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Abstract: The purpose of harvesting vibration energy is to obtain clean and sustainable energy by
converting vibration energy from ambient sources into a voltage output. In this work, a piezo-
electric sensor, PZT-5H is attached to a 3D printed and custom-made mounting to be placed at an
air conditioning condenser unit, to harvest vibration energy. The configuration of the harvester is
non-intrusive, in which the harvester did not intrude into compressor unit operation. Temperature
(20 °C, 22 °C, and 24 °C) and air volume flow rates (3 levels of air volume flow rate at 245 L/second,
274 L/second, and 297 L/second) were taken into consideration in this investigation. An accelerome-
ter was first used to investigate the optimum vibration frequency in Hertz, and six locations were
identified. Next, the piezoelectric sensor was mounted at these six locations, and the output root-
mean-square (RMS) voltage from the piezoelectric sensor was obtained. The analysis of variance
(ANOVA) indicated that temperature and air volume flow rates factors were significant. It was found
that the location identified with the highest amount of vibration at 830.2 Hz from accelerometer
measurement, was also the highest amount of RMS voltage, at 510.82 mV, harvested by the piezo-
electric, from the temperature of 20 °C and air volume flow rates at high level (air flow volume flow
rate at 297 L/second). From this work, it is feasible to utilize this novel method of harvesting waste

vibration energy from the air conditioning compressor unit.

Keywords: energy harvesting; vibration energy; piezoelectric sensor; sustainable energy; air condi-
tioning compressor

1. Introduction

One of the renewable and sustainable energies which is potential to be harvested by
end users is from harvesting vibration energy [1-3]. Currently, most vibration-based energy
harvesting is to convert mechanical energy from the ambient to electrical energy [4]. This
vibration energy harvesting offers potential to researchers to perform further research since
the technology maturity is still not achieved for this energy generation technology [5,6].
The few advantages of the vibration energy harvesting are the energy generated is clean,
minimal maintenance cost, and non-intrusive to the existing state [6].

A non-intrusive energy harvesting ensures that the existing system’s operation are
uninterrupted or non-contact to the internal components during the energy harvesting
process. Non-intrusive energy harvesting had been performed on air-conditioning com-
pressor unit by attaching piezoelectric sensors at the air conditioning outdoor unit [7,8].
From the authors work [7], there is a lack of dedicated custom-made mounting to place
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the piezoelectric sensor for optimized energy harvesting. In the authors work [8], the
placement of the piezoelectric sensor was at the evaporator fan outlet and the vibration
was from the exhaust air from evaporator fan. Various researchers [9,10] had utilized
non-intrusive energy harvesting for power meter devices and wireless sensors in the field
of electric power system. It was found that there are various potentials for researchers to
explore the field of non-intrusive energy harvesting.

In this work, the vibration source is from the air conditioning compressor unit located
at the outdoor unit. In an air conditioning system, the refrigerant enters the compressor
as a vapor and is compressed to the condenser pressure. When the refrigerant leaves the
compressor, it is at a relatively high temperature and cools down and condenses as it flows
through the coils of the condenser by removing heat to the ambient. Next, the refrigerant
enters a capillary tube and subsequently the low-temperature refrigerant then enters the
evaporator, where it evaporates by absorbing heat from the refrigerated area. This vapor-
compression refrigeration cycle is completed as the refrigerant leaves the evaporator and
reenters the compressor again [11]. Due to this repeating cycle, the work of the compressor
causes vibration in the air conditioning outdoor unit [12,13]. Previous research work has
been done to determine the most dominant vibration power flow transmission path on
a compressor system mounted in an air conditioning out-door unit [14]. On top of that,
the air conditioning indoor unit’s air volume flow rates also has effect on the work of the
compressor due to results of the indoor air flow heat transfer coefficients and the refrigerant
heat transfer correlations from experimental results from researchers [15].

Therefore, to harvest energy from compressor vibration, one of the methods is through
piezoelectric sensor [7,8]. Piezoelectricity is the electric charge that come from applied
mechanical stress on certain solid material such as crystals and certain ceramics. The
word piezoelectric is comes from Greek which means electrical energy that resulting
from pressure [16]. Piezoelectricity is commonly used to convert ambient vibration into
electricity. Piezoelectric effect generates voltage when certain types of materials experience
mechanical stress or strain [4,17]. Examples of material that exhibit piezoelectric effect are
aluminum nitride, gallium arsenide, lead zirconate titanate (PZT), quartz, and polymer
polyvinylidene fluoride [4,17]. These piezoelectric materials are fabricated as thin layers or
membranes to allow ambient vibration to easily induce mechanical stress and strain and
therefore generate voltages. PZT is still the most popular piezoelectric material in energy
harvesters [18]. Researchers have worked on a specially fabricated rotational piezoelectric
energy harvester, PZT-5H, that consists of a 40 mm piezoelectric bimorph beam and the
setup generated a maximum of 0.024 voltage output from a simulated input frequency
of 18 Hz [2]. Previous research work done on PZT-5H concludes that this piezoelectric
was an optimal road energy harvester due to the adaptable nature of the material [19].
One of the methodologies to implement the piezoelectric harvester was to structure it as a
cantilever beam type that requires a fixed support in one end and the other free end with
a tip mass [19]. In another research work, a rectangular shape piezoelectric, PZT-5A at a
constant load of 20 N was able to harvest maximum 4.24 V experimentally at a frequency
of 40 Hz [20].

Advantages and popularity of PZT piezoelectric material in energy harvesting have
enabled many researchers to utilize and mount it inside the shoe heel and on the tire or rim
of cars [18,21-23]. However, stiff piezoceramics are not able to capture much mechanical
energy if they are directly attached to a vibration host [18]. Therefore, researchers harvesting
energy from vibration of the tire or rim of car have utilized various design mountings for
optimum harvesting output [21-23]. One effective piezoelectric mounting is to attach one
end of the piezoelectric sensor to a fixed support and the other free end is to attach a tip
mass to reduce the resonant frequency and enhance the vibration induced stress toward
the piezoelectric sensor [18]. The tip mass varies from 5.5 g to 16.4 g, resulting in a range of
the first resonant frequency of 20-150 Hz [18].

