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Switched-Capacitor-Based Dual-Switch High-Boost
DC-DC Converter

Minh-Khai Nguyen

Abstract—A switched-capacitor-based dual-switch de—dc con-
verter with a high-boost voltage gain is proposed in this paper. The
proposed converter can obtain a high-voltage gain with a small
duty cycle, which decreases the voltage stress and the conduction
loss on the power switches. This paper presents the key wave-
forms, the operating principles at the continuous conduction mode
and the discontinuous conduction mode, and the parameter design.
Moreover, a comparison between the proposed converter and other
nonisolated converters has been completed. To verify the operating
principle, a 200 W prototype is constructed with an input voltage
of 25-50 V and an output voltage of 200 V. The simulation and
experimental results are shown.

Index Terms—Boost converter, continuous conduction mode
(CCM), discontinuous conduction mode (DCM), dual-switch, high-
voltage gain, nonisolated dc—dc converter, switched capacitor (SC).

1. INTRODUCTION

ECAUSE of the depletion of the global fossil-energy
B sources, the development of renewable energy is the most-
effective solution. However, the available renewable energies
such as wind, solar, and fuel cells are reliant on the weather
conditions, and their output voltages are low and variable. To
connect them to the residential loads, the two-stage power-
conversion system that is shown in Fig. 1 is widely used. In the
first stage, a high-step-up dc—dc converter is used to convert a
low voltage into a constant dc-bus voltage [1], [2]. Many high-
step-up dc—dc converters have been proposed and investigated
to obtain a high-voltage gain in both isolated and nonisolated
topologies. For the isolated topologies [3], [4], a high-frequency
transformer is used to insulate the input and the output with
a two-stage dc—ac—dc power conversion. For the nonisolated
topologies, various high-step-up dc—dc converters with and
without a coupled inductor have been proposed in [S]-[25]. The
coupled-inductor-based high-step-up converters are proposed
in [5]-[9] to increase the voltage gain; however, the leakage
inductance of the coupled inductor is a negative impact of the
coupled-inductor-based converters. The non-coupled-inductor
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Fig. 1. Typical two-stage power-conversion system.

converters can achieve a high-voltage gain with a high efficiency
and a high-power density because they lack magnetic com-
ponents. The focus of the research studies of the noncoupled-
inductor converters are the voltage-lift [10], cascaded [11]-[13],
and interleaved [14], [15] techniques. Voltage-multiplier cells
[16], a switched-inductor (SL), a switched-capacitor (SC) [17]—
[21], and an active-switch network [22]-[25] have been used in
other studies to provide a high boost to transformerless struc-
tures. Based on the SC converter and in combination with the
switching mode, the converter in [19] can increase the voltage
gain with two switches. An SC-based high-step-up voltage-gain
active-network converter (ANC) with a low-voltage stress on
the switches and diodes is proposed in [24].

Howeyver, in the boost-based nonisolated dc—dc converters
[5]-[25], the duty cycle is varied within a wider region of O to
1. When a high-step-up voltage gain is required, a larger duty
cycle should be used. The use of a larger duty cycle results
in a high conduction loss on the switches. To reduce the duty
cycle of a switch in the range of [0, 0.5), a Z-source converter
(ZSC) is proposed in [26] with a discontinuous-input current.
A family of quasi-Z-source dc—dc converters is presented in
[27] to improve the input-current profile. By changing the way
the output is connected to the Z-source network, a common-
grounded Z-source dc—dc converter (CG-ZSC) [28] can achieve
a higher voltage gain in comparison with the traditional ZSC.
In [29], three Z networks are used to achieve a high-step-up
voltage. The use of a large number of passive components in the
Z-network-based boost dc—dc converters [26]—-[29], however,
increases the size, weight, cost, and loss. A Y-source dc—dc
converter is proposed in [30] to achieve a high-step-up voltage
with a coupled inductor. Owing to the leakage inductance of the
coupled inductor, a voltage spike appears on the switch.

This paper proposes an SC-based dual-switch high-boost
dc—dc converter. The main features of the proposed converter
are as follows: simple structure, high-step-up voltage- con-
version ratio, using the small duty cycle for the reduction of
the conduction loss on the power switches, and a low voltage
stress on the MOSFETs and diodes. Section II proposes
the converter topology with continuous conduction mode

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 3. Key waveforms of the proposed converter: (a) CCM and (b) DCM.

