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ABSTRACT 

 

 Thermal flow measuring technology has come a long way since the introduction 
of thermocouple technology and early hot wire anemometers.  Thermal technologies 
depend on heat transfer and traditionally operate on differential temperature 
measurements between two temperature sensitive materials to generate a signal directly 
proportional to the temperature differential and mass flow rate.  In this thesis, the 
development of an open-loop Fuzzy Temperature Compensation Scheme (FTCS) for 
Hot Wire Mass Air Flow (MAF) Sensor is presented.  The FTCS for Hot Wire MAF 
Sensor is used in automotive application to measure the volume and density of air 
entering the engine at any given time.  The Electronic Control Unit (ECU) uses this 
information in conjunction with input from other sensors to calculate the correct amount 
of fuel to deliver to the engine and also used indirectly to help calculate desired ignition 
timing and transmission operating strategies.  This FTCS used to compensate the error 
occurred for the Hot Wire MAF Sensor measurement caused by the temperature 
variation in the air.  The data collection for Hot Wire MAF Sensor inaccuracy analysis 
is done using NI PCI 6251 DAQ, NI Elvis Board and LABVIEW software.  Based on 
the collected data, the absolute error and percentage error for the sensor output voltage 
have been calculated compared to the output voltage for the standard temperature value. 
Then, based on the offset error, six rules for Fuzzy Inference System (FIS) have been 
developed.  The Sugeno type FIS is used for the FTCS design.  In order to verify the 
performance of the proposed Hot Wire MAF Sensor temperature compensation scheme, 
first a simulation model is developed using Matlab/Simulink. The effectiveness of the 
proposed fuzzy compensation scheme is verified at different temperature variations 
compared with Radial Basis Function Neural Network (RBFNN) Temperature 
Compensation Scheme.  Then, based on the Matlab/Simulink simulation, the FTCS has 
been implemented in real-time using Digital Signal Controllers, dsPIC30F4013 with the 
Programming C Language. In this regard, a performance comparison of the output 
voltage of the Hot Wire MAF Sensor after compensated using FTCS, RBFNN 
Temperature Compensation Scheme and without compensates is provided. These 
comparison results demonstrate the better improvement for the Hot Wire MAF Sensor 
measurement accuracy with the estimation percentage error after compensation is only 
within 0.8451 % of full-scale value. 
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ABSTRAK 
 

 Teknologi pengukuran aliran haba telah wujud sejak pengenalan kepada 
teknologi termogandingan dan anemometers dawai panas diperingkat awal.  Teknologi 
haba bergantung kepada pemindahan haba dan secara tradisional beroperasi pada 
perbezaan pengukuran suhu antara dua bahan sensitif suhu untuk menjana isyarat yang 
berkadar terus dengan perbezaan suhu dan kadar aliran jisim. Dalam tesis ini, 
pembangunan Skim Pampasan Suhu Fuzzy gelung terbuka( FTCS) untuk Sensor Wayar 
Panas Aliran Jisim Udara, Hot Wire Mass Air Flow (MAF) Sensor dibentangkan. FTCS 
untuk Sensor Wayar Panas Aliran Jisim Udara digunakan dalam aplikasi automotif 
untuk mengukur isipadu dan ketumpatan udara memasuki enjin pada bila-bila masa 
tertentu.  Unit Kawalan Elektronik (ECU) menggunakan maklumat ini bersama-sama 
dengan input daripada sensor lain untuk mengira jumlah bahan api yang betul untuk 
dialirkan kepada enjin dan juga digunakan secara tidak langsung untuk membantu 
mengira pemasaan pencucuhan yang diingini dan strategi operasi penghantaran.  FTCS 
yang digunakan ini adalah untuk membaiki ketidaktepatan pengukuran yang berlaku 
dalam Sensor Wayar Panas Aliran Jisim Udara yang disebabkan oleh perubahan suhu di 
udara. Pengumpulan data untuk analisis ketidaktepatan pengukuran Sensor Wayar Panas 
Aliran Jisim Udara dilakukan menggunakan NI PCI6251 DAQ, NI Elvis Board dan 
perisian LABVIEW.  Berdasarkan data yang dikumpul, ralat mutlak dan ralat peratusan 
bagi voltan output sensor telah dikira berbanding dengan voltan output bagi nilai suhu 
standard.  Kemudian, berdasarkan kesilapan pengukuran, enam kaedah-kaedah bagi 
Sistem Inferensi Fuzzy (FIS) telah dibangunkan.  FIS jenis Sugeno digunakan untuk 
reka bentuk FTCS.  Untuk mengesahkan prestasi skim pampasan suhu Sensor Wayar 
Panas Aliran Jisim Udara yang dicadangkan, satu model simulasi dibangunkan 
menggunakanMatlab/Simulink terlebih dahulu.  Keberkesanan skim pampasan Fuzzy 
yang dicadangkan disahkan dalam simulasi dan dibandingkan dengan  skim pampasan 
menggunakan Fungsi Asas Radial Neural Network (RBFNN) dalam variasi suhu yang 
berbeza.  Kemudian, berdasarkan simulasi Matlab/Simulink, FTCS telah dilaksanakan 
dalam masa nyata menggunakan Pengawal Isyarat Digital, dsPIC30F4013 dengan 
Pengaturcaraan C.  Dalam hal ini, perbandingan prestasi voltan output Sensor Wayar 
Panas Aliran Jisim Udara selepas pampasan menggunakan FTCS, Skim Pampasan Suhu 
RBFNN dan tanpa mengkompensasi disediakan.  Keputusan perbandingan 
menunjukkan peningkatan yang lebih baik untuk ketepatan pengukuran Sensor Wayar 
Panas Aliran Jisim Udara dengan kesilapan anggaran peratusan selepas pampasan 
hanyalah 0.8451%  daripada nilai skala penuh. 
 