The main contribution of this paper is a novel non-intrusive vibration energy har-
vesting method for air conditioning compressor unit. To demonstrate the feasibility, a
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piezoelectric sensor, PZT-5H is attached to a 3D printed and custom-made mounting to
be placed on an enclosure location directly adjacent to air conditioning condenser unit,
to harvest vibration energy. The configuration of the harvester is non-intrusive, in which
the harvester did not intrude into compressor unit operation. The influences of air con-
ditioning indoor unit of temperature (20 °C, 22 °C, and 24 °C) and air volume flow rates
(3 levels of air volume flow rate at level 1 (245 L/second), level 2 (274 1./second), and
level 3 (297 L/second) were taken into consideration in this investigation.

2. Materials and Methods

A schematic diagram of the experimental setup to obtain the vibration data and RMS
voltage data are shown in Figure 1. The details of materials and methods used are discussed
in Sections 2.1-2.10.

‘ Air Conditioning Indoor unit |

Air Conditioning Indoor Unit: Parameters

g‘ \ e Temperature (Factor A): 20°C, 22°C, 24°C

e Air volume flow rate (Factor B): Level 1 (245 liter/second),
Level 2 (274 liter/second) & Level 3 (297 liter/second)

v
‘ Air Conditioning Outdoor unit ‘

Jﬂ

Ambient vibration energy during the [
operation of Air Conditioning Outdoor
Unit from the service panel enclosure

One & Two factor

Analysis of Variance

Analysis to determine the
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directly adjacent to the compressor unit

- Two factor Analysis
Result of the optimum RMS voltage

produced by piezoelectric sensor
I Analysis to determine the significant
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v speed on the RMS voltage data. data utilizing a piezoelectric sensor.
‘ Result Analysis & Conclusion |

«—— | of Variance

Figure 1. Schematic diagram of the experimental setup to obtain the vibration data and RMS
volt-age data.

2.1. Air Conditioning Outdoor Unit

The compressor unit is located at the air conditioning outdoor unit. This air condi-
tioning unit is located at a lab in Faculty of Engineering, International Islamic University
Malaysia. Figure 2 shows the compressor unit (circled in red) used in this work [24]. The
air conditioning compressor unit is the component labeled 8 in Figure 2. The placement
of the piezoelectric sensor, attached to a 3D printed and custom-made mounting, is at the
service panel, Figure 2, (circled in blue, labelled 10) which is the enclosure directly adjacent
to the compressor unit.

Two experiments were done to verify the optimum placement for the energy har-
vesting on the enclosure directly adjacent to the compressor unit. The first experiment
was to investigate vibration data using accelerometer while the second experiment was to
obtain data for the root mean square (RMS) voltage utilizing one the piezoelectric sensor
beam. Both experiments were executed on 6 placement points (A, B, C, D, E, and F) on the
service panel enclosure directly adjacent to the compressor unit, as shown in Figure 3a.
In Figure 3b, it shows the air conditioning outdoor unit being anchored to the wall using
“L” shaped wall support mounting with no anti-vibration support. This is illustrated by
the red circle in Figure 3b. During operation, the system makes a buzzing sound. This air
conditioning system is more than 5 years old.
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Figure 2. Compressor unit (labeled 8) and service panel (labeled 10) locations at the air conditioning
outdoor unit.

Vibration and noise are inherent in an air conditioning outdoor unit due to the com-
pressor system [14]. Compressor system will generate vibration and transmit it to the
chassis structure of the air conditioning outdoor unit causing noise. Figure 3c shows the
vibration and noise generated from the compressor system of the air conditioning outdoor
unit in this experiment based on the work of researchers [14].

2.2. Air Conditioning Indoor Unit

The air conditioning indoor unit is shown in Figure 4 [25]. The temperature settings
parameters investigated in this work were at 20 °C, 22 °C, and 24 °C, which are typical
temperature settings in Malaysia [26]. About 92% of Malaysia households prefer to set their
air conditioning temperature below the recommended Malaysia’s air conditioning setting
at 24 °C [26]. The Malaysian Government has also advised the setting of air conditioning
temperature setting in government offices at 24 °C or 25 °C [27]. In the commercial sector,
the Malaysian Association for Shopping and Highrise Complex Management advised
around 400 members to set their air conditioning temperature at 23 °C or 24 °C [28]. There
are 3 levels of air volume flow rates which indicate the air volume flow rate at level 1
(245 L/second), level 2 (274 L. /second), and level 3 (297 L./second) [25].

2.3. Accelerometer

In this project, an accelerometer (ICP Accelerometers (352C33) by PCB Piezotronics)
will be used to measure vibrations at the 6 placement points indicated in Figure 3a.

2.4. Piezoelectric Sensor

The piezoelectric sensor that will be used Piezo Ceramic Bimorph which is a lead
zirconate titanate, or PZT material. This material is chosen for energy harvesting because
it has the high piezoelectric effect and low dielectric loss [17]. The dimension of this
piezoelectric sensor is 45 mm length, 10 mm width, and thickness of 0.5 mm with a 40 mm
ceramic layer length. This piezoelectric also has a resonant frequency of 2 kHz with a
tolerance of +5% [29].
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Figure 3. (a). 6 placement points (A, B, C, D, E, and F) on the service panel enclosure directly adjacent
to the compressor unit. (b). Air conditioning outdoor unit being anchored to the wall using “L”
shaped wall support mounting with no anti-vibration support. (c). Vibration and Noise generated
from the compressor system of the air conditioning outdoor unit in this experiment.
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Figure 4. Air Conditioning Indoor Unit.

