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ABSTRACT 

 

This paper presents the development of wireless condition monitoring system 

for rotating machinery powered by a hybrid vibration based energy 

harvester. The self-powered condition monitoring system consists of three 

parts. The first part of the system is the energy harvester, the second part is 

the power management and the third part is the android based user interface. 

The system used a hybrid energy harvester (piezoelectric and 

electromagnetic) to harvest energy from the vibrating machine at a 

resonance frequency of 50±2 Hz and 0.25g ms-2 of acceleration. The 

maximum output power from the hybrid harvester was 3.00 mW at 200 kΩ of 
load resistor. The power management circuit efficiency was 85% with output 

power of 2.55 mW. An accelerometer sensor and a temperature sensor were 

connected to the power management unit to sense the vibration and 

temperature level of the machine. Data from the sensors were transmitted 

through the wireless Bluetooth dongle to the android phone for end user 

monitoring. An android application was developed to receive the 

acceleration and temperature condition monitoring. At maximum power, 

initial charging duration of the supercapacitor was 130 seconds, and 

duration for recharging to 8.2V was 15 seconds. Therefore, the self-powered 

system managed to transmit data to the android application 15 second’s 

intervals.  
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Introduction 
 
Recent designs in power electronics and sensors have been modified towards 

low power consumption in the range of micro and milliwatts [1, 2]. Due to 

this, there are promising potential application of energy harvesting 
technology as the source of power. Some of the application of energy 

harvesting technology are for the wireless medical implants [3, 4], wireless 

sensors and similar structures are just a few of many examples [5]-[7].  

One of the source of energy harvester is from vibration, which 

converts mechanical energy to electrical energy. Vibration energy harvesting 

can be harvest by using three types of transduction, which are the 

electromagnetic, [8]-[13], piezoelectric [PZT] and electrostatic. Researcher 

start to explore on the electromagnetic energy harvester and characterize the 

performance of the harvester. People also look for a study on the electrostatic 

energy harvester [14]-[18] to generate power from the vibration. Most of the 

reports shows the output power generated from the electrostatics energy 

harvester are low compare to the electromagnetics and piezolectric energy 
harvester. Pieozoelectric energy harvester by using piezoelectric material also 

were used to harvest energy from the vibration energy harvesting [19]-[26]. 

People start to sudy from the literature to the improvement of the output 

power by proposed a few techniques and strategy.  

The other important point to focus besides improvement of the energy 

harvester itself is the application on what can be done from the output power 

from vibration energy harvesting. Not many researcher focus on the 

application works of the energy harvesting. One of the applications can be 

used by applying energy harvesting is the condition monitoring system 

powered by piezoelectric and electromagnetic energy harvester. Jae Hyuk 

Jang et al. [27] proposed a wireless condition monitoring system powered by 
100µW vibration based energy harvester from piezoelectric. It is  proposed 

by using wireless sensor networks (WSN) technique by using 85 nodes to 

reduce the power consumption excited at 0.45g ms-2 of acceleration and 40.5 

Hz of resonance frequency. The end user can monitor the condition 

monitoring by acces it at the base station. L. Chen et al. [28] also proposed 

the condition monitoring system powered by piezoelectric energy harvester. 

The system excited at 0.9g ms-2 of the acceleration and at 44 Hz of the 

resonance frequency.  

This paper proposed a condition monitoring system powered by 

hybrid energy harvester (HEH) with combining piezoelectric and 

electromagnetic energy harvester. The system excited at 0.25g ms-2 of the 
acceleration and 50 Hz of resonance frequency. This condition monitoring 

system proposed the HEH as power source and transfer the energy to the 
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power management unit to power up the microcontroller, sensors with 

wireless communication module and transfer the sensors data to the android 

phone. This paper proposed the bluetooth communication type as a wireless 

device.  The details of the system design and architecture of the condition 
monitoring system is described in the next section below.  

