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An adiabatic reversible circuit was designed for charging a Lithium ion capacitor. The duty ratio of the switching
transistors is digitally controlled by a microprocessor. A Lithium ion capacitor has the minimum and the
maximum operating voltage. Therefore, the charging voltage is set to be in that range. Using this energy storage
system, it is clarified from the experiment that the efficiency is 95.5% during charging and also discharging
process. Then the total efficiency is 91.2% during one cycle, which is the best value in the proposed stepwise

Reversible circuit is attracting much attention in physics and also
electrical engineering [1-11] because it has the characteristic of dis-
sipationless charging of a supercapacitor. Until now, the previous ex-
periment shows that charging efficiency is 94.0% when an electric
double-layer capacitor (EDCL) is used [11]. However, the charging and
discharging efficiency during one cycle is not discussed well. Therefore,
the total efficiency is discussed in this article. In this experiment, to
charge a capacitor fast and also efficiently, electric components, such as
an inductor and transistors, are set on a printed wiring board by sol-
dering. Due to this, circuit resistance is much decreased. Also a Lithium
ion capacitor (LiC) is used because of its higher energy density per
volumes than EDCL. This enables a compact energy storage system.

Fig. 1 shows an adiabatic circuit. A microprocessor (PIC16F627A) is
used to output the Pulse Width Modulation (PWM) signal [9,11]. Power
supply voltage is 5.0 V. Therefore, high and low voltage is 5 and 0 V.
The PWM signal is input to inverter (4049B) for increasing current
drivability. The output of the inverter is input to the gate of power
MOSFETs. The pMOS and nMOS transistors are 25J438, and 2SK2231,
respectively. The output of two power MOSFETs, is connected to LiC
through the inductor. In this article, for realizing a compact storage
system, LiC is used instead of EDCL as discussed already. The LiC has
the maximum operating voltage, 3.8V, and the minimum, 2.2V.
Therefore, the output voltage is set to be in this range. The power
supply voltage of power MOSFETs is set as 3.56 V. During charging, d is
changed from 64/96, 68/96, ..., 92/96, 1. During discharging, d is
changed from 1, 92/96, ..., 68/96, 64/96. Three physical values were
measured. One is the capacitor voltage, V¢, another is the current from
the inductor to the capacitor, I, and the other is the current from the
power supply to the inductor, Ip. These were measured with three

E-mail address: nakata@hiro.kindai.ac.jp.

https://doi.org/10.1016/j.rinp.2018.08.016

digital multimeters.

Fig. 2 shows the timewise change in V. Here, the number of voltage
steps is eight. V¢ is in the range of 2.4-3.5V, which corresponds to
d = 0.667 and d = 1. If charging time is sufficiently long, V¢ will reach
to the power supply voltage, 3.56 V. Fig. 3 shows the timewise change
in Ic. During charging (0 < t < 3805), I is positive, while it is negative
during discharging (380 < t < 760 s). This means the current direction
is opposite. Fig. 4 shows charge amount Q flowing into capacitor, which
is written as Q = [ I dt. The charge amount difference AQ between the
maximum and the minimum is 38.9C from Fig. 4. On the other hand,
the voltage difference AV between the maximum and the minimum is
1.08V from Fig. 2. Then, the capacitance value is estimated as 38.9/
1.08 = 35.9F.

Fig. 5 shows the timewise change in Ip. When the capacitor is
charged and discharged, Ip is positive and negative. This means that,
during discharging, the current flows from the capacitor to the power
supply through the inductor.

Here, charging efficiency #; is considered. During charging, the
work done by the power supply W; is written as Q;V, where Q; is the
charge amount flowing from power supply and V is the power supply
voltage. Q; is written as Q; = [ I dt. Then, Q; is shown in Fig. 6 and the
value is 33.3C. The Vis 3.56 V, so W; is estimated to be 118.4 J. On the
other hand, the increase in electrostatic energy during charging E; is
written as E; = C(Va? — Vim2)/2, where V), is the maximum capaci-
tance voltage and V,,; is the minimum one during charging. The V,; and
V,n1 are 3.48 and 2.41V, respectively. The C is 35.9F. Using these va-
lues, E; is calculated to be 113.0J. The 5, is defined as E;/W; and
calculated to be 95.5%.

