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Abstract. Nowadays, due to the development of information industry and technologies, the
objective of cellular phone is not only to communicate, but also to give people various functions
such as e-banking, web surfing and even excitement and fun. Because of increased usage of the
cellular phone, the available time of the phone rechargeable battery is getting shorter. Therefore,
in order to extend the serviceable time of the rechargeable battery, we propose self-generation
system using a tubular type of permanent magnet linear self-generator (TPMLG) which can be
embedded in cellular phone. The vibrational model is studied utilizing the mechanical resonance
and the magnetic circuit such as permanent magnet, steel yoke and coil is designed to improve
electricity generation. To investigate the electric characteristics of designed generation system,
the transient finite element analysis using commercial software “MAXWELL” is performed.

Keywords: clectric generator, cellular phone, mechanical resonance, self-recharge.
1. Introduction

A cellular phone is most commonly used mobile device by means of information transfer
among the people who are far away to keep in contact. The developments of science technology
and information industry have given cellular phone many features. As cellular phone is used for
various purposes such as calling, messenger, e-banking, game, web surfing, etc. the high battery
capacity is required. Despite battery capacity is improved much more than a few years ago, the
dramatically increased usage of the cellular phone makes the battery serviceable time shorter and
shorter. Occasionally, cellular phone users may not use their phones for personal urgent calling
which is the original function of cellular phone such as communication with others due to battery
discharge [1].

In order to solve its inconvenience, the small and medium-sized self-generation systems for
battery self-charging in emergency have been developed among academies [2, 3]. It should be
noted that several new applications for power harvesting were studied and developed using a small
linear electric generator at low excitation frequencies which represent the general human activities
such as walking and shaking motion [4]. Also, many research about human activities for power
harvesting was conducted to characterize human motion [5, 6]. Most of these generation system
convert the energy from human activity to electric energy and one of them has been
commercialized. However, it is larger than cellular phone and not embedded in the cellular phone
[7]. Accordingly, it must be carried in the bag separately which results in considerable
inconvenience. Finally, it has not been sold much.

In this research, the internal generation system for self-recharging the battery of cellular phone
is introduced. That is, it is designed to be embedded in the cellular phone. It can charge the battery
in both modes which are walking mode and shaking model. In waking mode when the users carry
their cellular phone in pocket or bag, the mechanical energy by walking motion can be converted
to electric energy which charge the battery continuously and extend the battery serviceable time.
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In case of emergency such as full-discharge of the battery, the shaking of cellular phone by the
hand motion of user generates the electricity quickly which enables them to use urgent call.

To maximize the mechanical energy from the user’s motion, the resonance phenomena needs
to be driven by matching the mechanical natural frequency of generation system and the frequency
of user’s motion such as waling or shaking [8, 9]. Therefore, the vibrational modeling is
constructed to investigate the vibration characteristics [10, 11]. In addition, the tubular type
permanent magnet linear generator TPMLG is designed for effective electric generation [12].

The finite element analysis (FEA) using commercial software “MAXWELL” is performed to
simulate the electric generation. Finally, the prototype of proposed generation system is
manufactured and its experiment is performed. The results of the simulation and experiment show
my generation system has enough possibility to be in practical use.

2. Geneation system
2.1. The structure and principal of the TPMLG

Fig. 1 shows the schematic diagram of TPMLG which consists of two main parts such as slider
and stator. The slider includes a combination of a steel bar called pole-shoe and a permanent
magnet. The permanent magnets are axially magnetized with the poles face to face and are
mounted alternatively between the pole-shoes. The pole shoes are made of steel 1010 and serves
as conductors of the magnetic flux. The stator consists of electromagnetic coil and coil-housing
which is soft-magnetic. Also, coil winding is formed with several 2-pole 3-phase [13]. Remains
of device are two springs, linear ball-bush on the ends of the slider and casing for the overall parts.
Two springs enables the slider to vibrate elastically for resonance and the ball bush guides the
slider in linear motion.
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Fig. 1. Schematic diagram Fig. 2. Diagram of the energy conversion

of the proposed linear generator

Fig. 2 shows the diagram of the energy conversion principle. The electro motive force [EMF]
is generated at the stator coils terminals as the slider vibrates up and down by the heaving motion
of cellular phone which is caused by the mechanical energy such as shaking motion and walking
motion of users. The EMF is calculated by Faraday’s law and can be expressed by the following
Eq. (1):

dopdz

e(t) = _NEE' (1

where N is the number of turns per coil, ¢ is the flux passing in each turn in real time t, dz/dt is
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the slider speed, and z is the distance along z-direction. So, the electromotive force is proportional
to the number of coil turns, the variation of magnetic flux which interlinks the coil winding respect
to the displacement of slider, and the speed of the slider [14].

