy (Rs1 +7a) — Vo gt
0

Ry +rqg+r
Very + Veary — Vo
2r

Tos (19)

where Vi) and Vo) are the average voltage of the flying
capacitors Cq and C», respectively, in the Ty period.

The comparison of different modeling methods is given in
Table III. According to Table III, most of the listed modeling
methods have their own application limitations and may become
inaccurate under certain operation conditions. Moreover, some
modeling methods address the output filter capacitor effect on
the steady-state behavior of SC circuits. The transient modeling
method could predict the dynamical operation states by con-
sidering the real-time parameters of SC circuits. The different
modeling methods will be suitable for the special SC circuits.
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Fig. 6. Dual-phase step-down SC converter (a) circuit topology and

(b) operation waveforms.

V. CONTROL METHODS FOR SC CIRCUITS

SC circuit is a type of variable structure system. With the very
fast charging and discharging speeds of capacitors, it is difficult
to control the ON—OFF stages of the SC circuit to regulate the
load voltage or load current. SC circuits are typically equipped
with open-loop control or some linear feedback control meth-
ods. However, these approaches provide slow dynamic response
speed, small operation regions, and large voltage ripples. Some
new nonlinear control methods have been proposed in the liter-
ature to overcome these barriers to improve the power quality
and extend the application area of SC circuits.

A. Pulsewidth Modulation Control Method for SC Circuit

There are different topologies of regulated SC circuits that
adopt PWM control methods. In order to simplify the introduc-
tion of this control method, a basic dual-phase SC converter
is presented in Fig. 6(a). Its driving waveforms of transistors
are shown in Fig. 6(b). There are two operation states in one
switching cycle. In the first half cycle, when switches S; and
S4 are ON and switches So and S35 are OFF, the flying capacitor
C is charged by the power source for 7,,, period. At the same
period, flying capacitor Cs discharges its stored energy to the
load resistor and filter capacitor. During the period (7,,—0.5T%),
switch Sq is turned OFF while switch S, is kept ON. As a result,
flying capacitor C; continues discharging its stored energy to the
load resistor and filter capacitor. As this dual-phase SC converter
has a symmetrical topology, in the second half cycle, the roles
of flying capacitors C; and C; are changed.
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With the PWM control method [153], [154], [155], by chang-
ing the charging time of flying capacitor and keeping the constant
discharging time (0.5T;) with the constant frequency, a fixed SC
converter structure could provide a wide range of output voltage
from a given power source. Nevertheless, all these converters
have the common drawback that spiky input currents with high
EMI noise will occur. The switching devices will meet high
current stress during the charging period of the flying capacitor.

B. Current Mode Control Method for SC Circuit

In order to solve the challenge of spiky input current in the
regulated SC circuits with the PWM control method, a QSC
converter is proposed in [156], [157], and [158] with the current
control method. It features continuous input current and good
regulation capability for SC converters. A dual-phase step-down
QSC converter is built by connecting two basic QSC cells in
parallel. It operates in an antiphase in each switching cycle. In
this QSC converter, the charge quasi switches Qg and Qg3 are
operated in the saturation region, acting as the voltage-controlled
current source. The current magnitude is controlled by the gate—
source voltage of the transistor (Vg qs).

As shown in [156], [157], and [158], there are two operation
stages in one switching cycle T's. In the first-half switching cycle
(0-0.5T), the flying capacitor C; is charged by the constant
input current through the quasiswitch Qg;. On the other hand,
the flying capacitor Cy discharges its energy to the load and
filter capacitor through switch S4. In the second-half switching
cycle (0.5T5-Ty), the roles of the flying capacitors C; and Co
are changed. The duty time of all switches is fixed at 0.57, thus
improving the regulation capability practically.

The conduction time for the charge switches in the PWM-
controlled SC converter is short and the corresponding gate
pulsewidth will be narrow at the light load or at low output
voltage conditions. In order to keep the stable regulation of
output voltage, the T,, time of the charge switches will be
maintained with a much smaller value. However, such a PWM
control method is hard to perform practically to implement with
a very small T, period. As shown in [147], compared with
the PWM control method, with the current control scheme, the
regulation for SC converters is improved as the voltage feedback
control circuit is only required to provide a desired gate—source
voltage to control the drain currents of quasiswitches with the
fixed duty cycle 0.5.

