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Abstract

A bidirectional exponential-gain switched-capacitor (SC) DC-DC converter is developed in this paper. When compared with
existing exponential SC converters, the number of switches is significantly reduced and its structure is simplified. The voltage

transfer features, voltage ripple across capacitors, efficiency and output impedance of the proposed converter are analyzed in

detail. Optimization of the output impedance is also discussed and the best type of capacitance distribution is determined. A
common function of the voltage gain to the output impedance is found among the proposed converter and other popular SC

voltage multipliers. Experimental evaluation is carried out with a 6-24V bidirectional prototype converter.
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I. INTRODUCTION

Due to the advantages of the absence of bulky magnetic
components and IC compatibility, switched-capacitor (SC)
power converters have been recieving a lot of attention from
researchers [1]-[22]. The authors of [2]-[7] presented the
analysis, design, regulation and control of SC converters in
detail, while various modeling methods have been introduced
in [8]-[10]. In particular, two-phase SC converters, also
known as voltage multipliers [11]-[14], have been widely
used in different applications such as flash memory devices,
biomedical systems, LCD drivers, etc. [15]-[17]. The most
popular SC power converters include the series-parallel (SP)
[18], Dickson [13], Fibonacci [19] and exponential-gain SC
converters [20], [21].

In this paper, a new exponential-gain SC converter is
developed by cascading multiple double-mode switched-
capacitor (DMSC) cells. When compared with the existing
exponential-gain SC converter shown in Fig. 1, the proposed
converter has the advantages of a reduced number of switches
and a simple circuit configuration. The voltage transfer features
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and voltage ripples across the capacitors as well as the power
conversion efficiency are analyzed using Kirchhoff’s voltage
law (KVL) and Kirchhoff’s current law (KCL). The output
impedance is also derived in the two cases where the parasitic
resistances are considered and ignored.

For practical applications, the size and cost of a SC
converter is dominated by the total capacitance C and the
number of switches. The output impedance is directly related
to the total capacitance C and the switching frequency of the
SC converter. However, with the difference distribution
manner of the total capacitance, the output impedance is
varied. In this paper, the effect of the capacitance distribution
on the output impedance is discussed, and an optimized
capacitance distribution method is developed for the minimum
output impedance. This optimized method is further extended
to the aforementioned high order SC converters. Compared
with other studies, the proposed SC converter has the
advantage of a simpler structure.

Based on the theoretical analysis, a 6-24V bidirectional
prototype converter is built to evaluate the performance of the
proposed exponential-gain converter.

II. BIDIRECTIONAL EXPONENTIAL-GAIN SC
CONVERTER

A. Circuit Configuration

Fig. 2 shows the proposed bidirectional exponential-gain

© 2018 KIPE
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Fig. 2. Proposed bidirectional exponential-gain SC converter: (a)
Topology; (b) Time slots.

SC converter. Fig. 2(a) shows the topology which is cascaded
by multiple DMSC cells. Each DMSC cell is made up of four
transistors and two flying capacitors. ¥ and Vj represent the
low and high voltage terminals, respectively. As indicated in
Fig. 2(b), there are two clock phases, @, and @,, when the
switch will be closed. The two phases are fully complementary
and equally divide a switching cycle. In practice, a small
dead-time is required between the two phases.

B. No-Load Analysis

For sake of convenience, it is assumed that all of the
components are ideal, i.e. there is no on-resistance for the
switches, and the equivalent series resistance (ESR) for the
capacitors are made for the following analysis.

Fig. 3 gives the two alternate state circuits for the proposed
SC converter. For the clock phase @,, the positive electrodes
of Vy, Vi and C;; (i=1, 2, ..., n) are connected together as
shown in Fig.3(a). By using the KVL for the whole state
circuit, the KVL equation can be obtained as:

2C == Cy =C, (+

f,fla {n Coz
| | T 1
(a)
| . | c——e I
4 4 |“+
11 CZI Cnl

O
Il
Al
o
||
J
)

|

J
a
()
N/

(b)
Fig. 3. State circuits of the proposed SC converter: (a) Phase @,;
(b) Phase @,
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For the clock phase @,, as shown in Fig.3(b), the negative
electrodes of V;, Vy and C;; (i=1, 2, ..., n) are connected
together. Similarly, the KVL equation can be obtained as:

