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Abstract— A family of “Two-Switch Boosting Switched-

Capacitor Converters (TBSC)” is introduced, which 

distinguishes itself from the prior arts by symmetrically 

interleaved operation, reduced output ripple, low yet even 

voltage stress on components, and systematic expandability. 

Along with the topologies, a modeling method is formulated, 

which provokes the converter regulation method through duty 

cycle and frequency adjustment. In addition, the paper also 

provides guidance for circuit components and parameter 

selection. A 1-kW 3X TBSC was built to demonstrate the 

converter feasibility, regulation capability via duty cycle and 

frequency, which achieved a peak efficiency of 97.5% at the 

rated power.  
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I. INTRODUCTION 

SWITCHED capacitor (SC) converter is an important branch 

of power electronics converters which is composed of 

capacitors and switches without the participation of 

inductors/transformers. It potentially has lower 

electromagnetic interference, lighter weight, lower cost, 

higher energy density, and the potential for full integration 

[1]. However, there are some intrinsic features related to SC 

converters as well as challenges in developing SC converters 

need to be recognized. First of all, the efficiency of SC 

converter is closely related to voltage gain and circuit 

structure [2], [3]. Thus, when a voltage gain requirement and 

load range are given, it is essential to pair it with a proper 

topology and circuit parameters in order to achieve high 

efficiency. Additionally, pulsating input current and weak 

regulation capability are some of the weaknesses to overcome 

before SC converter can be widely adopted. It is desirable to 

develop SC converters with simple circuit structure, 

minimized pulsating input current, small output voltage 

ripple, good regulation capability, and scalability for power 

and gain. 

Great efforts have been reported in the research 

community. Many research institutions such as IBM, Intel, 

and UC Berkeley have realized chip level-integrated SC 

converters in [4]–[8]. [8] Compared several fully integrated 

SC converters and reported a converter with efficiency of 

86% and power density of 4.4 W/m2. Some partial-integrated 

SC converters with flying capacitors off the chip were also 

reported. [9] reported a peak efficiency of 97% of partial-

integrated SC converter with voltage gain of 2/3 which 

converted voltage from 1.83 to 1.2 V by employing external 

flying capacitors of 1 μF. 

Extensive study has been presented in journals or 

conference proceedings aiming to reduce the input pulsating 

current and output voltage ripple. Some interleaved buck type 

and boost type SC converter structures were proposed using 

PWM control for this purpose [10]–[12]. These approaches 

require a large number of components leading to increased 

volume and cost. Some modifications were proposed in paper 

[13] that provides better suppression of the input spike by 

using quasi-switched control instead of PWM control. It 

controls the switch as a current source to regulate the output 

voltage, resulting in smoother input current but a more 

complicate control circuit and narrower regulation range. 

Another approach was proposed in [14] using adaptive mixed 

on-time and switching frequency control with four similar SC 

sub circuits and interleaved them by 90 ° to realize smooth 

input current. But variable switching frequency and 

complicated circuit structure brought difficulty in component 

selection and increased cost. 

Some control strategies were reported to tackle the 

weak regulation capability, which is caused by the rush 

current during power delivery stage between the source and a 

capacitor or between two capacitors. This rush current 

changes the voltage of capacitors in a very short period, 

which is difficult to detect and control in one switching cycle. 

The study reported in [15] investigated the essence of SC 

converter based on several traditional topologies and 

provided a general regulation solution based on SSL and FSL 

output impedance. Generally, three dominant regulation 

strategies were widely reported in the past literatures. In chip 

level, frequency modulation, ranging from several MHz to 

several hundreds of MHz, was reported in [16] and [17]. For 

power level ranging from several watts to tens of watts, PWM 

regulation strategy seems dominant [18]. Another method 

seen in the literature is the on-resistance control method. The 

quasi-switched control mentioned earlier belongs to this type. 

This paper will present a general way to derive a detailed 

circuit model and reveal the relationship of circuit parameters 

with voltage ratio, which uncovers the multidimensional 

regulation property quantitatively. 