  



70 
 

 
 

REFERENCES 

 
Akbar, Shanblatt, M. and Michael, A. 1993. A fully integrated temperature compensation 

technique for piezoresistive pressure sensors.  IEEE Transaction on Instrumentation 
and Measurement, 42(3): 771 – 775 

 
Ashhab, M. S. and Al-Salaymeh, A. 2006. Optimization of hot-wire thermal flow sensor based 

on a neural net model. Applied Thermal Engineering. 26: 948-955. 
  
Badwin, L. V., Sandborn, V. A. and Laurence, J.C. 1960. Heat Transfer from Transverse and 

Yawed Cylinders in Continuum, Slip, and Free Molecule Air Flows. Transaction of 
ASME, Journal of Heat Transfer. C82:77-86. 

  
Bennohr, T. and Daetz, M. 1997. Temperature compensation in mass flow sensors employing 

the hot-wire anemometer principle. United States Patent. D. D. A. mbH, Daug, 
Deutsche Automobilgesellschaft Mbh (Braunschweig, DE)  
 

Betts, K. S. 1990. Mass Flow Sensor: Measuring up to New Applications. Mechanical 
Engineering. 112: 72-75. 

  
Blackwelder, R. F. 1981. Methods of Experimental Physics:Fluid Dynamics. Part A, Academic 

Press. 18: 259-314. 
  
Boussinesq, J. 1905. An Equation for the Phenomena of Heat Convection and an Estimate of 

the Cooling Power of Fluids. Journal de Mathematiques. 1: 285-332. 
  
BowersJr, C. G., Willits and Bowen, D.H. 1988. Comparison of temperature correction 

methods for hot wire anemometers. ASAE Transactions. 31: 1552–1555. 
  
Bradbury, L. J. S. 1976. Measurements with a pulsed-wire and a hot-wire anemometer in the 

highly turbulent wake of a normal flat plate. Journal of Fluid Mechanics. 77: 473–497. 
  
Bradbury, L. J. S. 2000. The Pulsed Wire Anemometer: Review and Further 

Developments.Journal of the Brazilian Society of Mechanical Sciences. 22(1). 
  
Bradbury, L. J. S. and CastroI. P. 1971. A pulsed-wire technique for measurements in highly 

turbulent flows. Journal of Fluid Mechanics. 49: 657–691. 
  
Bradshaw, P. 1971. An Introduction to Turbulence and its Measurement. Oxford: Pergamon 

Press. 
  
Bremhorst, K. and Graham, L. J. W. 1990. A fully compensated hot/cold wire anemometer 

system for unsteady flow velocity and temperature measurement. Meaurement Science 
Technology. 1: 425-430. 

  
Bruun, H. H. 1995. Hot Wire Anemometry: Principles and Signal Analysis. Oxford: Oxford 

University Press. 
  



71 
 

 
 

Bruun, H. H., Nabhani, N., Fardad, A. A. and Al-Kayiem, H. H.  1990. Velocity component 
measurement by X hot-wire anemometry. Measurement Science and Technology. 1(12): 
1314-1321. 