VClZ] [1 0o 0 .. 0][ V. ]

Ve[| |11 0 .. OffVenr

Phase ®y: Pol=1r o8 o ch1 (2)
Vena 111 .. 0 :

lv,] L1 11 1[1/6',11]

According to equations (1) and (2), the ideal voltage
transfer relationship for the proposed SC converter can be

derived and is given in:
Ve Vetz 172"
ch1 chz _ 1/2n1

VCnl 1/21

Vi )

VCnl

C. With-Load Analysis

When one terminal (V7 or V) of the proposed converter is
used as an input terminal and the other one is connected with
a load, current flows form the input terminal to the output
node through all of the DMSC cells. Each capacitor operates
alternatively in the charging and discharging states during
each switching cycle. Considering the on-resistance of the
switches and the ESR of the capacitors, state circuits of the
proposed exponential-gain SC converter are depicted in Figs.
4(a) and 4(b) for phases @, and @, respectively. R;; and Ry,
(k=1, 2, ..., n) are the ESR of C;; and Cj, and the
on-resistances of the corresponding switches are regarded as
a part of them.
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Fig. 4. State circuits with parasitic resistances: (a) Phase @,; (b)
Phase @,

When V7 is the input terminal and V7 is the output terminal,
the SC converter operates in the step-up mode and all of the
currents denoted in Figs. 4(a) and 4(b) are positive, and
vice-versa. By using the KCL for the state circuits, the KCL
equations can be obtained as:
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i12a 0 1 1 1 i21a
Phase @,: inal=1: : : 4)
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In the stable state, the amount of charge flowing into and
out of each capacitor should be the same during one
switching cycle. Based on the assumptions that the two
capacitors employed in each cell are the same and that both
are represented by Cj, i.e. C,;=C,=C, the relationship of
charge flowing into/out of all of the capacitors and through
the two terminals can be derived from (4) and (5), which is
expressed as:

AQ, 1 0 .. 0 07 4AQ,
AQll 01 .. 0 O[ZAQZ]
Pof=te o o a (6)
AQ,_; 0 0 .. 1 o240,
[ag, | Lo o .. o 1llag,/2

where AQ; and AQ j are the charge flowing through the
terminals 7, and Vy, respectively. In addition, AQ; (k=1, 2,
..., n) is the amount of charge transferred into/out of the

capacitor Cj, during one switching cycle.
The voltage ripples across the capacitors can be derived

from equation (6) and is expressed by:
AVey 276 2"7/¢
[ AV, ] [ 272/C, ] [Zn_z/cz]
e R U Frtd IV P O
AVemn-1 lZ_(”_l)/Cn_lJ S o2t /Cy s
AVen 27/C, 2°/C,,

where fg is the switching frequency of the converter. In
addition, /; and [y are the average currents flowing through
the terminals V; and Vy, respectively.

Additionally, the power conversion efficiency of the
proposed converter can be expressed by using the input
energy and output energy during one switching cycle.
Therefore, according to (6), the efficiency of the SC
converter can be expressed as:

Step-up mode: 1 = AQyV — Vi ®)
AQ,V, 2"V,

St6p-down mode: ]7': AQLVL — VL (9)
AQ,V, 27"V,

III. MODELING OF THE PROPOSED SC CONVERTER

A. Modeling of a Single DMSC Cell

All of the DMSC cells employed in the proposed converter
are made up of two symmetrical phases. There are the same
average voltage and ripple, and inverse operation for the two
capacitors Cy; and Cj,. During phase @,, the voltage across
Cy,; increases from Vg s t0 Vg mar, While the voltage across
Ci; decreases from Ve yex 10 Vg min- On the other hand, the
voltage across Cy; decreases from Vg o t0 Vg min, While the
voltage across Cy; increases from Vey i t0 Vg oy during the
period of phase @,. For the two operation stages, the sum
voltage V=Vt Ve is almost constant and its ripple is far
smaller than that for each of the capacitors and can be
neglected. The two states can be generally depicted by Fig.
5(a).