Although SC converters are initially intended for 

low power applications targeting full integration in CMOS 

level, re-searchers have found it also suitable for handling 

high power. 

Conversions, such as energy storage system or front end dc–

dc converter in renewable systems [19], [20]. [19] reported a 

unregulated 1-kW SC dc–dc converter for 42-V automobile 

system with a peak efficiency of 98%. But the topology has a 

high component voltage stress (VS) and strong pulsating 

current. In order to suppress pulsating current, [21] uses the 

stray inductance in circuit to increase the power to 55 kW. 

[22] and [23] proposed some new SC converters based on 

resonance concept by utilizing stray inductance or physical 

air core inductor and careful selection of switching frequency. 

This method realized ZVS in some conditions. However, it is 

difficult to make stray inductance of all the traces the same 

for all charging and discharging loops. Moreover, the value 

of flying capacitors may change with time, which will alter 

the resonant frequency. To cope with the uncertainty of the 

value of stray inductance, [23] proposed to use air core to 



Two-Switch Boosting Switched-Capacitor Converters 

 (IJSRD/Vol. 6/Issue 02/2018/911) 

 

 All rights reserved by www.ijsrd.com 3364 

secure predictable resonance. Furthermore, an additional 

buckboost converter is incorporated into the resonant switch 

capacitor converter to achieve output voltage regulation. In 

[24], a two stage central source two-level dc–dc module was 

presented, which differentiated itself from the traditional 

ladder converter [25], [26] by moving the source form bottom 

to center, aimed at bidirectional power control in battery 

system of hybrid vehicles. Due to its power bidirectional 

capability, four power switches were still needed with only 

voltage gain of two. Besides, the circuit model was not given 

and no regulation was performed. 

Inspired by the study reported in the aforementioned 

papers, a “Two-Switch Boosting Switched-Capacitor 

Converter (TBSC) Family” for unidirectional power 

conversion is proposed in this paper, with detailed evolution 

procedure starting from a double-switch core. It inherits some 

of the advantages of traditional ladder converter, but the 

proposed circuit provides lower cost, simpler control, lower 

output voltage ripple, symmetrical properties. Along with the 

topologies, duty cycle and frequency regulation are provoked 

through proposed model. The proposed TBSC family 

characterizes itself by following aspects: 

1) symmetrical structure with automatic interleaving 

operation based on only two active switches; 

2) uncommon ground between input and output; 

3) capability of pulse width modulation and frequency 

modulation for output voltage; 

4) comparatively low voltage rating of all components; 

5) Flexible gain extension for different gain applications. 

II. PROPOSED TBSC FAMILY AND OPERATION 

A. Proposed TBSC Family and Operation 

The proposed TBSC family contains n members, where n = 

1, 2, 3 . . .. The first member is the 1X TBSC as shown in Fig. 

1(a). It is merely a two-switch three-terminal network with 

terminal 0, 1, and 1’; nevertheless, it is the core to build the 

entire TBSC family. For all TBSC members, terminal 1-1’ is 

defined as the low side, while terminal n-n’, high side. 

In order to obtain the second member in the TBSC 

family, a pair of n = 2 gain-extension networks, the top one 

with terminals 0, 1, and 2 and the bottom one with terminals 

0’, 1’, and 2’ as shown in figure Fig. 2 are added to the 1X 

TBSC as By connecting the matching terminals of the gain-

extension network and the 1X TBSC, the 2X TBSC is derived 

as shown in Fig. 1(b). The voltage at the high side of the 2X 

TBSC configurations is double of that of the low side under 

the case of no load and idea components (ideal condition), by 

operating the two switches S1 and S2 in an interleaved 

manner. 

Further, by adding a pair of n = 3 gain-extension 

networks as shown in Fig. 3 to the 2X TBSC in a similar 

fashion, the 3X TBSC can be derived as shown in Fig. 1(c). 

The new con-figuration triples the low-side voltage by 

operating the two ac-tive switches S1 and S2 in an interleaved 

manner under ideal condition. 

