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Synthesis and Analysis of a Versatile DC-DC
Converter Designed by Using
Switched-Capacitor Techniques
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Hirofumi Sasaki?, and Takahiro Inoue®, Non-members

ABSTRACT

Aimed at mobile applications such as back-lighting
applications, battery applications, and so on, a
switched-capacitor (SC) DC-DC converter which of-
fers a (N — s+ 1)/(N —s) x mode ((N =
2,3,...)and (s =0,1,2,...)) as well as a step-down
mode of operation is presented in this paper. Com-
pared with conventional versatile converters, the pro-
posed converter can realize high efficiency and flexi-
bility of output voltages. The characteristics of the
proposed converter are investigated by SPICE sim-
ulations and theoretical analyses. Concerning the
power efficiency and the optimal duty factor, theo-
retical results are well in agreement with simulated
results. Under conditions where input voltage V;,
=3.7V, output load Ry = 302, and output voltage
Vour = 3.3 ~ 5.3V, the proposed converter can im-
prove the power efficiency more than 20 % from that
of the conventional circuit. Furthermore, the valid-
ity of circuit design is confirmed by using experimen-
tal circuit which is built with commercially available
transistors.

Keywords: DC-DC Converters, Switched-Capacitor
Circuits, Back-Lighting Applications, Versatile Con-
verters, Discrete-Time Circuits

1. INTRODUCTION

Recently, according to the down-scaling of portable
electronic products, power converters designed by us-
ing switched-capacitor (SC) techniques [1]-[22] at-
tract much attention. Since no magnetic elements
are required to design SC power converters, they can
realize thin circuit composition, light-weight and low-
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noise. For this reason, the SC power converter is used
as a driver circuit of white LEDs for display back-
lighting, a building block of battery management
systems, and so on. For example, in mobile back-
lighting applications, the stepped-up voltage such as
4.75 ~ 6.5V (Typ. =5V) is required to drive some
LEDs at up to 25 mA. On the other hand, to extend
the battery runtime, a versatile SC converter which
can provide step-up/step-down voltages is necessary.

To adjust the output voltage, on-resistance con-
trol scheme [9], [12], [13], [16] or pulse width modu-
lation (PWM) scheme [10], [11] is usually employed
in the SC DC-DC converter, because the ratio of
voltage conversion is predetermined by circuit struc-
ture. The power efficiency of SC power converters
gets worse by the regulation of the output voltage.
Particularly, in the case of the conventional versatile
converter [14]-[18] based on a doubler circuit, the effi-
ciency decreases greatly when the low output voltage
is required, because the output voltage must be reg-
ulated strongly ! .

In this paper, aimed at back-lighting applications,
battery management applications, and so on, a ver-
satile SC DC-DC converter is proposed to provide
stepped-up/ stepped-down voltages, and handy the-
oretical formulas are given concerning the power effi-
ciency and the optimal duty factor. Compared with
conventional versatile converters based on doubler
circuits [14]-[18], the proposed converter can real-
ize high efficiency and flexibility of output voltages,
because it offers a (N — s + 1)/(N — s) x mode
(N =2,3,...) and (s = 0,1,2,...)) as well as a
step-down mode of operation.

The characteristics of the proposed converter are
analyzed through theoretical analyses and SPICE
simulations. Furthermore, to confirm the validity of
the circuit design, the experimental circuit is fabri-
cated with commercially available transistors.

For example, in the case of back-lighting applications, the
stepped-up voltage such as 4.75 ~ 6.5V (Typ. =5V) must
be generated from the converted voltage 7.4V (= 2 x Vi,
(=3.7V)). Therefore the output voltage is regulated strongly
in the conventional converter.
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Proposed SC DC-DC' converter.