 

System design and architecture 
 
The system design and architecture of the self-powered condition monitoring 

system is shown in Figure 1. This architecture consists of three parts. The 

first part of the system is the energy harvester, the second part is the power 
management and the third part is the user interface. The hybrid energy 

harvester will convert energy from the vibrating machine into electrical 

energy to the system. The electrical energy then is transferred to the second 

part of the condition monitoring system. This second part consists of a few 

components with the power management circuit, microcontroller, sensors and 

wireless communication module. The last part is the android phone with the 

graphical user interface (GUI) installed inside the android phone to receive 

the data send from the second part via wireless communication module. Next 

section describes in detail each of the components of the system. 

 

 
Figure 1: System design and architecture for the acceleration and temperature 

condition monitoring system 
 

Part 1: Energy harvester  
Hybrid energy harvester (HEH) as shown in Figure 2 is designed by 

combining piezoelectric and electromagnetic energy harvester; to convert 

from mechanical energy to the electrical energy. The resonance frequency of 

the HEH is fixed at 50±2 Hz and 0.25g ms-2 of the acceleration.  
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Figure 2: Hybrid energy harvester  

 

The extension of PTFE beam is connected to the end of the 

piezoelectric harvester as portrayed in Figure 2 (a) in order to work at the 

desired working frequency. The power output of the piezoelectric harvester, 

       can be calculated in Equation (1): 
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Where     is the open circuit voltage (Volt) of the piezoelectric 

harvester and    is the optimal load resistance (Ohm). The      can be 

calculated in Equation (2): 
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Where Epiezo is the elastic modulus (N/m2) of the piezoelectric, K is the 

dielectric constant of the piezoelectric,        is the length (mm) of the 

piezoelectric, hpiezo is the thickness (mm) of the piezoelectric, hptfe is the 

thickness (mm) of PTFE material, Lptfe is length (mm) of the PTFE material 

and α (mm) is the deflection of the piezoelectric. According to the maximum 

power transfer theorem, the maximum power occurs when the load 

impedance is equal to the source impedance.  

The basic equation of the electromagnetic energy harvester is based on 

the Faraday’s law of electromagnetic induction as described in Equation (3): 

 

                                                
dt

d
Vemc


                                                 (3) 

 

In which      (V) is the voltage induced at the conductor and is 

proportional to the rate of change of the magnetic flux ɸ (Wb) of the circuit. 

In the actual electromagnetic energy harvester using fixed permanent magnet, 

the      generated by the coil is expressed as Equation (4), where N is the 

number of turns and ɸ is the average flux: 

 

                                 
dt

d
NVemc


                                                 (4)     

 

The power generated by the electromagnetic energy harvester is 

measured by connecting the load resistance    (Ohm) to the harvester. In the 

frequency domain, the output power,      (Watt) of the electromagnetic 

generator can be expressed from Equation (5) to Equation (7) as below: 
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In Equation (5), Equation (6) and Equation (7) mec is the mass (gram), 

ωec is the resonance frequency (rad/sec), Ri is the coil resistance (Ohm), RL is 
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the load resistor (Ohm), ζec is the damping ratio, ρ is the resistive coil material 

do is the coil outer diameter (mm) and di is the coil inner diameter (mm).  

Theoretically, the total output power of the HEH,      is the sum of the 
output power of both mechanisms as summarized in Equation (8). 

 

emcpiezoHEH PPP                                   (8) 

 
Part 2: Power management circuit and microcontroller 
 
Power management circuit 
The hybrid harvester (HEH) produces AC voltage that go to the power 

management circuit as illustrated in Figure 3.  The AC-DC rectifier rectifies 

the input AC voltage from the HEH to the DC voltage prior transfer it out to 

the voltage clamp circuit. Here, the zener diode is added and set up at the 

maximum 10V DC voltage for circuit protection. The supercapacitor storage 

circuit stored the input voltage until it is fully charged, before it starts to flow 

the energy to the DC-DC up or down converter circuit. The switching circuit 

is ON and OFF to control the energy stored in the supercapacitor.  

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

      Figure 3: Block diagram of the power management circuit.  