2.5. 3D Printed and Custom-Made Mounting for Piezoelectric Sensor

The mounting for piezoelectric sensor is needed to enhance the deformation of the
material. This is because when higher deformation occurs, the sensor will generate more
electrical energy due to greater piezo effect. Therefore, the energy harvesting will be
optimized by the piezoelectric sensor. Based on previous research works [18], one end of
the piezoelectric sensor to be attached to a fixed support and the other free end is to attach
a tip mass. Therefore, a weight of 6 g was used for the tip mass. According to previous
research work [18], the tip mass can vary from 5.5 g to 16.4 g to optimize the deformation of
the piezoelectric sensor beam. Figure 5 shows the output of 3D printed and custom-made
mounting for piezoelectric sensor.

Tip mass

sensor Holder

Figure 5. 3D printed and custom-made mounting for piezoelectric sensor.

For this experimental work, the orientation of the mounting was orientated to the 9 o’
clock position as shown in Figure 6. This orientation was used to validate the hypothesis
for the experiment to obtain the RMS voltage utilizing the piezoelectric sensor from the
non-intrusive energy harvesting methodology.

7

Figure 6. Piezoelectric mounting at 9 o’clock orientation on the outdoor unit panel.
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2.6. Experimental Setup to Obtain Vibration Data

A signal conditioner and oscilloscope were required to obtain the vibration data from
the accelerometer. The signal from accelerometer went through a signal conditioner and
then an oscilloscope displayed the results of the vibration frequency. The configuration of
the setup is shown in Figure 7.

Figure 7. Experimental setup to obtain vibration data.

Next, the accelerometer will be placed on air conditioning unit using adhesive which
is Petro wax which comes with the accelerometer. Based on the General Operating Guide of
the ICP Accelerometers Model 352C33, the adhesive mounting delivered best performance
for temporary installation. Then, the accelerometer was placed on 6 placement points (A,
B, C, D, E, and F) on the service panel enclosure directly adjacent to the compressor unit, as
shown in Figure 3a.

2.7. Experimental Setup for Piezoelectric Sensor

In this experimental setup, the 3D printed and custom-made mounting with the
attached piezoelectric sensor was placed on 6 placement points (A, B, C, D, E, and F) on
the service panel enclosure directly adjacent to the compressor unit, as shown in Figure 8.
For this experiment, piezoelectric sensor was connected to oscilloscope using dual alligator
clip Y splice oscilloscope cable. The piezoelectric sensor was attached to a 3D printed and
custom-made mounting. Then, the mounting was placed on the air conditioning unit using
double sided tissue tape. This adhesive is suitable to attach on the service panel enclosure
directly adjacent to the compressor unit. Figure 8 shows the setup for piezoelectric sensor.
The mounting with attached piezoelectric sensor is placed at one placement point at a
time to obtain the required readings. The experiments are repeated until all readings were
obtained from the 6 placement points (A, B, C, D, E, and F).
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Figure 8. Experimental setup for piezoelectric sensor.

2.8. RMS Voltage Calculation

From the experiment using piezoelectric sensor, the readings that were displayed
on the oscilloscope is the voltage in alternate current (AC) waveform. Therefore, the
calculation of root mean square (RMS) voltage is needed because it used to express an AC
quantity of voltage in terms of functionally equivalent to DC. The readings that were being
collected from the oscilloscope are the mean voltage. Hence, the formula that that was
used is shown in Equation (1).

7T
VrRms = m X Vinean = 1.11 X Viyean 1)

2.9. Data Analysis Using the One Factor Analysis of Variance (ANOVA)

One factor analysis of variance (ANOVA) is used to differentiate the means of more
than two independent groups. This data analysis was used to verify the data are statistically
significant. To get the significant data, p-value need to be less than alpha(x) value. For the
experiment, the « value is 0.05 because of it commonly used in statistical calculation. The
result of this analysis is tabulated as shown in Table 1.

Table 1. Data of the analysis tabulation.

Sumof  Degree of Mean

Source Squares Freedom Square F p-Value F Crit
Between Groups
(Factor) SSk Vg MSk F
Within Groups (Error) SSg Vg MSg
Total SSt
All formula in the results are shown in Equations (2)—(9).
= =\2
SS]: = ank(xk—x) (2)

SSE = Y (i — %) 3)
SSt = SSp+ SSg 4)
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O = k—1 (5)
vE=n—k (6)
MSp = S5k ()
Of
MSE = 55 (8)
UE
_ MSr
F = —MSE 9)

where;

k = Number of groups;

n = Total sample size (all groups combined);
1y = Sample size of group k;

X = Sample mean of group k;

X = Grand mean.

To find p value, F distribution table is needed to locate the p value. A statistical
software, such as Microsoft Excel, is used to obtain the exact number of p value. To identify
the data is significant, p value need to be less than the alpha value. Critical value, Fx need
to be find in critical values table for alpha value, & equals 0.05. Figure 9 shows the result of
one factor ANOVA analysis.

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 7074.6 2 3537.3 7.89041 0.002002 3.354131
Within Groups 12104.2 27 448.3037

Total 19178.8 29

Figure 9. Result of one factor ANOVA.

2.10. Data Analysis Using the Two Factor Analysis of Variance (ANOVA)

To analyze the data from the experiments, two factor ANOVA technique were being
used because there are two independent factors in the experiment. The experiment was
performed with two factors which were temperature (Factor A) and air volume flow rates
(Factor B) which was indicated by the air volume flow rate. The collected data were
tabulated according to Table 2.

Table 2. Data for two factor experimental design.