2.2. Vibration characteristic analysis of the linear electric generator

To maximize the mechanical energy from the user’s motion, the resonance phenomena needs
to be driven by matching the mechanical natural frequency of generation system and the frequency
of user’s motion such as waling or shaking. The vibrational model including slider, two springs
and the base exciter is constructed in Fig. 3. The excitation by user’s motion is supposed by the
base excitation. It can be expressed mathematically in equation (2). The displacement of the base
and slider is denoted y(t) and x(t) respectively.
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Fig. 3. Simplified schematic diagram of the proposed linear generator

mi+c(x—y)+k(x—y)=0, (2)

where y(t) is expressed as Ysinw,t if the walking and shaking motion are supposed to be
sinusoidal. So, amplitude of x(t) is calculated as below equation (3).

The frequency of walking motion is in the range of 2 Hz to 2.2 Hz [6] and the frequency of
shaking motion is in the range of 3.0 Hz to 5 Hz.

Va2t T T ey

where w,, — natural frequency, w;, — base excitation frequency.

In case of the walking motion, the displacement amplitude of base excitation is approximately
less than 2 cm which does not create enough displacement of slider for electric generation.
Therefore, mechanical resonance is required to extend the speed of slider. In case of shaking
motion, the 5~6 cm displacement amplitude of base excitation is always enough to create the
displacement of the slider for electricity generation.

Fig. 4 shows the displacement amplitude of base excitation and slider according to the varying
w,, from equation (3). According to the Fig. 4, vibrational characteristic is modified by changes
of natural frequency. In case of w, = 15, we can find that displacement amplitude of slider is
amplified at walking motion. Therefore, we can determine optimal natural frequency and spring
stiffness for enough vertical motion.
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Fig. 4. Amplitude of base and slider according to the varying w,,

2.3. Design of magnetic circuit

In order for the proposed device to be installed inside of cellular phone, the whole size of

generation system is less than 100 mm in length and 8 mm in diameter. Accordingly, the magnetic
circuit such as permanent magnet (PM), pole-shoe, and electromagnetic coil is designed to satisfy
the size specification with large electricity generation. Here, the number of PM and height ratio
of PM and pole-shoe need to be determined. The number of coil winding is designed as same as
one of PM. Finite element analysis using commercial software “MAXWELL” is performed. Fig. 5

shows the induced RMS voltage in each coil winding at no load is calculated varying the height

ratio of PM and pole-shoe. Fig. 3(a), (b), (c) and (d) shows the results in 6 PMs, 8 PMs, 10 PMs,
and 12 PMs respectively. In Fig. 5, the legend represents the height of PM.
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Fig. 5. The induced RMS voltage in each coil winding at no load
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In case of 6 PMs with 6 coil windings, the largest voltage is induced in each coil winding, but
the total voltage which adds up the each winding is the largest in case 12 PMs with 12 coil
windings. In Fig. 5(d), we can find that the height of PM 3.5 mm (height ratio between PM and
pole-shoe is 1:0.5) can produce the largest output voltage. Therefore, the design with 12 PMs and
12 coil windings and height of PM 3.5 mm are selected for prototype.

2.4. Load-analysis

The external circuit is designed for load-analysis as shown in Fig. 6. The circuit consists of
rectifier, capacitance and external load. The rectifier converts the AC signal to DC signal. In
addition, a capacitor is used to store this positive charge and smooth out the lumpy signal. Table 1
shows the specification of external circuit. The quantity of capacitance is approximately 300 uF
since the frequency of the wave is on the order of a few hertz. Fig. 7 shows the results of load
analysis which shows the induced voltage under varying current-load (input frequency 3.3 Hz and
2.2 Hz).
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Fig. 6. Diagram of the external circuit

Table 1. Specification of external circuit

Value

Capacitance 300 uF
Number of coil turns 860 turns

Coil resistance 140 Q
Constant current load | 1,2,4 mA

Average Voltage ( Excitation Frequency : 3.3Hz) Average Voltage ( Excitation Fregemcy : 2.2Hz)

