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Synthesis and Analysis of a Series-Connected
Switched-Capacitor DC-DC converter
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ABSTRACT

In this paper, the synthesis and the analysis of
a series-connected SC (Switched Capacitor) DC-DC
converter is introduced. Aiming at an IC imple-
mentation of a stepped-down converter for mobile
devices, we synthesize the series-connected DC-DC
converter by using a family of the charge-averaging
type converter. Different from conventional con-
verters, the proposed converter provides only @Q/P
(P € {2,3,...,N} and Q@ € {1,2,...,N — 1})
stepped-down voltages. However, the number of
power switches for the proposed converter is less
than 75 % of that for the conventional converters.
Furthermore, the characteristics concerning efficiency
and ripple factor are clarified by theoretical analyses
since the theoretical analyses concerning the series-
connected SC power converters have not been per-
formed as far as authors know. The analysis results
provide the limitation values of the characteristics of
designed circuits. The validity of the circuit design
and the theoretical analysis is confirmed by SPICE
simulations. Under the condition that the output
load R;, = 512, the simulations show that 1. the
power efficiency is more than 90 %, 2. the electri-
cal power is about 440 mW, and 3. the ripple factor
is less than 0.05.

Keywords: DC-DC converters, switched-capacitor
circuits, series-connected circuits, step-down conver-
sion

1. INTRODUCTION

Recently, in the field of mobile devices, switched-
capacitor (SC) power converters [1-12] attract many
researchers’ attention, because they can be con-
structed without magnetic elements. Thus the SC
power converters have possibility to implement into
IC chips. In the field of mobile devices, supply volt-
ages to the building blocks are becoming small with
the progress of VLSI technology. Therefore, in the
design of the SC power converters, flexibility of out-
put voltages is desired. However, the number of com-
binations of voltage-conversion in the SC converters
depends on it’s structure!.
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1The number of combinations of output voltages is deter-
mined by the number of capacitors in converters.

Then they cannot convert the voltage continuously
with high efficiency. To solve this problem, series-
connected SC DC-DC converters have been proposed
[5-6]. By connecting N (N = 2,3,...) converters
in series, they can provide various output voltages.
In the previous studies, the series-connected DC-DC
converters have been constructed with ring type con-
verters [7-11]. The conventional converters are able
not only to supply various output voltages but also
to achieve long working-life?.

However, the circuit size of the series-connected
converters is large. Furthermore, as far as authors
know, the theoretical analyses concerning the series-
connected SC power converters have not been per-
formed yet.

In this paper, in order to design a switched-
capacitor (SC) DC-DC converter with various out-
put voltages, a series-connected SC DC-DC con-
verter is proposed, and its characteristics are ana-
lyzed theoretically. Aiming at an IC implementa-
tion of a stepped-down converter for mobile devices,
we synthesize the series-connected DC-DC converter
by using a family of the charge-averaging type con-
verter [12]. Different from the conventional con-
verters, the proposed converter provides only @Q/P
(P € {2,3,...,N} and Q € {1,2,...,N — 1})
stepped-down voltages. However, the number of
power switches for the proposed converter is less than
75 % of that for the conventional converters. Further-
more, to clarify the limitation values of the charac-
teristics of the designed circuit, theoretical analyses
are performed concerning power efficiency and ripple
factor.

2. CIRCUIT STRUCTURE

Figure 1 shows the block diagram of the series-
connected SC DC-DC converter. The converter con-
sists of N (= 2,3,...) converter blocks, where N de-
notes the number of the converter blocks. To provide
stepped-down voltages for mobile devices, a family of
the charge-average type DC-DC converter [12] shown
in Fig.2 is employed. As Fig.2 shows, the converter
block can be constructed with 3P — 1 power switches
and P (P € {2,3,...,N}) capacitors. The power
switches S; 1 and Sy are driven by non-overlapped
2 phase clock pulses ®1 ; and P, 1, respectively. By

2The long working-life is achieved by separating the block
that breaks down, and composing the circuit only of normal
blocks.
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controlling the timing of the clock pulses, the con-
verter block performs Q/P (Q € {1,2,...,N —1})
step-down conversion. The proposed converter of
Fig.1 can be constructed with N x (3P — 1) power
switches and N x (P + 1) capacitors.

On the other hand, the ring-type converter pro-
posed in [7-11] is constructed with 4P power switches
and P capacitors. Therefore, the series-connected
converters using the ring-type converters require N x
4P power switches and N x (P+1) capacitors. Hence,
the number of power switches for the proposed con-
verter is less than 75 % of that for the conventional
converters.

The theoretical analyses of the proposed converter
are as follows.

Vint| Converter Converter v | Converter Vout
Block-1 _L c° Block-2 j 2 Block-N 0
i« LY od 1P Nth NI
Fig.1: Block diagram of series-connected converter.
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Fig.2: Detail of converter block.

