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ABSTRACT. In this paper, a Dickson-type adder/subtractor DC-DC' converter realizing
step-up/step-down conversion is proposed. Although the conventional Dickson converter
cannot achieve step-up/step-down conversion, the proposed converter can provide not
only the stepped-up voltage but also the stepped-down wvoltage by combining the battery
energy and the clean energy. Moreover, the proposed converter can achieve many con-
version ratios by utilizing hybrid inputs. Therefore, by choosing the optimal combination
of conversion ratio, the proposed converter can alleviate the energy loss caused by the
output regulation. To evaluate circuit properties, theoretical analyses, simulations and
experiments were performed concerning a simple example of the proposed converter. Cir-
cuit simulations and experiments showed the following results: (1) The circuit design is
appropriate, because the step-up/step-down conversion was confirmed by the experimen-
tal circuit. (2) The number of conversion ratios of the proposed converter is three times
as large as that of the conventional three-stage ring-type converter. (8) The proposed
converter can reduce more than 25% hardware cost than the conventional converter. (4)
The derived theoretical formulas are useful to estimate the characteristics of the proposed
converter, because the theoretical result corresponded well with the simulated result.
Keywords: Charge pump, Step-up/step-down converters, Switching converters, Switch-
ed capacitor circuits, Hybrid inputs, Clean energy

1. Introduction. A power converter is one of the most important building blocks in
electronic products. Among others, a switching DC-DC converter [1-18] is widely used to
drive mobile application systems by the stepped-up or the stepped-down voltage, where
a lithium-ion battery (Typ. 3.7V) is usually used as an input source. The switching
converter can be divided into two types: an inductor-based converter [1-4] and a capacitor-
based converter [5-18].

As a typical inductor-based converter for small power applications, a buck converter,
a boost converter and a buck-boost converter are well-known. For example, Dalola et al.
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proposed an autonomous sensor system [1] using a boost converter [1-4]. The inductor-
based DC-DC converter is efficient at arbitrary conversion ratios. Therefore, the inductor-
based converter can realize high power efficiency. However, the inductor-based converter
is difficult to be integrated into an IC chip. Moreover, the inductor is often the largest
and most expensive component.

On the other hand, the capacitor-based DC-DC converter [5-18] can achieve thin and
small circuit composition, light-weight and low-noise, because no magnetic component is
necessary. However, the capacitor-based DC-DC converter is efficient only at a few con-
version ratios [5-10], because the conversion ratio is predetermined by circuit structure.
Therefore, to realize higher power efficiency, the capacitor-based converter which can real-
ize many conversion ratios is desirable. To solve this problem, Chang et al. proposed the
multi-stage multiplier /divider DC-DC converter [17, 18], where several switched-capacitor
converters are connected mutually to realize many conversion ratios. However, the circuit
size extremely increases due to the multi-stage topology though the multi-stage converter
can offer various kinds of output voltages.

Recently, being distinct from such approach, the switching converter utilizing clean
energy [14-16] has been proposed to save battery energy. For example, Doms et al.
proposed capacitive power management circuit [14] using a charge-pump [5-10], where the
thermoelectric energy from waste heat [2, 14] is utilized to provide the stepped-up voltage.
The capacitor-based converter utilizing clean energy is superior in the point of energy
saving. However, like the conventional single-stage converter utilizing battery energy, the
capacitor-based converter utilizing clean energy is efficient only at a few conversion ratios,
because the circuit topology of the converter utilizing clean energy is the same as that of
the single-stage converter utilizing battery energy essentially.

In this paper, a Dickson-type adder/subtractor DC-DC converter is proposed. To gen-
erate the output voltage, the proposed converter utilizes two input sources: battery input
and clean energy input. Although the conventional Dickson converter [5-10] offers only
the N(= 1,2,3,---)x stepped-up voltage, the proposed converter can provide not only
the stepped-up voltage but also the stepped-down voltage by combining the battery en-
ergy and the clean energy. Moreover, the proposed converter generates various kinds of
output voltages compared with the conventional capacitor-based step-up/step-down con-
verter. Therefore, by choosing the optimal combination of conversion ratio, the proposed
converter can alleviate the energy loss caused by the output regulation.