2. CIRCUIT STRUCTURE

Figure 1 shows a (N — s+ 1)/(N — s) X mode
DC-DC converter ((N =2,3,...)and (s=0,1,...))
designed by using the SC technique [1]-[22] The pro-
posed converter consists of 3N + 1 power switches
and N + 1 capacitors. In Fig.1, power switches S ;
and So; (1=1,...,N+1)and (j=1,...,2N)) are
driven by 2-phase pulses ®;; and @3 ;, respectively.
The interval of @ ; and ®, ; is set to

T = T1+7T2
T1 = DT,
and T2 (1- D)T, (1)

where T is a period of clock pulses and D denotes a
duty factor. By controlling power switches S;; and
Ss_;, the proposed converter performs a DC-DC con-
version.

The control scheme and circuit properties will be
described in the following section.

3. THEORETICAL ANALYSIS
3.1 Step-Up Mode

First, an equivalent circuit when a step-up mode
is analyzed. In the theoretical analysis, we assume
that 1. parasitic elements are not effective and 2. the
time constant is much larger than the period of clock
pulses.

Figures 2 and 3 show instantaneous equivalent cir-
cuits when s = 0 and s # 0, respectively. In the
steady state, the differential value of electric charges
in Cy (k=1,...,N) satisfies

Agpy +Adf, = 0, (2)

where Agk., and Agk, denote electric charges when
State—T'1 and State—T2, respectively. In the case of
State—T1, the differential values of electric charges in
input and output terminals, Agri v, and Agriv,,,,
are given by

Agriv, = At =+ = Agpy

and Agqriyv,,, = AQ%r (3)
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Fig.2: Instantaneous equivalent circuits when s = 0.
(a) State—T1. (b) State—T2. (¢) Timing of pulses.

On the other hand, in the case of State — T2, the
differential values of electric charges in input and out-
put terminals, Agra.v;, and Agrayv,,,, are given by

out?

N
— D
Agravi, =~ Y Adpy
p=s+1

N
Aqra vy, = > Adby+ Mgy (4)
p=s+1

and

Here, the averaged currents of input and output
terminals are given by

Lin = (Aqr1vi, +Agr2,v,,)/T
= Agv,/T
and Tout (Agqr1v,,, +Aqr2v,,,)/T
= Agv,,./T, (5)

where Agy,, and Agy,,, are electric charges in input
and output terminals, respectively. From Egs.(2) ~
(5), the relation between the input current and the
output current is obtained by

— (N—s—i—l
m - N—S

) Iout' (6)

In Figs. 2 and 3, the energy consumed by resistors
in one period, Wy, can be expressed by

Wr = Wp+ Wra, (7)
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Fig.3: Instantaneous equivalent circuits when s # 0.
(a) State—T1. (b) State—T2. (c¢) Timing of pulses.
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Fig.4: General form of equivalent circuit.

where

Ron s
Wry = (Agth)? - u(s)

T1
Ron s cht
+ (N =) (Agrth)? + = (Agpi!
and
N
2Ron
Wry = == > (A’
p=s+1

In Eq.(7), u(s) is a unit step function. From Egs.(1)
~ (5), Eq.(7) can be rewritten as

(N—=s4+1)Ron

Wr = A 2
T1 (N — S)zDT ( unut)
cht 2
—(A
+ (N _ S)QDT( qvout)
2R,
and WTQ = RO !

(N _ s)(l _ D)T(Aqvout)z(S)

Here, a general equivalent circuit of SC power con-
verters [3], [4], [9], [12], [19], [22] can be given by the
circuit shown in Fig.4, where Rg¢ is called the SC re-
sistance, M is the ratio of the ideal transformer, and

Vin and V,,,; denote an averaged input voltage and an
averaged output voltage, respectively. The consumed
energy Wr of Fig.4 is defined by

Wr = Wpi+Wro

A
(ZF2)?. Roo - T (9)

By substituting Eq.(8) into Eq.(9), the SC resistance
when the step-up mode, Rsc up, is given by

1
RSC’,up m . Ron . U(s)
1+ D
T D= D)(N =) Ten
1
+m - Rent. (10)

The equivalent circuit shown in Fig.4 can be ex-
pressed by the determinant using a Kettenmatrix.
Therefore, by using Egs.(6) and (10), the equivalent
circuit of the proposed converter is given by the fol-
lowing determinant:

—_ N —s
Vin — N—-s+1 0
N —s

1 RSC,up Vout
o ] o

As Eq.(11) shows, the output voltage of the proposed
circuit becomes V;, X (N — s + 1)/(N — s) when
Rscup < Rp. L

From Eq.(11), the averaged output voltage V.. is
expressed by

Rr
RL + RSC,up

N —s+1
N —s

Vout =

) : V;n (12)

Furthermore, power efficiency 7,, 2 can be obtained
by

n fELIout2
up - —9 _—2
RLIout +RSC,upIout
R
= = (13)
RL + RSC’,up

where Rgc up depends on resistance R.,¢ shown in
Eq.(10). As Eq.(13) shows, Vo, can be regulated
by controlling R.,; which corresponds to the on-
resistance of S1,n4+1 (see in Figs. 2 and 3). In other
words, the regulation is performed by controlling the
gate voltage of S1 ny1.

As Eq.(13) shows, the increase of Rgc yp causes
the decrease of efficiency 7,,. In other words, the
maximum power efficiency is obtained when R.,; =

Of course, the consumed energy of peripheral circuits such as
pulse generators, comparators, etc. is disregarded in the power
efficiency of Eq.(13).
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Fig.5: Instantaneous equivalent circuits when step-
down mode. (a) State — T1. (b) State — T2. (c)

Timing of pulses.

Ryn.  From Eq.(10), the minimum on-resistance
min(Rsc,yp) can be expressed by

min(Rsc,up) =
(N—=1)D+ (N +1)+ (1 - D)u(s)
{ D(1 — D)(N — )2

}Ron(14)

In Eq.(14), the optimum value of parameter D is ob-
tained when

d min(Rsc,up)

iD =0 and 0<D<1.

(15)
Concretely, from Eqs.(14) and (15), the optimal duty
factor is D ~ 0.45 3 when N =3 and s = 0.

3.2 1 x Mode

Figure 5 shows instantaneous equivalent circuits
in the case of the step-down mode. In Fig.5 (a), the
differential values of electric charges, Agri,v;,, and
Agriyv,,,, are given by

Aqriv, = Agpy

and Aqu’VOm = Aq'lL"l (16)
In Fig.5 (b), the differential values of electric charges,

Agra,v;, and Agrav,,,, are given by

Aqra2,v;, =0

and Aqrav,.. = A(I% + AQJL“2~

(17)

When N = 3 and s = 0, the proposed converter offers a 1.33
X mode of operation. In other words, the power efficiency
becomes the maximum value when D ~ 0.45.

From Egs.(2), (5), (16), and (17), the relation be-
tween input and output currents is derived as

T = (18)

In Figs.5 (a) and (b), Wpr; and Wry can be ex-
pressed by

“Lout-

2Ron RC’ﬂ
Wr1 = T1 (ACI%)Z"' Tlt (ACI%F
and  Wpy = R""(AqN)QJrRC"t(AqN)Q(ISJ)
T2 T2 T2 T2

respectively. By substituting Egs.(1), (2), (5), (16),
(17), (19) into Eq.(9), the SC resistance when the
step-down mode, Rsc qw, can be expressed by

Ron(2 - D) + cht
D(1— D)

Rsc,dw = (20)
Therefore, by using Egs.(18) and (20), the equivalent
circuit can be expressed by the following determinant:

‘/i _ 1 0 1 RSC,dw Vout
)=l d]fe e[ R ]
(21
As Eq.(21) shows, the output voltage of the proposed
circuit becomes V;,, when Rgc aw < Ry

From Eq.(21), the averaged output voltage V,,; is
obtained by

R,
Rp + Rsc,dw

Vout = ﬁ (22)

As Eqs.(20) and (22) show, the step-down conversion
can be realized by controlling R, (see in Fig.5).
From Eq.(21), power efficiency 74, can be given
by
Ry,