C. Hysteretic Control Method for SC Circuit

A lower boundary hysteretic control method is proposed in
[159]. It matches the output sampling frequency to the converter
switching frequency across the entire load range; hence, the
optimal output voltage ripple could be achieved. The presented
converter achieves a peak efficiency of 86.40% and delivers a
maximum output power of 5 mW. This article considers the
SC converter changes phase N times in every M sampling
period. N and M are integers, and N<M since the frequency
of phase change cannot exceed the sampling frequency. The
output voltage is compared to the reference voltage once every
sampling period, and the effective frequency of the converter’s
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phase change can be expressed as

N

f ph_change = Mf sample (20)
NTph_change = MTsample~ (21)
The output voltage ripple is derived as
M
~ L leI out I t
AVput opt = P2 20 — ou . Q2
topt C(ﬁy + C10ut f phfchange(cﬂy + C’out)

The ratio between the bandwidth and the switching frequency
should be set as
wy  wy  Ngip+1
@ B 27 fow B
where N, is the number of skipped sampling pulses, Ky,
is given as Kyco = [(Ofsampic)/(OVeonwot)], and Icp has the

relationship with the average output current of integrator as
Jop — tepfsw
P = Ty -

ICPtdecoRz (23)

D. Flying Capacitor Voltage Programmed Mode Control for
SC Circuit

The authors in [160] proposed a flying capacitor voltage pro-
grammed mode control for SC circuits. Based on the steady-state
operation analysis, this control method takes into account system
dynamics and improves transient response by observing the
flying capacitor voltage along with the output voltage. An inner
control loop is built to regulate the output voltage to effectively
reduce the order of the system. It allows us to achieve a faster
transient response.

In this article, the current that flows through the flying capac-
itor is set as

SRS T
v o Chy + Cload
Considering the effect of allowing the SC circuits to operate

at the lowest possible switching frequency for the given Vi, the
switching dynamics could be presented as

fi(2), if g(z) < Vier — 3
Vi = 4 £ola), i Ve — % < g(a) < % — Vi
fola), if g(z) > Y — Vi

where g(x) = Vay — %

The functions f;(z) and fa(x) are derived from the state-
space model as follows:

I (24)

(25)

W Vi Vin
£ = fi(z) = 2Chy Ron zcﬂyzlzon + 2Chy Ron (26)
T falz) = — Viy Vou '
2 QCﬂy Ron QCﬂy Ron

The output voltage regulation is achieved by controlling the
flying capacitor voltage to eliminate its dynamics. The output
voltage could be regulated based on the equation of the reference
voltage Vi, the intermediate voltage Vinermediates and the input
voltage

C'load

Vintermediate - Vref +
Chy 4 Cioad

(‘/in - 2‘/;ef) (27)
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Fig. 7. Diagram of control through the steady-state voltage across the flying
capacitor.

where (Vi, — 2Vir) is the difference between the input voltage
and the voltage of the flying and output capacitors summed
together at the moment of transition.

Assuming the time constants are smaller than the sensing
delay, the maximum load current is approximately derived as

C‘ﬂy (‘/m - 2‘/ref)

Lsense delay

Toad max = (28)
where tenge delay = #, and fiax s the maximum switching
frequency.

The control through the steady-state voltage across the flying
capacitor is shown in Fig. 7.

E. Phase-Shift Control Method for SC Circuit

The authors in [161] and [162] presented the operating per-
formance of an SC-based resonant converter using a phase-shift
control method. The proposed phase-shift control method re-
alizes ZVS operation, and thus achieves high-conversion effi-
ciency. The average output current I, could be expressed as

212

mn
X
wilyTow 14 cosw, Ty + cosw,T! + cos <=
(29)

sinw, Tp; sinw, T

Iout =

where T = 0.5T4y — |T|.

The output voltage could be regulated by applying voltage
feedback with PI gains. The reference of the averaged output
current is given as follows:

Vit (s)] (30)

Tals) = (K + ) Wale) =
where K, is the proportional gain, Kj is an integral gain, and
Viet(s) is a reference of the output voltage.

The proposed feedback control achieved an accurate voltage
regulation in spite of the input voltage fluctuation and voltage
drops in devices.

The block diagram of the output voltage controller for the SC
circuit is shown in Fig. 8.

The phase-shift control method is applied for SC circuits
to achieve voltage regulation. However, the dead time and
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Block diagram of the phase-shift controller.

parasitic parameters impose negative effects on the switching
transit, resulting in a hard-switching process. It will cause extra
switching loss. An optimized soft-switching method is proposed
under phase-shift control in [161]. The transient analysis of
resonance is analyzed based on the state trajectory. The influence
of parasitic parameters on resonant current and output power is
discussed. What is more, the dead time effect and soft-switching
condition are taken into consideration.