Next, the discharging efficiency 7, is calculated in the same way.
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Fig.1. Circuit controlled by microprocessor and measurement system.
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Fig. 2. Capacitor voltage as a function of time.
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Fig. 3. Capacitor charging current as a function of time.

During discharging, the work received by the power supply W, is
written as Q,V, where Q. is the charge amount flowing into power
supply during discharging. The Q, is shown in Fig. 6 and the value is
30.7C. So W, is estimated to be 109.3 J. On the other hand, the decrease
in electrostatic energy during discharging E, is written as
Es = C(Vi? — Vino?)/2, where V5 is the minimum capacitance voltage
during discharging. The V5 is 2.40V. Then, E, is calculated to be
114.4J. The 75 is defined as (W,/E5) and calculated to be 95.5%.

The total efficiency 5 during charging and discharging is calculated
as n = nin2 and it is 91.2%. Next, the relation between 5 and the value
of Q»/Q, is considered. The 7, and 5, are E,/W; and W,/E,. The E; is
almost equal to E, in this experiment, and this is satisfied in the usual
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Fig. 4. Charge amount flowing into capacitor.

03 T T T l T T T ]

02 :
< : ]
c 01 ]
o L ]
5 i
[3) A ]
> 0 r ]
S r ]
g [ ]
g [ ]
7 L ]
5 01 1 .
2 [ ]
) L ]
o + J

-02 | ]

-0.3 i " 1 n I n 1 L

0 200 400 600 800
Time (s)

Fig. 5. Power supply current as a function of time.
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Fig. 6. Charge amount flowing from power supply.
case. So, 5 is almost equal to Wo/W; = Q5/Q;. Therefore, if Q, is close

to Qi, 1 approaches to 1. In the previous work, the value of Q»/Q; is
0.75, which means 7 is not high [11]. On the other hand, in this work,



S. Nakata

the value of Q»/Q; is high and it is 0.923 from Fig. 6: it is not just the
same as 7 because E; is not equal to E, strictly.

Here, the resistance of the circuit R is discussed. In [11], R was 3 Q.
This value is mainly due to the resistance of the wire on the breadboard
and also the contact resistance between electronic components and the
wire. On the other hand, due to the soldering, R in this article decreases
to 0.6 Q. This results from the switching transistor resistance, 0.2 €,
inductor resistance, 0.1 Q, and the wire resistance, 0.3 Q.

As the resistance of pMOS and nMOS transistor is the same value as
0.2Q, the energy dissipation of the circuit Eg is calculated to be
J RIZdt. The R is 0.6 Q. The average current flowing into or from the
capacitor is 0.15 A from Fig. 3. The charging time T is 380 s. Then, E g
is estimated to be 0.6 x 0.15% x 380 = 5.13 J. During charging, W; is
118.4J and E; is 113.0J. Then, Eg;, is calculated as W; — E; = 5.4,
which is almost consistent with the estimated value. During dischar-
ging, E, is 114.4J and W5 is 109.3 J. In this case, Eg;s, is calculated as
E, — W, = 5.1J, which is consistent with the estimated value. This
discussion shows that the circuit resistance 0.6 Q is valid.

If SiC transistors and the inductor with the lower resistance are
used, it will reduce R more. The charging circuit with the low resistance
would enable a large current flow. This means high speed operation
would be possible.

Next, the theoretical charging efficiency 714, is discussed. Here, V¢ is
assumed to change from 2V/3 to V, which is the same as the experi-
mental situation. The stepwise value of V¢ is changed as 2V/3, 17V/24,
18V/24, ..., 23V/24, and 24V/24. In the first step during charging, V¢
is charged from 2V/3 to 17V/24. Then, the charge amount of CV/24
flows into capacitor. The d is 2/3 + 1/24 = 17/24, so the charge
amounts from the power supply and GND are 17CV/24 and 7CV/24%,
respectively [9]. We define W,; as the work done by the power supply
during the ith step charging. Then, W, during the first step is written as
W, = 17CV?/242, Similarly, in the second step, V. is charged from
17V/24 to 18V/24, and the charge amount of CV/24 flows into capa-
citor. From d = 18/24, the charge amount from the power supply is
18CV/24°%. Therefore, W, during the second step is written as
W;2 = 18CV?/24%. Then, the total work W;,_g during charging is cal-
culated as Wy, g = (17 + 18+ - +23 + 24)CV?/24% = 41CV?/144. On
the other hand, E, is written as E; = C(V* — 4V*/9)/2 = 5CV?/18.
Therefore, 714 is calculated to be 4 = E1/Wg_g = 97.6%. This value
is almost consistent with the experimental value. The theoretical dis-
charging efficiency 554, is calculated in the same way and it is 97.5%,
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which is also almost consistent with the experiment.

