ISSN 1726-5479

SENSORS 127

TRANSDUCERS

International Frequency Sensor Association Publishing ﬁs-i



http://www.sensorsportal.com/HTML/DIGEST/Journal_Subscription.htm

~1ren

g—’ [
Sensors & Transducers

Volume 17, Special Issue www.sensorsportal.com ISSN 1726-5479

December 2012

Guest Editor: Dr. Mohd Haris

Editors for Western Europe
Meijer, Gerard C.M., Delft University of Technology, The Netherlands
Ferrari, Vittorio, Universita di Brescia, Italy

Editors for North America

Datskos, Panos G., Oak Ridge National Laboratory, USA
Fabien, J. Josse, Marquette University, USA

Katz, Evgeny, Clarkson University, USA

Editor South America
Costa-Felix, Rodrigo, Inmetro, Brazil

Editor for Eastern Europe
Sachenko, Anatoly, Ternopil State Economic University, Ukraine

Editor for Asia
Ohyama, Shinji, Tokyo Institute of Technology, Japan

Editor for Africa
Maki K.Habib, American University in Cairo, Egypt

Editor for Asia-Pacific
Mukhopadhyay, Subhas, Massey University, New Zealand

Editorial Advisory Board

Abdul Rahim, Ruzairi, Universiti Teknologi, Malaysia

Ahmad, Mohd Noor, Nothern University of Engineering, Malaysia
Annamalai, Karthigeyan, National Institute of Advanced Industrial Science
and Technology, Japan

Arcega, Francisco, University of Zaragoza, Spain

Arguel, Philippe, CNRS, France

Ahn, Jae-Pyoung, Korea Institute of Science and Technology, Korea
Arndt, Michael, Robert Bosch GmbH, Germany

Ascoli, Giorgio, George Mason University, USA

Atalay, Selcuk, Inonu University, Turkey

Atghiaee, Ahmad, University of Tehran, Iran

Augutis, Vygantas, Kaunas University of Technology, Lithuania
Avachit, Patil Lalchand, North Maharashtra University, India

Ayesh, Aladdin, De Montfort University, UK

Azamimi, Azian binti Abdullah, Universiti Malaysia Perlis, Malaysia
Bahreyni, Behraad, University of Manitoba, Canada

Baliga, Shankar, B., General Monitors Transnational, USA

Baoxian, Ye, Zhengzhou University, China

Barford, Lee, Agilent Laboratories, USA

Barlingay, Ravindra, RF Arrays Systems, India

Basu, Sukumar, Jadavpur University, India

Beck, Stephen, University of Sheffield, UK

Ben Bouzid, Sihem, Institut National de Recherche Scientifique, Tunisia
Benachaiba, Chellali, Universitaire de Bechar, Algeria

Binnie, T. David, Napier University, UK

Bischoff, Gerlinde, Inst. Analytical Chemistry, Germany

Bodas, Dhananjay, IMTEK, Germany

Borges Carval, Nuno, Universidade de Aveiro, Portugal

Bouchikhi, Benachir, University Moulay Ismail, Morocco
Bousbia-Salah, Mounir, University of Annaba, Algeria

Bouvet, Marcel, CNRS — UPMC, France

Brudzewski, Kazimierz, Warsaw University of Technology, Poland
Cai, Chenxin, Nanjing Normal University, China

Cai, Qingyun, Hunan University, China

Calvo-Gallego, Jaime, Universidad de Salamanca, Spain

Campanella, Luigi, University La Sapienza, Italy

Carvalho, Vitor, Minho University, Portugal

Cecelja, Franjo, Brunel University, London, UK

Cerda Belmonte, Judith, Imperial College London, UK

Chakrabarty, Chandan Kumar, Universiti Tenaga Nasional, Malaysia
Chakravorty, Dipankar, Association for the Cultivation of Science, India
Changhai, Ru, Harbin Engineering University, China

Chaudhari, Gajanan, Shri Shivaji Science College, India

Chavali, Murthy, N.1. Center for Higher Education, (N.I. University), India
Chen, Jiming, Zhejiang University, China

Chen, Rongshun, National Tsing Hua University, Taiwan

Cheng, Kuo-Sheng, National Cheng Kung University, Taiwan

Chiang, Jeffrey (Cheng-Ta), Industrial Technol. Research Institute, Taiwan
Chiriac, Horia, National Institute of Research and Development, Romania
Chowdhuri, Arijit, University of Delhi, India

Chung, Wen-Yaw, Chung Yuan Christian University, Taiwan

Corres, Jesus, Universidad Publica de Navarra, Spain

Cortes, Camilo A., Universidad Nacional de Colombia, Colombia
Courtois, Christian, Universite de Valenciennes, France

Cusano, Andrea, University of Sannio, Italy

D'Amico, Arnaldo, Universita di Tor Vergata, Italy

De Stefano, Luca, Institute for Microelectronics and Microsystem, Italy
Deshmukh, Kiran, Shri Shivaji Mahavidyalaya, Barshi, India

Dickert, Franz L., Vienna University, Austria

Dieguez, Angel, University of Barcelona, Spain

Dighavkar, C. G., M.G. Vidyamandir’s L. V.H. College, India
Dimitropoulos, Panos, University of Thessaly, Greece

Ding, Jianning, Jiangsu Polytechnic University, China

Djordjevich, Alexandar, City University of Hong Kong, Hong Kong
Donato, Nicola, University of Messina, Italy

Donato, Patricio, Universidad de Mar del Plata, Argentina
Dong, Feng, Tianjin University, China

Drljaca, Predrag, Instersema Sensoric SA, Switzerland

Dubey, Venketesh, Bournemouth University, UK

Enderle, Stefan, Univ.of Ulm and KTB Mechatronics GmbH, Germany
Erdem, Gursan K. Arzum, Ege University, Turkey