Through the state trajectory and steady-state analysis, the
output power is derived as

2MU
wr LTy

Poul:

y sinw, Tp; sinw, (T /2 — Tpj)
1+ cosw, T, 4 coswy(Ts/2 — Tpyj) + cos <l
(€1

where T),; is the phase-shift time, and w, = 27 f.
The voltage conversion ratio was obtained as

2Ry,
w2L,T,

T

y sinw, T sinw, (T /2 — Tp;)
1+ cosw, Tpj + coswy(Ts/2 — Tp;) + cos <=
(32)

Sano and Fujita [162] proposed a phase shift plus PWM
control strategy for SC circuits. With this control method, the
output voltage regulation and the limitation of the loop peak
current to a proper range are achieved. What is more, the output
voltage ripple could be effectively reduced as well through the
voltage ripple characteristics analysis in different cases.

With the proposed control method, the relationship between
output voltage and the phase-shift angle could be derived as

2(1 + A= cot?(52))
‘/out - 1 T o/ 7—0 Vin~
3 + WCOt (T)

(33)

FE. Nonlinear Variable Structure Control (VSC) for SC Circuit

A nonlinear VSC method for dual-phase SC circuit, as shown
in Fig. 6(a), is first shown in [163] and [164]. Based on the
energy balance principle applied to the output capacitor, the
instantaneous relationship of the output current and input current
in charging and discharging periods is provided. The sliding
mode switching functions are derived based on the VSC model.

A set of relationships describing the equivalent control signal
of charge switch S;(Us;) was given as

Vesyy = klir + %(Vref — V)]
4(‘/;7Vc1):| G4

in

A
Uramp(Sl) =k |:
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Fig. 9.

Feedback circuit of the VSC method for a dual-phase SC circuit.

where VC( 51) is the feedback control signal for switch Sy,

@ramp(Sl) is the peak magnitude of a constant frequency ramp
signal, k is adown-scaling constant to adjust the signal level to an
appropriate chip’s level voltage standard, ¢,. is the load current,
C, is the capacitance of the filter capacitor, Vi is the reference
voltage, V, is the output voltage, and V; and V,; are the input
voltage and voltage of flying capacitor Cy, respectively; Rj, is
the equivalent resistance of the charge loop and ay; represents
the sliding coefficient.

A similar set of relationships describing the equivalent control
signal of charge switch S3(Us3) is obtained as
Lo (Vs = vo)]

Qs3

4(%—%2)}

in

Veiss) =k |:ir +
A 35)
Uramp(s3) = K [

where V(g3 is the feedback control signal for switch Ss,

A . .
Uramp(s3) 18 the peak magnitude of a constant frequency ramp
signal, V_o is the voltage of flying capacitor Co, and as3 repre-
sents the sliding coefficient.

Based on the relationships describing the equivalent control
signals of charge switches S1(Us1) and S3(Uss), the feedback
control mechanism of the nonlinear VSC method is shown in
Fig. 9. This feedback circuit is similar to the conventional PWM
voltage-mode controller but with additional feedback comments
to detect the instantaneous load current for constructing the
control signal V¢, input voltage V;, and flying capacitors volt-
ages V1 and Vs for controlling the ramp signals’ amplitude.
The nonlinear feedback control is achieved by these additional
instantaneous sensors. As compared to the linear voltage feed-
back control approaches, much better transient response and
steady-state regulation are provided with this control method in
a wide operation range of input voltage and load. Under variable
operation conditions, this control method is proven with a fast
and robust performance of rejecting external disturbance.

The parameters of the feedback control mechanism using
nonlinear variable structure control are K = 0.1, = 11.76, and
v =22+ (14184.4)/(s) (the pole term in -y serves to reduce
the steady-state error of the converter.)

G. Nonlinear Constant on Time Variable Frequency
One-Cycle Control (CVFOCC) for SC Circuit

In combination with the dual-phase step-down SC circuit, as
shown in Fig. 6, the voltage feedback circuit of the CVFOCC
methodin [165], [166], [167], and [168] is constructed, as shown
in Fig. 10(a), and its operation waveform could be seen in
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Fig. 10. Constant on time variable frequency one-cycle controller. (a) Control

circuit. (b) Operation waveform of constant on time variable frequency one-cycle
controller.

Fig. 10(b). Based on the dynamic ampere-second balance model
and OCC method, the core control equation for this control
method is derived as

Ton
Qcharge =aq / (V;n - Vrcl(t))dt = _Qdischarge
0

= B1(Vier — Vo) Tofr (36)
where Vj,, is the input voltage, V.. 1) is the instantaneous voltage
of flying capacitor Cy, Vit is the reference voltage, V, is the
output voltage, T, is the “ON time” of switch S; and 7o is the
“OFFtime” of switch S1, R, is the equivalent resistance of charge
loop of flying capacitor C;, Rgis is the equivalent resistance of
discharge loop of flying capacitor Cq, and o and (3; are the
constant values.