3. THEORETICAL ANALYSIS
3.1 Equivalent Circuit

To simplify theoretical analyses, we assumed that
the on-resistances of power switches are 0 and the
influences of parasitic elements can be disregarded®

Firstly, the equivalent circuit of the converter
block is analyzed.

The instantaneous equivalent circuits of the 1st
converter block can be expressed by the circuit shown
in Fig.3. In the steady state, the differential values
of the electric charges in C}' (k € {1,2,...,N} and
n € {1,2,...,P}) and C} satisfy

Aqgl + Aqu = 0, (1)
where Agg and Agg, denote the electric charges
when @, and ®; i, respectively.

3To clarify the maximum power efficiency, the theoretical
analysis is performed under these conditions. The analysis
will provide the design condition for the maximum efficiency,
because non-ideal factors are neglected.
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Fig.3: Instantaneous equivalent circuits of 1-st con-

R, verter block. (a) State: ®1 . (b) State: Do .

In the case of ®;j, the differential values of the
electric charges in the input and the output terminals,
Ags, v, and Age, v,,,, are given by

Agas, v, = Agg,

P7
= Agy ©
—Agqy, + A3, + Agh,

= A%»l + A%l + AqP @t (2)

On the other hand, in the case of ®5 i, the differen-
tial values of the electric charges in the input and the
output terminals, Ags, v,, and Ags,.v,,,, are given
by

Aga,. v, =0 and = Aqgg,- (3)
Furthermore, in the case of @5 ;,, C}’s satisfy the fol-
lowing condition:

Aq@z,vout

Agy, + Az, + -+ Agy, = 0. (4)

From Egs.(1), (2), and (4), the following equation can
be derived:

QAgy, = —(P - Q)Agy, . (5)

Here, the average currents of the input and the
output are given by

7 _ Ade,vi, + Ada, i,
mn —

T

A A
out = q(I)h out ; q‘I’27 out’ (6)

where T denotes a period of clock pulses. By sub-
stituting Egs.(1), (2), (3), (5) into (6), the relation

and
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Fig.4: FEquivalent circuit of proposed circuit.

between the input current and the output current is
derived as follows:

TTin = Agg,

T P

Tlowy = —aACI@l

— Q
d Lin = —=ZIou. 7
an =3 ™)

Here, we assume that the voltages of capacitors,
Vor's, satisty Vo (sT) ~ Ver ((s+1)T) (s =1,2,...)
when C} = C} = C} = C¢ = C and C{R, > T.
Under these conditions, the following equation can
be obtained from Fig.3:

C
P-Q

By substituting Eqgs.(2) and (7) into (8), the following
equation is derived :

Aqq’l,Vm ( in T Vout) -

Py— T(P-Q)

V;'n = a - C Iout' (9)

From Eqs.(7) and (9), the following determinant can

be obtained:
QP-Q)T
0 1 —pPCc Vout
g]lo 1

_Iout

EINE
Iin 0
where Q(P — Q)T/(PC) is called an SC resistance.
Hence, the equivalent circuit of the proposed con-
verter can be expressed by the circuit of Fig.4. In
Fig.4, U, (k € {1,2,...,N}) denotes the ratio of
the k-th ideal transformer, Qy/Py. Furthermore, the

equivalent circuit of Fig.4 can be summarized as the
circuit shown in Fig.5. The determinant which ex-
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Fig.5: FEquivalent circuit of proposed circuit.

presses Fig.5 is given by
wm ]-/H =1 Uk 0
" 0 Y, Uy

. ]RSCN Vout
01

_Iout
In Eq.(11), the summarized SC resistance Rgon is
given by

} NGHY

Ron + U Rson—1,(12)
Ro1.

Rscn

where Rsc1 =

As Fig.5 shows, the averaged output voltage V,,; is
obtained by

R,
Ry + Rscn

Vout = Y U Vi, (13)

Obviously, the number of combinations of voltage-
conversion increases according to the parameter N.

3.2 Power Efficiency

The electric power consumed by the output load
R} in one period is given by

( out) RL
I
— (L)QRL.
Y, Uy,

Pr;, =

(14)

On the other hand, the electric power consumed by
the resistance Roi, (= Q(P—Q)T/(PC)) in one period
is given by

2
PokLoss = Iink+1 ROk

Tin
=

)2 Rk
Hf:lUi

(15)

From Eqs.(14) and (15), the efficiency is expressed by

PRy,
PRL + PolLoss + P02Loss +
Ry,
(H]kvlek)Q

RL Roj
- Jr -
(HIICV:1U’€)2 jz (H] U)2
Ry,
Rr + Rsen'

’[7 =
+ PoNLoss
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Fig.6: Instantaneous equivalent circuits of proposed
converter. (a) State-1. (b) State-2.