To confirm the validity of the circuit design, SPICE simulations and experiments are
performed concerning the proposed converter. By comparing the proposed converter
with the conventional step-up/step-down converter [11-13], the properties of the proposed
converter are evaluated.

2. Circuit Structure.

2.1. Conventional step-up/step-down converter. Figure 1 shows an example of the
conventional step-up/step-down DC-DC converter [11-13]. The conventional converter of
Figure 1 is called the ring-type DC-DC converter. To help readers’ understanding, the
operation of the ring-type converter is illustrated concerning a simple example shown in
Figure 1(b).

The conventional converter of Figure 1(b) consists of twelve power switches and four
capacitors. By converting input voltage V;,, the conventional converter generates the
following output voltage:

S
%ut - ;‘/WM (1)
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FIGURE 1. Conventional step-up/step-down DC-DC converter [11, 12]: (a)
general form and (b) an example of the conventional converter

where parameters s (= 1,2,3) and r (= 1,2,3) are determined by controlling power
switches S;; ((i = 1,2,3) and (j = 1,2,3)). In Figure 1, power switch S ; is driven by
non-overlapped three-phase pulse ®;;, Sy ; is driven by the inverted pulse of ®; ;, and
S3; and Sy ; are driven by clock pulses obtained by shifting clock pulses ®, ; cyclically.

In Figure 1(b), the number of capacitors connected to the input terminal in series
through Ss;, S;; and S ; is fixed to 7. On the other hand, the number of capacitors
connected to the output terminal in series through Sy ;, Sz ; and S ; is fixed to s. Conse-
quently, the stepped-up/stepped-down voltage (s/r)V;, is obtained as an output voltage.
In other words, the conventional converter is the multiplier/divider DC-DC converter
[11-13, 17, 18]. In Figure 1(b), the conventional converter can realize seven types of con-
version ratio: s/r = {1/3,1/2,2/3,1,2,3/2,3}. As (1) shows, the number of conversion
ratios is determined by the number of capacitors.

2.2. Proposed converter. Figure 2 shows the proposed adder/subtractor DC-DC con-
verter utilizing two input sources: battery input and clean energy input. To help readers’
understanding, the operation of the proposed converter is illustrated concerning a simple
example shown in Figure 2(b).

By combining the battery energy and the clean energy, the proposed converter generates
the stepped-up/stepped-down voltage as follows:

V;)ut - {‘/1 - (‘/ml V ‘/in2 V O)} + (‘/ml Vv ‘/in2 \ 0)7 (2>

As (1) and (2) show, the conversion method of the proposed converter is totally differ-
ent from that of the conventional converter. In the proposed adder/subtractor DC-DC
converter, the number of conversion ratios is determined by not only the number of ca-
pacitors but also the number of inputs. By controlling power switches as shown in Table
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FIGURE 2. Proposed converter: (a) general form and (b) an example of the
proposed converter in the case of N = 3
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F1GURE 3. Instantaneous equivalent circuits of the proposed converter in
the case of No.13: (a) State — T'1 and (b) State — T2

1, the proposed converter can achieve twenty conversion ratios, where V;,; # V;,2 and
Vour > 0. Table 2 shows the comparison between the proposed converter of Figure 2(b)
and the conventional converter of Figure 1(b). As Table 2 shows, the proposed converter
can provide various kinds of output voltages than the conventional converter. Therefore,
by choosing the optimal combination of conversion ratio, the proposed converter can alle-
viate the energy loss caused by the output regulation. Moreover, the proposed converter
can realize hardware size smaller than the conventional converter. In the development of
mobile application systems, it is clear that a small circuit is advantageous.
The properties of the proposed converter will be analyzed in the following section.

