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Abstract—This paper presents a novel switched-
capacitor dc-dc converters consisting of two sub-circuits
connected in parallel. Switches in the circuit are controlled
not only by periodic clock signal but also by a capacitor
voltage. The voltage-controlled switching is a key to real-
ize stable and variable output with fast transient. The cir-
cuit dynamics is described by piecewise linear equation and
can be integrated into a 1-D return map: we can analyze
the system dynamics precisely. Especially, it is clarified
theoretically that the SC converter can realize superstable
steady state with extremely fast transient.

1. Introduction

Switched-capacitor (SC) technology has been used
widely in low-power dc-dc converters and have been im-
proved to meet power management of future integrated cir-
cuits [1] [2]. It is estimated that the supply voltage for
future microprocessors will decrease from 3.5 to 1 V and
even lower, in order to decrease the power loss of modern
high power consumption CPUs. In order to realize such a
power supply, there are many requirements including the
following three points: (1) Fast transient to steady state,
(2) Variable output voltage in a desired range, (3) lower
voltage with higher current capability for highly integrated
circuits [3] [4].

In order to consider these requirements, this paper
presents a novel SC dc-dc converter and analyze the oper-
ation. The converter consists of two sub-circuits connect-
ing in parallel. Each sub-circuit includes several switches
each of which is controlled not only by periodic clock sig-
nal but also by a capacitor voltage. The voltage-controlled
switching is a key to realize stable and variable output with
fast transient. The parallel operation is basic for current
sharing that is a key to meet higher current capability and
to realize output ripple reduction [3]. The circuit dynam-
ics is described by piecewise linear equation [5] and can
be integrated into a 1-D return map formulated explicitly.
The piecewise exact solution and return map enable us to
analyze transient dynamics and system stability precisely.
As a remarkable results, it is clarified theoretically that the
SC converter can realize superstable steady state with ex-
tremely fast transient. Typical circuit operations are con-
firmed in numerical simulation.

It should be noted that steady state analysis has been
mainstream in existing works on SC converters [6]. Tran-

1

1

1

1

2

2

2

+

−
ov

oR

3

3

3

3

4

4

4

R
inV

1C 2C

′
1C

′
2C

+

−
1v

+

−
2v

+

−

′
1v

+

−

′
2v

Sub-Circuit 1

Sub-Circuit 2

Figure 1: Paralleled Switched-Capacitor Boost Converters

sient and stability have not been analyzed sufficient so far.
This paper can be a trigger to design efficient SC convert-
ers and to develop precise analysis method of stability and
transient characteristics.

2. Paralleled Converters

Fig. 1 shows the paralleled switched-capacitor boost
converter. The input is converted to the output through two
sub-circuits which includes controlling switches 1 to 4 .
The sub-circuit 1 can be either of the following three states:

State 1: S 1=ON, S 2=OFF
State 2: S 1=OFF, S 2=ON
State 3: S 1=OFF, S 2=OFF

The sub-circuit 2 can be either of the following three states:

State 4: S 3=ON, S 4=OFF
State 5: S 3=OFF, S 4=ON
State 6: S 3=OFF, S 4=OFF

Transition among these states depends on clock signal with
period T and the capacitor voltage v1 and v2 as shown in
Fig. 2. The switching rule for the sub-circuit 1 is defined
by
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Figure 2: Switching rule and voltage waveforms for
v1(0)=v2(0) and v′1(0)=v′2(0).

State 1→ State 3 if v1 = VTh

State 1 or 3→ State 2 if t = (2n − 1)T
State 2→ State 1 if t = 2nT

(1)

where n denotes positive integers. Switches in the sub-
circuit 2 has phase shift T for the sub-circuit 1: the switch-
ing rule is given by

State 4→ State 6 if v′1 = VTh

State 4 or 6→ State 5 if t = 2nT
State 5→ State 4 if t = (2n + 1)T

(2)

In Fig. 2 (a) to (c) we can see that once the capacitor
voltage reach the threshold VTh, the steady state operation
can be achieved. v1 + v2 is supplied to the load in the state
2 and v′1 + v′2 is supplied to the load in the state 5: the two
sub-circuits supply the output voltage vo alternately. If the
threshold VTh exceeds a limit value, the capacitor voltage
v1 can not reach the threshold VTh, State 3 can not exist and
the steady state operation can not be achieved within finite
time in theoretical sense as suggested in Fig. 2 (d). Such
circuit behavior is analyzed in the next section.