(CCM)- and discontinuous conduction mode (DCM)-circuit
analyses. The parameter-design guideline is presented in
Section III. Then, the proposed converter is compared with other
nonisolated high-boost dc—dc converters in Section I'V. Finally,
the simulation and experimental results are shown in Section V.

II. PROPOSED CONVERTER

Fig. 2 shows the proposed SC-based dual-switch (SCDS)
converter with the high-voltage gain. It consists of one inductor
(L), three capacitors (Cy — Cs), four power diodes (Dy—D3),
two power switches (57 and S5), and a resistive load (R). Fig. 3
shows the key waveforms of the proposed SCDS converter op-
erating in the CCM and the DCM. Both switches, S; and S,
are turned on and off simultaneously. To simplify the circuit
analyses of the proposed converter in the CCM and the DCM,
the following assumptions were made: 1) all devices are ideal
and lossless; 2) the capacitance of the capacitors is large enough
to maintain the constant capacitor voltage; and 3) the current
flow to the inductor increases or decreases linearly.

A. Circuit Analysis in the CCM

Fig. 3(a) shows the key waveforms of the proposed converter
in the CCM. Fig. 4(a) and (b) shows the operating modes of the
proposed converter in the CCM.

Mode 1 [ty—t1, Fig. 4(a)]: S; and Sy are turned “ON.” The
inductor is charged while the C; and C5 capacitors are dis-
charged. The Dy diode is forward-biased, while the D, Do, and
D3 diodes are reverse-biased. The time interval in this mode is
D-T, where D and T are the duty cycle and the switching period,
respectively. By applying Kirchhoff’s voltage law in Fig. 4(a),

L D,
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(o S, C2
S, Ve
D, D;
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Fig. 4. Operating modes of the proposed converter: (a) mode 1, (b) mode 2,
and (c) mode 3 in the DCM.

the following formula is derived:
dip,
dt
Vo=V, +Ver + Ve

Mode 2 [t1—to, Fig. 4(b)]: S; and S, are switched “OFF”;
the Dy, Dsy, and D3 diodes are forward-biased while the D,
diode is reverse-biased. The time interval in this mode is (1—
D)-T. During this mode, the inductor L is discharged while the

C) and C; capacitors are charged, and the following formula is
derived:

L Vg—l—V(jl

ey

dig,
L— =V, -V

a9 ! ©)
Ver = Veo.

Through the application of the volt—second balance law to the
inductor in a steady state, (1) to (2) yield the following equation:
1
1 - 2D

By substituting (3) into (1), the output-voltage gain of the
proposed SCDS converter in the CCM is as follows:
Vo 3 -2D
V, 1-2D

Ver=Vea = Vy. 3

“)

Goom =
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Fig. 5. (a) CCM/DCM boundary condition. (b) Relationship between the

output voltage and the duty cycle.

B. Circuit Analysis in the DCM

The proposed converter works in the DCM when the light
loads are used. This operating mode causes an overboost effect
on the capacitor and the output voltages. Fig. 3(b) shows the key
waveforms of the proposed converter in the DCM.

Mode 1 [ty—t;, Fig. 4(a)]: This mode is the same as mode 1
in the CCM. From (1), the peak-to-peak value of the inductor
current in mode 1 is as follows:

Vo + Ve
L

Mode 2 [t1—t2]: The equivalent circuit in this mode in the
DCM is shown in Fig. 4(b). The time interval in this mode is
D, - T'. The inductor voltage is calculated using (2). Mode 2 in
the DCM ends when the inductor current is reduced to zero.

Mode 3 [ty —t3, Fig. 4(d)]: S1 and Sy are still switched
“OFF,” and the inductor current is zero. The energy stored in
the Cy capacitor is released to the load. The inductor voltage in
this mode is zero.

If the assumption of a no-loss power circuit is made, the
average input current is as follows:

Al = DT. (5)

- P, V2
Iin = e— = 0 6
Vs RV, ©
where P, and R are the output power and the resistor load,

respectively.

