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Abstract: The position monitoring of the piston inside a power cylinder is very important in process 
plant measurement and control. In the present paper a modified inductance type position sensing 
technique of a power cylinder piston has been described. A modified inductance measuring transducer 
circuit has been designed to measure the change of inductance of a very high inductance coil. The 
theoretical equations of the proposed inductive sensor and the displacement transducer have been 
derived. The transducer has been experimentally tested and the experimental data are presented in the 
paper. Copyright © 2011 IFSA. 
 
Keywords: Power cylinder, Position transducer, Inductive pick-up. OP-AMP based differential 
inductance measurement. 
 
 
 
1. Introduction 
 
Power cylinders, either pneumatically or hydraulically actuated, find many applications in modern 
industries. For example, in a burner management system of a fossil-fuel fired furnace of a thermal 
power plant, flow of air through different burners is operated by means of power cylinder [1-4, 9]. The 
position of the piston inside the power cylinder is mechanically fed back to the position control system 
of the cylinder by a mechanical cam arrangement attached with the piston rod as shown in Fig. 1 [9]. 
In Fig. 1, the power cylinder position is fed back to the positioner through mechanical cam 
arrangement. When the input pneumatic signal from controller increases, the bellows element moves 
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the pilot valve stem downward against restoring force of spring. This connects the port-A of the pilot 
valve to atmosphere and port-B is connected to the pneumatic supply of the pilot valve. As a result 
piston moves downwards. This movement produces an opposing upward force on the bellows system 
through cam until a balance between downward force by the bellows element and the upward feedback 
force produced by the cam is obtained. Thus the position takes the desired position according to the 
input signal of the bellows element. 
 
 

 
 

Fig. 1. Schematic diagram of power cylinder and position indicator  
(from Instruction Manual of M/S. Bells Controls [9]). 

 
 

In burner management system, the force produced at the piston rod moves a damper in the air supply 
line to control the air flow to the furnace. In this system, it is used as ON-OFF type control 
arrangement. In induced draught fan and forced draught fan control systems, power cylinder along 
with damper used as the final control element of a PID control system. Similarly power cylinder has 
many other applications in various process industries. In all these applications, it becomes very much 
essential to know the exact position of the piston during the operation of the power cylinder. There are 
various conventional techniques [5-8] of monitoring the piston position of a power cylinder. In all 
these techniques, the position of the piston is indicated by means of inductive or capacitive type 
proximity sensor of the movement of an element attached with the piston rod. The proximity sensor is 
in the form of a separate unit to be attached in the power cylinder. So special precautions are needed to 
mount the proximity sensor with respect to the piston element. The function of the capacitance type 
sensor depends on environmental conditions and so recalibration of the sensor is sometime needed. 
 
In the present paper an inbuilt non contact inductive pick-up type position sensing technique of the 
piston of a power cylinder made of ferrous alloy material like carbon steel has been proposed. In this 
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technique, the change of position of the piston is sensed in terms of self inductance change of a coil 
wound around the outer surface of the power cylinder. The inductance of the coil linearly changes 
almost linearly with the displacement of the piston from one end of the power cylinder. The necessary 
design equations are presented in the paper. The inductance of the coil has been experimentally 
measured by a LCR bridge and measure data are found to follow the design equation. A modified  
OP-AMP based differential network type transducer as shown in Fig. 2 has been designed to measure 
the change of inductance of the coil with the change of position of the piston in terms of AC mV 
output. The function of this measuring circuit has been experimentally tested and the experimental 
results are reported in the paper. A very good linearity and repeatability of the proposed measuring 
circuit has been observed. 
 
 
2. Method of Approach 
 
Let us consider a power cylinder of length l1, inner diameter d1, outer diameter d2, with a piston inside 
as shown in Fig. 2. 
 
 

 
 

Fig. 2. Schematic diagram of power cylinder with coil arrangement. 
 
 
Let the piston attached with a piston rod of diameter dpr has thickness tp and is at a distance x from one 
end of the power cylinder as shown. Let us assume that a coil of n turns is uniformly wound on the 
outside wall of the power cylinder. Hence the self inductance of the coil is given by: 
 
 2 2 2 2

2 2 2 2
1 1

( ) ( )( ) ( )

( ) ( ) 2

x pr pr c o p pr c c c c p p p

o p p c c p c o c c pr c

L n A x t n A A x t n A x t n A t

n A l x t n A l x t n A t n A t

   

   

       

       
 , (1)

 
where 
µpr = permeability of the material of piston rod; 
µp = permeability of the material of piston; 
µc = permeability of the wall material of power cylinder; 
µo = permeability of air or vacuum; 
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n = number of turns per unit length of the coil; 
Apr = cross sectional area of piston rod; 
Ap = cross sectional area of piston = inner cross sectional area of power cylinder = π d1

2 /4; 
Ac = cross sectional area of material part of power cylinder 
     = π (d2

2 - d1
2) /4 

Ao = outer cross sectional area of power cylinder = π d2
2 /4; 

tc = wall thickness of power cylinder = ( d2 – d1 ) / 2. 
 
Or, 
 
 

1 2xL K x K   (2)
 
where, 
 

2
1 [ ( ) ]pr pr o p pr c c o p c cK A A A A A A n           

 
Or, 
 
 2

1 ( )pr o prK A n    (3)

 
and, 
 
 2 1

2

[(2 ) ( )

( ) ]

c o o pr c pr pr pr o p c c c o p c c

p p o p c c p

K A A A A A A t A A l

A A A t n

       

  

       

  
 (4)

 
From above equation it is observed that the self inductance of the coil varies linearly with the distance 
of the piston from one end. Let at zero position, i.e., at x= tc, the value of the inductance of the coil  
is L0. 