3. Theoretical Analysis. In the IC design of capacitor-based converters, the effect of
on-resistance on the power efficiency is one of the most important properties, because
the most of the chip area are occupied by power switches. Therefore, the properties
concerning power efficiency and on-resistance are clarified theoretically. Moreover, in
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TABLE 1. Setting of clock pulses

] No. H Output V.. \ State \ On \ Ooff \
1 V. T1 Sinla 5173, 5373, S4 Other switches
inl T2 Si3, 2, S33 Other switches

5 v T1 | Sin2, S1,3, S33, Sa | Other switches
n2 T2 Si3, 2, S33 Other switches

3 V. T1 | Sin1, Si3, S3.3, S4 | Other switches
inl T2 Si2, 2, S33 Other switches

4 V. T1 | Sin2, Si.3, 3.3, S4 | Other switches
in2 T2 Si1, S2, S33 Other switches

5 3V, T1 | Sin1, Si3, 32, S4 | Other switches
inl T2 Si2, S2, 33 Other switches

6 3V, T1 Sl‘ng, 8173, 5371, S4 Other switches
in2 T2 Si1, Sa, S35 | Other switches

- ‘ T1 Sml, 5173, 5373, 54 Other switches

T Vi Vine 5 G =g [ Other switches
' : 11 Sinl; 5173, 5371, S4 Other switches

8 2‘/;”1 + ‘/2n2 T2 SLQ, SQ, 5373 Other switches
‘ ‘ T1 Sinl, SLg, 3371, S4 Other switches

) Vin + 2Vin2 T2 Si1, S2, S33 Other switches
10 Vil — V. T1 Sinla 5171, 5373, S4 Other switches
inl n2 T2 Si3, 52, S33 Other switches

: : T1 | Sin1, S1,3, S33, Sa | Other switches

L 2Vin = Ving T2 Si2, S2, 531 Other switches
ot T1 | Sin1, S11, Ss.3, S4 | Other switches

12| Viny = 2Vina T2 Si3, S2, 531 Other switches
L T1 | Sin2, Si.3, S3.3, S4 | Other switches

13 2Vina = Vim T2 Si1, S2, S32 Other switches
ST T1 | Sin2, Si2, Ss.3, S4 | Other switches

1 Viny = 2Vim T2 S13, 2, 532 Other switches
- A T1 Sinl; Sl,la 5373, S4 Other switches

15 2Vin1 = 2Vin2 T2 Si2, S, S31 Other switches
- ' T1 SmQ, SLQ, 5373, 54 Other switches

16 2Vinz = 2Vim =5 =5, =5, "~ [ Other switches
-/ 11 Sml, 5171, 5372, 54 Other switches

17 3‘/m1 V;nQ T2 SLQ, SQ, 5'373 Other switches
- ' T1 Sz'nl, Sl,la 3372, S4 Other switches

18 3‘/“11 2V;n2 T2 51,2, SQ, 5371 Other switches
- s T1 SinQ, SLQ, Sg}l, S4 Other switches

19|l 3Vinz = Vim T2 Si1, S2, S33 Other switches
ot T1 | Sin2, S12, S3.1, Sa | Other switches

20 || 3Vinz = 2Vim T2 S11, S2, S32 Other switches
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order to evaluate the characteristics of the proposed converter, the comparison between
the proposed converter and the conventional ring-type converter is performed theoretically.

To save space, only the theoretical analysis in the case of No.13 (V,u; = 2Vine — Vin)
and No.18 (Vi = 3Vin1 — 2Viye) is discussed in this section. The theoretical analysis is
performed under the conditions that 1. Since the proposed converter is not operated at
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TABLE 2. Comparison concerning hardware cost and conversion ratio

Number of | Number of Number of

capacitors | switches | conversion ratios
Proposed converter 3 10 20
Conventional converter 4 14 7

high frequency, the influence of parasitic elements is negligibly small, and 2. To evaluate
the maximum power efficiency, the time constant is much larger than the period of clock
pulses.

3.1. Analysis for No.13. In a steady state, the instantaneous equivalent circuits of the
proposed converter can be expressed by the circuits shown in Figure 3, where R,,, denotes
the on-resistance of the power switch. In Figure 3, the differential value of the electric
charge in capacitor Cy, (k = 1,2, 3) satisfies

Adi, + Aghy =0, where T=T1+T2, T1=DT and T2=(1- D)T. (3)

In (3), D is the duty factor, and Ag%, and Agk., denote electric charges in the case of
State — T'1 and State — T2, respectively.