Erkmen, Aydan M., Middle East Technical University, Turkey
Estelle, Patrice, Insa Rennes, France

Estrada, Horacio, University of North Carolina, USA

Faiz, Adil, INSA Lyon, France

Fericean, Sorin, Balluff GmbH, Germany

Fernandes, Joana M., University of Porto, Portugal

Francioso, Luca, CNR-IMM Institute for Microelectronics and Microsystems, Italy
Francis, Laurent, University Catholique de Louvain, Belgium
Fu, Weiling, South-Western Hospital, Chongging, China
Gaura, Elena, Coventry University, UK

Geng, Yanfeng, China University of Petroleum, China

Gole, James, Georgia Institute of Technology, USA

Gong, Hao, National University of Singapore, Singapore
Gonzalez de la Rosa, Juan Jose, University of Cadiz, Spain
Granel, Annette, Goteborg University, Sweden

Graff, Mason, The University of Texas at Arlington, USA
Guan, Shan, Eastman Kodak, USA

Guillet, Bruno, University of Caen, France

Guo, Zhen, New Jersey Institute of Technology, USA

Gupta, Narendra Kumar, Napier University, UK

Hadjiloucas, Sillas, The University of Reading, UK

Haider, Mohammad R., Sonoma State University, USA
Hashsham, Syed, Michigan State University, USA

Hasni, Abdelhafid, Bechar University, Algeria

Hernandez, Alvaro, University of Alcala, Spain

Hernandez, Wilmar, Universidad Politecnica de Madrid, Spain
Homentcovschi, Dorel, SUNY Binghamton, USA

Horstman, Tom, U.S. Automation Group, LLC, USA

Hsiai, Tzung (John), University of Southern California, USA
Huang, Jeng-Sheng, Chung Yuan Christian University, Taiwan
Huang, Star, National Tsing Hua University, Taiwan

Huang, Wei, PSG Design Center, USA

Hui, David, University of New Orleans, USA
Jaffrezic-Renault, Nicole, Ecole Centrale de Lyon, France
James, Daniel, Griffith University, Australia

Janting, Jakob, DELTA Danish Electronics, Denmark

Jiang, Liudi, University of Southampton, UK

Jiang, Wei, University of Virginia, USA

Jiao, Zheng, Shanghai University, China

John, Joachim, IMEC, Belgium

Kalach, Andrew, Voronezh Institute of Ministry of Interior, Russia
Kang, Moonho, Sunmoon University, Korea South

Kaniusas, Eugenijus, Vienna University of Technology, Austria
Katake, Anup, Texas A&M University, USA

Kausel, Wilfried, University of Music, Vienna, Austria
Kavasoglu, Nese, Mugla University, Turkey

Ke, Cathy, Tyndall National Institute, Ireland

Khelfaoui, Rachid, Université de Bechar, Algeria

Khan, Asif, Aligarh Muslim University, Aligarh, India

Kim, Min Young, Kyungpook National University, Korea South
Ko, Sang Choon, Electronics. and Telecom. Research Inst., Korea South
Kotulska, Malgorzata, Wroclaw University of Technology, Poland
Kockar, Hakan, Balikesir University, Turkey

Kong, Ing, RMIT University, Australia

Kratz, Henrik, Uppsala University, Sweden


http://www.sensorsportal.com

Krishnamoorthy, Ganesh, University of Texas at Austin, USA
Kumar, Arun, University of Delaware, Newark, USA

Kumar, Subodh, National Physical Laboratory, India

Kung, Chih-Hsien, Chang-Jung Christian University, Taiwan
Lacnjevac, Caslav, University of Belgrade, Serbia

Lay-Ekuakille, Aime, University of Lecce, Italy

Lee, Jang Myung, Pusan National University, Korea South

Lee, Jun Su, Amkor Technology, Inc. South Korea

Lei, Hua, National Starch and Chemical Company, USA

Li, Fengyuan (Thomas), Purdue University, USA

Li, Genxi, Nanjing University, China

Li, Hui, Shanghai Jiaotong University, China

Li, Sihua, Agiltron, Inc., USA

Li, Xian-Fang, Central South University, China

Li, Yuefa, Wayne State University, USA

Liang, Yuanchang, University of Washington, USA
Liawruangrath, Saisunee, Chiang Mai University, Thailand

Liew, Kim Meow, City University of Hong Kong, Hong Kong

Lin, Hermann, National Kaohsiung University, Taiwan

Lin, Paul, Cleveland State University, USA

Linderholm, Pontus, EPFL - Microsystems Laboratory, Switzerland
Liu, Aihua, University of Oklahoma, USA

Liu Changgeng, Louisiana State University, USA

Liu, Cheng-Hsien, National Tsing Hua University, Taiwan

Liu, Songgin, Southeast University, China

Lodeiro, Carlos, University of Vigo, Spain

Lorenzo, Maria Encarnacio, Universidad Autonoma de Madrid, Spain
Lukaszewicz, Jerzy Pawel, Nicholas Copernicus University, Poland
Ma, Zhanfang, Northeast Normal University, China

Majstorovic, Vidosav, University of Belgrade, Serbia

Malyshev, V.V., National Research Centre ‘Kurchatov Institute’, Russia

Marquez, Alfredo, Centro de Investigacion en Materiales Avanzados, Mexico

Matay, Ladislav, Slovak Academy of Sciences, Slovakia

Mathur, Prafull, National Physical Laboratory, India

Maurya, D.K., Institute of Materials Research and Engineering, Singapore
Mekid, Samir, University of Manchester, UK