Next, we consider the situation that the step width is not equal.
Here, the following case of V. change is considered: 2V/3, 2V/3, 13V/
18, 13V/18, 14V/18, 15V/18, 16V/18, 17V/18, 18V/18, which is the
same as the six-step charging. In this case, 71, is similarly calculated to
be 96.8%. Therefore, inequality of the steps causes the decrease in
charging efficiency. However, this decrease is very small and negligible
in eight-step charging.

In this experiment, the high 5 value is realized. It is due to the
realization of low resistance in the circuit due to setting on a printed
wiring board. This high efficiency shows the proposed circuit is suitable
for an energy storage application.

This work was supported by JSPS KAKENHI Grant Number
15K05964.

References

Svensson LJ, Koller JG. Driving a capacitive load without dissipating fCV2. Proc
IEEE Symp Low Power Electron 1994:100-1.

Athas WC, Svensson LJ, Koller JG, Tzartzahis N, Chou E. Low-power digital systems
based on adiabatic-switching principles. IEEE Trans VLSI Syst 1994;2:398-407.
Sathe VS, Kao JC, Papaefthymiou MC. Resonant-clock latch-based design. IEEE J
Solid-State Circuits 2008;43:864-73.

Chernichenko D, Kushnerov A, Ben-Yaakov S. Adiabatic charging of capacitors by
switched capacitor converters with multiple target voltages. Proc IEEE Electr Electr
Eng Israel 2012:1-4.

Nakata S, Hanazono H, Makino H, Morimura H, Miyama M, Matsuda Y. Increase in
read noise margin of single-bit-line SRAM using adiabatic change of word line
voltage. IEEE Trans Very Large Scale Integr Syst 2014;22:686-90.

Nakata S, Makino H, Hosokawa J, Yoshimura T, Iwade S, Matsuda Y. Energy effi-
cient stepwise charging of a capacitor using a DC-DC converter with consecutive
changes of its duty ratio. IEEE Trans Circuits Syst [ Reg Papers 2014;61:2194-203.
Raghav Himadri Singh, Bartlett Vivian A, Kale Izzet. Investigation of stepwise
charging circuits for power-clock generation in Adiabatic Logic. Proc. IEEE 12th
Conference on Ph.D. Research in Microelectronics and Electronics (PRIME). 2016.
p- 1-4.

Raghav Himadri Singh, Bartlett Vivian A, Kale Izzet. Energy efficiency of 2-step
charging power-clock for adiabatic logic. Proc. IEEE Power and Timing Modeling
Optimization and Simulation (PATMOS). 2016. p. 176-82.

Nakata S, Ono M, Sakitani M. An adiabatic circuit with consecutive changes of the
duty ratio of the switching transistor using a microprocessor. J. Circuits Syst.
Comput. 2017;26:1750007.

Khorami Ata, Sharifkhani Mohammad. An efficient fast switching procedure for
stepwise capacitor chargers. IEEE Trans Very Large Scale Integr Syst
2017;25:705-13.

Nakata S. An adiabatic charging reversible circuit with stepwise voltage control
method using a microprocessor. Res Phys 2017;7:2976-8.

[1]
[2]
[3]

[4]

[5]

[6]

[71

[8]

[9

[}

[10]

[11]


http://refhub.elsevier.com/S2211-3797(18)31066-0/h0005
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0005
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0010
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0010
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0015
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0015
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0020
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0020
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0020
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0025
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0025
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0025
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0030
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0030
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0030
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0035
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0035
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0035
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0035
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0040
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0040
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0040
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0045
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0045
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0045
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0050
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0050
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0050
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0055
http://refhub.elsevier.com/S2211-3797(18)31066-0/h0055

	Characteristic of an adiabatic charging reversible circuit with a Lithium ion capacitor as an energy storage device
	References