For a dual-phase step-down SC circuit, as shown in Fig. 3(a),
at the beginning of each switching cycle, the clock signal sets
the D flip-flop high (Q = 1,Q = 0) in Fig. 10. The monostable
multivibrator will generate a constant pulsewidth square signal
(constant Ty, period) when the trailing edge of Q signal of D
flip-flop arrives. The constant pulsewidth square signal will turn
ON switch Sy in Fig. 6(a) and turn OFF reset switch Wy of the
resettable integrator in Fig. 10(a). The charging current of C;
(Ieh1r) = a1(Vin — Vo)) is integrated by the resettable inte-
grator for constant g, period. When T, is over, the monostable
multivibrator is reset low (Q = O,@ = 1). At this time point,
the reset switch W, is turned ON and the resettable integrator
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12 5uS CVFOCC method for dual-phase step-down SC Converter
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Fig. 11.  Simulation and experimental results of CVFOCC method controlled
1X SC circuit with “constant on time” 5 ps.
TABLE IV
CVFOCC CONTROL UNIT PARAMETERS
“constant Pulsewidth of Clock Signal of D
on time” Integrator C, Monostable flin-flo
Multivibrator p-ilop
Frquency:20 kHz
Sus 1uF 0.000005 Duty-cycle:0.2

in Fig. 6(a) is reset to zero. The switch in Fig. 6(a) will be
concurrently turned ON by the control signal Ugs.

For Ty period, when the negative discharge of Cyy
(—Qdischarge) reaches the charge of Cy (Qcharge), the comparator
in Fig. 7(a) will change its state from high to low. When the
next clock signal arrives, the D flip-flop will be set high (Q = 1,
Q@ = 0) again. When the trailing edge of the Q signal of the D
flip-flop arrives, the monostable multivibrator will then generate
a constant pulsewidth signal for the new switching cycle. Exter-
nal disturbance can be rejected by adjusting the length of 7o
period.

For the dual-phase step-down SC circuits, as shown in Fig. 6,
the generation of control signal Ugs is similar to that of control
signal Ug;. They share the same duty cycle yet with 180° phase
shift as the reason for the phase shift of two clock signals.
The control signals of So(Usz) and S4(Usy) are 50% duty-cycle
pulses complementing with each other and no regulation is
required.

In the extension of this general control method to multistage
symmetrical SC topologies, it is sufficient to consider only one
of the phases when designing its feedback control loop. If this
is achieved, the feedback control loops for the remaining phases
could be easily performed following the same procedure.

A dual-phase step-down SC circuit, as shown in Fig. 6(a), is
built to verify the dynamic ampere-second balance principle and
the CVFOCC technique, as shown in [57] and [58]. Simulation
results are achieved by the PSIM software. The simulation and
experiment are conducted with the variable constant on time
(5 ps) and load resistance (10 and 5 §2). The comparison results
are shown in Fig. 11. The control board parameters are given in
Table IV.

The gain ratio will increase with the rise of the switching
frequency. On the other hand, at the same frequency, the gain
ratio will be lower at heavier loads. The maximum gain ratio is
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Fig. 12. (a) 3X TBSC converter topology. (b) Equivalent circuits of two
operation states for the 3X TBSC converter.

close to 1 at the highest frequency. The simulation results have
a good match with the experimental results. By controlling the
switching frequency and maintaining the “constant on time,” the
output voltage regulation is achieved with the CVFOCC control
method.

To verify that the CVFOCC technique is a general control
method and the dynamical performance for the complex SC
circuit, the simulation and experiment are also conducted on the
3X TBSC, as shown in Fig. 12(a). The operation waveforms
can be seen in Fig. 12(b). The detailed operation principles and
the dynamic ampere-second balance principle are shown in [57]
and [58].
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5uS Constant On Time for 3X TBSC Converter
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Fig. 13.  Simulation and experimental results of the CVFOCC method con-

trolled 3X TBSC converter with “constant on time” 5 ps.

Simulation is conducted with the variable constant on time
(5 ps) and load resistance (20 and 40 €2). Comparison results are
shown in Fig. 13. Similar to the dual-phase step-down SC circuit,
the gain ratio will increase with the rising switching frequency
of the 3X TBSC converter. At a lighter load, this 3X TBSC
converter will get a higher gain ratio at the same frequency.
The maximum gain ratio for the CVFOCC-controlled 3X TBSC
converter is close to 3 at the highest frequency. Simulation results
also have a good match with the experimental results.