  
Castro, I. P. and Cheun, B.S. 1985. The measurement of reynolds stresses with a pulsed-wire 

anemometer. J. Fluid Mech. 118: 41–58. 
  
Chen, S., Cowan, C. F. N. and Grant, P.M. 1991. Orthogonal Least Squares Learning 

Algorithm for Radial Basis Function Networks. IEEE Trans. On Neural Networks. 2(2). 
  
Cheremisinoff, N. P. and. Cheremisinoff, P. N. 1988. Flow Measurement for Engineers and 

Scientist. New York: Marcel Dekker. 
  
Chew, Y. T. and Ha, S. M. 1990. A critical evaluation of the explicit data analysis algorithm for 

a crossed wire anemometer in highly turbulent isotropic flow. Measurement Science 
and Technology. 1(8): 775-781. 

 
Chuan, Y., Chen, L. and Chao, Z. 2010. The application of RBF neural network in the 

compensation for temperature drift of the silicon pressure sensor. International 
Conference on Computer Design and Applications, 2: 434 - 437 

 
Comte-Bellot, G., 1977. Hot-Wire and Hot-Film Anemometers.   Measurement   of   Unsteady 

Fluid    Dynamic    Phenomena. HemispherePublishing Co. 
  
Comte-Bellot, G., Charnay, G. and Sabot, J. 1981. Hot-Wire and Hot-Film Anemometry and 

Conditional Measurements: A Report on Euromech 132. Journal of Fluid Mechanics. 
110: 115-128. 

  
Drubka, R. E., Tan-atichat, J. and Nagib, H.M. 1977. Analysis of Temperature Compensating 

Circuits for Hot-wires and Hot-films. DISA Inform. 22:  5-14. 
  
Dryden, H. L. and Kuethe, A. M.1929. The Measurement of Fluctuations of Air Speed by the 

Hot-Wire Anemometer. NACA-TR-320. 
  
Eaton, J. K., Westphal, R. V. and Johnston, J.P. 1981. Two new instruments for flow direction 

and skin-friction measurements in separated flows. ISA Trans. 21: 69–78. 
  
Emrich, R. J. 1981. Methods of Experimental Physics. New York:Academic Press. 
  
Ferreira, R. P. C., Freire, R. C. S., Deep, G.S., Rocha Neto, J.S. and Oliveira, A. 2001. Hot-

Wire Anemometer With Temperature Compensation Using Only One Sensor. IEEE 
Transsactions on Instrumentation and Measurement. 50(4): 954-958. 

  
Fiedler, H. 1978. On Data Acquisition in Heated Turbulent Flows. In Proceed.of The Dynamic 

Flow Conference: 81-98. 
 
Fraden, J. 2010. Handbook of Modern Sensors: Physics, Designs, and Applications. 4th Ed. 

New York: Springer 
  



72 
 

 
 

Gaster, M. and Bradbury, L. J. S. 1976. The measurements of the spectra of highly turbulent 
flows by a randomly triggered pulsed-wire anemometer. J. Fluid Mech. 77: 499–509. 

 
Gilles, T. 2011. Automation Services: Inspection, Maintenance and Repair, 4th Edition. New 

York:Cengage Learning. 

Gnecchi, J. A. G., Tirado, L.F., Campos, G.M.C., Ramirez, R.D. and Gordillo, C.F.E. 2008. 
Design of a Soil Moisture Sensor with Temperature Compensation Using a 
Backpropagation Neural Network Electronics, Robotics and Automotive Mechanics 
Conference, 2008. IEEE. 
 

Goodstein, J.1983. Fluid Mechanics Measurement, Hemisphere Publishing Corp. 
  
Handford, P. M. and Bradshaw, P. 1989. The pulsed-wire anemometer. Exp. Fluids. 7: 125–

132. 
  
Hao, W., Li, X. and Zhang, M. 2008. Application of RBF Neural Network to Temperature 

Compensation of Gas Sensor. International Conference on Computer Science and 
Software Engineering, 4: 839-842 
 

Hashemi, M. M., Ghaisari,J. and Zakeri, Y. 2010. Modeling and compensation for capacitive 
pressure sensor by RBF neural networks. Proceeding of the 8th IEEE International 
Conference on Control and Automation, pp.1109-1114 
 

Hartman, J. 2004. How to Tune & Modify Engine Management System.  Motor Books 
International. 
 

Haykin, S. 1999. Neural Networks - A Comprehensive Foundation Second Edition. Prentice 
Hall. 

  
Hinze, J. O.1975. Turbulence. New York: McGraw-Hill. 
  