Based on the above analysis, the input and output voltages
of the DMSC cell, V;; and V;, can both be regarded as
constant. The operation of the DMSC cell, during half of a
switching cycle can be mathematically described as:

Vi — VCk_min e_ﬁ
R, (10)
t
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(b)
Fig. 5. Single DMSC cell: (a) State circuit; (b) Model.

where i .. and i 4 represent the charging and discharging
currents of the capacitors, respectively. Both of them have the
same average value [, since the two phases @, and @, are
fully complementary and evenly divide a switching cycle.
Therefore, the voltage transfer relationship can be derived as:
1
[,(1+e 255y
1

2f,C.(1- e_szRka )

where fs is the switching frequency. In addition, [; is the

(12)

Ve=2V -

average value of both the charging and discharging currents,
i and iy 4, and it is the output average current of the DMSC
cell.

Therefore, the output impedance of a single DMSC cell for
the step-up mode is expressed by:

1
4o MRC
R, = (13)

1

ZfSCk (1 _ e_zstka )

Similarly, the output impedance for the step-down mode
can be derived as:

Step-up mode:

1

T2f4R,C,
__ l+e ”kl (14)

8/,Cy(1-¢ 215ct)

An equivalent model of the single DMSC cell in the
proposed converter for bidirectional operation can be
generally described as shown in Fig. 5(b).

Step-down mode: R

Ok

B. Modeling of the Proposed SC Converter

Considering that the proposed SC converter is cascaded by
multiple DMSC cells, the model of the proposed converter
can also be developed as shown in the upper half of Fig. 6.

For the step-up operation, the terminal ¥ is used as the
input terminal and the load is connected to the terminal V.

1:2 I:2 _—1..... 1:2

”ﬁ Ror Ro: 3

Fig. 6. Model of the proposed converter.

The voltage transfer relationship can be derived from (12),
and is given as:

v, v, 1R, 0 - 0 0TI,
V»H 2anz 0 RO(nfl) 0 n-1
H ) S O - : (15)
v, 2, 0 0 R, 0|1,
vl lw, Lo o 0 Ry
where [} and Ry, (k=1, 2, ..., n) are the average output current

and output impedance for each of the SC cells, respectively.
In addition, ¥, and I, are the actual output voltage and current
of the proposed converter in the step-up operation. An
equivalent model of the proposed converter for the step-up
mode can be further developed as shown in the lower half of
Fig. 6, and the voltage transfer relationship is developed as:

n
n 2(n—k
Vy=2"V, —1,> 22" "R, (16)
k=1
This means the output impedance of the whole SC

converter can be expressed as:
1

n n ~2(n—k)-1 T2f4R,C,
Ry= 32" Ry =y 2 —UrE ) )
k=1

S k=1

Ck (1 _ e_Zstka )

Similarly, when 7y is used as the input terminal, the
voltage transfer relationship and the output impedance for the
step-down mode can be developed, and they are given as:

VO': 27" I/in '_IO'Zziz(kil)R()k' (18)
k=1
_ 1
n n 2 fsRCy
By =32 Ry S (19
k=1 S k=1

2kl C,(1- efzstAck )

In the case of ignoring the impact of the parasitic resistors,
the output impedance of (17) and (19) can be simplified as:

1 & 22(}’17/()—]
Ryp=—>"—— (20)
f:S‘ k=1 Ck
1< 1
-y Q1)
ocC fs kZ::{ 22k ICk
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By comparing (17) with (19), (20) and (21), the relationship
between the output impedances of both the step-up and

step-down operation modes can be expressed as:
Ro _ Roc _ 4o 22)
RO ' ROC '

Hence, the mode of Fig. 6 can be applied for both the
step-up and step-down operation modes of the proposed
bidirectional SC converter.

IV. OPTIMIZATION OF THE OUTPUT IMPEDANCE

A. Impact of the Capacitance Distribution

It can be seen from (20) and (21) that larger capacitances
are required for a smaller output impedance. However, in
practice, the values of the capacitors cannot be infinitely large
and a larger capacitance means a higher cost and a larger size.
For the proposed converter, although the two capacitors Cy;
and C, employed in each of the DMSC cells need to be the
same, i.e. C;;=C;,=C,, the capacitors for different cells may
be varied. Therefore, the method to allocate the total
capacitance C to all of the capacitors for the minimum output
impedance is a topic that should be explored.