Because the average current of the capacitor C is zero, the
average current of the diode D, equals the output current. If
KCL is applied at node A in Fig. 2, the average inductor current
is as follows:

- - - 1% Vo
Iy =15, — 1, =% ——. 7
L VR R (7
The DCM occurs with the following condition:
I, < AlL/2. (8)

The result of the substitution of (5) and (7) into (8) is as
follows:

K< Kcrit (D) (9)
where K = 2L/(RT) and Ki(D) = D-(1 — D)-(1 —
2D)/(3 — 2D).

Fig. 5(a) shows the plots of K., as a function of D at
the CCM/DCM boundary. When K > K, the converter
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operates in the CCM. When K < K, the converter oper-
ates in the DCM.

From Fig. 3(b), the average inductor current is calculated as
follows:
_ VotV

- 1

D(D+D,)T.
(10)
The result of a steady-state application of the volt—second
balance law to the inductor in the DCM is as follows:
D (Ver + V)

Dq: —
' Ver — Vg

From (7), (10), and (11), the output-voltage gain in the DCM
is calculated as follows:

G —VO—3+D2+1 3+D2 2+D2
POMT T2 Tk T 2 K K-
Fig. 5(b) shows the relationship between the output-voltage
gain and the duty cycle. The output-voltage gain in the DCM is

higher than that in the CCM. When the K > 0.038, the converter
operates in the CCM.

(11)

12)

III. PARAMETER-DESIGN GUIDELINE
A. Voltage and Current Stress on the Switches

The voltage stress on the switches is shown in Table I. The
peak current value on both of the switches is calculated in the
CCM as follows. As shown in Fig. 4(a) and (b), the input current
is the switch current (Ig_p) in mode 1, while it equals the
inductor current in mode 2; therefore, the average input current
is as follows:

_ P,
Iiw=—=DIgp+ (1 7D)IL.
Vy

(13)
The substitution of (7) into (13) means that the peak current
of the switches Sy and .S, is as follows:

k,

D3 -2D)V,’ (14)

Is p =
The root-mean-square (RMS) current of the switches S; and

Sy is as follows:
P,
I §=—— 15
5_RMS VD3 2D}, (15)

B. Voltage and Current Stresses on the Diodes

The voltage stress on the diodes is listed in Table 1. Based on
mode 2, as shown in Fig. 4(b), the peak current of the diodes
D1—Dj is calculated as follows:

I = Ips p =0.51
D1_P D3_P L (16)
Ipap =11,
where the I, is calculated in (7). Based on mode 1, as shown
in Fig. 4(a), the peak current of the diode D is calculated as
follows:

Ipop =Isp —Ir. (17)
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TABLE I
COMPARISON BETWEEN THE PROPOSED CONVERTER AND OTHER HIGH-BOOST DC-DC CONVERTERS
IBC [14] DIESC-SC [19] SC-ANC [24] ZSC [26] CG-ZSC [28] Proposed converter
Inductors 2 2 2 2 2 1
Capacitors 3 5 3 3 3 3
Diodes 4 4 3 2 2 4
Switches 2 1 2 1 1 2
Switched voltage, Vo /2 Vo/(2 + D) (Vy + V,y)/4 Vo Vo =V, Vo = Vy)/2
Vs
Diode voltage in Vo Vo/(2 + D) (Vo = Vy)/4&V, Vo Vo = Vy (Vo — Vy)/2
SL or SC cell
Output-diode Vo /2 Vo/(2 + D) (Vy + Vo)/2 Vs Vo =V, Vo =V,
voltage, Vp,
Capacitor voltage, Vo /2 Vo/(2 + D) (Vy — (Vy + Vo)/2 Vo /2 (Vo — Vy)/2
Ve Vo)/2& (Vy +
Vo)/2
Voltage gain, G 2/(1-D) (2+ D)/1-D) 3+ D)/(1—- D) 1/(1 — 2D) 2(1 — D)/(1 — (3-2D)/(1 —
2D) 2D)
Input current Continuous Continuous Continuous Discontinuous Discontinuous Continuous
Input-current Low High High High High Low
ripple
The RMS current of the diodes is as follows: as follows:
Iporvs = VD (Isp —11) C AV, b (22)
1-D)T
Ipirms = Ipsrms = 0.5v1 — DI, (18) ( ) Vo

Ipsrms = V1 — DIy

C. Inductor Selection

The peak-to-peak inductor current Ay, is calculated using
(5). Assuming from (4), (5), and (7) that Al = %I, the
required inductance should be as follows:

