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Abstract


Position sensors have always been widely
 demanded in the industry. These sen-
 sors are necessary for control, monitor-
 ing, diagnostics of pneumatic and hy-
 draulic cylinders. Today the most com-
 mon method for measuring the piston is
 the permanent magnet mounted on the
 end of the piston rod, and the array of
 Hall sensors mounted on the surface of
 the cylinder.


The purpose of this work is to de-
 sign the magnetic position sensor which
 measures a position of a piston in pneu-
 matic cylinders without permanent mag-
 net using integrated Fluxgate sensors
 DRV425EVM.


Keywords: position sensor, Fluxgate,
 DRV425, magnetic sensor, pneumatic
 cylinder


Supervisor: prof. Ing. Pavel Ripka,
 CSc.



Abstrakt


Polohové senzory byly vždy hojně vy-
 užívány napříč celým průmyslem. Jsou
 nezbytné pro řízení, kontrolu a diagnos-
 tiku pneumatických a hydraulických válců.


Dnes nejrozšířenějším způsobem měření
 pozice pístu je permanentní magnet, který
 je umístěný na konci pístnice a řada Hallo-
 vých senzorů připevněná na povrch válce.


Cílem této práce je návrh magnetického
 polohového senzoru, který bude snímat
 umístění pístu v pneumatických válcích
 bez permanentního magnetu využívaje in-
 tegrované Fluxgate sensory DRV425EVM.


Klíčová slova: senzor polohy,


magnetický senzor, pneumatický válec,
DRV425, Fluxgate
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Chapter 1



Introduction



1.1 About pneumatics cylinders


Pneumatic cylinders are used in all industries where it is necessary to perform
 translational movements. Pneumatic cylinders are found in press production,
 filling and packaging lines of products, in the structure of vehicles, in lifts
 and conveyor systems. Thanks to the use of compressed air and not oil, as in
 hydraulic cylinders, pneumatic tubes are becoming more common in many
 areas of industry and the national economy, as cheap mechanisms that do
 not require expensive maintenance and scarce spare parts.


Many directional-control valves are rated for a maximum pressure of 680
 kPa to 860 kPa. Using them, we can produce thousands of Newtons over
 a broad range of velocities; cycle at high speeds without overheating, and
 stall without internal damage. Pneumatic cylinders are simple, durable, quiet
 and easy to install. They also easily endure harsh conditions such as high
 humidity, dusty environment, and repeated high-pressure wash downs.[1] As
 shown in Figure 1.1, the pneumatic cylinder consists of 3 main parts: piston
 rod, piston, and tube.


Figure 1.1: Main parts of the pneumatic cylinder [2]


The piston is a disc or cylinder at the end of a rod; the piston rod transfers
the force it develops to object to being moved. Tubes that are used in
pneumatic cylinders have a non-ferromagnetic body, and in general they are
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made of aluminum or carbon fiber reinforced polymer or simply called carbon
 fiber, that is an extremely strong material. The non-ferromagnetic body of
 pneumatic cylinders tube allows us to measure the position in a non-contact
 way using the magnetic field. On the contrary in hydraulic cylinders instead
 of aluminum or carbon fiber, steel is used which is ferromagnetic, it does not
 allow us to use an embedded permanent magnet because its magnetic field is
 shielded by the steel walls of the tube.


Position sensors have always been widely demanded in the industry. These
 sensors are necessary for control, monitoring, diagnostics of pneumatic and
 hydraulic cylinders.



1.2 Computing Pneumatic Cylinder Force


1.2.1 Single-acting cylinder


The single acting cylinder uses air or specific aerosol pressure to provide the
 force only in one direction, and spring tension or gravity to provide the force
 in the opposite direction. Figure 1.2 shows a single-acting cylinder. The force


Figure 1.2: Single-acting cylinder [4]


exerted by a single acting pneumatic cylinder can be expressed as shown in
 Equation 1.1.


F =pA=pπd2


4 (1.1)


where


F = force exerted, (N)


p = gauge pressure, (N/m2,P a)
 A = full bore area, (m2)


d = full bore piston diameter, (m)


But it must be taken into the account that the force exerted would be
on the push stroke only and not on the retraction end of the cylinder. The
diameter of the push rod must be subtracted from the overall area, as the
connection of the push rod interferes with the force measurement. This
statement applies to both single-acting cylinder and double-acting cylinder.
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1.2. Computing Pneumatic Cylinder Force

Figure 1.3: Force as the function of the air pressure in pneumatic cylinders [4]


1.2.2 Double-acting cylinder


Most piston type actuating cylinders are double-acting, which means that air
 under pressure can be applied to either side of the piston to apply force and
 provide movement. They have two ports to allow air in, one for outstroke and
 one for instroke. Stroke length for this design is not limited. However, the
 piston rod is more vulnerable to buckling and bending. Additional calculations
 should be performed as well.[3] Figure 1.4 shows a double-acting cylinder.