 

Figure 4 shows the lab scale fabricated power management circuit. The 

schematic design of the power management circuit is designed by using LT 

Spice software which simulated the performance result. The performance of 

the power management circuit is measure on the efficiency of the circuit. The 

efficiency of the power management circuit can be measured based on the 
Equation (9). 
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Where Pcap is the power stored inside the supercapacitor (Watt), PSource 
is the power output from hybrid energy harvester (Watt), Vcap is the voltage of 

the supercapacitor (Volt), Rcap is the load resistor at the supercapacitor 

(Ohm), Vsource is the voltage of the hybrid energy harvester (Volt) and Rsource  

is the resistor at the hybrid energy harvester (Ohm).         

 

 

 

 

 

 

 

 
 

 

 

Figure 4: Lab scale fabricated board power management circuit. 

 

Microcontroller and sensors module 
The IOIO microcontroller for android phone is a development board for 

android application that can communicate to the hardware. It features a PIC 

microcontroller which acts like a bridge that connects an app on our PC or 

android device to low-level peripheral like GPIO, PWM, ADC, I2C, SPI and 

UART. A switch on the board can be used to force the IOIO-OTG into host 
mode, but most of the time the board can be left in 'auto' mode and it will 

detect its role in the connection.  

This 3 axis accelerometer sensor is ADXL335 from Analog Devices. 

The ADXL335 is a triple axis MEMS accelerometer with extremely low 

noise power consumption with 320 µA current. The sensor has a full sensing 

range ±3g. The breakout board comes with on-board 3.3V voltage regulator; 

therefore it supports voltage range from 2.5 V to 6 V. The board comes fully 

assembled and tested with external components installed.  

The temperature sensor uses a thermistor to measure ambient 

temperature. The resistance of thermistor changes based on ambient 

temperature. This resistance value alters the output of a voltage divider which 
is measured by an analog input pin and converted to a temperature value. The 
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operating range is -40 to 125° C, with an accuracy of 1.5° C and the 

operating voltage is from 3.3 V to 5 V.  

 

Part 3: User interface 
The last part on the acceleration and temperature condition monitoring 

system vibration based energy harvesting is the graphical user interface 

(GUI) with the android application on the phone. Figure 5 shows the GUI on 

the android phone. The android phone received any signal data of 

acceleration and temperature sensors through Bluetooth communication from 

the IOIO microcontroller periodically.  

 

 
Figure 5: Graphical user interface (GUI) on the android phone.  

 
Acceleration and temperature condition monitoring system  
 

The acceleration and temperature condition monitoring vibration based 

energy harvesting system is shown in Figure 6. Figure 6 shows the condition 

monitoring system attached on the vibrating shaker for lab test. The shaker 

produced the vibration source to the system for harvesting process and source 

of energy the system. The condition monitoring system data is send to the 

android phone via Bluetooth dongle. Figure 7 shows the flowchart of this 

condition monitoring system. 

 
Figure 6: Acceleration and temperature condition monitoring system attached 

on the shaker. 
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Figure 7: Flowchart of the acceleration and temperature condition monitoring 

system was tested on vibrating machine.  

 

Power budget for the condition monitoring system 
The complete system for the acceleration and temperature condition 

monitoring system vibration energy harvesting is described above. Table 1 

shows the total power budget for the overall system which is 3.83 mJ. A 7000 

mF capacitor was selected to match the power budget requirement. The next 

section describes the performance evaluation for the system. 
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Table 1: Power budget for the overall system with electronics load 

 

Stage 
Voltage 

(V) 

Current 

(I) 

Time 

(s) 
Energy (J) 

Sensor and bias 

circuit 

5 175 µA 1.20 1.05 mJ 

Analoge devices 5 250 µA 1.20 1.50 mJ 
Microcontroller 

(sleep) 

9 0.16 µA 3.24 4.67 µJ 

Microcontroller 

(active) 

9 4.1 µA 3.04 0.11 mJ 

Wireless devices 5 78 µA 3.00 1.17 mJ 

Total (joules) 3.83 mJ 

 
Measurement results 
 
The experiment setup is shown in Figure 8. The input frequency of the 

experiment setup was set at function generator from 0 until 100 Hz and the 

acceleration is controlled at the function generator and amplifier to operate at 

the 0.25g ms-2. The open circuit voltage was measured at every frequency 

change by sweeping the frequency at the function generator from 0 Hz to 100 

HZ. The laser vibrometer was used to measure vibration level and Labview 

software was used to log the data.  The rectified DC voltage and the charging 

time were measured at the supercapacitor. The ratio of the power ouput from 
the supercapacitor storage circuit to the power input from the HEH was 

calculated as the efficiency of the power management circuit. Another 

experiment was conducted to observe the ability of the system to transmit 

signals data from the sensors to the GUI at android phone by harvesting 

energy from the vibration. Digital multimeter was used to measure the 

electrical signal. Two multimeters were used to measure the voltage and 

current at the storage supercapacitor circuit.   
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Figure 8: Experimental setup of the acceleration and temperature condition 

monitoring vibration energy harvesting system. 