Melnyk, Ivan, Photon Control Inc., Canada

Mendes, Paulo, University of Minho, Portugal

Mennell, Julie, Northumbria University, UK

Mi, Bin, Boston Scientific Corporation, USA

Minas, Graca, University of Minho, Portugal

Mishra, Vivekanand, National Institute of Technology, India
Moghavvemi, Mahmoud, University of Malaya, Malaysia
Mohammadi, Mohammad-Reza, University of Cambridge, UK
Molina Flores, Esteban, Benemérita Universidad Auténoma de Puebla,
Mexico

Moradi, Majid, University of Kerman, Iran

Morello, Rosario, University "Mediterranea” of Reggio Calabria, Italy
Mounir, Ben Ali, University of Sousse, Tunisia

Mrad, Nezih, Defence R&D, Canada

Mulla, Imtiaz Sirajuddin, National Chemical Laboratory, Pune, India
Nabok, Aleksey, Sheffield Hallam University, UK

Neelamegam, Periasamy, Sastra Deemed University, India
Neshkova, Milka, Bulgarian Academy of Sciences, Bulgaria
Oberhammer, Joachim, Royal Institute of Technology, Sweden

Ould Lahoucine, Cherif, University of Guelma, Algeria
Pamidighanta, Sayanu, Bharat Electronics Limited (BEL), India
Pan, Jisheng, Institute of Materials Research & Engineering, Singapore
Park, Joon-Shik, Korea Electronics Technology Institute, Korea South
Passaro, Vittorio M. N., Politecnico di Bari, Italy

Penza, Michele, ENEA C.R., Italy

Pereira, Jose Miguel, Instituto Politecnico de Setebal, Portugal
Petsev, Dimiter, University of New Mexico, USA

Pogacnik, Lea, University of Ljubljana, Slovenia

Post, Michael, National Research Council, Canada

Prance, Robert, University of Sussex, UK

Prasad, Ambika, Gulbarga University, India

Prateepasen, Asa, Kingmoungut's University of Technology, Thailand
Pugno, Nicola M., Politecnico di Torino, Italy

Pullini, Daniele, Centro Ricerche FIAT, Italy

Pumera, Martin, National Institute for Materials Science, Japan
Radhakrishnan, S. National Chemical Laboratory, Pune, India
Rajanna, K., Indian Institute of Science, India

Ramadan, Qasem, Institute of Microelectronics, Singapore

Rao, Basuthkar, Tata Inst. of Fundamental Research, India

Raoof, Kosai, Joseph Fourier University of Grenoble, France

Rastogi Shiva, K. University of Idaho, USA

Reig, Candid, University of Valencia, Spain

Restivo, Maria Teresa, University of Porto, Portugal

Robert, Michel, University Henri Poincare, France

Rezazadeh, Ghader, Urmia University, Iran

Royo, Santiago, Universitat Politecnica de Catalunya, Spain
Rodriguez, Angel, Universidad Politecnica de Cataluna, Spain
Rothberg, Steve, Loughborough University, UK

Sadana, Ajit, University of Mississippi, USA

Sadeghian Marnani, Hamed, TU Delft, The Netherlands
Sapozhnikova, Ksenia, D.I.Mendeleyev Institute for Metrology, Russia

Sensors & Transducers Journal (ISSN 1726-5479) is a peer review international journal published monthly online by International Frequency Sensor Association (IFSA).

Sandacci, Serghei, Sensor Technology Ltd., UK

Saxena, Vibha, Bhbha Atomic Research Centre, Mumbai, India
Schneider, John K., Ultra-Scan Corporation, USA

Sengupta, Deepak, Advance Bio-Photonics, India

Seif, Selemani, Alabama A & M University, USA

Seifter, Achim, Los Alamos National Laboratory, USA

Shah, Kriyang, La Trobe University, Australia

Sankarraj, Anand, Detector Electronics Corp., USA

Silva Girao, Pedro, Technical University of Lisbon, Portugal

Singh, V. R., National Physical Laboratory, India

Slomovitz, Daniel, UTE, Uruguay

Smith, Martin, Open University, UK

Soleimanpour, Amir Masoud, University of Toledo, USA
Soleymanpour, Ahmad, University of Toledo, USA

Somani, Prakash R., Centre for Materials for Electronics Technol., India
Sridharan, M., Sastra University, India

Srinivas, Talabattula, Indian Institute of Science, Bangalore, India
Srivastava, Arvind K., NanoSonix Inc., USA

Stefan-van Staden, Raluca-loana, University of Pretoria, South Africa
Stefanescu, Dan Mihai, Romanian Measurement Society, Romania

Sumriddetchka, Sarun, National Electronics and Comp. Technol. Center, Thailand

Sun, Chengliang, Polytechnic University, Hong-Kong

Sun, Dongming, Jilin University, China

Sun, Junhua, Beijing University of Aeronautics and Astronautics, China
Sun, Zhigiang, Central South University, China

Suri, C. Raman, Institute of Microbial Technology, India

Sysoev, Victor, Saratov State Technical University, Russia

Szewczyk, Roman, Industr. Research Inst. for Automation and Measurement, Poland

Tan, Ooi Kiang, Nanyang Technological University, Singapore,
Tang, Dianping, Southwest University, China

Tang, Jaw-Luen, National Chung Cheng University, Taiwan
Teker, Kasif, Frostburg State University, USA
Thirunavukkarasu, 1., Manipal University Karnataka, India
Thumbavanam Pad, Kartik, Carnegie Mellon University, USA
Tian, Gui Yun, University of Newcastle, UK

Tsiantos, Vassilios, Technological Educational Institute of Kaval, Greece
Tsigara, Anna, National Hellenic Research Foundation, Greece
Twomey, Karen, University College Cork, Ireland

Valente, Antonio, University, Vila Real, - U.T.A.D., Portugal
Vanga, Raghav Rao, Summit Technology Services, Inc., USA
Vaseashta, Ashok, Marshall University, USA