Figure 1.4: Double-acting cylinder [4]


The force exerted by double acting pneumatic cylinder on outstroke can be
 expressed by Equation 1.1. The force exerted on instroke can be expressed
 by Equation 1.2.


F =pπ(d21−d22)


4 (1.2)


where


d1 = full bore piston diameter, (m)
d2 = piston rod diameter, (m)
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1.3 Stroking speed of a pneumatic cylinder


Speed affects productivity, longevity, and controllability. We can calculate
 the approximate stroking speed of a pneumatic cylinder from Equation 1.3
 [1]:


s= q


A (1.3)


where


s = speed, (m/s)
 q = airflow, (m3/s)
 A = piston area, (m2)


Other factors that might affect speed include port sizes, inlet, and exhaust
 flow through control valves, and hose or tubing sizes — if they create bot-
 tlenecks that restrict air flow to or from the cylinder. Likewise, air pressure
 that is barely capable of moving the load will hamper speed.


With any fixed combination of valve, cylinder, pressure, and load, it is
 usually necessary to have adjustable control over cylinder speed. Flow controls
 at the cylinder ports let users tune speed to their application.


For most applications, unidirectional flow regulators installed to restrict
 flow out of the cylinder and permit free flow in giving the best results. A
 regulator in the rod-end port controls extension speed, and one on the cap-end
 port controls retraction. [1]



1.4 State of the art


At present, there are three conventional methods of measuring the position of
 the piston in the cylinder: magnetostrictive, variable resistance, and variable
 inductance sensors.[5]


Drawback of a magnetostrictive method which uses a ring-shaped permanent
 magnet embedded in the piston is the cost, the need for drilling a small
 diameter blind hole into the internal end of the cylinder rod, so-called "gun
 drilling" because it looks like a gun barrel and also non-universality because
 most magnetostrictive-sensor manufacturers have own style of permanent
 magnet with proprietary mounting features, such the number of holes, the
 hole pattern, etc.


The disadvantage of a variable resistance (potentiometer-type) method
 is the need for insulated round carrier, which is attached to the internal
 end of the gun-drilled cylinder rod, they also undergo wear which limits
 service time, particularly if pneumatic or hydraulic cylinder works at high
 frequencies, or even more importantly, dithered over a short range to improve
 a system’s dynamic characteristics. Because a resistance pot is embedded
 into the cylinder, replacement of a worn-out pot can be time-consuming and
 expensive, and may even necessitate replacing the entire cylinder.


The drawback of the variable inductance method is the reliability issue
associated with the necessity of the drilling hole in the rod and necessary
fitting for the sensor, which resides inside the cylinder.
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 1.4. State of the art
 What is the disadvantage of drilling holes? First of all, this is the mechanical
 intervention in the construction, which breaks the integrity of the cylinder,
 then the high cost, the need for specialized equipment, and reliability issues
 of sensor placement inside the piston rod.

Similar shortcomings have microwave displacement sensors.[6] Vision-based
 sensors[7] and incremental optical position sensors [8, 9] were also developed
 but they did not find their industrial application due to reliability problems.


Some systems use magnetic scale of a piston rod together with Hall sensors.


[10]


We replaced Hall sensors by integrated fluxgate sensors and measured
 the magnetic field as a function of the passage of the permanent magnet
 near the sensor for different distances as shown in Figure 1.5. It can be
 argued based on this results that the sensitivity of sensors can be changed
 by decreasing or increasing the distance to the magnet or by changing the
 size of the magnet. The disadvantages of the method in which a permanent
 magnet is used are influence of the external magnetic fields including those
 induced by DC currents and the need for non-magnetic stainless steel piston
 rod, which is expensive.


In this thesis, we will propose a new way of measuring the position of the
 piston in the pneumatic cylinder without permanent magnet by integrated
 fluxgate sensors that are more precise and more stable. These sensors provide
 with an internal compensation coil to support a high-accuracy sensing range
 of ±2 mT. The low-offset, the low crossfield error, that in our case has
 a significant meaning, offset drift ±5 nT /◦C, low gain drift and of course
 one of the main advantages is the low price (3$).[12] Fluxgate sensors have
 advantages over almost all characteristics in comparison with the sensors that
 are most commonly used in this field, namely, AMR, GMR and Hall sensors.