In the case of State—T'1, differential values of electric charges in terminal V;,,;, terminal
Vine and terminal Ve, Agriv,,,, Agriv,,, and Agryy,,,, are given by

nl?

Agr1vi, =0, Agriv,, = Agpy and  Agriy,,, = Agry + Agyy. (4)

On the other hand, in the case of State — T2, differential values of electric charges in

terminal Vj,1, terminal V2 and terminal V.., Aqrav,,,, Agr2v,,, and Agray,,., are given
by

AqT?yijnl = _Aq%Q? AqT27Vth2 = _Aq;2 a’Ild AqT27Vout = Ag%27 (5)

where Agry = —Ag2,.
Using (4) and (5), average currents in the input terminals and the output terminal can
be expressed by

Limi = (Aqr1v,,,, + Aaray,,)/T = Aqu,, /T,
Line = (Aqr1 vy + Agray,,,)/T = Aqy,,, /T

and  Iow = (Agriv,., + Darav,..)/T = Daqv,,, /T, (6)
where Agy,

- Agqy,., and Agy,,, are electric charges in terminal V;,;, terminal V5, and
terminal V,,;, respectively.

Therefore, from (3)-(6), we have the relation between average output current I,,, and
average input currents [;,; and 1.5 as follows:

Tin = Tow and Tz = =215 (7)

Next, let us consider the consumed energy in one period. In Figure 3, the consumed
energy in one period, Wr, can be expressed as

Wr = W1 + Wra, (8)
where
ZROn 2R0n SROTL
Wry = ﬁ(AQ%DZ + W(AQ%)Q and Wy = W(AQ;z)z' (9)
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Using (3)-(6), consumed energy (9) can be rewritten as

_ (4 B D>Ron 2
Wr = m(AQVm) : (10)

Here, a general equivalent circuit of SC power converters [15,16] can be given by the
circuit shown in Figure 4. In Figure 4, Rg¢ is called the SC resistance, M is the ratio of
an ideal transformer, and Vj, and V,,; denote the average input voltage and the average
output voltage, respectively. The consumed energy Wy in Figure 4 can be expressed as

Aq‘/out

- ) ‘Rsc - T. (11)

WT == WT1 +WT2 = (

Therefore, from (10) and (11), SC resistance Rge of the proposed converter is expressed
as
(4-D)
Rs¢ = ——% - Ron. 12
" (12)
Using (7) and (12), the equivalent circuit in the case of No.13 can be expressed by the
following determinant:

- SR Ll ]

Vai+ Ve | [ 1 Rsc Vout
and { I }‘{o 1“1—] (13)

because the equivalent circuit of the SC' power converters can be expressed by the deter-
minant using the Kettenmatrix. Finally, from (13), we have the equivalent circuit of the
proposed converter as shown in Figure 5. From Figure 5, the power efficiency 7, and the
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FIGURE 6. Instantaneous equivalent circuits of the proposed converter in
the case of No.18: (a) State —T'1 and (b) State — T2
output voltage V,,; ' of the proposed converter are obtained as
My = Toue)* R -t (14)
" (Iw)?*Rsc + (Iw)*R, ~ Rsc+ Ry
Ry
and Vo= ——""——2Vio — Vin1), 15
out RSC +RL( n2 nl) ( )

where Rj, denotes the output load.

For example, the target voltage such as 2.2V is required to drive a center processing
unit (CPU). In the case of No.13, the ideal output voltage of the proposed converter is
obtained by

V;)ut = 2‘/1712 - V;nl =23V (16)

if the input voltages are Vi, = 3.7V and Vj,» = 3V 2. As (16) shows, the energy loss
due to the output regulation in the proposed converter is smaller than that in the con-
ventional converter, because the conventional converter generates the target voltage by
regulating the 2/3 x stepped-down voltage (~ 2.47V). Concretely, the voltage efficiency
Viag/Vour of the proposed converter and the conventional converter is 95.7% and 89.2%,
respectively. That is, the proposed converter can improve voltage efficiency about 6%
from the conventional converter.

