
P. Ripka, M. Mirzaei, A. Chirtsov, J. Vyhnanek:  
Transformer Position Transducer for Pneumatic Cylinder, Sensors Act. A 294 (2019) 91–101 

1 

 

 

Abstract—A novel transformer-based sensor for a pneumatic 

cylinder enables measurements of the piston position to be made 

through a thick conductive cylinder. Unlike  existing industrial 

solutions, which are mainly based on a moving magnet, our 

sensors do not require modifications to the parts inside the 

cylinder.  

Finite  e lement analysis results are compared with 
measurements at various piston positions and excitation 

frequencies. Using a suitable model for the magnetic properties of 

the iron piston bar, we achieved good agreement between the 

model and reality. 

When the sensor is operated at 100 Hz, the sensitivity is 
200 mV/FS and the raw linearity error is 1.6% of the full 400 mm 

stroke.      

 
Keywords— Position sensor, transformer, pneumatic, cylinder 

 

I. INTRODUCTION 

ENSING THE position of a piston inside a pneumatic 
aluminium cylinder is a challenging task which is 

necessary for controlling the piston. The piston is shielded 
by the aluminium cylinder, which makes piston position 

measurements difficult. Various techniques are used for piston 
sensing transducers. Direct mounting of sensors inside the 
piston rod requires a gun-drilled long precise hole, which is 

expensive and may reduce the mechanical stability of the rod 
[1]. The use of microwave sensors on the piston is not reliable, 
and it is also mechanically complicated [2]. An optical scale 

[3] or a magnetic scale [4] on the piston rod allows only 
incremental position sensing. Using of magnetostrictive delay 

line principle is not suitable for harsh environment [5-7]. 
Remanent field of ferromagnetic piston was used in [8] for 
position measurement. This approach is not practical, as the 

remanent field changes with time and temperature and can 
also be significantly changed by external magnetic fields.   

The method currently used by industry is external sensing 

of the piston position using a permanent magnet mounted on 
the piston with a non-magnetic stainless-steel rod. Permanent 

magnet fields are measured by an array of magnetic field 
sensors to detect the piston position. Although this method is 
robust and reliable, it requires a piston rod made of non-

 
 
 

magnetic stainless steel, which is expensive. The authors 
recently developed an AC-excited contactless piston position 
transducer with axial excitation [9]. The field changes caused 

by a moving ferromagnetic piston rod are sensed by an array 
of integrated fluxgate sensors. While 0.1 mm resolution is 

achievable, the uncorrected maximum static error was ±3 mm. 
Limiting factor for this transducer is the dynamic 
performance: even at speed of 0.2 m/s the maximum dynamic 

error is ±3 mm. This type of sensor also requires 
complexsignal processing of the sensor array.  Similar results 
were obtained using radial excitation by saddle coils [10].  

A much simpler solution is to evaluate the inductance of a 
solenoid coil around an aluminium cylinder and sensing 

piston. This type of sensor was developed by Sumali et al. 
[11], but only for cylinder made of non-conducting composite. 
Later simulations have shown that the linearity error of such 

sensor can be decreased by proper design of the coil [12]. We 
have experimentally verified the performance of a transducer 
of this kind even for the conducting cylinder within the 

industrial temperature range [13, 14]. However, the dynamic 
performance of a sensor based on measured inductance is 

problematical. Measuring the voltage induced into the 
secondary coil is a faster solution for dynamic position sensing 
of the piston. The transformer-based position transducer is a  

well-known solution [15 - 22]. One excitation coil and several 
pick-up coils are implemented in the transformer type of the 
position transducer. While the moving coil type [15], [18, 19] 

is not practical for our application, however, the conventional 
LVDT transducer, which uses a ferromagnetic core instead, is 

more suitable [16, 17]. Our aim was to adopt the LVDT 
principle for cases with a highly asymmetric core that moves 
inside the conducting cylinder.  

In this paper, a transformer-based position sensor for a 

pneumatic cylinder with an aluminium shell, an aluminium 

piston and a ferromagnetic steel rod is analysed, designed and 

evaluated. A 2D axisymmetric finite element method (FEM) is 

used for the modelling. A frequency analysis with and without 

the iron rod and piston is performed in order to find proper 

operational conditions for the best precision. We also discuss 

how to read the secondary coils voltages to achieve the best 

sensor characteristics.  