D(1—D)(3—2D)TV}
ri%(1 —2D)P,

19)

D. Capacitor Selection

The capacitors are designed according to the capacitor—
voltage ripple. As shown in Fig. 4(a), the current flow to the
C capacitor in mode 1 of the proposed converter equals the
peak current of the switch S, while the current flow to the C5
capacitor equals the peak current of the diode Dy, and it can be
rewritten as follows:

A‘/cl Po
c =
DT ~ D(3 — 2D)V,
' (20)
C A‘/LQ Po I
*Dr D3 - 2D)V, "

If the passing-through peak-to-peak capacitor—voltage ripple
is limited by the r,%, the capacitances for C; and C5 of the
proposed converter should be as follows:

o _ (1-2D)TP,
', %(3 - 2D)V2 0
(1—2D)’TP, D
Cy =

r.%(3 — 2D)VZ'

As shown in Fig. 4(b), the current flow to the output Cy ca-
pacitor in mode 2 equals the output current and can be rewritten

To limit the ripple on the output voltage using the 7, %, the
() capacitance should be as follows:

(1 —D)(1—2D)*TP,

Ch =
! r,%(3 — 2D)V2

(23)

IV. COMPARISON WITH OTHER NONISOLATED
HIGH-BOOST CONVERTER

The comparison between the proposed converter and other
nonisolated high-boost dc—dc converters is shown in Table I.
In comparison to the interleaved boost dc—dc converter in [14],
the proposed converter uses one less inductor with a lower volt-
age stress on the devices. Compared with the double-inductor-
energy storage-cell-based SC (DIESC-SC) [19], the proposed
converter uses one more active switch but fewer passive com-
ponents. In comparison with the SC-ANC [24], the proposed
converter uses one more diode and one less inductor. Compared
with the Z-source dc—dc converter in [26] and the CG-ZSC in
[28], the proposed converter uses one more switch, two more
diodes, and fewer inductors to produce a high-voltage gain with
the occurrence of a low-voltage stress on the components. In ad-
dition, the proposed converter has a lower input-current ripple
than the conventional high-boost dc—dc converters.

Fig. 6 shows a comparison between the voltage gains of the
nonisolated step-up dc—dc converters in the CCM. As shown in
Fig. 6, the voltage gain of the proposed SCDS converter is the
highest at the same duty cycle.

V. POWER L0SS CALCULATION

A. Power Loss in the Switches

The power losses of MOSFET consist of a conduction loss
and a switching loss. The switches S and S5 are conducted at
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Fig. 6.  Comparison of the voltage gains in the CCM.

the same time. Thus, the power loss of .S7 and .S are calculated

2
b ) (24)

P.s = Rpson D - 2( ot
% DS (D(3—2D)Vg

where Rpgson is the drain-source ON-state resistance of the
MOSFET.
The switching loss is

P,
Pips =2V - —————— - f;
sw S c1 D@3 = 2D)V, f
.(tru —21— tfi N tri —; tfu) (25)

where tru, tfu, tri, and tfi are the voltage rise time, voltage fall
time, current rise time, and current fall time, respectively.

B. Power Loss in the Diodes

The power losses in the diodes include the conduction loss
and reverse recovery loss. The conduction loss of free-wheeling
and Dy—D3 diodes are calculated by

P
P, = N L —
o= o (55— o7, 1)

P 2
Rpo-(——2—— —1,) |-D
e (D(3 — 2D)V, L) ]

+ (up2 - 0.5I; + Rps - 0.2513) - (1 — D)
+ (UDQ'IL+RD2-I%)~(1 — D)
+ (ups - 0.5I;, + Rp3 -0.2517) - (1 — D) (26)

where up, and Rp, are the ON-state zero-current voltage
and the ON-state resistance of the D, diodes (x = 0 — 3),
respectively.

The reverse recovery loss of the diodes is

R’?"D - erl . VCl . fs + erQ : VCl . fs
+ erS : VCl : fs + er() : (‘/0 - ‘/g) : fsv
where Q,,0, Qrr1, Qrr2, and Q3 are the reverse recovery

charge of the free-wheeling, Dy, D;, D, and D; diodes,
respectively.