3. Stability analysis

Here we consider stability and transient properties. The
two sub-circuits operates in phase shift T to each other. The
dynamics of the sub-circuit 1 is described by the following
equation and the switching rule (1):
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Figure 3: Typical waveforms for (α, β, γ, δ, XTh)=(1, 1, 30,
30, 0.6)
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Figure 4: Typical waveforms for (α, β, γ, δ, XTh)=(1, 1, 30,
30, 1)
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v̇1 = 0, v1 = v2 for State 3
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Note that v1 = v2 is satisfied the State 1. We define the
following dimensionless variables and parameters:

τ =
t
T
, x1 =

v1

E
, x2 =

v2

E
, ” · ” ≡ d

dτ
, XTh =

vTh

E
,

α =
RC1

E
, β =

RC2

T
, γ =

RoC1

T
, δ =

RoC2

T

Using these, Eq. (3) and switching rule (1) are transformed
into

ẋ1 = − 1
α + β

(x1 − 1), x1 = x2 for State 1
(

ẋ1

ẋ2

)
=

( −γ−1 −γ−1

−δ−1 −δ−1

) (
x1

x2

)
for State 2

ẋ1 = 0, x1 = x2 for State 3

(4)

State 1→ State 3 if x1 = XTh

State 1 or 3→ State 2 if τ = 2n − 1
State 2→ State 1 if τ = 2n

This is the dimensionless equation for the sub-circuit 1. Re-
peating in a likewise manner, we obtain the the dimension-
less equation for the sub-circuit 2.

ẋ′1 = − 1
α + β

(x′1 − 1), x′1 = x′2 for State 4
(

ẋ′1
ẋ′2

)
=

( −γ−1 −γ−1

−δ−1 −δ−1

) (
x′1
x′2

)
for State 5

ẋ′1 = 0, x′1 = x′2 for State 6

(5)

State 4→ State 6 if x′1 = XTh

State 4 or 6→ State 5 if τ = 2n
State 5→ State 4 if τ = 2n + 1

where x′1 = v′1/E and x′2 = v′2/E. Also, we have assumed
C1 = C′1 and C2 = C′2. Figs. 3 and 4 show typical wave-
forms corresponding to Fig. 2. They are calculated by
piecewise exact solution of Eq. (5). Since x1(n) determines
x1(n+ 2), we can define the return map that is useful to an-
alyze stability. Using the exact piecewise solution the map
can be expressed explicitly:

x1(n + 2) = F(x1(n))

F(x1(n)) =

{
ax1(n) + b for 0 < x1(n) < XD

XTh for XD < x1(n) < 1

(6)

where

a = exp(−(
1

2α
+

2
γ

)τ)

b = 1 − exp(− 1
2α
τ))

XD =
1
a

(XTh − b).

Figs. 5 (a) and (b) show typical shapes of the return map
corresponding to Figs. 3 and 4, respectively. Note that the
flat branch (x1(n) = XTh) can not exist if XD < 0 as shown
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Figure 5: Return maps for (α, β, γ, δ)=(1, 1, 30, 30). (a)
XTh=0.6. (b) XTh=1.

in Fig. (b). In Fig. 5 (a), the map has superstable fixed
point xs corresponding to the steady state. The orbit started
from [0, 1) can reach the fixed point within a finite time,
that is, the steady state can be achieved within a finite time.
Such superstable fixed point can exist if

F(XD) > XD (7)

Fig. 5 (b) does not has the flat branch and the orbit con-
verges to the stable fixed point x f : the steady state can not
be achieved within finite time. Using the exact piecewise
solution, we can calculate the transient time and that for
zero initial state x1(0) = x2(0) = 0 is shown in Fig. 6: as
XTh increases, the transient process is to be long and the
superstable condition(7) is destroyed.

We have also investigated ripple characteristics as shown
in Fig. 7, where the ripple is measured by amplitude of the
dimensionless output waveform in the steady state:

Rf = |xmax − xmin| (8)

The ripple factor Rf decreases as the parameter γ =
RoC1

T

and δ =
RoC2

T
increases.
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Figure 6: Transition Characteristic. (α, β, γ, δ)=(1, 1, 30,
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Figure 7: Ripple characteristics for (α=β=1, γ=δ). (a) for
XTh= 0.6 and (b) for XTh=1 correspond to Figs. 4 and 5,
respectively.

4. Conclusions

We have presented paralleled switched-capacitor DC-
DC converter whose switching is controlled by clock signal
and threshold voltage VTh. This switching realize super-
stable operation of wide range output and the steady state
can be achieved within a finite time. The parall operation
is suitable for lower-voltage higher-current capability with
lower output ripple. Future problems include application
of various switching rules, more detailed analysis of stabil-
ity for initial state and parameters, and design of practical
circuits.
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