II. MODEL OF PNEUMATIC CYLINDER 

Fig. 1 shows the pneumatic cylinder model at different 
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piston positions. Two sets of coils are used for the position 

sensor.  

 

 

Fig. 1. A model of the transformer position sensor for a pneumatic cylinder – 
the full model (above), the axisymmetric model at the zero position of the 

piston (middle), and the axisymmetric model at the end position of the piston 
(below) 

The model has an axisymmetric configuration, which 

reduces the model to a 2D configuration for the simulations. 

The first layer is the excitation coil, which is wound around 

the aluminium cylinder. The second layer coil is divided into 9 

sections of pick-up coils. 

Table I shows the dimensions of the pneumatic cylinder and 

the material data.  

TABLE I.  DIMENSIONS AND MATERIAL DATA 

Parameter 
Value 

 

Cylinder outer diameter, Dco 
Cylinder inner diameter, Dci 

Cylinder axial length, Lc 
Piston outer diameter, Dpo 

Piston inner diameter, Dpi 
Piston axial length, Lp 

Iron rod diameter, Di 
Iron rod axial length, Li 

Number of turns for the excitation coil, Ne 
Number of turns for each pick up coil, Npc 

Number of pick up coils, np 
Wire diameter, Dw 

Aluminium electrical conductivity at 20oC, σAl 

Iron electrical conductivity at 20 (oC), σi 

60 (mm) 

56 (mm) 
500 (mm) 

56 (mm) 
20 (mm) 

10 (mm) 
20 (mm) 

700 (mm) 
800 

77 
9 

0.56 (mm) 
30.5 (MS/m) 

4.51 (MS/m) 

III. MAGNETIC PROPERTIES OF THE IRON ROD 

The correct relative magnetic permeability is important for 

FEM simulations and analysis. It is difficult to estimate the 

relative magnetic permeability of the iron rod, because the 

magnetic fields are low [13]. The relative magnetic 

permeability can therefore be considered as the initial 

permeability. Solid irons and steels have different initial 

permeability, depending on the chemical composition and the 

processing [23].  

One method for finding the relative magnetic permeability 

is to use the excitation coil inductance. We measured this 

inductance for a fully-inserted rod, and we estimated the 

permeability iteratively using the FEM model. Fig. 2 shows 

the relative magnetic permeability versus the excitation 

current amplitude evaluated by this method. The relative 

magnetic permeability increases with increasing current, 

because the operating points are in the Rayleigh region of the 

B-H curve.  

A second method for estimating the relative magnetic 

permeability for low fields is to extrapolate the B-H curve for 

small field values. In standard material models, the measured 

B-H curve is usually available only for fields above 50 mT 

[24]. The simplest method for estimating the relative magnetic 

permeability for lower fields is a simple line, which is 

calculated on the basis of the first two points from the 

measured B and H values. The simple equivalent line curve 

fitting function estimates initial permeability around 70 (Fig. 

3). The estimated values from the B-H curve are compatible 

with the estimated value from the measured inductance, μr = 

77.5 (Fig. 2). The increasing relative magnetic permeability 

for a higher excitation coil current and higher magnetic field 

strength should be taken into account for precise simulations 

of a position sensor. 

IV. OPERATION THEORY 

A. Inductances of Air Core Solenoid coils 

The magnetic vector potential of a finite-length solenoid coil 

is calculated as follows [25, 26] at a point with cylindrical 

coordinates r and z:  
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where, μ0 is the permeability of the open space, N is the 

number of turns of the solenoid coil, I is the current, rw is the 

mean radius of the solenoid coil, Lw is coil length, K are the 

complete elliptic integrals of the first kind, and E are the 

complete elliptic integrals of the second kind.  

Fig. 4 shows the magnetic flux distribution for various finite 

length solenoid coils. The end effects are more visible in a 

shorter coil, which changes the inductance considerably, than  

when an infinite length solenoid coil is used.  