-80 -60 -40 -20 0 20 40 60


Distance (mm)
 -2


-1.5
 -1
 -0.5
 0
 0.5
 1
 1.5
 2


magnetic field (mT)


8 mm
 13 mm
 18 mm
 23 mm
 43 mm


Figure 1.5: Measuring the position of the permanent magnet by integrated
fluxgate sensors DRV425
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Suggested new solution



2.1 Our design


In this work, we designed two magnetic methods for detecting piston in the
 pneumatic cylinder without a permanent magnet. Our technique is based
 on the magnetic properties of the iron piston rod, and the primary attribute
 that we use is the high permeability. The iron rod changes the magnetic field
 as it passes inside the cylinder, and we detect this change in the magnetic
 field using fluxgate sensors. The main thing is to use the magnetic field of
 the coils so that their field can penetrate inside the cylinder. To visualize the
 changes in the magnetic field caused by the iron rod, a FEM simulation was
 performed and results are shown in Figure 2.1.


Figure 2.1: Magnetic field vector: FEM simulation for 2 saddle coils - changes
 in the magnetic field caused by the iron rod,fexc=4Hz


The first method is using axial coil directly on the cylinder surface as a
field source (see Figure 3.5) and the second method is using two saddle coils
that are connected in series (see Figure 5.2). The serious problem is that our
barrel wall is electrically conducting and causes significant attenuation of the
magnetic field of the coil, so we need to find the correct excitation frequency
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of the coils so that the electromagnetic field penetrates into the pneumatic
 cylinder. It is evident that this frequency must be sufficiently small. All
 parameters including the length and diameter of the cylinder and piston
 rod, wall thickness, which we used in our model are close to real ones which
 were taken from the website of the company "Stransky a Petrzik" [11] that
 produces and develops pneumatic components. We used an aluminum tube
 as it has the same magnetic properties (mainly relative permeabilityµr=1),
 piston made of aluminum and piston rod made of steel. The dimensions of
 the parts are described in Table 2.1.


Part of the pneumatic cylinder Size (mm)


Pipe diameter 60


Pipe length 500


Barellwall thickness 2


Aluminum piston thickness 10


Piston rod diameter 20


Piston rod length 700


Table 2.1: Parameters of the experimental model



2.2 Depth of penetration


Penetration depth is a measure of how deep the field (E, D, B, H, J) can
 penetrate into the material. It is defined as the depth at which the intensity
 of the radiation inside the material falls to 1/e (about 37%) of its original
 value at (or more correctly, just beneath) the surface. When electromagnetic
 radiation is incident on the surface of material, it may be (partly) reflected
 from that surface, and there will be a field containing energy transmitted
 into the material.This electromagnetic field interacts with the atoms and
 electrons inside the material. Depending on the nature of the material, the
 electromagnetic field might travel very far into the material or may die out
 very quickly. [13]


2.2.1 Beer-Lambert Law


I(z) =I0e−az (2.1)
 from the Beer-Lambert law (2.1), we see that the intensity of electromagnetic
 waves falls in an exponential form. Penetration depth is denoted δ and is
 given as δ = 1α, but especially for conductors apply to this equation:


δ = 1
 α =


s 2


ωµσ (2.2)


where


ω = angular frequency of current = 2π×f requency, (rad/s)
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 2.3. Fluxgate sensors
 µr = relative magnetic permeability of the conductor

µ0 = the permeability of free space, H/m
 µ=µ0µr


σ = electrical conductivity, S/m


Frequency (Hz)


Material at 20◦C 10 50 100 1000 10 000 1 000 000
 δ(mm) Copper 20.6 9.21 6.52 2.06 0.65 0.065


Aluminum 26.9 12.03 8.51 2.69 0.85 0.085


Carbon steel (1010) at 0.002 T 6.01 2.69 1.9 0.6 0.19 0.019
 Table 2.2: Frequency dependence at penetration depth for 3 different materials


100 101 102 103


Frequency (Hz)
 10-1


100
 101
 102


Depth of penetration (mm)


Aluminum
 Copper


Carbon steel  (1010) at 2 mT


Figure 2.2: Frequency dependence of the penetration depth for 3 different
 materials up to 1kHz



2.3 Fluxgate sensors


The main question that interests many, why did we choose the fluxgate
 sensors?


Hall-effect sensors are most common in magnetic field sensing, but their
 lower sensitivity, offset and offset drift with temperature, noise, gain variation,
 and nonlinearity limits the achievable resolution and accuracy of the system.