Therefore, the dynamic ampere-second balance principle and
CVFOCC method are demonstrated with the general SC circuits.
This control method is robust since the external disturbances
can be instantaneously rejected by only adjusting the switching
“OFF time.” It has significantly improved the dynamic response
speed in a wide operation range. Compared with other nonlinear
control methods used for SC circuits, this control method is
more straightforward and cost-effective with simpler control
theory and analog circuits. The CVFOCC method is an extension
of the OCC method [58] for general SC circuits. The OCC
technique is adopted by incorporating the charge balance of the
flying capacitor into the formulation of the OCC technique. The
CVFOCC method delivers a robust and fast dynamical response
speed for the operation of SC circuits. The switching frequency
of SC circuits in the OCC control method purely depends on the
state of the current switching cycle.

The dynamical response speed is also surveyed for the linear
and nonlinear control methods in this article. Fig. 14 shows
the simulated output voltage waveform of a 3X TBSC con-
verter, which operates at an input voltage of 100 V. The load
resistance alternates between 200 and 100 €2 [see Fig. 14(a)
and (b)], CVFOCC method; Fig. 14(c) and (d), VSC method
(with £ = 0.001, and v = —b5); Fig. 14(e) and (f), PI control
method; and Fig. 14(g) and (h), open-loop control wide input
voltage and load operation range. Compared with the constant
frequency control method that has the duty-cycle limitation
(e.g., 0<d<0.5), the different output power levels of variable
frequency-controlled SC circuits could be achieved by only ad-
justing the switching frequency. Therefore, the operation range
of SC circuits is enlarged with superior performances than the
constant frequency control method. It will highly enlarge the
application range of SC circuits.

In order to test the various output voltage regulation capa-
bilities of different control methods with uniform standards,
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Fig. 14.  Comparison of dynamical response speed for different control meth-

ods with 3X TBSC converter. (a) and (b) CVFOCC method. (c) and (d) VSC
method. (e) and (f) PI control method. (g) and (h) Open-loop control method.
(a) Io step-up, CVFOCC. (b) Io step-down, CVFOCC. (c) Io step-up, VSC.
(d) To step-down, VSC. (e) Io step-up, PIL. (f) Io step-down, PL. (g) Io step-up,
Open-loop. (h) Io step-down, Open-loop.

the target voltage is set as 295 V. Controlled by the open-loop
control method, the output voltage is not maintained stable at
the disturbance time point and 17 V voltage drop is observed, as
shown in Fig. 14(g) and (h). In combination with the PI control
method, as shown in Fig. 14(e) and (f), the response time to
reject the disturbance in load current step-up and step-down is
respectively 6 ms and 4 ms with 5 V voltage drop down or rise
during the transient period. Compared to the aforementioned two
control methods, the nonlinear control method could achieve
a fast-dynamical response speed to deal with the load current
step-up or step-down, as shown in Fig. 14(a)-(d). However,
with the VSC method, the output voltage will have about 2 V
voltage rise or drop down with the changeable load resistance, as
shown Fig. 14(c) and (d). For the CVFOCC method, as shown in
Fig. 14(a) and (b), the disturbance in load current is immediately
rejected by changing the switching frequency with a nearly
unnoticeable overshoot. Thus, the advantages of the nonlinear
control technique in dynamic performance are demonstrated.

H. Comparison of Different Control Methods for SC Circuits

The comparison of control methods for the SC circuits is
given in Table V. As given in Table V, the conventional control
methods for SC converters, such as the PWM voltage feedback
control method or the quasiswitch current mode control method,
are the linear control methods. As a result, these control methods
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can be used in applications with normal precision of output
voltage. SC circuits have more nonlinear characteristics (expo-
nential charging and discharging operations) than conventional
inductor-based converters. These linear control methods have
good regulation performance on the inductor-based converters
yet provide general line and load regulation in a narrow operation
range on SC circuits. Based on the charge balance and the
transient calculation modeling method, the nonlinear control
methods such as the VSC control method and OCC method
will exhibit good regulation and robust performances with fast
dynamical response speed and low voltage ripples in a wide
input voltage and load operation range.

VI. TECHNICAL ROADMAP AND FUTURE DIRECTION

SC circuits have been widely used for power conversion,
power inversion, and power rectification for power supply. For
low-power levels, they could be integrated into an IC circuit
with high power density. For high-power applications, the small
value inductors will be injected into the SC circuits to achieve
the low current pulse and soft switching. Different modeling and
control methods have been proposed to improve the quality of
SC circuits. The technical roadmap and future direction of SC
circuits are summarized.