Air Volume Flow Rates (Factor B)

Temperature (Factor A) 1 (Low) 2 (Medium) 3 (High)
20°C Y111, - - » Y1In Y121/ -+ » Yi2n Y131/ - -+ » Y13n
22°C Y211, -+, Y2In Y221/ -+ s Y22n Y231/ - -+, Y23n
24°C Y311, -+ » ¥3In Y321/ - -+ » Y32n Y331 -+ + Y33n

These observations can be written in a mathematical model as in Equation (10).
Yijk = u+ (fa)i+ (fp)j + (fap)ij+ € ijk (10)
The total number of observations, N,

N =abn (11)



Sustainability 2021, 13, 10300 10 of 21
where,
a = number of levels in factor A;
b = number of levels in factor B;
¢ = total number of trials.
n
Aij =Y Vi (12)
k=1
b
Api = Z Ajj (13)
a
AB] = Z Al] (14)
i=1
a b
T=Y Ax=) Ag (15)
i=1 j=1

The total variability in the data can be expressed as Sum if Squares Total (SSt) as

shown in Equation (16).

SST =554+ S5+ SSap + SSE

(16)

where the total sum of squares, sum of squares due to factor A (554), sum of squares due
to factor B (SSg), sum of squares due to the interaction between factor A and B (SS4p), and

sum of squares to the error (SSg) are shown in Equations (17)-(21).

a

$51= Y% 3 v o

a .
SSA:Z bn N

A
SSB:Zan]_N

T2
ssAB_}:Z ”—f —8Ss — SSg

i=1j=1

SSp =551 — SS4 —SSp — SSaB

i=1j=1k=1

j=1

(17)

(18)

(19)

(20)

(21)

Then, the Mean Square (MS) are calculated by dividing the sum of square with to
the number of degrees of freedom. The mean square for factor A (MS,4) and B (MSp),
interaction between factors (MS 4p) and error (MSg) are shown in Equations (22)—(25).

884
MS, = on
Mg - 55
Up
MS 5 — SSaB
UAB
Msy = %

(22)

(23)

(24)

(25)
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For degree of freedom for the factor A (v4) and B (vp), interaction between factors
(vap) and error (vg) are shown in Equations (26)—(29).

vp=a-—1 (26)
vp=b—1 (27)
vap=(a—1)(b—1) (28)
vp=N—ab (29)

Next, the ratio of variance in factor A (F4) and factor B (Fp), interaction between
factors (F4p) are calculated using Equations (30)—(32).

_ MS,

Fa —
A= Msp (30)
MSgp
Fp=—>= 1
B = Mse (31)
MS
Fap = MS/;B (32)

Next, critical value, F need to be find in critical values table for alpha value, « equals
0.05. The critical value was chosen based on numerator (v{) and the denominator (v;).
For factor A, vi = v and v, = vg while factor B, v; = vg and v, = vg_ For the interaction
between factor A and B, vi = vag and vy = vg.

The results of all the calculations are tabulated in Table 3. To identify the significant of
the factor, ratio of variance (F) value needs to be more than critical value (F),

Table 3. Result for a two-factor experimental design.

Source Sum of Degree of Mean F Fovivn Significant
Squares Freedom Square it (Yes/No)
Factor A SSa VA MS4 Fa FovAvE
Factor B SSp VB MSg Fp FovBvE
Factor AB SSAB VAB MSag Fap Fo,vaABVE
Error SSg VE MSg
Total SSt

To determine the factor is significant, the value of ‘F’ needs to be more than the value
of ‘F critical’. Figure 10 show the result of two factor ANOVA analysis.

ANOVA

Source of Variation SS df MS F F crit
Factor A 1988.144 2 994.072 3.010586 3.109311
FactorB 18270.67 2 9135.337 27.66673 3.109311
Factor AB 14.26498 4 3.566245 0.010801 2.484441
Error 26745.56 81 330.1922
Total 47018.65 89

Figure 10. Results of two factor ANOVA.
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3. Results and Discussion
3.1. Vibration Frequency Data

In this experiment, the vibration frequency has been collected using accelerometer
that was placed on 6 placement points (A, B, C, D, E, and F) on the service panel enclosure
directly adjacent to the compressor unit. Supplementary Materials, Figure S1 shows the
data collected. The experiment was performed with two factor which were temperature
(Factor A) which were at 20 °C, 22 °C, and 24 °C and air volume flow rates (Factor B) which
were at level low, medium, and high. There were six placements around the compressor
that were being tested. The frequencies generated from each spot was recorded every 5 s
of run and this step was repeated for 10 times to obtain the average value. The result of
each point is varied with range from 102.8 Hz to 830.2 Hz. To test the data that have been
recorded are statistically significant, one factor analysis of variance (ANOVA) was being
used to find the p-value. To verify the data are significant, p- value need to be less than the
a-value which is 0.05. This analysis is needed due to the vibration frequency data range
was large under the same conditions. Table 4 shows the summary of the analysis. All the
details for the analysis are shown in Supplementary Materials, Figure S2.

Table 4. Summary of the one factor analysis of variance (ANOVA) for vibration frequency data.

Significant?

Temperature 20°C 22°C 24°C
Point A Yes Yes Yes
Point B Yes Yes Yes
Point C Yes Yes Yes
Point D Yes Yes No
Point E Yes Yes Yes
Point F Yes Yes Yes

To summarize result in Table 4, data at all locations are statistically significant except
at Point D with temperature 24 °C. This may be due to error while collecting the data for
that location.

Then, all the vibration data for each placement were analyzed using two factor
ANOVA. Supplementary Materials, Figure S3 shows the two-way ANOVA for vibra-
tion frequency. This is to determine the significant factor that will be used in comparing
the data to identify the highest vibration point on the air conditioner. The summary of the
two-way ANOVA analysis is shown in Table 5.

Table 5. Summary of the two-way ANOVA analysis for vibration frequency.