Vazquez, Carmen, Carlos Il University in Madrid, Spain
Vieira, Manuela, Instituto Superior de Engenharia de Lisboa, Portugal
Vigna, Benedetto, STMicroelectronics, Italy

Vrba, Radimir, Brno University of Technology, Czech Republic
Wandelt, Barbara, Technical University of Lodz, Poland
Wang, Jiangping, Xi'an Shiyou University, China

Wang, Kedong, Beihang University, China

Wang, Liang, Pacific Northwest National Laboratory, USA
Wang, Mi, University of Leeds, UK

Wang, Shinn-Fwu, Ching Yun University, Taiwan

Wang, Wei-Chih, University of Washington, USA

Wang, Wensheng, University of Pennsylvania, USA

Watson, Steven, Center for NanoSpace Technologies Inc., USA
Weiping, Yan, Dalian University of Technology, China

Wells, Stephen, Southern Company Services, USA
Wolkenberg, Andrzej, Institute of Electron Technology, Poland
Woods, R. Clive, Louisiana State University, USA

Wu, DerHo, National Pingtung Univ. of Science and Technology, Taiwan
Wu, Zhaoyang, Hunan University, China

Xiu Tao, Ge, Chuzhou University, China

Xu, Lisheng, The Chinese University of Hong Kong, Hong Kong
Xu, Sen, Drexel University, USA

Xu, Tao, University of California, Irvine, USA

Yang, Dongfang, National Research Council, Canada

Yang, Shuang-Hua, Loughborough University, UK

Yang, Wugiang, The University of Manchester, UK

Yang, Xiaoling, University of Georgia, Athens, GA, USA
Yaping Dan, Harvard University, USA

Ymeti, Aurel, University of Twente, Netherland

Yong Zhao, Northeastern University, China

Yu, Haihu, Wuhan University of Technology, China

Yuan, Yong, Massey University, New Zealand

Yufera Garcia, Alberto, Seville University, Spain

Zakaria, Zulkarnay, University Malaysia Perlis, Malaysia
Zagnoni, Michele, University of Southampton, UK

Zamani, Cyrus, Universitat de Barcelona, Spain

Zeni, Luigi, Second University of Naples, Italy

Zhang, Minglong, Shanghai University, China

Zhang, Qintao, University of California at Berkeley, USA
Zhang, Weiping, Shanghai Jiao Tong University, China

Zhang, Wenming, Shanghai Jiao Tong University, China
Zhang, Xueji, World Precision Instruments, Inc., USA

Zhong, Haoxiang, Henan Normal University, China

Zhu, Qing, Fujifilm Dimatix, Inc., USA

Zorzano, Luis, Universidad de La Rioja, Spain

Zourob, Mohammed, University of Cambridge, UK

Available in electronic and on CD. Copyright © 2012 by International Frequency Sensor Association. All rights reserved.



Sensors & Transducers Journal /-

‘-—-’ f
Volume 17 Www_sensorsporta| .com ISSN 1726-5479
Special Issue
December 2012
Research Articles
Foreword
Dr. Mohd Haris, Md KRNiF ... I
Modeling and Layout Design of Resonant Lateral Comb Magnetic Sensor
F. Ahmad, J. O. Dennis, M. H. Md Khir and N. H. Hamid ............cccoiiiiiiiiie e 1
DC Characterization and Post-CMOS Processing of a Microcantilever Sensor
A. Mirza, N. H. Hamid, M. H. Md. Khir, J. O. Dennis, K. Ashraf..........ccccccceeiiiiiii e, 13
Enhanced Performances of a Wireless System-on-Chip for MEMS Biomedical Plantar
Pressure Sensor
Abdul Hadi Abdul Razak and Yufridin Wahab................. e 22
Simulation of Liquid Material for Microfluidic-based Acoustic Sensor
M. F. A. Rahman, M. R. Arshad and A. A. Manaf ... 30
Design, Simulation and Fabrication of a Mass Sensitive CMOS-MEMS Resonator
A. Y. Ahmed, J. O. Dennis, M. H. Md Khir, M. N. Mohamad Saad and M. R. Buyong ...................... 40
Artificial Neural Network-based Electronic Nose for the Detection
of Sulfate-reducing Bacteria
Earn Tzeh Tan, Zaini Abdul Halim, Darah Ibrahim, Rashidah Abdul Rahim,
Junita Mohamad Saleh, Umadevi Chandaran.............cceoiiiiieiiiieeiee e 50
Microcontroller Based Neural Network for Landmine Detection
Using Magnetic Gradient Data
Mohamed Elkattan, Ahmed Salem, Fouad Solima , Aladin Kamel and Hadia EI-Hennawy .............. 60
An Intelligent ANN Based Control of A Quasi Six-Phase Voltage Source Inverter
Mohammad Shahid Jamil, Mohammad Ibrahim Al-Naemi, Mohd. Arif Khan, Atif Igbal,
Shaikh MoINUAIN ... 70
Comparative Study and Analysis of Suspension Systems using Adaptive Fuzzy Control
LAIQ Khan and M. Umair KRN .........ooiiiii ettt e e e e e e e e e e e enneeeeens 81

Development of NOx Emission Model Using Particle Swarm Optimized Least-Squared SVR
(PSO-LSSVR) Hybrid Algorithm
Elangeshwaran Pathmanathan, Rosdiazli Ibrahim, Vijanth Asirvadam ..............ccccccvveeeieiiniiinnnnen. 98

Development and Implementation of Hybrid Controllers for Flow Control Application
M. Igbal Ab Ghafar, R. Ibrahim, Zulfadhli Mazlan ............cccceiiiiiiiiiee e 110