When the total capacitance C is evenly distributed to all of
the DMSC cells, the value of each capacitor is C,=C/2n.
According to (7), the voltage ripple across C, is decreased
exponentially, and is given as:

AV, =2AV,, (23)

Ignoring the impact of the parasitic resistances, the output
impedance for the step-up mode can be calculated according
to (20), and is given as:

_n4" -1 (24)

oc 3fSC

B. Minimum Output Impedance

In order to obtain the minimum output impedance for the
constant total capacitance C, C; is described as
C=C/2-C5-...-C}-...-C,. Substituting this into (20) and letting
the partials with respect to the capacitance C,equal to zero,
ie.
22(n—k)—1

—.-Cy

aRo(' _L 22”73
oC, fi(Cl2-C,—..-C,

1=0 (25)

As a result, the capacitance C; can be expressed as:
C, =2"¢, (26)

Considering that the total capacitance is C and k is ranged
from 1 to n, the capacitance C; can be further expressed by:

2n—k—1C
21

Then the minimum output impedance can be obtained by

C, @7)

substituting (27) into (20), and is given as:

n 2
R, =& =D 28)
e
The analysis above is mainly discussed for the step-up
operation mode of the proposed converter. Similarly,
according to (22), the minimum output impedance for the

step-down operation mode is obtained in the same case.

V. COMPARISON WITH OTHER WORKS

In practice, the size and cost of a SC converter is
dominated by the total capacitance C and the number of
switches. As mentioned before, a smaller output impedance
means a higher power efficiency. With the assumption that all
of the parasitic resistances are ignored, the output impedance
of a SC converter is determined by the switching frequency,
the total capacitance C and the capacitance distribution. For
different high order SC converters like the SP, Dickson and
Fibonacci, there are different capacitance distribution laws
for their minimum output impedances.

Table I lists the characteristics of the proposed and other
high order SC converters with n stages. These characteristics
include the voltage gain m, the best capacitance distribution
law, the number of switches, the minimum output impedance
and the relationship between the minimum output impedance
and the voltage gain. This shows there are the same voltage
gains and the same best capacitance distribution law as well
as the same minimum output impedance for both the SP and
Dickson converters. Common characteristics are also found
in both the conventional and proposed exponential-gain SC
converters. However, the number of switches required in the
Dickson and the proposed converters is far less than that for
the SP and conventional exponential-gain converters.

A noticeable characteristic is that there is a common
relationship between the minimum output impedance and the
voltage gain for all of the high order SC converters listed in
Table I. This means that with the same total capacitance C
and switching frequency fs, using different topologies to
obtain the same voltage gain, the same output impedance and
power conversion efficiency ca be developed. The more
intuitive relationship is depicted in Fig. 7.

Additionally, the number of switches required for different
DC converters is listed in the fourth column of Table I. In
addition, the relationships between the number of switches
and the voltage gain are depicted in Fig. 8. This figure shows
that the minimum and maximum numbers of switches are
required in the proposed exponential-gain and SP converters,
for the same voltage gain.

Overall, the proposed SC converter is more suitable for
high-voltage-gain applications. However, its flexibility is
inferior to the Dickson SC converter.
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TABLE 1
CHARACTERISTICS OF DIFFERENT TWO-PHASE SC CONVERTERS
Types of | Gain Cap. No. of Output Roc
converters m distribution | switch impedance | = f(m)
SP C 3n+1 n?
+1 Co=— S
Dick. n n n+5 f.C
F_C F. -D?
Fib. Ck _ Ik ( n+l ) (m-— 1)2
Fre Fo.—1| 3n+l f.C f.C
Fig.1 - gk | 6n+2 @"-1)?
Fig.2 28 T T | 4n f,C
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Fig. 7. Output impedance versus the voltage gain when
fsC=1(Hz<F).
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Fig. 8. Number of switches as function of the voltage gain.

VI. EXPERIMENTAL RESULTS

In order to analyze the properties of the proposed
exponential-gain SC converter, a 6-24V bidirectional prototype

has been built by cascading two DMSC cells, as shown in Fig.