3.2. Analysis for No.18. Figure 6 shows the instantaneous equivalent circuits of the
proposed converter in the case of No.18. In the case of State — T'1, Aqr1v,,,, Agr1v;,,
and Agry,,, are given by

Agriv,, = Dary — Adpy, Adriy,, = —Agpy and Agriy,, = Mgy + Agpy. (17)
On the other hand, in the case of State — T2, Agrav,,,, Agr2v,,, and Agray,,, are given
by

Aqra v, = Dy, Agray,, = —ABqzy and  Agray,,, = Adps, (18)

where Agty = —Ag,.
Therefore, from (3), (6), (17) and (18), we have the following relation concerning cur-
rents:

Ly = 3L and e = 2L (19)

LOf course, the consumed energy of peripheral circuits such as pulse generators and comparators is
disregarded in the power efficiency of (14).

2The input sources Vj,; and Vj,» were assumed as a lithium battery and a thermoelectric generator
(TEG).
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In Figure 6, the consumed energy in State — T'1 and State — T2 is expressed as
2R, 2R, 3Ron

Wri = —=(Aar)” + =7~ (Agpy)” and Wiy = =25 (Agry)” (20)
Using (11), (17) and (18), (20) can be rewritten as
(4—D)Rop 5
=—"———(A . 21
WT D(]_ _ D)T( quut) ( )
Therefore, from (11) and (21), we have the SC resistance as follows:
(4-D)
_ ‘R, 22
Rsc D= D) R (22)

Using (19) and (22), the equivalent circuit in the case of No.18 can be expressed by the
following determinants:

B)-[0 (%) (B[ (%

Va+Ve | [1 Rsc Vout
ma [Pt =L ][] )

Finally, from (23), we have the equivalent circuit of the proposed converter as shown in
Figure 7. From Figure 7, the power efficiency 7, and the output voltage V,,; are obtained
as

L)’ R R
SRR ) L R (24)
(Iout)?Rsc + (Iout)*Rr, Rsc + Rp
Ry,
d  Vouw = 5—"—(3Vin1 — 2Vipna). 25
an t RSC T RL( 1 2) ( )

For example, the target voltage such as 5V is required to drive LED (Light Emitting
Diode) backlighting. In the case of No.18, the ideal output voltage of the proposed
converter is obtained by

‘/out = 3‘/2711 - 2‘/m2 =51V (26)
if the input voltages are V;,,; = 3.7V and V2 = 3V. As (26) shows, the energy loss due to
the output regulation in the proposed converter is smaller than that in the conventional
converter, because the conventional converter generates the target voltage by regulating
the 3/2 X stepped-up voltage (>~ 5.55 V). Concretely, the voltage efficiency Viqg/Vous of the
proposed converter and the conventional converter is 90.1% and 98.0%, respectively. That
is, the proposed converter can improve voltage efficiency about 8% from the conventional
converter.

To save space, only the power efficiency in the case of No.13 and No.18 was discussed
in this paper. However, other modes can also be analyzed by the same method.
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TABLE 3. Comparison concerning power efficiency in the case of step-down conversion

SC resistance | FEfficiency Output voltage
Proposed
Rscyp Mp Vout.p
(4-D) Ry Ry
Vieg=22V) || =—————= - Ron 2Ving — Vin
(Viag ) D(1—D) Ry + Rscy RL+RSC_p( 2~ Vim)
_ SC resistance | Efficiency Output voltage
Conventional
RSC.C Ne ‘/out.c
19 RL RL 2‘/zn1
Vieg = 2.2V — - R,y
(Viag ) 9 Ry + Rsc. | Ri+ Rsc. ( 3 )

TABLE 4. Comparison concerning power efficiency in the case of step-up conversion

SC resistance | Efficiency Output voltage
Proposed
RSC.p Tp V:)ut.p
(4 - D ) RL RL
Va - 5 v I E—— Ron 2‘/;77/ - ‘/zn
(Viag ) D(1- D) Ry, + Rscy RL+RSC,,,( 2~ Vint)
, SC resistance | Efficiency Output voltage
Conventional
RSC.C Me V;mt.c
19 R R 3Vin
(V;‘,ag = 5V) - Ron L > -
4 Ry + Rsce | Rp+ Rsce \ 2