Ndw = 5————
Y Rp + Rsc.duw

(23)
From Eqs.(20) and (23), the maximum efficiency is
obtained when D ~ 0.55, because

Ryn(3— D)

IR (24)

min(Rsc,dw) =

4. SIMULATION

To confirm the validity of circuit design and the-
oretical analyses, SPICE simulations were performed
under conditions where input voltage V;, = 3.7V,
N=3C =Cy=C3 =1uF, T = 1pus and on-
resistance R,, = 0.4Q. As an example of the pro-
posed converter, the converter shown in Fig.6 were
used in the SPICE simulations.

Figure 7 shows the power efficiency of the proposed
converter as a function of parameter D. The the-
oretical results in Fig.7 were obtained by Eqgs.(10),
(13), (20), and (23), where Rept = Ron = 0.4 and
Ry, =30Q. In the case of 2 x, 1.5 x, 1.33 x, and 1 x
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Fig.7: Power efficiency as function of parameter D.

modes, the converter can achieve the best efficiency
by setting the duty factor to 0.55, 0.5, 0.45, and 0.55,
respectively. As Fig.7 shows, the results of theoretical
analyses agree well with the simulated results.

Figure 8 shows output voltage V,,; with different
conversion ratios. As Fig.8 shows, the proposed con-
verter can realize 2 x/ 1.5 x/ 1.33 x/ 1 x modes, and
the theoretical results are well in agreement with the
simulated results in the steady state. The theoretical
results in Fig.8 were obtained by Egs.(10), (12), (20),
and (22), where R.pt = Ron = 0.4Q and Ry, = 304.

Figure 9 shows the power efficiency of the proposed
converter as a function of output load Ry,. Of course,
the power efficiency of the proposed converter can
be improved by using power-switches with small on-
resistance. As Fig.9 shows, the theoretical results ob-
tained by Eqs.(10), (13), (20), and (23) agree well
with the simulated results.

Figure 10 shows the comparison of the power effi-
ciency between the proposed converter and the con-
ventional converter [18] as a function of output volt-
age Vi, In Fig.10, the regulation of the output volt-
age was achieved by using an on-resistance control
scheme [9], [12], [13], [16]. As Fig.10 shows, the pro-
posed converter can improve the power efficiency in
the range of 1.5 x / 1.33 X modes.

5. EXPERIMENT

To confirm the validity of circuit design, experi-
ments were performed regarding to the proposed cir-
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Fig.10: Power efficiency as function of output volt-
age Vout-

cuit with parameter N = 2. The experimental cir-
cuit was built with commercially available transistors
25K2493 on a bread board.

Figure 11 shows the results of DC-DC conversion
obtained by the experimental circuit. In Fig.11, the
experiment was performed under conditions where
input voltage V;,, = 3.7V, clock frequency 1/T =
20kHz, capacitors Cy = Cy = 1uF, Cp = 10uF,
and output load Ry = 1k. As Fig.11 shows, the ex-
perimental circuit can achieve two or more conversion
modes such as 2 x/ 1.5 x/ 1 x modes * .

In the experiment, circuit properties such as power efficiency,
ripple noise, etc. were not examined, because the experimental
circuit was built with commercially available transistors on the
bread board. For example, in transistor 2SK2493, the source
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6. CONCLUSION

For mobile applications, an SC DC-DC converter
which offers a (N — s+ 1)/(N — s) mode as well as
a step-down mode of operation has been proposed in
this paper. The validity of the circuit design was con-
firmed by theoretical analyses, SPICE simulations,
and experiments.

Concerning the power efficiency and the optimal
duty factor, the derived theoretical formulas will be
helpful to estimate circuit characteristics, because
theoretical results were well in agreement with simu-
lated results. The SPICE simulations showed that the
proposed converter can realize a (N —s+1)/(N — s)
mode of operation. Under conditions where input

terminal is connected to the drain terminal beforehand through
a diode. Therefore, only the circuit design was verified in this
experiment. The IC implementation and experiments are left
to a future study.