9. Eight MOSFETs with on-resistances of 11mQ are selected
for the switches. In the first DMSC cell, both of the
capacitors Cy; or C;, are made up of two 1000uF/55mQ
electrolytic capacitors connected in parallel. The capacitors
C,; and C,, in the second DMSC cell are both single
1000uF/55mQ electrolytic capacitors. Additionally, a 1000uF
electrolytic capacitor is used in the low voltage terminal as a
filter. The controller is developed by IR2153 and the isolated

677

Fig. 9. Prototype of a 6-24V bidirectional converter.
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Fig. 10. Current waveforms of the prototype converter: (a)

Step-up operation; (b) Step-down operation.

gate driver is completed based on pulse transformers. In order
to reduce the effect of the ESL and switching losses, the
prototype works at a 10 kHz switching frequency. To
improve the power density, the isolated pulse transformer
driver can be replaced by an optocoupler or another floating
gate driver. In addition, ceramic capacitors and a higher
switching frequency can be used in practical industrial
applications.

When the low voltage terminal of the prototype circuit is
connected with a 6V voltage source and the high voltage
terminal is connected to an electronic load with constant
output current lo=1A, the currents flowing through the
capacitors as well as the power source current |, are captured
as shown in Fig. 10(a). Similarly, when the high voltage
terminal of the prototype circuit is connected with a 24V
voltage source and the low voltage terminal is connected to
an electronic load with a constant current 4A, the current
waveforms are shown in Fig. 10(b). It can be seen that the
average charging and discharging currents are about 2A for
Cy; and Cyy, and about 1A for Cy and Cy. The average
current of the low voltage terminal is almost four times that
in the high voltage terminal.
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Fig. 11. Output voltage versus output current: (a) Step-up
operation (6V to 24V); (b) Step-down operation (24V to 6V).

AV o=V i lrj,,,-,,=i3.4\-’-22.7\-"=l].7‘t'

A=l i =2ATA=TA

Time base: 2ms/div

Fig. 12. Output voltage transient waveform of the prototype
versus the output current.

As mentioned in (16) and (18), increasing the output
current decreases the output voltage. For the bidirectional
prototype converter, the load regulations for the step-up and
step-down operations are measured as shown in Figs. 11(a)
and 11(b), respectively. The output voltage falls from 23.85V
when the output current is 0.2A to 22.09V when the output
current increases to 3A for the step-up operation. Similarly, it
decreases from 5.96V to 5.58V when the output current rises
from 1A to 13A, for the step-down operation. The practical
output impedances of the prototype converter are 0.64Q for
the step-up mode and 33mQ for the step-down mode, which
are slightly larger than the theoretical values of 0.51Q and
31mQ, respectively.

Fig. 12 shows output voltage transient waveforms of the
prototype operating in the step-up mode when the output
current changes between 1A and 2A. As mentioned before,
the voltage drop caused by the output impedance of the
converter reduces the output voltage while a higher output
current means a lower output voltage.
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Fig. 13. Measured efficiency of the prototype converter.

Fig. 13 shows the efficiency of the bidirectional prototype
converter with different output powers. This indicated that there
is almost the same power conversion efficiency for both the
step-up and step-down operation modes under the same output
power. In addition, the maximum efficiencies for the step-up
and step-down operations are 95.5% and 95.3%, respectively.
Both of them are achieved at round 30W output power.

VII. CONCLUSIONS

A new exponential-gain DC-DC converter for a
bidirectional power flow is developed based on the SC
technique. The voltage conversion characteristics and model
are derived using the KVL and KCL principles for the
proposed converter. The effect of the capacitance distribution
on the output impedance is discussed. This indicates there is
the same minimum output impedance between the proposed
converter and other existing two-phase SC converters for the
same voltage transfer ratio. Of course, there is a shortcoming
in the proposed converter since the input and output terminals
cannot share a common neutral. A two-stage prototype
converter designed for a 6-24V bidirectional power flow was
built based on the theoretical analysis. Experimental results
support the theoretical analysis and the practical output
impedance since the step-up and step-down operations are
both just slightly larger than their theoretical values.
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