To synthesize the 4X TBSC topology, a pair of n = 

4 gain-extension networks in Fig. 2 are added to the 3X TBSC 

topology in a similar fashion. Thus, a new member with 4X 

gain is derived as shown in Fig. 1(d). 

This process can continue indefinitely to obtain a 

TBSC with an ideal gain of arbitrary positive digital number 

n, by applying gain-extension network. In general, in order to 

obtain nX TBSC, a pair of three-terminal gain-extension 

networks, the top one with terminals n – 2, n – 1, and n and 

the bottom one with terminals (n – 2)’, (n – 1)’, and n’, as 

shown in Figs. 2 or 3, are added to the (n – 1)X TBSC. By 

connecting the matching terminals of the gain-extension 

network to the (n – 1)X TBSC, the nX TBSC configuration is 

derived. 

 
The voltage at the high side is n times of the low-

side voltage (applied to terminal 1 and 1’) by operating the 

two active switches S1 and S2 in an interleaved manner under 

an ideal condition. Due to the symmetrical interleaved 

configuration of the circuit, the output voltage ripple is 

reduced. Additionally, all components voltage rating is set by 

low side voltage. In this paper, 2X TBSC and 3X TBSC are 

illustrated as example, and experimental results of 3X TBSC 

converters are given. 

 
1) State 1 [0, dTs]: Switch S1 is turned ON during [0, dTs] 

while the duty cycle d is within the range of [0, 0.5]. 

When S1 is ON, the energy from input source will 

partially charge C1b though D1b and partially provide 

the load current directly [see Fig. 5(a)]. The output 

voltage equals to the sum of capacitor voltage Vc1a and 

Vc1b . 
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2) State 2 [dTs, Ts/2]: When S1 and S2 are bothOFF, it 

comesto state 2 shown as Fig. 5(b). Both diodes D1a and 

D2a become reversed biased and only capacitor C1a and 

C1b are connected in series to charge the load. Input 

current Iin becomes zero at this state. 

3) State 3 [Ts/2, dTs+Ts/2]: At this state, switch S2 is ON 

while S1 is kept OFF, shown as Fig. 5(c).The energy 

from input source will be partially delivered to load and 

partially used to charge capacitor C1a . 

4) State 4 [dTs+Ts/2, Ts]: This state repeats state 2. By 

interleaved operation of S1 and S2, the input current 

ripple has the frequency twice of the switching 

frequency. Moreover, based on the automatic interleaved 

structure, the output voltage ripple is smaller due the 

ripple cancellation of capacitors C1a and C1b. Key 

waveforms are shown in Fig. 5(d). 

B. Operation of 3X TBSC with PWM Control  

The 3X TBSC converter, shown as Fig. 6, is more 

complicated compared with 2X TBSC as it contains coupled 

switched capacitor loops. These coupled loops, formed by 

source capacitor pair and capacitor–capacitor pair, realize 

charge redistribution by sharing a common circuit path. 

The 3X TBSC converter has following unique properties: 

First, it can serve as a voltage tripler under an ideal condition. 

In real case, where components loss exists and load 

is nonzero, a duty ratio closer to 0.5 can achieve higher gain 

and higher conversion efficiency. Second, the input source is 

cascading with two flying capacitors C2a and C2b to build up 

the output voltage. These two flying capacitors C2a and C2b 

exhibit interleaved voltage ripples, which alleviate each 

other. Therefore, the output voltage ripple of proposed 

topology is expected to be smaller, yielding a smaller output 

filter capacitor or even skip. 

 
Third, the input source will keep delivering current 

to load even both switches are turned OFF, shown in figure 

Fig. 7(b). This property, however, is different from 2X TBSC. 

It means for the whole period, the power source will keep on 

sending out energy. 

Detailed operation modes and waveforms are explained as 

following: 

1) State 1 [0, dTs]: When S1 is ON, as shown in Fig. 7(a), 

the input source will charge the flying capacitor C1b. At 

the same time, it cascades with C2a and C2b to build up 

the output voltage. The flying capacitor C2a is charged 

by C1a at the same state and C1a is also delivering power 

to load. 