The self inductance of the air core solenoid coil L, and of 

the induced voltage U are as follows with negligible wires 

diameters: 
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where C is the end effect factor caused by the finite length of 

the solenoid coil. Parameter C is equal to 1 for a solenoid coil 

of infinite length. Parameter C can be computed [27] using the 

exact formula in (3) or using the approximate formula in (4):  
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Fig. 2. Relative magnetic permeability, μr-Im curve when the piston is in the 
end position - (estimated from the inductance [13]) 

 

Fig. 3. Relative magnetic permeability, the μr-H curve - measured from yoke, 

and μr-He, calculated from Fig. 2 (He is effective H on the surface of the iron 
rod) 

 

Fig. 4. Magnetic flux distribution in a solenoidal coil (the red dashed line 
shows the solenoid coil) using (1), which depicted sizes are in meter unit - 

solenoid length 480 mm (left), solenoid length 240 mm (middle), and solenoid 
length 120 mm (right) with coil radius 30 mm 

The resulting mutual inductance between the excitation coil 

with axial length, Lew and the pick up coil with axial length 

Lpw (Fig. 1) and induced voltage Um can be presented as 

follows: 

L
N

NNN
CM

dt

dI
MU

e

ppe
m 




 ,  (5) 

 

where, Ne (=800) is the number of turns for the exciting coil, 

and Np (ne·Npc = 693), is the number of turns for the pick-up 

coil. For simplicity, the effects of the wires diameters are 

neglected when computing (3) - (5) as the wires diameters are 
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very small in comparison with coil radius. 

Table II shows parameter C for various solenoid coil 

lengths. It decreases with decreasing coil length, Lew. The 

smaller rw/Lew ratio causes the smaller field end effects of a 

solenoid coil of finite length. 

 
TABLE II 

FIELD END EFFECT C 

Lew (mm) C - using (3) C - using (4) 

480  0.949 0.947 

240 0.902 0.894 
120 0.818 0.788 

B. Real Inductances 

A conductive aluminium cylinder and piston and a 

conductive solid iron rod cause a change in the self-inductance 

of the exciting coil, and also mutual inductance between the 

exciting coil and the pick-up coil, because of the induced eddy 

currents in the solid parts and the high permeability of iron.   

A 2D axisymmetric finite element method is used to 

calculate the self-inductance and the mutual inductance, taking 

into account the solid aluminium cylinder and the solid iron 

rod [24]. Equations (6) and (7) present the governing 

equations extracted from the Maxwell equations for a 2D 

axisymmetric model [25]. The first term of (7) is for the 

excitation coil region, and the second term is for the solid 

conductive parts of the cylinder and the iron rod (Fig. 1). 
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where, Br is the radial component of the magnetic flux density, 

Hr is the radial component of the magnetic field strength, Bz is 

the axial component of the magnetic flux density, Hz is the 

axial component of the magnetic field strength, µ is the 

relative magnetic permeability, Aφ is the magnetic vector 

potential, Jφ is the azimuthal-angle component of the current 

density, Js is the source current density (excitation coil), and σ 

is the electrical conductivity of the solid parts (the aluminium 

cylinder and the iron rod). f is electrical frequency. 

Fig. 5 shows the magnetic flux distribution with and without 

an iron rod and an aluminium cylinder, calculated by FEM. It 

is clear that the conductive parts have a significant influence 

on the distribution of the magnetic flux. The self-inductance of 

the exciting coil and the mutual inductance are shown in Fig. 6 

- Fig 8. The ratio between self inductance and mutual 

inductance in Fig. 6 - Fig. 8 follows the correspondence in (5), 

which is related to the number of turns of the exciting coil Ne  

and the pick-up coil Np. 

The self inductances at low frequencies in Fig. 6 are 4.7 mH 

for an infinite solenoid and 4.5 mH for a finite solenoid coil, 

which correspond to (2) - (4). The inductances decrease due to 

the skin effect in the conductive parts at higher frequencies f. 

A stronger skin effect reduces the effective area for magnetic 

flux inside the solenoid coil, which results in decreased self-

inductances and mutual inductances.  

  The aluminium cylinder has a dominant effect on the 

inductances in the high frequency range above 100 Hz, 

compare Figs. 6 - 8. The resistive part is caused mainly by the 

induced eddy currents in the conductive parts of the iron rod 

and the aluminium cylinder. The curves for parameters L∙f and 

M∙f in Fig. 6 - Fig. 8 are proportional to the induced voltages 

in the excitation coil and in the secondary coil. Local maxima 

occur at about 100 Hz - 200 Hz in Fig. 6 and at 10 Hz in 

Fig. 7. In Fig. 8, parameters L∙f and M∙f versus frequency 

increase continuously until 1000 Hz. This shows that the eddy 

currents in the cylinder have a stronger effect than the eddy 

currents in the piston rod. 