Significant (Yes/No)

Placement (TeFIII?;::;Z:l re) FaCtOFrlf“(lARi;Z (s))lume Factor AB
A Yes Yes No
B Yes Yes No
C Yes Yes No
D Yes Yes No
E Yes Yes No
F Yes Yes No

To sum up based on all result of the two-factor ANOVA analysis for each placement,
the effect of temperature and air volume flow rates on the vibration data is significant for
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all placements. Therefore, all the data will be used to compare which placement is the best
for the piezoelectric harvester.

Figures 11-16 shows the average vibration frequency for the six placement locations
at the 3 temperatures settings (Factor A) and 3 air volume flow rates settings (Factor B).

Vibration frequency (Hz) for point A, B, C at 20°C

(o]

88888888

Vibration frequency (Hz)
=N WS N

POINTA POINTB POINTC |
Placement

m Air flowrates1 = Air flowrates2 = Air flow rates 3

Figure 11. Average vibration frequency (Hz) for point A, B, C at 20 °C.

Vibration frequency (Hz) for point D, E, F at 20°C

O N ®
8888

g

Vibration frequency (Hz)
) i
888

- 8

POINTD POINTE POINTF
Placement

mAir flowrates1 = Air flowrates2 = Air flow rates 3

Figure 12. Average vibration frequency (Hz) for point D, E, F at 20 °C.

Vibration frequency (Hz) for point A, B, C at 22°C

N ®
8888
|

g

Vibration frequency (Hz)
N S
888

]

POINTA POINTB POINTC
Placement

m Air fowrates1  m Air flowrates2 = Air flow rates 3

Figure 13. Average vibration frequency (Hz) for point A, B, C at 22 °C.
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Vibration frequency (Hz) for point D, E, F at 22°C

(o]

Vibration frequency (Hz)
BN WS 00 N
88888888

POINTD POINTE POINTF
Placement

m Air flowrates1  w Air flowrates2 = Air flow rates 3

Figure 14. Average vibration frequency (Hz) for point D, E, F at 22 °C.

Vibration frequency (Hz) for point A, B, C at 24°C

o]

Vibration frequency (Hz)
=N WS U N
88888888

POINTA POINTB POINTC
Placement

m Air flowrates1 = Air flowrates2 = Air flow rates 3

Figure 15. Average vibration frequency (Hz) for point A, B, C at 24 °C.

Vibration frequency (Hz) for point D, E, F at 24°C

QN ®
888

w
8

8

Vibration frequency (Hz)
) I
888

o 8

POINTD POINTE POINTF
Placement

m Air flowrates1  w Air flowrates2 = Air flow rates 3

Figure 16. Average vibration frequency (Hz) for point D, E, F at 24 °C.
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To summarize those charts, the maximum value of vibration frequency for each
placement is being extracted. This is for comparing the highest vibration point that was
produced by each placement A, B, C, D, E, and E. Figure 17 shows the summary of the chart.

Summary of highest average
frequency of each placement

Point A Point B Point C Point D Point E Point F

Average Frequency (Hz)

Placement

Figure 17. Summary of highest average frequency of each placement.

From the result, it can be inferred that point F produces the highest frequency as
compared to other placements. However, data from accelerometer need to be confirmed
by one more experiment where the piezoelectric sensor being used to collect data. This
experiment is used to validate the data that were collected by the accelerometer.

3.2. Voltage Data

In this experiment, RMS voltage data were collected to compare the results from
previous experiment. Supplementary Materials, Figure S4 shows the result of RMS voltage
utilizing piezoelectric sensor collected at the 6 placement points (A, B, C, D, E, and F) on
the service panel enclosure directly adjacent to the compressor unit. This is for proving
the optimum point on the air conditioning system for piezoelectric energy harvester. The
piezoelectric sensor is being connected to an oscilloscope to get the reading of RMS voltage.
The way to run this experiment was same as the experiment using accelerometer. The
placements to put the piezoelectric sensor also the same with previous experiment. The
result of each point is varied with range from 22.42 mV to 510.82 mV.

The piezoelectric produced high amount of voltage when there was high amount of
exerted force. The formula to find the electrical charge produce by the piezoelectric sensor
are shown in Equation (33) [30].

q=4d33 xF (33)

where:

q = electrical charge;
d33 = piezoelectric constant;
F = exerted force.

Based on Equation (1), electrical charge, q is corresponding to the exerted force, F.
When vibration force increase, the electrical charge produce is high. The equation in
Equation (25) can be replaced in terms of voltage as shown in Equation (34) [30].

F xd x d33
Y= T A e33 (34)

where:

u = voltage;
F = the exerted force;
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d = the thickness of the piezoelectric material;
A = the area of the piezoelectric material;

d33 = piezoelectric constant;

€33 = piezoelectric constant.

Based on Equation (34), the voltage produces is depends on the exerted force toward
the sensors. From the experiment that have been conducted, force is from the compressor vi-
bration located at the air conditioning outdoor unit that applied to the piezoelectric sensor.

Then, two-factor ANOVA analysis needed for this experiment to determine the signif-
icant factor that will be used for comparing the data for each placement. The process to
analyze the data is the same as previous two-factor ANOVA analysis. Supplementary Ma-
terials, Figure S5 shows the two-factor ANOVA data for RMS voltage. The summarization
of the two-factor ANOVA analysis for RMS voltage data are shown in Table 6.

Table 6. Summary of the two-way ANOVA analysis for RMS voltage data.

Significant (Yes/No)

Placement Factor A Factor B Factor AB
A No Yes No
B Yes Yes No
C Yes Yes No
D Yes Yes No
E Yes Yes No
F Yes Yes No

Based on Table 6, all factor B is significant at all placements while all factor A are signif-
icant at all placements except at placement A. This may be due to error while conducting the
experiment. Probably, the piezoelectric mounting was not attached properly to the service
panel enclosure directly adjacent to the compressor unit at location A. Based on previous
analysis, temperature factor, and air volume flow rates factor were used to summarize RMS
voltage data. Therefore, charts of RMS voltage data are being constructed using different
air volume flow rates factor with three temperature factors. All the charts of average RMS
Voltage (mV) for each point at different temperature are shown in Figures 18-23.