A. Integration of SC Circuits

The fully integrated SC circuits are in great demand for im-
plantable, wearable, and portable devices. The pure SC circuits
could be integrated with the CMOS process design and BiCMOS
process design. The fully integrated SC circuit technology is
very challenging. The power efficiency of an SC circuit is not
high enough over wide input and output voltage ranges. For an
SC circuit, it has a finite output impedance, and its maximum
deliverable power density is determined by the on-chip capaci-
tance density. The increasing power density will always sacrifice
power efficiency. As a result, in a standard CMOS process in
which the capacitance density is low, there is a tradeoff between
power density and efficiency, and optimizing this tradeoff could
be very difficult [169], [170], [171]. The output voltage ripple
hampers the performance of noise-sensitive devices. Lower
voltage ripple requires higher switching frequency and larger
capacitance. As a result, there is a balance between the output
voltage ripple and the switching frequency. Hence, it is also a
stringent problem to minimize voltage ripple using minimum
system resources and cost.

For resonant SC circuits, more studies focus on structure opti-
mization and control strategy, and the magnetic integrated design
of the inductor of the converter is not yet mature. However, as
an important part of the ReSC converter, inductors are the key
factors that affect the quality and volume optimization of the
converter. With the small value inductor, the integration of the
resonant SC circuit is facing a challenging issue. At frequen-
cies above 10 MHz, magnetic cores are typically impractical,
and even with air-core magnetics, current crowding (skin and
proximity) effects lead to high ac resistance [172]. The inductor
is 1 mm? and uses 32 parallel traces with 11.5 um width and
2.5 pm spacing. The design is fabricated in 130-nm RF silicon on
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TABLE V
COMPARISON OF SURVEYED CONTROL METHODS FOR SC CIRCUITS

Control Control Input . Response Operation
method Type Current Control Algorithm Speed Range Vou
Open Loop Linear Spikey / / Unlimited /
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vou(s) _ KoR (1+Cyri ) ]
Current Mode Linear Continue Goe(8) = ‘:7(5) =—Lchs Normal Limited C, (4B )1, =R K (Vos —V,)*
[157] Vas(s) 14+0,5+0,s
Hysteretic N +1
Control Method Linear Continue 5" = 2;};, =t K R, Normal Limited S Ca (Vg —=AV )
[159] sw S
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Capacitor
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Mode Control y
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Py T e 14 cos@ T +cosw T, +cos——
[161],[162] I i 2
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ref o
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[163].(164] ommeat prey SRS Ul /008 . e di 4G aCay 2R.C,
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Method T I Ta
Ouraree =41 |, Vi =Vero lt . 4R C(1—¢ F)(1—e K¢
[165],[166] Nonlinear Soft e J“ o Fast Unlimited L er X ? ) 7 Vo
[]67]’[168] =7Qdmchnrgc =BV =V Q2R C-T, ,7‘0")(1,5’@)(],eTHZTm(l,e’F)

insulator (SOI) CMOS process with an active area of 5.5 mm?.
The authors in [173] proposed the fully integrated 400 V SC
dc—dc converter. The topology exploits maximized dielectric
energy storage at HV and significantly reduces the sidewall cou-
pling of flying capacitors. It is implemented in 180-nm CMOS
SOI technology. While it realizes a 33:1 conversion step, the
measured power density is 119 mW/mm? at 63.60% efficiency.
To solve the problem of decoupling caused by different resonant
currents in the front and back of the circuit, magnetic integration
design of high efficiency and high power density circuits has
become a research hotspot.

To achieve the same resonant period before and after the
resonant SC converter, it is necessary to ensure the consistency
of inductance parameters. A decoupled magnetic integrated
inductor without opening the air gap in the center column design
has been proposed for the integration of a resonant SC converter
[174], [175]. A2-8 V V;,, 670 mA scalable multiratio SC dc—dc
converter for MCU integration in 28 nm CMOS achieving 91%
peak efficiency, as shown in [175].

B. High Voltage Ratio Conversion of SC Circuits

The converters that adopt an SC structure have the advantage
of HV gain. In these circuits, parallelized capacitors are charged
by the power source. The capacitors are aligned in series and
then release the stored energy to attain an HV gain. The HV
conversion ratio dc—dc converter with HV gain ratio has become
the main loop for the energy transfer of the renewable energy
source or data center [176], [177], [178], [179].