—6-3x4- TMA
—6-3x4 - 2mA
—©-3x4 - 4mA
~6-6x2- TmA
—-6x2 - 2mA

6x2 - 4mA

Average Voltage (V)
Voltage (V)

1.5 —6-3X4 1ma
—6—3X4 2ma
—6—6X2 1ma
3 “©—6X2 2ma

1 | i
35 4 2

Magnet Ie?lgth (mm) Magnset Size (mm)
a) b)

Fig. 7. The results of the load analysis per current-load (a) input frequency 3.3 Hz,

(b) input frequency 2.2 Hz
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Fig. 8 shows the output voltage and current versus time at input frequency. Fig. 8(a) shows the
results of output voltage in shake mode which has input frequency of 3.3 Hz whereas Fig. 8(b)
shows the results of output voltage in walking mode which has input frequency of 2.2 Hz. In both
modes, the output voltage is over 3.7 volts which is minimum required voltage for recharge of
lithium battery used in cellular phone.
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Fig. 8. Output voltage and current (a) input frequency 3.3 Hz (shaking motion)
(b) input frequency 2.2 Hz (walking motion)

3. Experiments

To confirm the simulation results, a prototype of the linear generation system was
manufactured and experimental apparatus were set up. Unlike simulation model, the coil housing
of the prototype is crafted out of acrylic material which is nonmagnetic material because the
assembly is too difficult to be performed due to the attractive between PM and soft-magnetic coil
housing.

Fig. 9 and Fig. 10 show a prototype of the linear generation system and experimental apparatus
for the experiment respectively. Fig. 11 shows the experiments flow diagram. Table 2 shows the
experimental condition according to the input frequency and external load.

A hydraulic actuator shakes the manufactured generator to depict smart phone user’s shaking
motion and walking motion according to Table 2. As the slider of generator vibrates relatively up
and down by the sinusoidal vibration signal produced by the hydraulic actuator and the electricity
is generated, NI board measures the electric signal and sends the electric signal data to a laptop
computer, which can visualize the signal versus time.
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Fig. 9. The prototypes of the linear generation system Fig. 10. Experimental apparatus to verify

the electric characteristics
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Table 2. Experiment conditions according to the input frequency and external load

Iststep | 2ndstep | 3rdstep | 4thstep | Sthstep
Frequency / Hz 3 3.5 4 4.5 5
Load/ Q 560 987 1966 5074 11490
Load / Q 560 987 1966 5074 11490
Load / Q 560 987 1966 5074 11490
Load/ Q 560 987 1966 5074 11490
Load/ Q 560 987 1966 5074 11490

Fig. 13 shows the experimental results which represent the output DC voltage in response to
the varying external load. The induced voltage at 3 Hz is not over 3.7 volts which is the minimum
voltage.

According to the results, it is impossible for the proposed linear generation system to produce
enough DC voltage at 3 Hz. To get stable and enough DC voltage, we can found that the input
frequency and external load are more than 4 Hz and 5074 Q, respectively. In Fig. 11(g), the
maximum output DC voltage is produced at input frequency 5 Hz, and external load 11480 Q.
However, the maximum power is produced at external load 5074 Q as 9.2 mW.

Fig. 12 shows the simulation results to confirm the experiments results. In order to confirm the
experiments results, we conducted load-analysis. To match the experiments condition, we
modeled the coil-housing as a non-magnetic material in the process of modeling for simulation.
According to the simulation results, we can verify error about 8 %.

Frequency : 4.5Hz , External load : 11490Q
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Fig. 12. Simulation results to confirm the experiments results
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Fig. 13. Experiments results: (a)~(e) output DC voltage,
(f) steady state output voltage, (g) steady state power
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4. Conclusions

In this paper, we proposed internal type small linear generator. We characterized vibrational
characteristics by supposing the linear generation system as the base excitation. Also we designed
optimal magnetic circuit because it is important to select proper quantity and height of permanent
magnet to produce sufficient EMF for recharging the battery. In order to get the optimal quantity
and height of permanent magnet, FEA is applied to analyze performance of generator at no-load
analysis. Through FEA, we determined the optimal quantity of permanent magnet and its height
as 12 EA and 3.5 mm, respectively. Also, we verified the possibility of charging the battery by
load-analysis. Lastly, the prototype is manufactured and its experimental result shows the
possibility to be in practical use.
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