Fig.12: Conventional converter.

AQTl_,\Lin Ron Vout <A_qT1,Vout

Vin
C]_ C2
ROT\ L I
(a
AqTZ_,\cn Ron Vout %Z.Vout
Vin

|
(b)

Fig.13: Instantaneous equivalent circuits of Fig.12.
(a) State—T1 (S; = On and S = Of f). (b) State—
T2 (S1 =Off and So = On).

voltage V;,, =3.7V, output load R;, = 302, and out-
put voltage Vyu: = 3.3 ~ 5.3V, the proposed con-
verter can improve the power efficiency more than 20
% from that of the conventional circuit. Furthermore,
the validity of circuit design was confirmed through
experiments.

The further improvement of efficiency is left to a
future study.
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8. APPENDIX

In this section, the characteristics of the voltage
doubler circuit are analyzed.

Figure 12 shows the conventional converter de-
scribed in [14], [16]-[18]. In Fig.12, the switches S;
and Sy are driven by non-overlapped 2-phase clock
pulses.

Figure 13 shows the instantaneous equivalent cir-
cuits of the converter. In the case of State — T1,
capacitor C1 is charged by input voltage V;,, via S7’s.
Therefore, the voltage of C7; becomes V;,. In this
timing, the output voltage is provided by Cs. On the
other hand, in the case of State — T2, input voltage
Vin and capacitor C are connected in series via Sa’s.
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Therefore, a stepped-up voltage 2V, is obtained in
the output terminal under no load condition. The
properties of the conventional converter can be ob-
tained as follows:
In the steady state, the differential value of electric
charges in Cy, (k = 1,2) satisfies
Agpy + Agpy = 0. (25)

In the case of State —T1, Agr1,v;, and Agriv,,, are
given by

AQ’}“I

Aqg“l' (26)

On the other hand, in the case of State—T2, Aqra v,
and Agra.v,,, are given by

Aqr1vi,
and AqT17Vout =

Aqra,v,, = —Aqry

and Aqra,v,,, = Agpy + Agpy.  (27)

From Egs.(25) ~ (27), the averaged currents of the
input and the output are given by

Lin = (Aqriyv, +Aar2v,)/T
= 2Aq71~1/T
and  lowt = (Aqr1v,,, +Aqr2v,..)/T
= AT (28)
Therefore, the following equation is obtained by
T = —2Lm. (29)

In Fig.13, the energy consumed by resistors in one
period, Wy, can be expressed by

Wr = Wpi+ Wro, (30)
where
2R
Wri = T;n (Agpy)?
2Ron
and Wra T5 (Aq}Q)Q.

From Eqs.(25) ~ (28), Eq.(30) can be rewritten as
2Ron,

W = DT (Agv,,,)?
2Ron
and WT2 = W(Aqvmmt)Q' (31)

By substituting Eq.(31) into Eq.(30), the SC resis-
tance of the doubler circuit, Rgcc, can be obtained
by

2
D(1-D)
In Eq.(32), the optimal duty factor is D = 0.5. From
Eqgs.(29) and (32), the equivalent circuit of the con-

ventional converter is expressed by the following de-
terminant:

R R I =3

Rscc *Rop. (32)

From Eq.(33), power efficiency n¢ of the conventional
converter can be given by

RiTou

—— ——
RLIout + RSCCIout
R
e T— (34)
Rp + Rscc

nc =

From Egs.(10) and (32), in the case of the 2 x mode,
the SC resistance of the proposed converter is a little
larger than that of the conventional converter. For
example, the difference between Eqs.(10) and (32) is
Rcnt/D when the parameter N = 3 and s = 2. How-
ever, as Fig.10 shows, the difference between the pro-
posed converter and the conventional converter in the
efficiency of the 2 x mode is very small. On the other
hand, in the conventional converter, the power effi-
ciency decreases strongly by the regulation, because
the conventional converter cannot provide other step-
up modes.
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