27)
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TABLE I
CONDUCTING CURRENT AND PERIOD OF COMPONENTS IN THE
PROPOSED CONVERTER
Components Conducting current Conducting period
S1 and Sy [)(ii—}?lioD)Vq DxT
Py
Do D(3-2D)V, —1I;, D«T
Dy and D3 0.517, (1 -=D)xT
Dy Ip (1 - D)*T
L I T
Py
= ~DGDY, DT
0.51, (1 - D)*T
PO
Co I — DE2DIV, DT
0.51, (1 —D)*T
Py
Cy DB 2D), -1 -1, DxT
~1, (1 —D)*T
C. Power Loss in the Capacitors
The capacitor power loss is calculated as
2 2 2
Poc=rcy Iy +ree - Iog +1co - I, (28)

where rc1, rc2, and ¢, are the equivalent series resistances
(ESRs) of C, Cs, and Cj capacitors.

The RMS capacitor current of C, Cs, and C)y capacitors are
defined as follows:

2
P,

2
Ics = \/(IL - DGOV, _PQD)VH> D +0.251% - (1 — D)

2
ICOZ\/(W—IL—IO) D+I2-(1 - D).
(29)

D. Power Loss in the Inductor

The power loss in the inductor includes the core loss and the
copper loss. For an MPP of 125 p, the inductor core loss is
obtained as follows:

P =033 B8 f104 4 7, (30)

where B is the half of the ac flux swing, f'is the frequency, A, is
the core cross-sectional area, and [,,, is the core mean magnetic
path length.

The inductor copper losses are given by

P, = Ry - I} gus GD

where R, is the resistance of the inductor.

The power loss calculation for the components is based on
Table II. We assume that the converter operates in CCM. Fig. 7
shows the power-loss calculation of the proposed converter. The
power loss of the proposed converter is calculated based on the
parameters in Table ITI. When the minimum input voltage (V,, =
25 V) is applied, the large duty cycle that is used causes a low
power-circuit efficiency. As shown in Fig. 7, the conduction loss
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Fig. 8.  Simulation results of the proposed converter when V;, = 50 V. From
TABLE III top to bottom: (a) capacitor-C'y voltage, input voltage, output voltage, input
PARAMETERS FOR THE POWER-L0OSS CALCULATION current, and inductor current; and (b) diode-Dy — D2 voltages, and the drain-
source voltage of S .
MOSFETs IRFP4668PbF (200 V, 130 A, 8 m{2)
Diodes STPS60SM200C (200 V, 30 A) I ' w [ | ]
ESR of C'1, O 3.2mQ 5 6 G
(22 pF/ 100 VDC—Pilkor 223 MKT - -
wk1133) = ; e ‘ ‘
ESR of C capacitor 3.1 mQ kS 3 {
(110 pF/450 VDC—Pilkor PCPW 245) : w2 . .
Inductor core CM777125 (142 nH/N? “ ! N E [ ‘ ‘
Copper-wire resistivity 1.724-107°Q - cm b e - L L i
et
TABLE IV o SR e ol S e ™ e
SIMULATION AND EXPERIMENTAL PARAMETERS OF THE PROPOSED CONVERTER (a) (b)
Fig.9. Simulation results of the proposed converter when V;, = 25 V. From
Parameter Values top to bottom: (a) capacitor-C; voltage, input voltage, output voltage, input
current, and inductor current; and (b) diode-Dy—D> voltages, and the drain-
Input voltage (V) 25-50 vV source voltage of S .
Output voltage (V) 200 V
Output power (P,) 200 W
Inductor (L) 0.5 mH
Capacitors C1,Cy 22 uF/100 V
Co 110 uF/450 V
Switching frequency (fsw ) 50 kHz
MOSFETs (51, S2) IRFP4668PbF
Diodes (Dy-D3) STPS60SM200C

of the switches is low, while the diode power loss is the highest;
this is because the proposed converter uses four diodes while the
conduction time of the three diodes D; to D3 is (1 — D) - T.