3.3. Comparison. In this subsection, the comparison concerning power efficiency is dis-
cussed. Tables 3 and 4 show the summary of the theoretical results, where the theoretical
analysis concerning the conventional ring-type converter will be discussed in Appendix.
Since the output voltage is regulated to provide the target output voltage, the total effi-
ciency Niotarp Of the proposed converter is expressed as

Ntotal.p = Nreg.p X Mps (27)

‘/tag/‘/;)ut.p (1f V;)ut.p > V;fag)
1 (lf V;)ut.p S ‘/;fag)'

In (27), Mregp denotes the efficiency of the output regulator. Although the SC-resistance
of the proposed converter is larger than that of the conventional converter, the proposed
converter can alleviate the loss in the output regulator, because the output voltage of the
proposed converter is closer to the target voltage than that of the conventional converter.
When the proposed converter satisfies the following condition:

where 7,.¢qp

Ntotal.p > Ntotal.c» (28)

the proposed converter can realize higher power efficiency than the conventional converter.
In (28), Niotar.c denotes the total efficiency of the conventional converter.
In the case of Vi, = 2.2V, (28) is rewritten as

X RL > X RL
reg RL + 14Ron fIreg.c RL + (19/9)R0n ‘

(29)
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From (29), we have Ry > 162R,,

~ V;Eag . Q ~ ‘/tag 3.3
T Vg — Vi 2.3
and D=0.5 and V,,; =37V and V,,, =3V. (30)

if

Concretely, in the case of R,,, = 1€, the total efficiency of the proposed converter is higher
than that of the converter when R is larger than 162¢).
On the other hand, in the case of Vi, = 5V, (28) is rewritten as

RL RL

reg. S35 > Nreg.c X . 31
Trear X @ T14R,, © T ™ Ry ¥ (19/4)R,, (31)
From (31), we have Ry > 100R,,
: Vi i) Vi )
f re = — = d reg.c = a9 =
B Thear = gy o, 51 ¢ e = 3oy T 555
and D=0.5 and V;,; =3.7V and V.2 =3V. (32)

Concretely, in the case of R,,, = 1€, the total efficiency of the proposed converter is higher
than that of the converter when Ry is larger than 100¢2.

4. Simulation. To confirm the validity of theoretical analysis, the properties of the pro-
posed converter are investigated by SPICE simulations. To satisfy the conditions in the
theoretical analysis, the simulation conditions were set to Vi,; = 3.7V, Vipe = 3V 3, O}
= Cy = C3 =500nF, D= 0.5, R,, = 10Q 4 and T = 1ps.

Figure 8 shows the simulated power efficiency in the case of No.13 and No.18. Figure
9 shows the simulated output voltage in the case of No.13 and No.18. As Figures 8 and
9 show, the theoretical results correspond well with the simulated results. Consequently,
the validity of the theoretical analysis described in Section 3 was confirmed. Of course,
the power efficiency and the output voltage can be improved by using the power switch
with low on-resistance.

3In the SPICE simulation, input source Vj,; and Vj,» were assumed as a lithium battery and a
thermoelectric generator (TEG).
4The power switches were modeled by using SPICE macro-model.



134 K. EGUCHI, P. JULSEREEWONG, A. JULSEREEWONG ET AL.

Vout 2V|n2 Vlnl B Vm,:'l’ Vout 2V|n2 V|n1 1 va',:'p
5 el
'/Vout (Avg Vout 1.6V) Vavg '/Vout (Avg. Vout 1.6V) T Wmg
R T 1T mm‘l .60l
I : 2 369U I 1z 2.9
Fa T : "Frequency i ; '/GND of CH1 [Frequency
in Y f \ | ‘? 1w ‘\ + 4. 2
; \ GNDofCHL =2 C = ; sz (Avg V|n2 =3. OV) ﬁ
i Vini (Avg Vin = 3.7V) 35 : JE e
I 2. ‘? f 18 =
2» GND of CH2 .: Risetime I y/GND of CH2 Risetime

JEES {F@Hz
TRIG—] EDGE | ACH | [IEE)
CHL 7| AUTO [SAMPLE

| EDGE | ACE | UsE CHE= |CH2
AUTO |SAMPLE 1 i

8, BEfs
TRIG =]
CHL

(a) (b)