Islam, T., Pramanik, C. and Saha, H. 2006. Modeling, simulation and temperature 

compensation of porous polysilicon capacitive humidity sensor using ANN technique. 
Microelectronics Realibility. 45(3-4): 697-703. 

  
Jaroch, M. 1985. Development and testing of pulsed-wire probes for measuring fluctuating 

quantities in highly turbulent flows. Exp. Fluids. 3: 315–322. 
  
Kennelly, A. W., Wright, C. A. and Van Bylevelt, J.S. 1909. The convection of heat from small 

copper wires. Trans. A.I.E.E. 28: 363–397. 
  
King, L. V. 1914. On the convection of heat from small cylinders in a stream of fluid: 

determination of the convection constants of small platinum wires with applications to 
hot-wire anemometry. Phil. Trans. Roy. Soc., A(214): 373 - 432. 

 
King, L. V. 1915. On the precision measurement of air velocity by means of the linear hot-wire 

anemometer. Philos. Mag., 29: 556–57 
  



73 
 

 
 

Kolen, P.T. 1993. Self-calibration/compensation technique for microcontroller-based arrays. 
IEEE Transaction on Instrumentation and Measurement, 43(4): 620-623 
 

Kovasznay, L. S. G.1953. Turbulence in Supersonic Flow.Journal of the Aeronautical 
Sciences. 20(10): 657-674. 
 

Laufer, J. 1975. New Trends in Experimental Turbulent Research. Annual Review of Fluid 
Mechanics. 7: 307-326. 

  
Lee, S. P., Kim, J. I. and Kauh, S. 1995. Temperature compensation of hot-wire anemometer 

with photoconductive cell.Experiments in Fluids. 19(5): 362-365. 
  
Ligęza, P. 1998. A modified temperature-compensation circuit for CTA. Meas. Sci. Technol.3: 

452-457. 
  
Ligęza, P. 2001. Hot – wire anemometric systems - structure, modeling, instruments and 

measuring systems. Publ. House AGH Univ. Sci. Technol.98: 44-62. 
  
Ligęza, P. 2003. A constant-temperature anemometer (CTA) with a means of eliminating the 

effects of cable resistance on the probe overheat ratio. Arch. Min. Sciences. 48:101-117. 
  
Ligęza, P. 2003. Model tests of dynamic parameters of double hot-wire anemometer method. 

Proc. SPIE, 24: 315-320. 
  
Ligęza, P. 2004. Experimental verification of a method of non-isothermal gas flow 

measurements.Arch. Min. Sci. . 49: 205-222. 
 
Liu, Y., Zhang, L., Shan, S., Sun, P., Yang, X., Wang, B., Shi, Dan., Hui, P. and Lin, X. 2010. 

Research on compensation for pressure sensor thermal zero drift based on back 
propagation neural network implemented by hardware circuits. 6th International 
Conference on Natural Computation, 2: 796 -800 
 

Lomas, C. G. 1986. Fundamentals of Hot Wire Anemometry. Cambridge:Cambridge University 
Press. 

  
Lundströma, H., Sandberga, M. and Mosfegh, B. 2007. Temperature dependence of convective 

heat transfer from fine wires in air: A comprehensive experimental investigation with 
application to temperature compensation in hot-wire anemometry Experimental 
Thermal and Fluid Science. 32(2): 649-657. 

  
McCord, K. 2011. Automotive Diagnostic Systems: Understanding Obd I & Obd II.  CarTech 

Inc.  
 
Melani, M., Bertini, L., Marinis, M.D. and Lange, P. 2008. Hot Wire Anemometric MEMS 

Sensor for Water Flow Monitoring. Design, Automation, and Test in Europe. 
  
Morris, J. T.1912. The electrical measurement of wind velocity. Engineering 94 :892–894). 
  



74 
 

 
 

Nam, T., Kim, S. and Park. S. 2004. The temperature compensation of a thermal flow sensor by 
changing the slope and the ratio of resistances. Sensors and Actuators A. 114: 212-218. 

 
Naughton, J.W. and Sheplak, M. 2002. Modern Development in Shear Stress Measurement. 

Progress in Aerospace Science. 38:515-570. 
  
Pereira, J. M. D., Postolache, O., P.M.B.S. Girao. and Cretu, M. 2000. Minimizing temperature 

drift errors of conditioning circuits using artificial neural networks.IEEE Trans. On 
Instrumentation and Measurement. 49(5): 122-1127. 

 
Perry, A. E. 1982. Hot-Wire Anemometry. Oxford: Oxford University Press. 
  