2) State 2 [dTs, Ts/2]: When both switches areOFF, the 

input source will be connected with C2a and C2b in 

series to power the load together. Thus, input current Iin 

equals to the load current at this state, shown as Fig. 7(b). 

3) State 3 [Ts/2, dTs+Ts/2]: In Fig. 7(c), when S2 is turned 

ON while S1 is OFF, the input source starts to charge 

C1a which was releasing its energy in state 1. Thus, C1a 

can keep charge balance in one switching period. 

Meanwhile, it is in series with C2a and C2b to power the 

load. C2b is charged by C1b at the same time. 

4) State 4 [dTs+Ts/2, Ts]: This state repeats state 2, given 

as Fig. 

C. Component Count and Stress Analysis 

The proposed family of SC converter not only has small 

output ripple, but also low cost. The component count 

comparison for proposed topologies and previous works is 

given as Table According to the table, the proposed 

topologies greatly minimize the number of semiconductor 

components while maintaining interleaving benefits and 

regulation capability. Thus, the cost can be reduced and 

volume shrunk. 

Assuming the input voltage at low side is Vin and 

the load current is Iout, the components voltage stress (VS) 

and current stress (CS) are given in Table II, in comparison 

with previous works. Here, average current during on state of 

semiconductor components is used to calculate RMS current 

for CS estimation. Based on the comparison outlined in 

Tables I and II, taking the proposed 3X TBSC as an example, 

it has the same number of capacitors as the converter 

proposed in [12], but has six semiconductor components 

(switches and diodes) compared with 14. 

Although the component CS of proposed converter 

is higher, a smaller converter size can still be expected 

because the VS is the same and fewer driving circuits and 

control circuits are required for the proposed topology. 

III. EXPERIMENTAL VERIFICATION 

To confirm the feasibility of proposed TBSC topology and 

the property of frequency modulation and duty cycle 

modulation, a 3X TBSC prototype was built as an example 

design. The components are listed in Table IV. 

AVR microcontroller Tiny 24 from Atmel 

Corporation is used to generate the two channel-interleaved 

PWM signals to drive the switches. The dead time is 

deliberately controlled to modify the duty cycle. In order to 

investigate the modulation property of 3X TBSC converters, 

the input voltage is fixed at 40 V to make sure that the input 

current spike will not exceed component current rating with 

various switching frequency operation conditions. The 
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modulation capability of duty cycle and frequency on voltage 

gain of 3X TBSC is tested. The test conditions are given as 

Table V. 

A. Duty Cycle and Frequency Modulation Effect 

The waveforms of Vgs, Vin , Vout and Iin are given in Fig. 

14 under various frequency and duty cycle conditions. Note 

that the soft current rising edge becomes more noticeable 

when the frequency goes up to 10 kHz. This soft current rising 

is due to the coupling of two charging loops, which is 

neglected during modeling procedure for simplicity. 

Therefore, the model result is more accurate under low 

frequency condition. The experimental curve of duty cycle 

modulation and frequency modulation is compared with 

model prediction in Figs. 15 and 16. 

In Fig. 15, it can be seen that when the duty cycle 

increases, the output voltage is increasing. The modulation 

effect is strong under low duty cycle condition. When the 

duty cycle is smaller, the voltage gain is far below the idea 

condition voltage gain, which indicates low conversion 

efficiency. The loss is dissipated within the circuit in the form 

of switching loss or conduction loss. 

For example, Fig. 14(c) shows duty cycle at 0.05 

under 1-kHz switching frequency. The input current is 

chopped compared with smoother dropping in figures (a) d = 

0.45 and (b) d = 0.1. 

It indicates the switches are turned OFF under high 

current condition which introduces larger conduction loss at 

d = 0.05. By comparing Fig. 14(d) and (f), it is found not only 

switching loss increases by decreasing duty cycle, but also 

conduction loss due to increased conduction current. 