FIGURE 10. Measured voltages in the case of No.13: (a) Vu vs. Vi, and
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FIGURE 11. Measured voltages in the case of No.18: (a) V,yu vs. Vi, and
(b) V;)ut Vs. V;nQ

5. Experiment. To confirm the validity of circuit design, experiments were performed
regarding to the proposed converter shown in Figure 2(b). The experimental circuit was
built with commercially available transistors 25K2493 on a bread board, where V;,; =
3.7V, Vipo =3V, Cy =Cy =C5 =10uF, Ry, = 10kQ2 and T' = 2ms.

Figure 10 shows the measured output voltages in the case of No.13. Figure 11 shows
the measured output voltages in the case of No.18. As Figures 10 and 11 show, unlike the
conventional Dickson converter, the proposed converter can achieve step-up/step-down
conversion °.

6. Conclusion. A Dickson-type adder/subtractor DC-DC converter utilizing hybrid in-
puts has been proposed in this paper. To clarify properties of the proposed converter,
circuit simulations, theoretical analyses and experiments were performed concerning a
simple example of the proposed converter.

The SPICE simulations and experiments showed the following results: (1) The proposed
converter provides more various kinds of output voltages than the three-stage ring-type
DC-DC converter. The number of conversion ratios of the proposed converter is three
times as large as that of the conventional converter. Therefore, the proposed converter

5In the experiment, the circuit properties such as power efficiency and ripple noise, were not examined,
because the experimental circuit was built with commercially available transistors on the bread board.
Only the circuit design was verified through the experiments, because the parasitic resistance of the bread
board is very large unlike an IC chip.
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can alleviate the energy loss caused by the output regulation. Furthermore, the proposed
converter can realize smaller hardware cost than the conventional ring-type converter.
The proposed converter can reduce more than 25% hardware cost than the conventional
converter. (2) The proposed converter can provide not only the stepped-up voltage but
also the stepped-down voltage, because the step-up/step-down conversion was confirmed
by experiments. Although the conventional Dickson converter offers only the stepped-up
voltage, the proposed converter can achieve step-up/step-down conversion by combining
the battery energy and the clean energy. Therefore, the proposed converter will open
up a new vista for mobile applications though the application target of the conventional
Dickson converter is restricted due to a very limited conversion ratio. (3) The formulas
obtained by the theoretical analysis are useful to estimate the characteristics the proposed
converter, because the theoretical results corresponded well with the simulation results.
The IC implementation of the proposed equalizer is left to a future study.
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Appendix. To compare the properties of the proposed converter with that of the conven-
tional converter, the theoretical analysis concerning Figure 1(b) is performed in Appendix.

2/3x step-down conversion. In this section, the properties of the ring-type converter
in the case of 2/3x step-down conversion are analyzed theoretically. The conditions of this
theoretical analysis are the same as that of the theoretical analysis described in Section

3.

AdT1vout AdT2v0ut AdT3vout
= = o
Vout Vout é Vout
Adr1vin Ron AdT2vin RnS Agrayin  Ren
= = o
Vin Vin Vin
ROFI ROrI ROn
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F1GURE 12. Instantaneous equivalent circuits of the ring-type converter in
the case of 2/3x step-down conversion: (a) State —T'1, (b) State — T2 and
(c) State — T3

Figure 12 shows the instantaneous equivalent circuits in the case of 2/3x step-down
conversion. In the steady state, the differential value of electric charges in Cj (k =
{1,2,3,4}) satisfies

Adhiy 4+ Adhy + Aghy =0, where T=T1+T2+T3 (T1=T2=T3=T,). (33)

In (33), Ak, Ak, and Agh, denote electric charges in the case of State —T'1, State —T?2
and State — T'3, respectively.
In the case of State — T'1, Aqp1 v, and Agryy,,, are given by

Agri v, = Aq%l and  Aqriv,,, = AQ%l - Aqg“l = Aqil“l - Aqg“r (34)
In the case of State — T2, Agrsv,, and Agray,,, are given by