 
So L0 is given by 
 
 0 1 2cL K t K 

 
(5)

 
Since the diameter of the power cylinder and number of turns (l) are selected to be large for getting 
better sensitivity, so the value of L0 is large. 
 
Now from equation (2), the change of self inductance ∆L of the coil due to change of position from  
x= tc to x= tc + ∆x is given by 
 
 1L K x    

(6)
 
So inductance of the coil for piston position x= tc + ∆x is given by 
 
 

0 0 1xL L L L K x      . (7)
 
Since, L0 >> ∆L, so measurement of ∆L by the conventional bridge network will be very difficult. 
Hence a modified OP-AMP based differential inductance measuring circuit has been designed in the 
present work as described below. 
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3. Modified OP-AMP Based Differential Inductance Measuring Circuit 
 
The proposed measuring circuit is shown in Fig. 3. The circuit consists of two low noise high input 
impedance OP-AMPs (A1 and A2), each acting in inverting mode. In the measuring circuit, a second 
dummy inductance of almost the same value (L0) as the inductance of the measuring coil at zero 
displacement of the piston has been used as shown in Fig. 2. The measuring coil having inductance  
L0 + ∆L for displacement ∆x of the piston used in the feed-back path of OP-AMP A1 and the dummy 
inductance (L0) is used in the feed-back path of OP-AMP A2 in series with a variable resistance R2. 
Both the OP-AMPs have identical input resistances (R1, R1) and are connected with a stabilized 
sinusoidal AC source through these input resistances. The OP-AMP A3 is used to design a differential 
network, which gives the output as the difference between two outputs of OP-AMPs A1 and A2 
respectively. 
 
 

 
 

Fig. 3. Modified OP-AMP based differential inductance measuring circuit. 
 
 
Let the resistance of the measuring coil is Rx and that of the dummy coil is R0. So for the AC supply 
voltage V, the outputs of OP-AMPs A1 and A2 are given by 
 
 

1
1

x xR j L
V V

R


   , (8)

 
and 
 
 0 2 0

2
1

R R j L
V V

R

 
    (9)

 
Hence the final output of the differential amplifier circuit is given by 
 
 

0 2 1V V V   (10)
 
Or, 
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 0 2 0
0

1 1

x xR j L R R j L
V V V

R R

   
     

 
Or,  
 
 

0 0 2 0
1

[( ) ( )]x x

V
V R R R j L L

R
       (11)

 
From equations (7) and (11), we have 
 
 

0 0 2 0 1 0
1

[( ) ( )]x

V
V R R R j L K x L

R
         

 
Or, 
 
 

0 0 2 1
1

[( ) ]x

V
V R R R j K x

R
       (12)

 
If we adjust R2, so that Rx= R0+R2, then the above equation is reduced to 
 
 

0 1
1

V
V j K x

R
    (13)

 
Therefore, V0 is linearly related with the displacement of the piston from one end of the power 
cylinder. 
 
 
4. Design 
 
The power cylinder used in the present work has 101 mm internal diameter, 109 mm outer diameter 
and length 200 mm. The coil wound on outer surface of the cylinder had 10000 turns of 40 SWG 
super-enameled copper wire. For experimental purpose, the dummy coil was wound on an identical 
power cylinder without the piston and had the identical number of turns. So that at zero displacement 
of the piston, both the coils almost had the same inductance. The inductance measuring circuit was 
designed using low noise OP-AMPs like OP07 and ½ Watt registers with 1 % tolerance. A stabilized 
Owen bridge oscillator with output voltage 5 V, 1000 Hz was used in the experiment. 
 
 
5. Experiment 
 
In the first part of the experiment, the variation of the self inductance of the sensing coil with the 
displacement of the piston was analyzed. The displacement of the piston was increased in step at each 
step, the inductance of the coil was measured by a LCR meter (MIC-40700). A static characteristic 
curve of the sensing coil was drawn by plotting inductance against displacement. A very good linear 
characteristic was obtained as shown in Fig. 4. 
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Fig. 4. Static characteristic graph of the proposed displacement sensing coil of power cylinder. 
 
 
Next part of the experiment, the circuit diagram as shown in Fig. 3 was supplied from Owen bridge 
oscillator at 5 V, 1000 Hz. Now displacement of the piston was increased in steps and each step the 
transducer output (V0) was measured by a 3 ½ digit multimeter. The characteristic graph of the 
transducer was then drawn by plotting output against displacement. A very good linear graph was 
obtained as shown in Fig. 5. 
 
 

 
 

Fig. 5. Static characteristic graph of the proposed displacement transducer of a power cylinder. 
 
 

The standard deviation of the measured data for change of displacement in three increasing and three 
decreasing modes was also found to be almost zero. 
 
 
6. Discussions 
 
From the experimental graphs shown in Fig. 4 and 5, it is observed that the proposed displacement 
sensor and the inductance measuring circuit have almost perfect linearity. This may be due to the fact 
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that the inductance could be measured up to only one decimal point by the LCR meter. So there might 
be error in measurement or non-linearity of the measured data due to low resolution of the LCR meter. 
But the proposed inductance measuring circuit senses very small change of inductance and hence the 
measurement may be assumed to be free from the error of measurement in LCR meter. Again one 
terminal of each coil is at virtual ground, so there is no measurement error due to the effect of the stray 
capacitance between these terminals. Moreover the other two terminals are almost at the same 
potential. So the stray capacitance effect between these terminals is also very small. 
 
Since the sensing coil and dummy coil have the same number of turns and same dimensions, so the 
effect of electromagnetic induction in the two coils will be identical. Since the circuit operates in 
differential mode, so the effects of electro-magnetic induction in the two coils may be assumed to 
cancel each other. Thus it may be concluded that the proposed measuring circuit gives a very accurate 
method of change of inductance of a very high inductance coil. 
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