Fig. 9 shows the equivalent circuit of a pneumatic cylinder 

with an open secondary transformer model. Inductance Lo 

represents the standard equivalent circuit components in 

parallel connection related to the total magnetic energy, and 

resistance Ro represents the standard equivalent circuit 

components in parallel connection related to the total eddy 

current losses. The hysteresis losses are neglected, because the 

magnetic fields in the iron are very small. The excitation coil 

resistance is 13.7 Ω. Resistance Ro is very large when the eddy 

current losses and the coil resistance are negligible – this is 

true only at very low frequencies. Inductance Lo changes 

dramatically from 4.5 mH to 34 mH when the ferromagnetic 

rod is inserted – compare Fig. 7 with Fig. 6. 

 

 

Fig. 5. Magnetic flux distribution using FEM at 100 Hz in a solenoidal coil 
without an iron rod and without an aluminium cylinder (left), with only an 
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aluminum cylinder (centre), and with an iron rod and with an aluminium 
cylinder - solenoid length 480 mm with a coil radius of 30 mm 

 

Fig. 6. Inductance versus frequency using FEM - with an aluminium cylinder 
and without an iron rod - solenoid coil length 480 mm 

 

Fig. 7. Inductance versus frequency, using FEM - with an aluminum cylinder 
and with an iron rod - solenoid coil length 480 mm (µr= 77.5) 

 

Fig. 8. Inductance versus frequency, using FEM - without an aluminum 
cylinder and with an iron rod - solenoid coil length 480 mm (µr= 77.5) 

 

Fig. 9. Equivalent circuit for a pneumatic cylinder with the transformer 
model – the excitation coil is in the primary side  

 

All measured and calculated inductances L in this paper are 

for series connection. However the equivalent circuit 

corresponding to core losses (Ro) and magnetic energy (Lo) 

for transformer is usually shown in parallel connection. The 

components in the equivalent series connections, L and R, are 

calculated: 
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The first term concerning inductances is shown in Fig. 6 - 

Fig. 8. It is obvious that inductance L always decreases versus 

frequency.  

Equation (9) shows the excitation coil induced voltage, Ve 

and the secondary or pick-up coil induced voltage, Vp. The 

induced voltages have real parts (Ve-r and Vp-r) and imaginary 

parts (Ve-i and Vp-i) referred to applied current I as a reference. 
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C. Inductances versus Iron Rod and Piston Position 

Fig. 10 presents the inductances versus the position of the 

iron rod, without an aluminium cylinder, and Fig. 11 presents 

the inductances versus the position of the iron rod, with an 

aluminium cylinder. The inductances increase at DC and AC 

with greater penetration of the iron rod inside the solenoid coil 

without an aluminium cylinder, because the magnetic flux 

reluctance decreases as the high-permeability iron rod 

penetrates further inside the solenoid coil. The reverse occurs 

when an aluminium cylinder is added to the model, due to the 

high reaction fields of the induced eddy currents in the 

aluminium cylinder shell and the lower resistance Ro in (8) 

and the lower corresponding equivalent inductance L. 

 

 

Fig. 10. Inductance versus iron rod position using FEM (with a linear curve fit 

equation) - without an aluminum cylinder - solenoid coil length 480 mm - µr= 
77.5 

 

Fig. 11. Inductance versus iron rod position using FEM (with a linear curve fit 

equation) - with an aluminum cylinder - solenoid coil length 480 mm- µr= 
77.5 

 

Fig. 12. Measurement set-up for a pneumatic position sensor  

V. EXPERIMENTAL RESULTS 

Fig. 12 shows the experimental set-up for a pneumatic 

position sensor. A reference position sensor is used, which is 

connected to the iron rod. All the design data of the position 

sensor are presented in Table I [13]. We used a Senpos 

MRTM500 potentiometric linear position sensor with a 

measurement range of 500 mm and a linearity error of 0.05%. 

Lock-in amplifier is used for the measurement of the output 

voltage of our sensor. The power supply for excitation coil is a 

Keithley3390 signal generator with internal impedance 50 Ω. 

The magnetic field strength distributions in the pneumatic 

cylinder for various positions of the iron rod and the piston are 

presented in Fig. 13 at 100 Hz and at exciting current 

amplitude of 116 mA. The magnetic fields are higher in the 

model with the piston at the beginning of the cylinder, which 

causes higher magnetic energy in the system and higher self-

inductance and mutual inductance than when the piston and 

the iron rod are at the end of the pneumatic cylinder. 