Capability of Optical Approach in Condition Based Monitoring of Lubricant Oil
M. F. M. Idros, Hadzli Hashim, Md. Shabiul Islam, Sawal Hamid Ali............ccccoooiiiiiinncnieee 125


http://www.sensorsportal.com

Extracting Broadband Tissue Optics Parameters from One Source-Detector CW Diffuse
Optical Spectroscopy
F U T BN F= U (o] o I TP PRR PP 135

A Low Ripple Charge Pump Using Low-Voltage CMOS Process
Lee Fu New, Zulfigar Ali bin Abdul Aziz and Mun FOOK LEONG ......cccoviiiiviiiiieie e 147

Experimental Study on a Directional Cylindrical Dielectric Resonator Antenna (CDRA) At 5
to 6 GHz

M. A. Zakariya, Z. Baharudin, M. H. Md Khir, A. J. Jamali, M. F. Ain, Z. A. Ahmad ...........ccccceeeee... 158
RF Energy Harvester: Harvesting Power from WiFi Signals for Low Power RFID Application

S. S. B. Hong, R. Ibrahim, M. H. Md Khir, M. A Zakariya, H. Daud .............cccceccuviiiiiieeeiiiieee s 168
Analytical Investigation of Frequency Dependence of Average Power of a Vibration Energy
Harvester

K. Ashraf, M. H. Md. KRNir, J. O. DENNIS ....cciiiiiiiiiiiiiiee ettt ettt e e s e e 176

Trapezoidal Electrodes Array for Electret-Based Electrostatic Energy Harvester
Mohamad Radzi Ahmad and Mohd Haris Md KRir............cooiiiiiiii e 186

Power Management for USB2.0 5V Supply Using Load Resistive and Switch Capacitive
Detection Approach
Tan Thiam Loong, Dr. Anwar Hasni bin AbU HaSSAN .........coooiiiiiiiiiii e 199

DSP Sensorless Controller of Switched Reluctance Motor-Generator Approaching to AM
Modulation
A. Moraveji, A. Siadatan, E. Afjei, M. Rafiee and E. Zarei Ali Abadi.............cccccvviieeieeeiiniiiiiiiieeeeeen, 208

Optimal Feedforward Zero Phase Error Tracking Control for High Precision X-Y Table
Hashimah Ismail, Norlela Ishak, Mazidah Tajjudin, Mohd Hezri Fazalul Rahiman, Ramli Adnan..... 217

Implementation and Optimization of Human Tracking System Using ARM Embedded
Platform
Shen Khang Teoh, Vooi Voon Yap, Chit Siang Soh, Patrick Sebastian ............ccoccciiniiiinn. 226

Effectiveness of the Polymer Electrolyte Membrane Fuel Cell in High Humidity Climate
Z. Jalauddin, N. M. Nor, T. Ibrahim, and Y. T. SiN ... 234

Permittivity and Conductivity Dispersions of Properly and Non-properly
Slaughtered Goat Meat
Abdullah MOHIRI, Zainal Arif BURHANUDIN and Idris ISMAIL .......c.ocooieiiiiieiie e 247

Utilizing Bi2Te3 TE Pellet as the Condenser of Thermal Power Plant
M. Rafiee, A. Siadatan, E. Zarei Ali Abadi and E. Afj€i........cccuriiiiiiii i 257

Authors are encouraged to submit article in MS Word (doc) and Acrobat (pdf) formats by e-mail: editor@sensorsportal.com
Please visit journal’s webpage with preparation instructions: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm

International Frequency Sensor Association (IFSA).



The Fourth International Conference on Sensor Device Technelogies and Applicatio

= SENSORDEVICES 201 3

25 - 31 August 2013 - Barcelona, Spain

Tracks: Sensor devices - Ultrasonic and Piezosensors - Photonics - Infrared - Gas Sensors - Geosensors - Sensor device
technologies - Sensors signal conditioning and interfacing circuits - Medical devices and sensors applications - Sensors
domain-oriented devices, technologies, and opplications - Sensor-based localization and tracking technologies -
Sensors and Transducers for Mon-Destructive Testing

The Seventh International Conference on Sensor Technologies and Applications

.."- = y
- L . i 1 i '
- L B % I
Tt I 2% g i N - v i R

25 - 31 August 2013 - Barcelona, Spain

Tracks: Architectures, protocels and algorithms of sensor networks - Energy, manogement
and control of sensor networks - Resource allocation, services, Qol and fault telerance in
sensor networks - Performance, simulation and modelling of sensor networks - Security
and menitaring of sensor networks - Sensor circuits and sensor devices - Radio issues in
wireless sensor networks - Software, applicotions and programming of sensor netwaorks -
Data allocation and infarmation in sensor networks - Dcp|p}-mcnr5 and imp|:mcn1u1iun5
of sensar networks = Under water sensars and systems - Energy optimization
inwireless sensor netwaorks

hittp:/ fwww.iaria.org /conferences2013/SENSORCOMMI1 3. himl

The Sixth International Conference on Advances in Circuits, Electronics and Micro-electronics

CENICS 2013

25 - 31 August 2013 - Barcelona, Spain

-
RS

Tracks: Semiconduct d applicati Desi dels and | S A
FacKs: emiconaucrors an a icarons - esign, models an anguages -

: S L e e r—rmfn
Signal processing circuits - Arithmetic computational circuits - Microelectronics -

Electronics technologies - Special circuits - Consumer electronics - Application-

oriented electronics

- ¥
uﬂl"’iﬂ



http://www.iaria.org/conferences2013/SENSORDEVICES13.html
http://www.iaria.org/conferences2013/SENSORCOMM13.html
http://www.iaria.org/conferences2013/CENICS13.html

Sensors & Transducers Journal, Vol. 17, Special Issue, December 2012, pp. 176-185

i Sensors & Transducers
e ISSN 1726-5479
www.sensorsportal.com © 2012 by IFSA

http://www.sensorsportal.com

Analytical Investigation of Frequency Dependence
of Average Power of a Vibration Energy Harvester