Rasmussen, A. and Zaghloul, M. E. 1998. In the flow with MEMS.Circuits and Devices 

Magazine, IEEE. 
  
Rose, W. C. and McDaid, E. P. 1976. Turbulence Measurement in Transonic Flow. 

Proceedings of the AIAA 9th Aerodynamic Testing Conference. 
  
Sakao, F. 1973. Constant temperature hot wires for determining velocity fluctuations in an air 

flow accompanied by temperature fluctuation. J. Phys. E: Sci. Instrum. 6: 913-916. 
  
Sandborn, V. A. 1974. A Review of Turbulence Measurement in Compressible Flow. NASA-

TMX-62337. 
 

Shanblatt, M.A. 1993. A fully integrated temperature compensation technique for piezoresistive 
pressure sensors. IEEE Transaction on Instrumentation and Measurement, 42(3): 771-
775  

 
Schober, M., Hancock, P. E. and Siller, H. 1998. Pulsed-wire anemometry near walls. Exp. 

Fluids. 25: 151–159. 
  
Sherif, S. 1998. Hot-wire/film anemometry measurements in flows with heat transfer and signal 

correction. ISA Tran.37: 141-146. 
  
Shin, Y. C. and Xu, C. 2009. Intelligent System: Modelling, Optimization and Control. CRC 

Press. 
 
Sosna, C., Buchner, R. and Lang, W. 2010. A Temperature Compensation Circuit for Thermal 

Flow Sensors Operated in Constant-Temperature-Difference Mode. IEEE Transactions 
on Instrumentation and Measurement.59(6): 1715 - 1721. 

 
Sugeno, M. 1985. Industrial application of fuzzy controls. North Holland:Elsevier Science 

Pub.Co. 
 
Sullivans,  K. 2008. Automotive Training and Resource Site for Automotive Electronics 
 http://www.autoshop101.com 
 
Takagi, S. 1986. A hot-wire anemometer compensated for ambient temperature variations. 

Journal of Physics E - Scientific Instruments. 19: 739-743. 



75 
 

 
 

  
Toda, K., Sanernasa, I. and Ishikawa, K. 1996. Simple temperature compensation of thermal 

air-flow sensor. Sensors and Actuators A. 57: 197-201. 
 
Turner, J. 2009. Automotive Sensors. New York, Momentum Press.  
 
Vagt, J. D. 1979. Hot-Wire Probes in Low Speed Flow. Progress in Aerospace Sciences. 18: 

271-323. 
 
Wang, Y., Li, Z. and Zhang, T. 2010. Research of Ultrasonic Flow Measurement and 

Temperature Compensation System Based on Neural Network. 2010 International 
Conference on Artificial Intelligence and Computational Intelligence (AICI). IEEE. 
 

Wang, Z., Ding, H. and Zhang, T. 2010. Automobile Exhaust Gas Detection Based on Fuzzy 
Temperature Compensation System. Proceedings of the 2010 international conference 
on Artificial intelligence and computational intelligence: Part I.  Springer-Verlag. 
 

Westphal, R. V., Eaton, J. K. and Johnston J.P. 1981. A new probe measurement of velocity 
and wall shear stress in unsteady versing flows. J. Fluids Eng.103: 478–482. 
 

Wilson, J. S. 2005. Sensor Technology Handbook. Oxford, UK, Newness. 
 

Zadeh, L. A. 1973. Outline  of  a  new  approach  to  the  analysis  of  complex  system  and  
decision  processes. IEEE  Transactions  on  System,  Man  and  Cyber3: 28-44 

 
Zhao, H. and Mi, Y. 2010. Approaches to realize temperature compensation of pressure sensor 

based on genetic wavelet neural network. 6th International Conference on Natural 
Computation, 1: 189-194 

 
Zeng, Z. 2008. A compensation method of the offset thermal drift of sensor using the neural 

network algorithm. 9th International Conference on Signal Processing, pp.1716 -1718 
 

Ziegler, M. 1934. The Construction of a Hot- Wire Anemometer with Linear Scale and 
Negligible Lag,". Proc. K. Ned. Akad. Wet, 15(1). 

 
  
 
 
 
 

 

 

 

 

 

 
  


	Fuzzy temperature compensation scheme for hot wire mass airflow sensor (table of content)
	Fuzzy temperature compensation scheme for hot wire mass airflow sensor (Abstract)
	Fuzzy temperature compensation scheme for hot wire mass airflow sensor (References)