The current of the exciting coil decreases slightly with 

increasing piston position and iron rod position (Fig. 14). The 

total impedance of the exciting coil increases, as shown in the 
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circuit in Fig. 14. The voltage source with amplitude of 10 V 

is in series with 70 Ω resistances, which causes small changes 

in the current with the position of the iron rod and the piston. 

 

 

Fig. 13. Magnetic field strength distribution using FEM [24] at 100 Hz for the 

piston at the begining of the cylinder (left) and for the piston at the end of the 
cylinder (right) - µr= 100 

 

Fig. 14. Measured current of the excitation coil versus piston position, with 
schematics of the excitation circuit - the resistance of 20 Ω is for the current 
measurement 

A. Secondary voltage versus the position of the piston and the 
iron rod  

Figs. 15 - 17 show the experimental and FEM results for the 

secondary coils-induced voltage. The change in the current 

with the position of the piston is taken into consideration in 

the simulations. The FEM results for the induced voltages 

coincide well with the measurements. The relative 

permeability µr is considered to be equal to 100 (Fig. 2 and 

Fig. 3) in the simulations, based on the exciting current in 

Fig. 14.  

The real part and the imaginary part of the secondary coil-

induced voltage change almost linearly with the position of the 

piston in Fig. 17, which can be considered as a position meter 

for the pneumatic cylinder. The curve fit linear function for 

iron rod position X versus induced voltage V is presented in 

(10): 

 

VKXX  0
  (10) 

 

The constant X0 (mm) and the constant K (mm/mV) are 

presented in Fig. 18 for 400 mm stroke. The root mean square 

error (RMSE) values as an indicator [11] for showing the 

closeness for 11 measured values to the curve fit linear 

function in (10) are 5.03 mm for the real part of the voltage 

and 6.31 mm for the imaginary part of voltage. The real part 

of the induced voltage shows more linear characteristics  than 

the imaginary part of the induced voltage, based on RMSE.  

Another indication for linearity of the position sensor is the 

correlation coefficient R2. It is 0.9984 for the real part of the 

voltage and 0.9974 for the imaginary part of the voltage, 

which shows that the real part of the voltage is a more linear 

curve. Fig. 19 shows position errors versus piston position  

The sensor characteristics deviate from linear at both ends 

of the cylinder. This can be partly compensated by increasing 

the number of turns for the peripheral coil sections  or via 

calibration, but it should be noted that, for real pneumatic 

cylinders, the piston stroke is always shorter than the cylinder 

length. We therefore evaluate linearity error for 400 mm 

stroke.    

B.  Secondary voltage versus frequency 

The excitation coil current changes with frequency (Fig. 20) 

because of the increase in coil impedance at higher 

frequencies.  
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Fig. 15. Induced voltages for secondary coil number 5 - middle coil 

 

The secondary induced voltages at various excitation coil 

frequencies are shown in Fig. 21 - Fig. 23. The changes in 

current with frequency are taken into account in the 

simulations. 

The results for different frequencies without an iron rod and 

with a fully-inserted iron rod and piston in the cylinder show 

the sensitivity of the position sensor versus frequency.  

For the real part, the sensitivity maximum is 150 mV at 

100 Hz and the sensitivity decreases rapidly at higher 

frequencies. However, the maximum sensitivity for the 

imaginary part is 100 mV at 200 Hz and at higher frequencies 

it may therefore be preferable to use the imaginary part of the 

induced voltage for fast moving cylinders.  

 

 

Fig. 16. Induced voltages for secondary coils numbers 8 and 9 in series (end 
coils) 

 

Fig. 17. Induced voltages for all secondary coils connected serially 

 

 

Fig. 18. Piston position versus induced voltage and corresponding curve fit 
line functions 
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Fig. 19. Position error versus piston position 

The amplitude and the phase of the induced current in the 

aluminium cylinder are shown in Fig. 24 and Fig. 25. The 

phase angle without an iron rod (air) is about 90 deg. (Fig. 25) 

at low frequency, 10 Hz, which shows negligible resistance of 

the aluminium cylinder at a low frequency. The same 

phenomenon is shown in Fig. 22 with an inserted iron rod: the 

ferromagnetic material of the rod causes a phase shift even at 

small frequencies. The imaginary part of the induced current 

without an iron rod (Air) in Fig. 24 shows a maximum 

absolute value similar to Fig. 21 at about 190 Hz. From the 

measurements and simulations shown in Fig. 23, we can 

identify two prospective working frequencies for the position 

sensor: for the real part of the induced voltage, maximum 

sensitivity is around 80 Hz, and for the imaginary part the 

sensitivity maximum is at 190 Hz. The secondary induced 

voltage is therefore also recalculated at 190 Hz, see Fig. 26. 