LK. Ashraf, M. H. Md. Khir, 2J. O. Dennis
! Department of Electrical and Electronics Engineering,
2 Department of Fundamental and Applied Sciences,
Universiti Teknologi PETRONAS (UTP), Bandar Seri Iskandar, Tronoh, Perak, 31750, Malaysia
E-mail: ka_balghari@yahoo.com

Received: 29 September 2012 /Accepted: 29 October 2012 /Published: 18 December 2012

Abstract: Realization of self powered wireless sensor network has become possible with the recent
development in energy harvesting and micromachining techniques. The versatility of vibration energy
makes it the most attractive power source for wireless sensors. In several environments, vibration
energy is distributed in few harmonics. To effectively scavenge ambient energy, one has to choose the
harmonic to which the harvester should be tuned. This paper analytically investigates dependence of
the average power of a vibration energy harvester on the frequency of vibration. It is shown that the
cubic dependence of the average power on the frequency of vibration holds only when the
electromechanical coupling can be increased with the frequency. For a constant electromechanical
coupling, the power increases with the fourth power of the driving frequency. When the magnitude of
the base acceleration is constant, a high frequency harmonic will give more average power density
than a low frequency one. Copyright © 2012 IFSA.

Keywords: Energy harvesting, Energy scavenging, Analytical analysis, Power MEMS, Wireless
sensor network.

1. Introduction

With the fast development in the micromachining techniques, micro-electro-mechanical (MEMS)
devices are rapidly replacing conventional large-scale devices. Using the modern micro-fabrication
techniques, such as CMOS-MEMS, a MEMS sensor can be monolithically integrated with signal
processing circuit. Highly miniaturized devices, fabricated using these techniques, are less costly and
consume very low power. Such a sensor with an incorporated wireless radio can be used for wireless
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monitoring of structural health, patients status, and environmental conditions. When a wireless sensor
is embedded inside the body of a structure or a patient, periodic replacement of the battery may prove
dangerous for the host. In addition to that, for a large wireless sensor network, consisted of a large
number of wireless sensors or spread over a large geographical area, exhaustive batteries are less
suitable due to the huge cost involved in their replacement and disposal. Therefore, a large research
interest in energy harvesting to power up wireless sensors has developed in recent years. Among many
types of renewable energies, vibration energy harvesting has got a particular research focus due to its
abundance in the target environment of the wireless sensors. For a detailed review of the techniques
developed in energy harvesting, the reader is referred to the references in [1-4].

Typically, a vibration energy harvester is represented by a mass-spring-damper equivalent model
whereby the linear damper represents the combined damping offered by the electrical and mechanical
domains [5]. On the basis of this simple model, many researchers such as William and Yates [5],
Mitcheson et al. [6], Roundy et al. [7] and N. Stephen [8] have contributed in the understanding of the
behavior of a an energy harvester. Among these, the work of William and Yates, Mitcheson et al.,
Roundy et al. were more focused on quantification of the average power in different environments,
whereas, N. Stephen investigated the role of the damping in detail and highlighted some misleading
conclusions, relating to the role of the damping, drawn by some authors.

In many scenarios, energy in ambient vibrations is distributed in different harmonics. For example, the
vibration in a vertical stabilizer on a PZL SW-4 helicopter occur with dominant harmonics at 30, 45
and 90 Hz with a peak acceleration value of 15.4, 8.6 and 1.5 m/s? respectively [9]. To effectively
harvest energy from such sources one need to tune the harvester with one of the dominant harmonic.
Therefore, it is deemed necessary to investigate the dependence of the average of the harvester on the
frequency of vibration. The aforementioned investigation has been carried out analytically in this

paper.

2. Theory

A vibration energy harvester is typically represented by a mass-spring-damper equivalent model, as
shown in Fig.1 [5]. In the mentioned figure, the dashpot c represents the damping offered by the
mechanical and the electrical domains, the mass m represents the effective proof mass and the spring
of constant k represents the elasticity of the beam of resonator. A linear damper representation of the
electrical damping is fair for electromagnetic transduction and less so for piezoelectric transduction [8]
while, electrostatic transduction is best represented by Coulomb force damping. When the 1dof mass-
spring-damper system of Fig. 1 is acted upon by a sinusoidal excitation Ysin(«t), a reciprocating
motion is setup in the seismic mass which is governed by the equation [8]

mZ + ¢z + kz = m@®Y sin(ot). D)

A E S
k

Ysin({mt)

Fig. 1. Mass spring damper equivalent of a base excited, vibration energy harvester.
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The steady state solution of (1) is given as [8]

2 .
7 =—"2L__sin(owt-
J(k-ma?)? +(co)? (a) qD) ’ @)

where the phase difference ¢ is given as

(p=Tan‘1(k cw J (3)

—mw?

Equation (2) can be expressed in terms of the damping ratio (¢ =c/2+km ) and the natural frequency
of the resonator (@, =+vk/m) as

(2] (2] o

The total energy absorbed by the damper in one cycle can be determined by integrating the product of
the damping coefficient (c) and the square of the velocity of the seismic mass over the time period.
From the total energy absorbed by the damper, the average power flow into the device can be obtained
by dividing the former with the time period, so that the latter can be expressed as [5]

3
27l ngz[ wj a)s

[0

D, =— [ c2?dt= n

)

Setting the time derivative of the above equation to zero, one can show that the average power
absorbed by the damper becomes maximum for a frequency ratio

(5)

ol o, =\/2—442— (442—2)2—3 . (6)