The power efficiency of Eq.(16) means the maximum
efficiency, because non-ideal factors are neglected.
Therefore, the power efficiency obtained by simu-
lations or experiments should be less than that of
Eq.(16).

3.3 Output Ripple Factor

Figure 6 shows the instantaneous equivalent cir-
cuits of the proposed circuit. In consideration of the
hardware cost, we assume that all converter blocks
work synchronously. Furthermore, to prevent the in-
put terminal being connected directly with the out-
put terminal, the polarities of the clock pulses for
k-th converter blocks are set to opposite to that for
k + 1-th converter blocks (see Fig.6).

In the case of State —1 (see Fig.6 (a)), the output
voltage of the proposed converter, Vi 1(t), is given

Fig.7: Simulated converter.

by
t
Vout,l(t) = Vmaa:,l eXP(—?l)a (17)
P+1
h =R;C{1+ —————}.
where T LC{ Q(P—Q—i—l)}

In Eq.(17), Vinas,1 denotes the output voltage when
Vout,1(0)~

On the other hand, in the case of State — 2 (see
Fig.6 (b)), the output voltage Vo 2(t) is given by

Vout,Z(t) = Vout,l(Tl) exp(_i)v (18)

T2
where = R.C.

Then the output voltage ripple AV,,; is expressed by

AVout = Vout,l(o) - Vout,Q(TQ)
Ty

Vil — expef—ll) exp(=2)}.(19)

Here, we consider the worst case: Tp > T} (~ 0) *

. Under this condition, Eq.(19) can be approximated
by

T
AVvout =~ Vmam,l{l _exp(_?j)L

= Vmaw,l{l - exp(_ch)}' (20)

The average output voltage Vi, is given by

1
Vout Fl 0 out,l(t)dt
1 [T
+E Vout,Z(t)dt' (21)
0

Here, by applying the condition: T5 > T; (~ 0) in

4From Egs.(17) and (18), 71 is larger than 7o. Therefore,
the output ripple becomes large in proportion to the increase
of T5. That is, we can obtain the maximum value of the output
ripple when 77 ~ 0. Through this analysis, the worst value of
the ripple factor will be clarified.
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Fig.9: Simulated ripple factor.

Eq.(21), we derive the following equation:

Vias 1ORL T
s T 1 _ _ .
7 e CR, )}

Then, from Eqs.(20) and (22), the worst case of the
output ripple factor V;.;, can be obtained by
A‘/(Jut _ T

Vout B CRL

The output ripple factor obtained by simulations or
experiments should be less than that of Eq.(23).

Vout ~ Vmam 1 €xXp _7)dt

CRy,

1

(22)

4. SIMULATION

To confirm the validity of the circuit design,
SPICE simulations were performed concerning the
circuit shown in Fig.7. The SPICE simulations were
performed under the conditions that Vj,; = 3.7V 5
, C = CJ = 5uF, the clock frequency f = 500kHz,
the number of capacitors P = 3, the number of con-
verter blocks N = 2, and the on-resistance of the
power-switch Ry, = 0.202 6 .

5The typical voltage of the lithium battery used in the
mobile devices such as cellular phones is about 3.7 V.

6The power-switches were modeled by using the switch
models of the SPICE simulator. In the SPICE simulations, the
switches with small on-resistances were used, because the the-
oretical analyses were performed under the ideal conditions: 1.
the on-resistances are 0, 2. the influence of parasitic elements
is disregarded, and so on.

Figure 8 shows the simulated power efficiency. As
Fig.8 shows, the power efficiency of the proposed con-
verter is more than 90 % when the output load Ry, is
5Q. The electrical power of the simulated converter
is about 440 mW at Ry = 5{). In Fig.8, the best
values of power efficiency calculated by Eq.(16) are
larger than that of the simulated values.

Figure 9 shows the simulated ripple factor. As
Fig.9 shows, the ripple factor of the proposed con-
verter is less than 0.05 when the output load Ry,
is 5. The simulated results are less than that of
the theoretical results calculated by Eq.(23), because
Eq.(23) provides the worst values of the ripple factor.
In Fig.9, the tendency of these characteristic curves
is same.

5. CONCLUSION

The synthesis and the analysis of a series-
connected SC DC-DC converter employing charge-
average type SC DC-DC converters has been per-
formed in this paper. The validity of the circuit de-
sign and the theoretical analysis was confirmed by
SPICE simulations. The number of power switches
for the proposed converter is less than 75 % of that
for the conventional converters. Under the condi-
tion that the output load Ry = 52, the simulations
showed that 1. the power efficiency is more than 90
%, 2. the electrical power is about 440 mW, and 3.
the ripple factor is less than 0.05.

The fluctuation analysis of the proposed converter
is left to the future study, because it is important
to analyze the influence of the fluctuation of circuit
elements in the converters containing a lot of circuit
components.
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