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                    For finding optimal excitation frequency and placement of the sensors, we
 used the ANSYS Electronic Desktop to perform the simulation using the finite
 element method (FEM). The model was simulated in the case of excitation
 from 2 Hz to 128 Hz. The properties of the materials are given in Table
 3.2. The simulation was made by Vaclav Grim. The resulting magnetic field
 for different piston position in axial and radial direction is shown in Figure
 3.2. Of course, the magnetic field inside the cylinder is many times larger
 than outside, but our sensors are quite sensitive, so this does not make us
 any problems.


The sensitivity decrease with frequency is caused by two effects [18]:



...
3.1. FEM Simulation

Material El. conductivity (S/m) µr


The iron rod 10^7 50


The aluminum piston and tube 38·10^6 1.000021


Table 3.2: The properties of the materials in the simulation with the axial coil



..
1. Eddy currents in the aluminum cylinder: the field from the excitation
 coil is attenuated by the shielding effect as shown in Figure 3.1, and the
 response from the rod is attenuated again before it reaches the sensors.

These two shielding factors are not the same, as in the first case the
 attenuated field is in the axial direction, while in the second case it is in
 the radial direction



..
2. Eddy currents in the piston bar. They are also the main source of phase
 shifts.

From the simulation we see that the eddy currents at low frequencies are
 negligible and we detect the iron rod only by using its permeability.


The simulation was calculated for points A, B, C, D and waveforms for
 these points have similar shape. The simulated reading of the sensor in
 position B as the function of the piston position is shown in Figure 3.3 from
 the frequencies from 2 Hz to 128 Hz for the real component of the radial
 direction and we see that at low frequencies it reaches a maximum value in
 the vicinity of the presence of the piston rod. These results look optimistic;


the next step is to make measurements and compare with the results of the
simulation.


3. Axial coil sensor 
...


Figure 3.2: FEM simulated field for several positions of the piston: a) radial
 component and b) axial component. The excitation frequency was 2Hz. The
 location of the sensors is marked A to D (simulation by V.Grim)



3.2 Measurement


For verifying the results of the simulation, I performed measurements with the
 same frequency of excitation for radial and axial direction. As it was written
 in Subsection 2.3.2, our sensors have a low crossfield error. In that case, it is
 possible to place the sensors in a radial position in which the magnetic field
 of the coil will be perpendicular to the sensors without harming the accuracy
 of the measurements. Holders for our sensors were made on a 3D printer
 and they allow us to place the sensitive sensor axis directly perpendicular to
 the cylinder for measuring the radial component of the magnetic field and
 parallel to the cylinder for measuring the axial component. The 3D model of
 the sensor holder is shown in Figure 3.4.


The experimental installation is shown in Figure 3.5, the voltage on the
 sensors is read using a Lock-In amplifier SRS SR865. The reference signal for
 SRS865 was derived from the coil current. If we measured only the amplitude
 of the signal, this would not be applicable to the detection of the piston rod.


The results of the measurement are shown in Figure 3.6 for the radial
direction of the magnetic field. Results for the real, imaginary component and
module are shown in Figure 3.7. It can be seen that in the region when the
iron rod passes through the sensor placement, the intensity Hx (real part) has
the highest value. The benefit of radial direction in comparison with the axial
direction is that it is two times more sensitive, but the axial field response is
linear in the vicinity of the sensor location, which can also be used for the
position sensing. And in addition to that, the function of the intensity of the
magnetic field crosses zero when passing the iron rod as shown in Figure 3.7.



...
 3.2. Measurement

Figure 3.3: The reading of the sensors in positions B as the function of the
 piston position (simulation by V.Grim)


Figure 3.4: The holder for the sensor. 3D model


If we compare the simulation with the measurement results, it is a nice
fit, excluding the amplitude value, because of simulations results depend on
the permeability of the iron rod. There are also some discrepancies at the
higher frequencies because of phase-shifts and the eddy current begin to have
the effect. It should be also noted that whole the simulation was made for
constant value of the excitation current, the RMS current value during the
measurements was changing with frequency from 103mA to 105mA.


3. Axial coil sensor 
...


Figure 3.5: Experimental model at the laboratory with axial coil
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Figure 3.6: The reading of the sensors in positions B as the function of the
piston position (measured X component)



...
 3.2. Measurement
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Figure 3.7: Axial and radial field for 32 Hz excitation frequency a) X component
(in-phase with current), b) Y component, c) modulus



Chapter 4



Saddle coil sensor


The second method of non-contact detection of the piston rod inside the
 cylinder is using of two saddle coils that are installed on opposite sides of
 the cylinder and connected in series so that the magnetic field of both is 
 co-directed. The characteristics of the coils, namely its inductance and resistance
 at different excitation frequencies are given in Table 4.1. The RMS voltage
 wasVRM S = 1.886 V and the RMS current flowing through was dependent
 on the excitation frequency of these saddle coils, for example forfexc= 50Hz,
 the RMS current was I=99mAand forfexc=1kHz the RMS current was 82
 mA. The saddle coils were excited by a waveform generator with an internal
 resistance of 50 Ω.


DC AC 100 Hz AC 1 kHz


L (mH) - 10.3979 5.0114


R (Ω) 17.8 20.3537 27.7282
 Table 4.1: Parameters of the saddle coils



4.1 FEM simulation


For preliminary results, I made a FEM simulation. The model was simulated
 for excitation from 4 Hz to 64 Hz and the value of the current flowing
 through the coil was constant and equal to 90 mA. The properties of the
 materials are given in Table 4.2. Sensors are at a distance of 2 mmfrom the
 surface of the cylinder in the simulation. Axial(Z) component of the magnetic
 field near the end of the piston is shown in Figure 4.1, and indeed we can
 see why the graph reaches the maximum value at the end of the piston. The
 resulting axial component of the magnetic field for different piston position in
 axial is shown in Figure 4.3. You can see, that the shape of graphs is similar
 to one we got in simulations with the axial coil. The blue dashed line in the
 chart is the position of the piston at the time of the passage of the sensor.


The radial component of the magnetic field is shown in Figure 4.2. It
can be seen that the body of the piston rod amplifies the radial magnetic
component, thanks to this it is also possible to use the measurement of the
radial component to detect the piston. The total change of the real component


4. Saddle coil sensor
...


during the passage of the piston is 15 A/mforfexc=16 Hz. The amplitude
 of this component is higher since the magnetic field of the saddle coils is
 co-directed with the radial component of the magnetic field which we measure.


In the next chapter, we will give preference to the placement of sensors that
 measure the axial component of the magnetic field.


The reasons for the decrease in sensitivity with an increase in the excitation
 frequency are the same: eddy currents in the aluminum tube and eddy
 currents in the piston rod. We see from the results that their influence up to
 16 Hz does not matter much and then it starts to grow.


Material El. conductivity (MS/m) µr


The iron rod 10.3 1200


The aluminum piston and tube 38 1.000021


Table 4.2: The properties of the materials in the simulation with the saddle coils


Figure 4.1: FEM Simulation - Axial field for 4 Hzexcitation frequency
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