3. Result and Discussion

The variation of the average power with the frequency ratio (o/ w,) at different damping levels is

shown in Fig. 2. Following observations can be made. First, a small value of the damping ratio gives
high average power at resonance but exhibits a very small bandwidth. Second, as the damping level is
increased, the bandwidth increases however, the power at resonance drastically drops. Third, for small
levels of damping the power-flow-resonance occurs at a frequency ratio close to unity. However, as
the damping level is increased the power-flow-resonance frequency also increases. Forth, for off-
resonance operation at a frequency higher than the natural frequency of the harvester, a highly damped
system is favorable. Fifth, no resonance peak is obtained for a damping ratio greater than 0.25. This is

178



Sensors & Transducers Journal, Vol. 17, Special Issue, December 2012, pp. 176-185

expected as (6) gives imaginary frequency ratio for damping ratio greater than 0.25. The variation of
(o w,) with the damping ratio, as given by (6), is shown in Fig. 3. Again, for small values of the

damping, the optimal damping ratio is close to unity.

| — )] — = ()2 — = (25— = (.3

1t

Normalized power
Ld o =
> o o

2
h

[=1=]

Fig. 3. Optimal frequency ratio Vs damping ratio [10].

In the light of the above discussion, one can substitute @/, with unity in (5) to get the maximum
average power absorbed by a lightly damped harvester as

(7)

4c

The above equation apparently leads to the conclusion that the average power flow into a resonant
harvester increases with the cube of the frequency, as claimed by Williams et al. [5]. However, a
careful observation of the above equation shows that the cubic dependence of the average power on the
frequency hold only if the mass, amplitude of base excitation, and damping ratio are kept constant.
Among these parameters the damping ratio depends upon the frequency and can be expressed as

. C
2ma,

(8)

The above equation shows that, for a constant mass, damping ratio is inversely proportional to the
frequency. Therefore, if the frequency changes, the only way to keep the damping ratio constant is to
change the damping coefficient with the frequency in the same ratio. In the above equation, the
damping coefficient ¢ represents the total damping offered by the mechanical and electrical domains. It
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means, in principle one can increase any of the mechanical or the electrical damping with the
frequency to keep the damping ratio constant. However, the mechanical damping is always
counterproductive [8]. Therefore, one must consider the electrical damping as the only option to be
increased with the frequency. The electrical damping coefficient can be expressed as [8]

= ot ©

Rload + Rint

where K, Rjoad, and Rin; are the electromechanical coupling coefficient, load resistance and the internal
resistance of the transaction mechanism respectively. The above equation shows that the electrical
damping coefficient can be increased either by increasing the electromechanical coupling or by
decreasing the load resistance. Among these choices, the electromechanical coupling coefficient
depends upon the size of the device, and cannot be increased from a maximum value in a given
volume. For example, in an electromechanical harvester, one needs a larger coil and magnets in order
to increase the electromechanical coupling coefficient (NBL ; where N is the number of turns in the
coil, L is the effective length of each turn and B is the magnetic field intensity linking the coil [8]). The
second option is to decrease the load resistance. But any reduction in the load resistance from its
optimal value given as [8]

2
RIoad = I:Qint + K%m (10)

will reduce the average power and must be avoided. Therefore, it can be concluded that the cubic
dependence of the average power on the driving frequency is valid only in the range in which the
damping coefficient can be adjusted with the driving frequency. However, such an adjustment may be
counterproductive.

Form (4), when driven at the natural frequency, the amplitude of vibration of the seismic mass with
respect to the base of the harvester can be expressed as

Y
Z, = Z . (11)
Using the above equation (7) can be rearranged as
p=mz,m;. (12)

The above equation still has ¢; which can be eliminated using (8) to express the average power as

2_2
N

Cz
n 13
5 (13)

P=

From the above equation, before concluding that the power increases with the square of the frequency,
one must consider that for a constant damping coefficient, the amplitude is not independent of the
frequency. Rearranging (8) and (11), the relation between the amplitude and the frequency can be
shown to be

_ maY
ot

(14)

0
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The above equation shows that, for a constant damping coefficient, a high frequency scavenger will
have higher amplitude and vice versa. Therefore, it can be concluded that, when excitation level is
considered constant, the average power does not increase with the square of the frequency rather the
former will increase more rapidly with the latter. However, if the excitation level is not considered to
be constant and the amplitude is kept constant with the increase in the frequency by continuously
reducing the amplitude of the base excitation then the power increases with the square of the
frequency.

One may consider that the maximum amplitude is limited by the device geometry and the elastic limits
of the spring and replace the amplitude in (13) with the maximum displacement limit. In that case, the
power increases with the square of the frequency. However, a high frequency harvester will give the
same power with smaller amplitude of the base vibration as a low frequency oscillator will give with
larger amplitude of the base vibration. Therefore, the volume figure of merit [1] will increase with the
frequency.

Rearranging (7) and (8) the average power can also be expressed as

v 2, 4
C

The above equation shows that the power increases with the fourth power of the frequency. However,
it may be noted that when the mass, the amplitude of the base excitation, and the damping coefficient
will be kept constant, from (14), the amplitude will increase linearly with the frequency. Variation of
the average power, quality factor, and amplitude with the frequency under the aforementioned
conditions is shown in Fig. 4. It may be noted that both the amplitude and the average power increase
with the frequency. As the plot is obtained keeping the damping coefficient and the mass unchanged so
an increase in the frequency causes the quality factor to increase and hence results in an increased
amplitude, this increased amplitude in association with the increased frequency results in an increased
velocity so that the average power absorbed by the damper increases.

& Average power j‘} 1
5 Amplitude = 7
2 os Quality factor, 7 Jos Y
= ; k=]
= Ih =
m > =
S o8 P 06 £
= Ubp { 06
& o~ e 2
° 04 2 ot 04 g
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Fig. 4. Variation of normalized power, normalized quality factor, and normalized amplitude
with frequency at resonance when the mass of the resonator is kept constant.