Renewable energy systems powered by clean energy sources,
such as PV and fuel cells (FC), have been warmly welcomed in
recent years to provide part of the demanded energy of the local
loads, dc microgrids, and ac grids. Unfortunately, the output
voltage of these sources is usually lower than 50 V, and to
meet the requirements of local loads and dc bus of single-phase
inverters in ac grids, the output voltage of PV and FC should
be boosted to around 400 V while it is about 800 V for a
typical dc microgrids and three-phase inverter supplying the
three-phase ac load or grid. Dealing with high-power levels, the
interleaved structures are a promising solution due to the thermal
distribution and minimized input current ripple. The isolated
HV-gain quasiresonant dc—dc converter based on an SC circuit
with bifunctional circuitry for renewable energy applications
has been proposed with an HV gain ratio [180], [181]. The
interleaved high step-up converter for renewable energy systems
has been proposed by applying an SC mixed with a coupled
inductor and built-in transformer voltage gain. The voltage stress
could be adjusted by the turns’ ratio of the coupled inductor and
built-in transformer. It gives an extra degree of freedom [182].

The large and growing electricity consumption of modern
data centers demands continuous improvement at the system
level and converter levels. Due to the increase of output current,
transient requirements, and power density, the two-stage power
architecture is moving to lower input voltage at buck level.
Therefore, higher step-down converters are required at the IBC
level. At the system level, there are mainly two directions:
conventional multistep conversions, e.g., from 48 to 12 V [183]
or 48 to 6 V [184], and then 12 to 1 V, which normally achieve
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higher efficiency but with more components and lower density.
With data centers moving toward 48 V intermediate dc racks and
the skyrocketing demands in automotive and telecommunication
applications, high-ratio 48 to 1 V PoL power converters become
one of the most popular topics in power IC and power electronics.
The efficient and compact HSC converters are used for direct
48-1V power conversion in data centers. The topology could be
viewed as a 2-to-1 SC converter merged with two 8-to-1 series-
capacitor-buck modules through two switching buses. Different
from the conventional dc bus architecture, the switching bus
architecture removes the bulky dc bus capacitors and reduces
the number of switches with an HSC converter [185], [186].

C. Multilevel Conversion of SC Circuits

Different types of SC circuits have been the subject of research
to fulfill the need for interconnecting renewable generation
sources, existing or new grids, electronic loads, and battery-
based systems. To deal with HV levels and high power, mod-
ular multilevel converter-based structures have been proposed.
As they acted as the prosperous solution in developing ac—dc
rectification, ac—ac conversion, dc—dc conversion, and dc—ac
inversion for higher voltage and current ratio application, various
structures have been presented where some of them could find
their way into the power industrial market. SC circuits have
been the subject of studies to be used in different applications
where the power rating is higher than the usual for these types of
converters or inverters. The scalability, capacitors voltage clamp,
and the self-voltage balancing are the main features of these
structures. However, the output voltage control limitations and
the need to attenuate the current spikes are important drawbacks
of SC circuits.

Due to their simple structures and self-voltage balancing
characteristics, the HSC converter-based multilevel converters
have been proposed with the output multilevel voltage advan-
tages [187], [188]. The voltage static gain is independent of
the number of submodules, allowing a good regulation range
of the output voltage for HV applications. Moreover, the SC
behavior provides an automatic clamp of the arms voltages,
avoiding the need for ac loops to perform the arms voltage
balance. The authors in [187] proposed a novel single dc-source
SC compact multilevel topology based on packed E-Cell to have
the boosting potency for the 11-level operation and to merit as a
reliable ac—dc rectifier for fault-tolerant capability. A redundant
switching states of flying capacitor-based multilevel converters
are designed in [192] to balance the voltages of presented
converters with the five-level power rectification capacity.

For SC circuits, the following challenges should be addressed
to accelerate future development.

The first one is the integration of the control unit with the SC
circuit. The system-level integration is an important part of the
power supply for wearable, portable, or implanted devices. The
fabricated HSC converter has been proposed, using a 180 nm
BCD process, generating 0.8—1.8 V output from 12/24 V inputs
with a 3 A maximum load. It achieves a peak power density of
355 mW/mm? with a power passive volume of 15.2 mm?. It will
bring the challenge for the control board integration [189].
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The second one is the flexible features for flexible display de-
vices or flexible screens for telephones, watches, and television.
However, it is a big challenge for the design and manuscript
of the bending capacitor and the bending transistors or diodes.
Graphene materials are one of the options, as shown in [190].