 

Power output of HEH  
The optimal resistive load of the hybrid energy harvester (HEH) for a given 

frequency is the one which maximizes the average power output and was 

identified by tuning the load resistor. The maximum power obtained for 

different resistors (load) at different frequencies of the HEH was calculated. 

The experiment was set the frequency sweep from 0 to 100 Hz, but the focus 

was at the 50±2 Hz. The maximum power output obtained is shown in Table 

2.  The maximum output power of the HEH harvester is at 50 Hz of 

resonance frequency with 3.03 mW power output. The test setup is shown in 

Figure 8. 

 

Table 2: Maximum power output obtained from the HEH harvester 

 

Frequency (Hz) 
Optimal resistive 

load (Ω) 

Max. Output Power 

(mW) 

48 220k 2.71 

49 217k 2.98 

50 200k 3.03 

51 180k 2.95 

52 230k 2.80 

 

Charging time and voltage output of the supercapacitor storage circuit 
The charging time for supercapacitor to fully charge was conducted in the 

laboratory experiment. The test was conducted to measure the comparison of 

the charging time with different frequency. The result is shown in Table 3. 

The charging time was set at 50±2 Hz with 40 Hz and 60 Hz. The charging 

times are different at the different frequency at 50±2 Hz and charging time 

are closed to zero for frequency at 40 Hz and 60 Hz. The Table 3 shows at 

50±2 Hz the supercapacitor have enough energy to fully charge at different 

voltage and enough energy to transfer energy to transfer to the electronic load 
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application and triggered the wireless devices. The test set-up circuit is 

shown in Figure 9.  

 

 
Figure 9: Charging time at supercapacitor charging circuit test set-up.  

 

 

Table 3: Supercapacitor charging time at different frequency 

 

Frequency (Hz) 
Charging time 

(s) 

Voltage at 

supercapacitor 

(V) 

40 0 0 

48 280 11 

49 230 15 

50 130 18 

51 250 12 

52 310 10 

60 0 0 

 
Power management circuit efficiency 
The power transfer efficiency was measured as function of output voltage. 

This relationship and test set-up for the different frequency at supercapacitor 

charging circuit is shown in Figure 10. The calculation of the power transfer 

efficiency is shown in Equation (9). The result is shown in Table 4. The test 

was set at 50Hz resonance frequency, 200 kΩ load resistor and different input 

power. This circuit was analyzed at 3 power levels, 500 µW, 1 mW, 2 mW, 

2.5 mW and 3.0 mW. These power levels were the minimum expected source 

power range from HEH. The power levels were realized by the 16 V supply 

after rectified.  The efficiency of the supercapacitor storage circuit in power 

management circuit reached 85% when the input power of the circuit (from 

HEH) was 3.0 mW with the power losses around 0.45 mW.            
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Figure 10: Power transfer efficiency test set-up.  

 

 

Table 4: Power transfer efficiency  

 

Input Power Output power Efficiency  

500 µW 200 µW 40% 

1 mW 0.46 mW 46% 

2 mW 1.1 mW 55% 

2.5 mW 1.75 mW 70% 

3.0 mW 2.55 mW 85% 

 

Android Graphical user interface (GUI)  
The experimental setup is as shown in Figure 11. The result is to observe the 

ability of the condition monitoring system to power up the system and send 

data to the android phone.  The android phone is enabled to receive data 

signal from the sensors and microcontroller. The test is repeated several times 

to observe the ability of the system to power up condition monitoring system 

from the energy harvesting. The result is shown in Figure 12 and 13. Figure 

12 shows the status before and after the condition monitoring system power 

up from vibration based energy harvesting of the GUI on the android phone. 