Equation (15) can be rearranged using k = ma’ to express the power in the form

o (k;c) _ (16)
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The above equation shows that if the damping coefficient is kept constant, the power is primarily a
function of the spring constant and the amplitude of the base excitation. As the frequency of a
resonator can be changed by varying the mass, while keeping the spring constant unchanged, one
obvious conclusion that can be made from the above equation is that the average power is independent
of the frequency. However, it may be noted that the low frequency oscillator will have a larger mass,
lower damping ratio and larger amplitude. Therefore, the total volume will increase for a low
frequency harvester. To look into the issue more closely, consider two scavengers Hy and H, such that
Hy, is working in a high frequency environment while H, is working in a low frequency environment. If
the spring constants of the two scavengers are considered as the same, scavenger Hy will have a small
seismic mass while H; will have a large seismic mass. The ratio of these masses can be written as

2
ﬂ:(ﬂj . (17)
m, @,
Similarly, with the same damping coefficient the relation between the damping ratios can be
expressed as

Ch_ @,

= =—. 18
TN} (18)
Using m = k /a2, the ratio of the amplitudes of the seismic masses with respect to the base can be
written as

Z, @,

As the two scavengers are considered to have springs of equal stiffness and damping coefficients
therefore, from (16) they will absorb the same power. However, the scavenger Hy will have certain
advantages on the scavenger H;. From (17), the harvester Hy will have a very small mass as compared
to H, from (18), the damping ratio will be higher for the former, from (19) the high frequency
harvester will have smaller amplitude, and hence will give the same power in a smaller volume as
compared to the latter.

Variation of the average power, quality factor, and amplitude with frequency whereby variation in the
frequency is achieved by varying the seismic mass is shown in Fig. 5. While the amplitude reduces
with the frequency, the power does not change. This is expected because, with a decrease in the mass,
the quality factor reduces, which tends to decrease the velocity, but the increase in the frequency
counterbalance the effect and hence the velocity and the power remains unaffected.

Conventionally, vibration at a certain frequency is measured in terms of the acceleration instead of the
amplitude. The peak value of base acceleration can be related to the amplitude of the base vibration as

y =20 (20)
w

Therefore, from (7), the average power at resonance can be written as

ma?2

:4@;. (1)

p
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Fig. 5. Variation of normalized average power and amplitude with frequency when stiffness
of the spring is kept constant.

The above equation apparently leads to the conclusion that if the base acceleration is constant, the
average power flow into a resonant harvester decreases with the frequency, as claimed by Roundy et.
al in [7]. However, it may be noted that the mentioned inference holds only when the mass is kept
consonant, and from (8), when the mass is kept constant, the damping ratio is inversely related to the
natural frequency. Therefore, the inverse relation between the power and the frequency holds only
when the damping coefficient is increased with the frequency in the same ratio. As mentioned earlier,
under the explanation of (7), this strategy will have practical limitations and may prove
counterproductive.

Using (20), (14) can be rearranged as

Zy,=—=. (22)

Equation (21) can be rearranged using (11) and (20) as

mz,a,,

, (23)
The above equation shows that when the amplitude of the seismic mass oscillation is limited by the
device geometry, the power increases linearly with the frequency. In addition, it may also be noted
that, from (22), one needs a larger damping at low frequencies to confine the seismic mass oscillation.
Therefore, contrary to what has been claimed when the acceleration is constant, a harvester should be
tuned with a higher frequency harmonic, and when the acceleration is decreasing with the frequency
the harmonic having highest value for the product of the acceleration and the frequency should be
selected. Variation of the power and the amplitude with the frequency, at constant damping (c) and
mass, as predicted by (23) and (22), respectively, is shown in Fig. 6.

In the light of discussion made above, a possible design procedure can be adopted as below:

0 The resonator should be designed to have the lowest possible mechanical damping ratio.

0 The mass and the transaction mechanism should have the highest value, possible in the finite
geometry.

o With the achievable electromechanical coupling coefficient and the mechanical damping
coefficient, the load resistance should be decided which will in-turn decide the optimal electrical
damping.
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Fig. 6. Variation of normalized average power and amplitude with frequency
when the base acceleration is kept constant.

The spring constant should be increased to increase the natural frequency of the resonator to match
with the frequency of vibration. As the frequency is being increased at constant damping
coefficient, the power will increases with the fourth power of the frequency. However, the
amplitude of the seismic mass with respect to the base will also increase.

If the combination of the optimal electrical damping and parasitic damping is not sufficient to
confine the seismic mass displacement within allowed geometry, any further increase in the
frequency must be carried out keeping the damping ratio constant. As the mechanical damping is
always counterproductive the electrical damping should be increased with the spring constant in the
same ratio so that the damping ratio and hence the amplitude remains unaffected. Such an increase
in the frequency results in an increase of the average power with the cube of the frequency. This is
the case considered by C. B. Williams et al. in [5].

If the device geometry does not allow an increase in the electromechanical coupling coefficient the
last option is to reduce the seismic mass, which will result in an increased damping ratio and hence
decreased amplitude and broaden frequency response but the average power will not be affected.
When the magnitude of the base acceleration is constant, a harvester should be tuned with a higher
frequency harmonic, and when the acceleration is decreasing with the frequency the harmonic
having highest value for the product of the acceleration and the frequency should be selected.

Conclusion

In conclusion, we have shown that cubic dependence of the average power on the frequency of
vibration, as claimed in literature, holds only when the electromechanical coupling coefficient can be
increased with the frequency. For a constant electromechanical coupling coefficient, the power
increases with the fourth power of the driving frequency. When the magnitude of the base acceleration
is constant, contrary to what has been claimed, a high frequency harmonic will give more average
power density than a low frequency one.
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