VI. SIMULATION AND EXPERIMENTAL RESULTS

. . Fig. 10. Prototypal photograph of the proposed converter.
A. Simulation Results & ypalphiolograp prop

To verify the properties of the proposed SCDS converter,

k . . . A 200 V D
as shown in Fig. 2, a PSIM simulation was performed with W@—’ PID | AN LS
T — —

the following parameters: L = 0.5 mH, C; = Cy = 22 uF,

Limiter %
Cy = 110puF,V, = 200 V,and P, = 200 W. The switching Saw-tootl | |_>
frequency is 50 kHz and the input voltage is from 25 to 50 V. signal generator uTé)A
Table IV provides a list of the simulation parameters for the
proposed converter. Fig. 11.  PID-voltage control of the proposed converter.

Figs. 8 and 9 show the simulation results for the proposed in-
verterwhenV, = 50 VandV, = 25V, respectively. As shown
in Figs. 8(a) and 9(a), the voltage of the capacitor is boosted to  total of the voltages of the capacitors C; and C; and the input
75 and 88 V, respectively. The output voltage of 200 V is the voltage. The input current is continuous.
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Fig. 13.  Experimental results of the proposed inverter when V;, = 25 V.
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A 200 W laboratory prototype was constructed to verify the ' ‘ J :
properties of the proposed converter. Fig. 10 shows a pro- | ' BN W[50 Vidiv] |
totypal photograph. For the prototype, the parameters of the 7,150 Vidiv) T .

Table IV simulation were used. The input voltage is in the re- ! b(9.5 A4 |
gion of 25-50 V. The output voltage is 200 V. The switching | LA -l | H |

. T 1)) ) Al P I P
frequency is 50 kHz. The two MOSFETsSs are IRFP4668PbF, and 117 ]
the four power diodes are STPS60SM200C. To maintain the out- = 200 msidiv | 200 msdiv
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(PID)-feedback output-voltage control, as shown in Fig. 11, was
used in the experiment.

The proposed converter was tested in the CCM at the output
power of 200 W. Figs. 12 and 13 show the experimental results
of the proposed converter when V;, = 50V andV, = 25V, re-
spectively. The input current is continuous. When the switches,
S1 and Sy, were turned on, the input current was increased;
further, when S; and Sy were turned off, the input current was
decreased. As shown in Figs. 12(a) and 13(a), the voltage of the
experimental capacitor C is boosted to 75 and 87 V, respec-
tively. The output voltage in both cases is 200 V.

In Figs. 12(a) and 13(a), the waveforms from the top to the
bottom are the inductor current, input voltage, capacitor-C'; volt-
age, and output voltage, respectively. In Figs. 12(b) and 13(b),
the waveforms from the top to the bottom are the input current,

Fig. 14.  Experimental results with the dynamic response under the PID con-
troller. (a) Input-voltage change and (b) load change.

diode-D, voltage, diode-D, current, and diode-D; voltage, re-
spectively. In Figs. 12(c) and 13(c), the waveforms from the top
to the bottom are the Ds- and Dj-diode voltages, drain-source
voltage, and S; current, respectively.

Fig. 14 shows the experimental waveforms with the dynamic
response of the proposed converter under the PID controller. In
Fig. 14(a), the input voltage is changed from 25 to 50 V, while
the output power is 198 W. In Fig. 14(b), the load is changed
from 100 to 198 W, while the input voltage is 40 V. As shown
from Fig. 14, the output voltage is always maintained at 200 V
during the step change of the input voltage or the load.
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Fig. 15.  Converter efficiency versus the variable input voltages at different
output powers.

Fig. 15 shows the measured efficiency of the proposed con-
verter with variable input voltages. Both the input and output
powers were measured using the WT230 Digital Power Me-
ter (Yokogawa, Japan). The maximum measured efficiency is
96.3%. The efficiency was decreased when the input voltage
was reduced, and this is owing to the high conduction loss in the
devices when a large duty cycle is used to obtain a high-voltage
gain.

VII. CONCLUSION

An SCDS dc—dc converter is presented in this paper. The
features of the proposed SCDS converter are as follows: a simple
structure, thereby achieving a high-voltage gain with a small
duty cycle for the reduction of the conduction loss of the power
switches, and a low-voltage stress on the MOSFETSs and diodes.
The operating principle, CCM- and DCM-circuit analyses, and
parameter design are presented. Also, an overall comparison
between the proposed converter and other nonisolated dc—dc
converters is addressed. The simulation and experimental results
are shown to verify the theoretical analysis.
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