Figure 13 shows the process of charging and discharging of the 

supercapacitor storage circuit. Based on the Figure 13, when the 
supercapacitor is charging the sensors are OFF and when the supercapacitor 

start to discharge the sensors are ON. This status was measured by 

connecting the supercapacitor and DC-DC converter with the digital 

oscilloscope. The graph ON and OFF of Figure 13 is measured to check the 

initial charge time for supercapacitor and recovery at 8.2 V when the 

supercapacitor start to supply the power storage to the electronic load 

application device through DC-DC converter device in power management 

circuit. The supercapacitor took 130 seconds from 0 V to 10 V for initial 

charging. The duration for discharge was 5 seconds and it took 15 seconds to 

recharge again when it was discharged at 8.2 V. Therefore, the data on the 

android application was updated every 15 seconds.  
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The DC-DC converter produces 5 V DC to power up electronic load 

application devices. The 5 V DC start reduce to 0 V when the supercapacitor 

discharged and reached 8.2 V, the switching circuit (comparator) inside the 

power management circuit start to cut off the flow of power to the DC-DC 
converter. The Figure 14 also shows the graph of charge and discharge of 

supercapacitor voltage with 5 V DC voltage ON and OFF. 

 

 
 

Figure 11: Experimental set-up for the condition monitoring system with the 

android phone.  

 

 

 
Figure 12: Condition monitoring system status on the android phone.  
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Figure 13: Supercapacitor charging and discharging process with the sensors 

status.   

 

 
Figure 14: Duration of supercapacitor charging and discharging process 

related to the sensors status.   

 

Performance comparison  

Table 5 shows the comparison of the condition monitoring system of this 

work with other researchers. This work proposed the system of condition 
monitoring powered by hybrid energy harvester. In this work, the energy 

harvester has better output power when compared to Jae Hyuk Jang et al. [27] 

and L. Chen et al. [28] works. Other previous works of condition monitoring 

system is powered by using a battery. The range of transceiver is short 

compared to the other previous works because of the limitation of the 

Bluetooth technology. This project aims for the monitoring is to transfer data 

through Bluetooth for android phone application.  
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Table 5: Performance comparison with other researchers 
 

 This 

work 

[27] [28] [43] [44] 

Target 

application 

Conditio

n 

monitorin

g 

Conditio

n 

monitori

ng 

Conditio

n 

monitori

ng 

General 

wake-up 

receiver  

General 

WSN  

VDD (V) 10 0.93-1.0 7.5 0.5 1.4 

Power 

sources 

Hybrid 

harvester 

PZT PZT Battery Battery 

Power input 3.00 mW 100µW NA Battery Battery 

Power 
consumption  

2.55 mW 1.2 mW Not 
mentione

d 

52 µW 2.6 mW 

Wireless 

communicat

ion 

Bluetooth WSN (85 

nodes) 

WSN WSN WSN 

Acceleration 0.25g ms-

2 
0.45g 

ms-2 

0.9g ms-2 NA NA 

Frequency 50 Hz 40.5 Hz 44 Hz NA NA 

Range of 

distance 

0 - 10 

meters 

>10 

meters 

>10 

meters 

>10 

meters 

>10 

meters 

 
Conclusion 
 
The wireless acceleration and temperature condition monitoring system using 

android application is presented in this paper. This condition monitoring 

system is self-powered from the vibration based energy harvester and 

eliminates the power source from battery. The main challenge in the energy 
harvesting power source is the low power output. This condition monitoring 

system operated with autonomous ON and OFF based on the power 

produced. This condition monitoring system was tested experimentally to 

operate at resonance frequency of 50±2 Hz and acceleration of 0.25g ms-2. 

The maximum output power from the hybrid energy harvester was 3.00 mW 

and the efficiency of the power management circuit was 85% at 2.55 mW 

power output. At maximum power, initial charging duration of the 

supercapacitor was 130 seconds, and duration for recharging to 8.2V was 15 

seconds. Therefore, the self-powered system managed to transmit data to the 

android application 15 seconds interval. 
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