RMS Voltage (mV) for point A, B, C at 20°C

500.00
400.00
300.00

200.00

RMS Voltage (mV)

100.00 B
j 95.35 103.56  26.31 34.52 56.17 .11°'67 :
0.00 —_— ;

A B C
Placement
m Air flow rates 1 Air flow rates 2 Air flow rates 3

Figure 18. Average RMS voltage (mV) for point A, B, C at 20 °C.
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RMS Voltage (mV) for point D, E, F at 20°C

500.00

S 400.00

300.00

200.00

RMS Voltage (mV

100.00

0.00

D E F
Placement

ﬁ m Air flowrates 1 m Air flowrates 2 m Air flow rates 3 J

Figure 19. Average RMS voltage (mV) for point D, E, F at 20 °C.

RMS Voltage (mV) for point A, B, C at 22°C

500.00
< 400.00 Emm—
£
()
E 300.00
o
> 200.00
z
100.00 —
24.75
0.00
A B C
Placement

% m Air flowrates 1 mAir flowrates 2 = Air flow rates 3 i‘

Figure 20. Average RMS voltage (mV) for point A, B, C at 22 °C.

—
RMS Voltage (mV) for point D, E, F at 22°C
500.00
< 400.00
£
o
5 300.00
o
2 200.00
=
% 100.00
0.00
D E F
Placement
L m Air flowrates 1 w Air flowrates 2 = Air flow rates 3 )

Figure 21. Average RMS voltage (mV) for point D, E, F at 22 °C.
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RMS Voltage (mV) for point A, B, C at 24°C

500.00
< 400.00
£
Qo
E 300.00
o
; 200.00
Z
100.00
22.42 29.64
0.00
A B @
Placement

m Air flowrates 1 mAir flowrates 2 = Air flow rates 3
Figure 22. Average RMS voltage (mV) for point A, B, C at 24 °C.

RMS Voltage (mV) for point D, E, F at 24°C

Placement

m Air flowrates 1 m Air flow rates 2 m Air flow rates 3

Figure 23. Average RMS voltage (mV) for point D, E, F at 24 °C.

To summarize the charts, the maximum value of RMS voltage for each placement
were extracted. Figure 24 shows the summary of the chart.

Highest average RMS Voltage (mV) for
each placement

A B (¢ D E F

Placement

RMS Voltage (mV)

Figure 24. Summary of highest RMS voltage (mV) for each placement.
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From the result, it concluded that placement at point F generates the highest amount
of RMS voltage followed by point D, E, C, A, and B. Therefore, the optimum placement for
the piezoelectric energy harvester has been confirmed at point F. This is due to the results
from both experiments which are shown in Figures 19 and 24 conclude that location F
produce high vibration frequency (830.2 Hz) and RMS voltage (510.82 mV). The reason
location F produced high vibration is because the location was the nearest place to the
bracket that hold the compressor.

Furthermore, the optimum air conditioning indoor unit settings are the lowest temper-
ature which is at 20 °C and the highest air flow volume flow at level 3 (air flow volume flow
rate at 297 L/second). This is because when the temperature setting is low, the compressor
needs to increase work output to supply the cool fluid to the evaporator. In addition,
when high air flow volume flow setting was used, the temperature of the cool fluid at the
evaporator will increase faster and increase the workload of the compressor.

4. Conclusions

In conclusion, the optimum placement that produces high amount of vibration was
determined. Based on the experiment, the highest vibration output is 830.2 Hz which is
at location F. This is due to point F is the nearest location to the part of compressor which
produce optimum amount of vibration.

Furthermore, point F was being verified as the best location to mount the piezoelectric
energy harvester. This is because RMS voltage produced at the location F was highest
at 510.82 mV. Therefore, this proves that the highest vibration source will harvest high
amount of electrical energy through piezoelectric sensor.

In summary, the lowest temperature which is at 20 °C and highest air flow volume flow
which is at level 3 (air flow volume flow rate at 297 L/second), are the best air conditioning
indoor unit setting to harvest electrical energy. This is due to the high compression
workload of the air conditioning compressor unit which results in high amount of vibration
produced. From this work, it is feasible to utilize this novel method of harvesting waste
vibration energy from the air conditioning compressor unit. In future work, it was proposed
to further perform experiments to investigate the relationship between the orientation of
the mounting and the voltage produce by the piezoelectric sensor.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/5u131810300/s1, Figure S1: Result of vibration frequency using accelerometer, Figure S2: One
way ANOVA analysis for vibration frequency, Figure S3: Two way ANOVA analysis for vibration
frequency, Figure 54: Result of RMS voltage utilizing piezoelectric sensor, Figure S5: Two factors
ANOVA analysis for RMS voltage.