The difference between the maximum voltage and the 

minimum voltage (imaginary parts) are higher at 190 Hz than 

at 100 Hz, which means higher sensitivity to piston position or 

less source power consumption at the same sensitivity as 

100 Hz. To improve the dynamic performance, the excitation 

frequency can be raised to 400 Hz. 

VI. IRON PERMEABILITY EFFECT  

Fig. 27 and Fig. 28 show the excitation coil inductance and 

the secondary coil induced voltages versus the iron 

permeability. The negative slope is caused by the aluminium 

shell, and corresponds with the results shown in Fig. 11 and 

discussed in section IV. It is clear that iron permeability has a 

high impact on the position sensor outputs. It has to be 

measured, as various magnetic irons and magnetic steels could 

be used for the piston iron rod [23].  

 

 

Fig. 20. Measured current of the excitation coil versus frequency – the piston 
position is at the end of the cylinder 

 

Fig. 21. Induced voltage for the full secondary coil with and without a piston 

iron rod - Air means without an iron rod, and iron means with a fully-inserted 
iron rod 
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Fig. 22. Phase angle of the induced voltage for the full secondary coil with 
and without a piston iron rod 

 

Fig. 23. Difference in induced voltage between two extreme positions of the 
piston  

 

Fig. 24. The induced eddy current in the aluminium cylinder with and without 
an iron rod  

 

Fig. 25. Phase angle of the induced current in the aluminium cylinder 

 

Fig. 26. Induced voltages for a full secondary coil at 190 Hz (FEM 
simulation) 
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Fig. 27. Excitation coil inductance for various iron rod permeabilities – the 
piston position is at cylinder end position  

 

Fig. 28. Induced voltages for a full secondary coil for various iron rod 
permeabilities – the piston position is at cylinder end position  

 

Fig. 29. Induced voltages for a full secondary coil at various iron and alumium 
temperatures (µr = 100)- the excitation frequency was 100 Hz. 

VII. TEMPERATURE DEPENDENCY 

Fig. 29 shows temperature effects on the induced voltage in 

the secondary coil. The electrical conductivity temperature 

dependency coefficient for iron, ci and for aluminium, cAl are 

as follows: 
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  (11) 

 

where σ is electrical conductivity.  

It is shown that an increase in the temperature of the iron 

rod has a negligible effect on the induced voltage, but the 

temperature of the aluminium changes the induced voltage of 

the secondary coil considerably. The imaginary part of the 

induced voltage increases 6% - 10% for a higher temperature 

of aluminium cylinder. This is similar to the change in the 

exciting coil inductance reported in [13]. The effect of 

temperature on iron rod permeability is negligible [14]. 

VIII. CONCLUSIONS 

FEM modelling and experimental results for a transformer 

position sensor for a pneumatic cylinder have been presented. 

The results show the feasibility of using the principle of a 

linear transformer with a moving core for measuring the 

position of the piston in a pneumatic cylinder. Compared to 

conventional LVDT, our sensor has a highly asymmetric core 

which moves inside the conducting cylinder.  

The sound match between FEM results and measurements 

shows that FEM can be used for optimizing a position sensor 

of this type.  

The linearity rms error is maximum 1.6% of the full 

400 mm stroke without any compensation..   

The temperature sensitivity of the secondary coil voltage 

has been calculated for various iron and aluminium 

temperatures. The effect of the change in the electrical 

resistivity of an aluminium cylinder is clearly dominant at 

100 Hz excitation frequency. Temperature compensation can 

be clearly made by using the voltage across the excitation coil. 

However, this topic lies beyond the scope of the present paper. 

Using only fixed copper coils for excitation and pick up 

make the proposed position sensor for pneumatic cylinder 

more cost effective than position sensor using rare earth 

NdFeB permanent magnets and an array of Hall sensors. In 

industrial applications, single-chip synchronous detector such 

as AD630 can be used for the output voltage processing. Due 

to its simplicity the proposed position sensor is suitable for 

harsh environment such as high temperature and vibrations.  
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