Agrav, = Agry and  Aqray,,, = Agry — Agry = Mgy — Agrs. (35)
In the case of State — T3, Aqrs v, and Agqrsy,,, are given by

Aqrsy, = Adgy and  Aqrav,,, = Agpy — Agps = Agps — Adiy. (36)
Using (34)-(36), the average current of the input and the output can be expressed by

Iin = (Aqrv, + Aqray, + Aarsv,,)/T = Aqy,, /T
and Lo = (Aqrivw + Adr2v,., + Aarsy,..) /T = Aqv,,. /T, (37)
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where Aqy,, and Agy,,, are electric charges in terminal V;,, and terminal V,,;, respectively.

Substituting (33)-(36) into (37), the relation between the input current and the output
current is obtained as follows:

— 2

]in = __Iou . 38

T (38)

In Figure 12, the energy consumed by resistors in one period, Wr, can be expressed by

Wp = Wri + Wrg + Wes, (39)
where
2Ron 2R0’ﬂ ROTL
Wr = T (AQ%’DQ + T, (AQ%1)2 + T, (AQ:IH - AQ%I)Q
2Ron 2ROTL ROTL
Wro = —(AQ%?)Q + (AC]:QFQ)2 + _(AQ:QW - AQ:IM)Q
15 T T
2ROTL 2Ron Ron
and Wrs = —(AQ%B)Q + (AC]:?;3)2 + _(ACJ%g - AQ%3)2'
T3 T3 T3

From (33)-(36) and (37), consumed energy (39) can be rewritten as

19R,,
9T

Thus, from (11) and (40), we have the SC resistance Rgc as follows:

Wr =

(Agy,,,,)*. (40)

1
Rsc = 99 - Rop. (41)

Using (38) and (41), the equivalent circuit in the case of 2/3x step-down conversion can
be expressed by the following determinant:

‘/;n _ 3/2 0 1 RSC ‘/out
= sl ) ] )
Therefore, the power efficiency in the case of 2/3x step-down conversion can be expressed
by (14).
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F1GURE 13. Instantaneous equivalent circuits of the ring-type converter in

the case of 3/2x step-up conversion: (a) State — T'1, (b) State — T2 and
(c) State — T3
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3/2x step-up conversion. Figure 13 shows the instantaneous equivalent circuits in the
case of 3/2x step-up conversion. In the case of State — T'1, Agr1y,, and Agry,,, are
given by

Agriy,. = Agp = Agpy = Agpy = Agpy and - Agry,,, = Ay (43)
In the case of State — T2, Agrayv,, and Agray,,, are given by

Agrav,,. = Ay = Aapy = Agry — Agpy, and - Agray,,, = Ay (44)
In the case of State — T3, Agrs.v,, and Agrsy,,, are given by

Aqrs v, = Adrs — Agpg = Agrs — Agpg and Agrs v, = Agrs. (45)

Substituting (33), (43), (44) and (45) into (37), the relation between the input current
and the output current is obtained as follows:

. 3
I, = —§]Out. (46)
In Figure 13, the energy consumed by resistors in one period, Wy, can be expressed by
Wr = Wry + Wra + Wrs, (47)
where
2Ron 2Ron Ron
Wi = =2 (Aqpy)? + = (Ag)* + = (Aapy — Agzy)”
T1 T1 1
2R0n 2Ron Ron
Wray = =7 (Adps)® + = (Aq72)* + - (Adty — Agrs)?
T T T
2R0n 2R(m Ron
and Wy = —(Adz3)” + —(Adps)” + - (Adrs — Aggs)™.
T3 T3 T3
From (33), (37), (43), (44) and (45), consumed energy (47) can be rewritten as
19R,,
WT = 4T (Aquut)2‘ (48)
Thus, from (11) and (48), we have the SC resistance Rgc as follows:
1
RSC = Zg : Ron- (49)

Using (46) and (49), the equivalent circuit in the case of 3/2x step-up conversion can be
expressed by the following determinant:

Vin | | 2/3 0 1 Rsc Vout
HEEEA Rk .
Therefore, the power efficiency in the case of 3/2x step-up conversion can be expressed
by (16).