Author Contributions: Conceptualization, C.C.Y.; Methodology, C.C.Y.; Software, N.FER.B.N.H.; Vali-
dation, N.ER.B.N.H. and C.C.Y.; Formal analysis, N.ER.B.N.H. and C.C.Y,; Investigation, N.FR.B.N.H.
and C.C.Y,; Resources, N.H.H.B.M.H. and A FI; Data curation, N.ER.B.N.H.; Writing—original draft
preparation, N.ER.B.N.H.; Writing—review and editing, C.C.Y.,, NN HH.BM.H., AFl and H.-H.C;
Visualization, N.ER.B.N.H.; Supervision, C.C.Y.; Project administration, C.C.Y.; Funding acquisition,
N.H.H.B.M.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Fundamental Research Grant Scheme by the Ministry of
Higher Education Malaysia (FRGS/1/2018/TK10/UIAM/02/2).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Please refer to the Supplementary Materials Figure S1-55.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/su131810300/s1
https://www.mdpi.com/article/10.3390/su131810300/s1

Sustainability 2021, 13, 10300 20 of 21

References

1. Wei, C,; Jing, X.; Jing, X. A comprehensive review on vibration energy harvesting: Modelling and realization. Renew. Sustain.
Energy Rev. 2017, 74, 1-18. [CrossRef]

2.  Hanif, NH.H.M.; Mohaideen, A.J.; Azam, H.; Rohaimi, M.E. Rotational piezoelectric energy harvester for wearable devices.
Cogent Eng. 2018, 5, 1-11. [CrossRef]

3.  Kim, H.S,; Kim, ].H,; Kim, J. A review of piezoelectric energy harvesting based on vibration. Int. J. Precis. Eng. Manuf. 2011, 12,
1129-1141. [CrossRef]

4.  Siang,].;Lim, M.H.; Leong, M.S. Review of vibration-based energy harvesting technology: Mechanism and architectural approach.
Int. J. Energy Res. 2018, 1-28. [CrossRef]

5. Arroyo, E.; Badel, A.; Formosa, F; Wu, Y.; Qiu, . Comparison of electromagnetic and piezoelectric vibration energy harvesters:
Model and experiments. Sens. Actuators A Phys. 2012, 183, 148-156. [CrossRef]

6.  Kokkinopoulos, A.; Vokas, G.; Papageorgas, P. Energy harvesting implementing embedded piezoelectric generators-the potential
for the Attiki Odos traffic grid. Energy Procedia 2014, 50, 1070-1085. [CrossRef]

7. Yang, C.C.; Imran Bin Rohimi, R.; Hany Mohamad Hanif, N.H.; Noorjannah Ibrahim, S. Non-intrusive Energy Harvesting from
Vibration of Air Conditioning Condenser Unit Utilizing Piezoelectric Sensors. In Proceedings of the 2021 8th International
Conference on Computer and Communication Engineering (ICCCE), Kuala Lumpur, Malaysia, 22-23 June 2021; pp. 126-130.
[CrossRef]

8.  Yildiz, F; Dakeev, U.; Baltaci, K.; Coogler, K.L. Energy Harvesting from Air Conditioning Condensers with the use of Piezoelectric
Devices. In Proceedings of the 122nd ASEE Annual Conference and Exposition, Seattle, WA, USA, 14-17 June 2015.

9.  Campbell, B.; Dutta, P. Gemini: A Non-invasive, Energy-Harvesting True Power Meter. In Proceedings of the 2014 IEEE Real-Time
Systems Symposium, Rome, Italy, 2-5 December 2014; pp. 324-333. [CrossRef]

10. Zeng, X,; Li, B.; Li, H,; Chen, S.; Chen, Y. Non-invasive energy harvesting for wireless sensors from electromagnetic fields
around 10kV three-core power cables. In Proceedings of the 2017 1st International Conference on Electrical Materials and Power
Equipment (ICEMPE), Xi’an, China, 14-17 May 2017; pp. 536-539. [CrossRef]

11.  Cengel, Y.A; Boles, M.A. Thermodynamics: An Engineering Approach, 8th ed.; McGraw-Hill Education: New York, NY, USA, 2015;
p. 284.

12. Lee, S.H.; Ryu, S.M.; Jeong, W.B. Vibration analysis of compressor piping system with fluid pulsation. J. Mech. Sci. Technol. 2012,
26, 3903-3909. [CrossRef]

13. Park, C; Kim, S.; Park, G.; Seok, J. Active Mechanical Vibration Control of Rotary Compressors for Air-conditioning Systems. .
Power Electron. 2012, 12, 1003-1010. [CrossRef]

14. Lee, H].; Kim, K.J. Multi-dimensional vibration power flow analysis of compressor system mounted in outdoor unit of an air
conditioner. J. Sound Vib. 2004, 272, 607-625. [CrossRef]

15. Cavallaro, A.; Bullard, C.W. Effects of Varying Fan Speed on a Refrigerator/Freezer System; University of Illinois: Urbana, IL,
USA, 1994.

16. Lee, ]J.; Choi, B. Development of a piezoelectric energy harvesting system for implementing wireless sensors on the tires. Energy
Convers. Manag. 2014, 78, 32-38. [CrossRef]

17.  Covaci, C.; Gontean, A. Piezoelectric Energy Harvesting Solutions: A Review. Sensors 2020, 20, 3512. [CrossRef] [PubMed]

18.  Yang, Z.; Zhou, S.; Zu, ].; Inman, D. High-performance piezoelectric energy harvesters and their applications. Joule 2018, 2,
642-697. [CrossRef]

19. Najini, H.; Muthukumaraswamy, S. Investigation on the Selection of Piezoelectric Materials for the Design of an Energy Harvester
System to Generate Energy from Traffic. Int. J. Eng. Appl. Sci. 2016, 3, 257722.

20. Butt, Z,; Pasha, R.A.; Qayyum, F; Anjum, Z.; Ahmad, N.; Elahi, H. Generation of electrical energy using lead zirconate titanate
(PZT-5A) piezoelectric material: Analytical, numerical and experimental verifications. |. Mech. Sci. Technol. 2016, 30, 3553-3558.
[CrossRef]

21.  Van Schaijk, R.; Elfrink, R.; Oudenhoven, J.; Pop, V.; Wang, Z.; Renaud, M. A MEMS vibration energy harvester for automotive
applications. Smart Sens. Actuators MEMS VI 2013, 8763. [CrossRef]

22. Elfrink, R.; Matova, S.; de Nooijer, C.; Jambunathan, M.; Goedbloed, M.; van de Molengraft, J.; Pop, V.; Vullers, R.J.M.; Renaud, M.;
van Schaijk, R. Shock induced energy harvesting with a MEMS harvester for automotive applications. In Proceedings of the 2011
International Electron Devices Meeting, Washington, DC, USA, 5-7 December 2011. [CrossRef]

23. Zheng, Q.; Tu, H.; Agee, A.; Xu, Y. Vibration Energy Harvesting Device Based on Asymmetric Air-Spaced Cantilevers for Tire
Pressure Monitoring System. In Proceedings of the Power MEMS 2009, Washington, DC, USA, 1-4 December 2009; pp. 403—406.