Therefore, lower efficiency under low duty cycle case can be 

expected. 

The modeling results shown in Fig. 15 is slightly 

higher than the experimental results which may be caused by 

stray resistor and neglected element such as voltage drop of 

diode in final voltage gain equation. In Fig. 15(b), the 

comparison is made under 10 kHz condition and a little larger 

error appears which shows circuit parasitic parameters starts 

to show more significant effect with the increase of 

frequency. 

In frequency modulation testing case given in Fig. 

16, the duty cycle is fixed at 0.45. High duty cycle is used 

here because with low duty cycle, increasing frequency will 

cause the turn on time to be extremely small, which may 

introduce high testing error due to parasitic parameters. 

Here, the frequency is changed from 1 to 10 kHz, 

while the load is fixed at 160 Ω. Fig. 16 shows that when the 

frequency increases, both model and experimental result 

show higher voltage gain. The modulation capability of 

frequency is thus confirmed. 

Under low frequency condition, lower voltage gain 

is obtained which means lower system efficiency. The loss 

will be dissipated mainly as conduction loss. Comparing Fig. 

14(a) and (d) which show the cases of 1 and 4 kHz, much 

higher conduction current is found in the case of 1 kHz 

condition, coinciding with lower voltage gain at 1 kHz 

described as Fig. 

B. High Efficient Design Consideration 

Efficiency under various frequency and duty cycle is also 

tested with Vin = 40 V. The curves are shown Fig. 17(a) and 

(b). Fig. 17(a) shows that when the other parameters are fixed, 

higher duty cycle leads to higher efficiency, which is similar 

to the voltage gain curve. Fig. 17(b) shows the efficiency will 

also increase by increasing the frequency. But the curve will 

become almost flat when the frequency reaches some point. 

The curves demonstrate that when the value of the flying 

capacitor is fixed, the switching frequency does not have to 

be very high to reach a good efficiency. 

In the low frequency range, e.g., less than 10 kHz, a 

high input voltage may cause a large input current spike, 

exceeding the component CS of designed prototype. On the 

other hand, under low input voltage condition, the system 

efficiency is not optimized due to parasitic parameters effect. 

When the input voltage increases, the frequency should 

increase to limit the current spike under an acceptable level. 

Therefore, two input voltage conditions 100 and 150Vare 

tested under 
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Under the maximum efficiency condition, the key 

waveforms by simulation and experiment are presented in 

Fig. 19. Note that Iin1 here is not the input current but the 

input current plus the current of C2a , as depicted in Fig. 7. It 

further confirms the Comparison of frequency modulation 

between experiment and model under duty cycle of 0.45. 

Input current has soft current rising edge due to the coupling 

loop effect as no stay inductance is included in simulation 

case. 

A prototype of 1-kW TBSC converter with peak 

efficiency of 97.5% was built, under the input voltage of 150 

V and switching frequency of 20 kHz. The output is nearly 

450 V. The experimental results demonstrate regulation 

capability of proposed TBSC converter by adjusting duty 

cycle and/or frequency. Good efficiency and low output 

voltage ripple can be achieved by increasing the duty cycle 

and frequency. 

By replacing all the diodes with active switches, the 

TBSC family can be extended to perform bidirectional power 

flow operation. Furthermore, if all the diodes are replaced by 

active switches, and vice versa, the TBSC family can be 

extended for step-down operation. 

IV. CONCLUSION 

A family of TBSC is proposed. The interleaved operation 

yields small output voltage ripple, reduced components, as 

well as low/uniform VS for all components. It is most suitable 

for unregulation applications (with a duty ratio of 0.5), when 

the efficiency is most favorable with nX gain. It can also be 

controlled by PWM strategy to regulate the output voltage to 

near but below nX, then the efficiency may be compromised. 

A modeling method for the proposed converter is given and 

this method reveals more parameter effects on voltage gain 

compared with previously reported method. Guidelines in 

designing a higher efficiency and high power density TBSC 

converter are also discussed 
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