The third one is the capacitance value of the flying capacitor
(such as the electrolytic capacitor and ceramic capacitor) that
will vary with switching frequency. As a result, voltage reg-
ulation or current regulation is not easily conducted with the
linear control method, even with the nonlinear control method.
For the charge balance principle, the charge and discharge of the
flying capacitor should be balanced in one switching cycle. With
the variable capacitance, the charge and discharge balances are
difficult to maintain. The load voltage and current oscillation
will be generated for the closed-loop control method and the
open-loop control method. The thin-film capacitor has good
capacitance stability characteristics. However, the price is high.
It will highly raise the cost of the SC circuit.

The fourth one is the suitable control method. For SC circuits,
the charging and discharging of a flying capacitor is very fast.
The SC circuit has a nonlinear feature. Moreover, in combination
with the inductors, the HSC converter and ReSC converter are
of the second order or more systems. The related mathematical
model is complex and not easy to build. Therefore, the regulation
of the load voltage and the load current is more difficult than the
inductor-based converter. What is more, for the high-quality SC
circuit application, good load voltage or load current regulation
performance such as the low-voltage ripples and the fast dy-
namical response speed should be provided with the nonlinear
control method. However, the nonlinear control methods always
have a complex control circuit. The control unit integration is
even more difficult.

The fifth one is the service life of the capacitor in the case of
frequent charge and discharge. Data on current failure rates of
general power electronic equipment show that capacitor failure
occupies 30% [191], [192]. The service life of capacitors is an
increasing key design parameter in SC circuit power supplies.
Power density demands are increasing, and the capacitors are the
only component in the power supply that wears out. There are a
number of key factors determining the expected service life of
electrolytic capacitors used for SC circuits, such as the rated
temperature, local heating effects, temperature derating, and
magnitude and frequency of applied ripple currents. Fine design
and technological manufacturing could improve the reliability
and operation life of capacitors to meet operation requirements.

The sixth one is the limited high-power capacity. The HSC
or resonant SC circuits have been used for high-power areas,
such as EVs and renewable energy generation. Recently, for
an ReSC converter, the 6000 W/in® power density at 48—-12 V
conversion and 80 A continuous output is achieved with the peak
efficiency reaching 99.02%, and full-load efficiency reaching
97.67% [193]. However, the inductors should be injected in the
charge loop, discharge loop, or both. As a result, the power
density of SC circuits will be limited. The wide bandgap devices
are adopted to improve the power density of SC circuits [194].
With the high switching frequency, the advanced drive circuit
should be used for the special driving requirement for the wide
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bandgap devices. The related control method suitable for the
high switching frequency should be proposed and designed. In
future work, the equivalent inductor of capacitors and equivalent
inductor of the charge and discharge loop could be used to act as
the equivalent inductor to build a resonant LC circuit to achieve
ZVS and ZCS functions. It could be adopted for different power-
level applications.

The seventh one is the high charging current for SC circuits.
The nonlinear characteristics of SC circuits bring challenges to
the controller design. For an SC circuit, the time constant 7 of
the charge loop is typically small. The high charging current
will occur (i = AQ¢/Ts). To achieve effective regulation, it
is necessary for a controller to ensure the turn-ON time of a
transistor below the time constant 7 of the charging loop. In
order to achieve the soft charging current, the dead time is added
to extend the charging period and discharging period. The small
value inductor is also injected in the charge loop and discharge
loop of the flying capacitor. However, the low frequency and
the additional inductor will limit the high integration of the SC
circuit. The nonlinear variable frequency control method and the
self-equivalent inductance and resistance of the SC circuit could
be utilized to solve this issue.

VII. CONCLUSION AND DISCUSSIONS

For the high power density, none or less magnetic com-
ponents, and high integration capacity, SC circuits have been
widely used and deeply studied for many years. This article
presents a review of different topologies, application areas,
modeling methods, and control methods for SC circuits. The
topologies of SC circuits have been classified and compared in
this article. The application areas of SC circuits are presented
and summarized. The steady-state modeling method, transient
modeling method, average current modeling, and so on are all
presented in this article. The different features of the modeling
methods are surveyed. The linear and nonlinear control methods
are presented in this article. A comparison of different control
methods is conducted. The theory and feedback circuits of
different control methods are derived. As the nonlinear features
of SC circuits, the nonlinear control methods provide better per-
formances on dynamical response speed, voltage ripple, and load
regulation in a wider operation range than the traditional linear
control methods. The technical roadmap and future direction are
concluded for the future development of SC circuits. The chal-
lenges should be addressed for SC circuits and are also summa-
rized in this article. This article provides guidance for the selec-
tion, simulation, and voltage regulation of SC circuits. It could be
used as areference for design and theory analysis for SC circuits.
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