24. The Air Conditioning Outdoor Unit Exploded Diagram. Available online: http://www.acson-international.com/files /tm/acson/
Acson%20TM2009 / Technical %20Spec%202009 /High%20Ambient%20ALC2025C %20and %20CR / ALC-C(HA)-2009-0001.pdf (ac-
cessed on 10 August 2021).

25. The Air Conditioning Indoor Unit Specifications. Available online: http://www.acson-international.com/files/leaflet/ ACSON/
2008/ AP-RCM-D-08.pdf (accessed on 10 August 2021).

26. Hisham, N.A ; Shaikh Salim, S.A.Z.; Hagishima, A.; Yusoff, N.M. Load and Household Profiles Analysis for Air-Conditioning

and Total Electricity in Malaysia. KnE Soc. Sci. 2019. [CrossRef]


http://doi.org/10.1016/j.rser.2017.01.073
http://doi.org/10.1080/23311916.2018.1430497
http://doi.org/10.1007/s12541-011-0151-3
http://doi.org/10.1002/er.3986
http://doi.org/10.1016/j.sna.2012.04.033
http://doi.org/10.1016/j.egypro.2014.06.126
http://doi.org/10.1109/ICCCE50029.2021.9467216
http://doi.org/10.1109/RTSS.2014.36
http://doi.org/10.1109/ICEMPE.2017.7982197
http://doi.org/10.1007/s12206-012-0891-8
http://doi.org/10.6113/JPE.2012.12.6.1003
http://doi.org/10.1016/S0022-460X(03)00386-9
http://doi.org/10.1016/j.enconman.2013.09.054
http://doi.org/10.3390/s20123512
http://www.ncbi.nlm.nih.gov/pubmed/32575888
http://doi.org/10.1016/j.joule.2018.03.011
http://doi.org/10.1007/s12206-016-0715-3
http://doi.org/10.1117/12.2016916
http://doi.org/10.1109/IEDM.2011.6131639
http://www.acson-international.com/files/tm/acson/Acson%20TM2009/Technical%20Spec%202009/High%20Ambient%20ALC2025C%20and%20CR/ALC-C(HA)-2009-0001.pdf
http://www.acson-international.com/files/tm/acson/Acson%20TM2009/Technical%20Spec%202009/High%20Ambient%20ALC2025C%20and%20CR/ALC-C(HA)-2009-0001.pdf
http://www.acson-international.com/files/leaflet/ACSON/2008/AP-RCM-D-08.pdf
http://www.acson-international.com/files/leaflet/ACSON/2008/AP-RCM-D-08.pdf
http://doi.org/10.18502/kss.v3i21.5010

Sustainability 2021, 13, 10300 21 of 21

27.

28.

29.

30.

The Government of Malaysia Advice on Air Conditioning Temperature Setting. p. 5. Available online: https://www.jpm.gov.
my/images/surat_pekeliling /SPA_2-2014.pdf (accessed on 31 August 2021).

The Malaysian Association for Shopping and Highrise Complex Management Advice on Air Conditioning Temperature Set-
ting. Available online: https://www.thestar.com.my/News/Nation/2013/12/29/Warming-up-to-new-rates-Businesses-to-
set-thermostats-higher-to-cope-with-electricity-tariff-hike/ (accessed on 31 August 2021).

The Piezoelectric Sensor Specifications. Available online: https:/ /www.steminc.com/PZT/en/piezo-ceramic-bimorph-40x10x0
5mm-2-khz (accessed on 10 August 2021).

MME. Metra Mess- und Frequenztechnik in Radebeul e., Piezoelectric Principle. Available online: https://www.mmf.de/
piezoelectric_principle.htm (accessed on 31 August 2021).


https://www.jpm.gov.my/images/surat_pekeliling/SPA_2-2014.pdf
https://www.jpm.gov.my/images/surat_pekeliling/SPA_2-2014.pdf
https://www.thestar.com.my/News/Nation/2013/12/29/Warming-up-to-new-rates-Businesses-to-set-thermostats-higher-to-cope-with-electricity-tariff-hike/
https://www.thestar.com.my/News/Nation/2013/12/29/Warming-up-to-new-rates-Businesses-to-set-thermostats-higher-to-cope-with-electricity-tariff-hike/
https://www.steminc.com/PZT/en/piezo-ceramic-bimorph-40x10x05mm-2-khz
https://www.steminc.com/PZT/en/piezo-ceramic-bimorph-40x10x05mm-2-khz
https://www.mmf.de/piezoelectric_principle.htm
https://www.mmf.de/piezoelectric_principle.htm

	Introduction 
	Materials and Methods 
	Air Conditioning Outdoor Unit 
	Air Conditioning Indoor Unit 
	Accelerometer 
	Piezoelectric Sensor 
	3D Printed and Custom-Made Mounting for Piezoelectric Sensor 
	Experimental Setup to Obtain Vibration Data 
	Experimental Setup for Piezoelectric Sensor 
	RMS Voltage Calculation 
	Data Analysis Using the One Factor Analysis of Variance (ANOVA) 
	Data Analysis Using the Two Factor Analysis of Variance (ANOVA) 

	Results and Discussion 
	Vibration Frequency Data 
	Voltage Data 

	Conclusions 
	References