In comparison with AMR sensors, their main drawback is that they have a
small range (0.2 mT), which will be insufficient for this application and also
completely failed if the perpendicular magnetic field, so-called crossfield is
stronger than their full-scale range, since their single domain state will be
broken and in order for the sensor to be again suitable for use, it needs to be
magnetized. Fluxgate sensors offer significantly higher sensitivity, lower drift,
lower noise, and high linearity and enable up to 1000-times better accuracy
of the measurement. These characteristics make the fluxgate sensor uniquely
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suited for high-performance magnetic-field sensors and applicable in many
 industrials areas.


Fluxgate sensors measure the magnitude and direction of the DC and
 low-frequency AC magnetic field in the range of approximately 10−10 to 10−4
 T. The soft magnetic material of the sensor core is periodically saturated in
 both polarities by the AC excitation field, which is produced by the excitation
 currentIexcthrough the excitation coil. Because of that, the core permeability
 changes, and the dc flux associated with the measured dc magnetic field is
 modulated; the "gating" of the flux that occurs when the core is saturated
 gave the device its name. The device output is usually the voltageVI induced
 into the sensing (pickup) coil at the second (and also higher even) harmonics
 of the excitation frequency. This voltage is proportional to the measured
 field.[14]


2.3.1 DRV425 Functional Block Diagram


Figure 2.3: Functional Block Diagram [12]


As shown in Figure 2.3, the DRV425 consists of a magnetic fluxgate
 sensor with the necessary sensor conditioning and compensation coil to
 internally close the control loop. The fluxgate sensor is repeatedly driven in
 and out of saturation and supports hysteresis-free operation with excellent
 accuracy. The internal compensation coil assures stable gain and high linearity.


The magnetic field (B) is detected by the internal fluxgate sensor in the
 DRV425. The device integrates the sensor output to assure high-loop gain.


The integrator output connects to the built-in differential driver that drives
 an opposing compensation current through the internal compensation coil.


The compensation coil generates an opposite magnetic field that brings the
original magnetic field at the sensor back to zero. The compensation current
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2.4. Electrical connection of sensors
 is proportional to the external magnetic field, and its value is 12.2mA/mT.
 This compensation current generates a voltage drop across an external shunt
 resistor, RSHU N T. An integrated differential amplifier with a fixed gain of 4
 V /V measures this voltage and generates an output voltage that is referenced
 to REFIN and is proportional to the magnetic field. The value of output
 voltage at the VOUT pin (VVOUT) is calculated using Equation 2.3 [12]

VV OU T[V] =B·G·Rshunt·GAM P =B[mT]·12.2mA/mT·Rshunt[Ω]·4[V /V]
 (2.3)
 2.3.2 Crossfield error


The benefit of our fluxgate sensors is that they have a low crossfield error.


Crossfield effect (or crossfield error) is unwanted sensitivity to the field which
 is orthogonal to the sensing direction of the magnetic sensor. It may cause
 serious errors of sensor systems, e.g. navigation devices or multichannel
 gradiometers for location and recognition of ferromagnetic objects. [15]. It is
 shown in Figure 2.4 that crossfield error on our sensor range is in the interval
 from -1.5 µT to 0.3 µT, which is only 0.3% of the full-scale range. This
 benefit we will use in our measurement.


Figure 2.4: DRV425: linearity error as the function of the crossfield effect[16]



2.4 Electrical connection of sensors


For preliminary measurement with one coil wound on a cylinder and the
saddle coils, we used only five sensors with a simple connection to the Lock-In
amplifier SR865A. This connection is shown in Figure 2.5, we used two signals,
one is the sensor output and the second is its reference signal. The bill of
materials that we used is shown in Table 2.3.
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C11 is known as a filter capacitor employed in the circuit to stabilize the
 slow alterations in the output voltage of the voltage stabilizer 7805. Moreover,
 this capacitor is not alone capable of suppressing very short spikes at the
 output.


C12 is the filter capacitor employed to stabilize the slow changes in the
 voltage applied to the input of the voltage stabilizer.


C33 and C34 is known as bypass capacitor and worked to bypass very short
 period spikes to the ground with no influence the other components.


LED diode D1 serves to indicate that the circuit is switched on.


D2 blocks all current flowing in the reverse direction.


R2 limits the current flowing through the LED diode D1.


U12, U13, U14, U15, U16 are magnetic sensors DRV425, which measure
 one component of the magnetic field.


U17 is the voltage regulator, which at its output gives a reference voltage
 5 V. This voltage is needed to power our sensors.


DESIGNATORS DESCRIPTION


D1 LED, Green, 2.1 V, 3 mm, 60◦, 12.6 mcd at 10 mA


D2 Diode, 600 V/1 A, DO41, Uf= 1.2V, trr= 200 ns


R2 RES, 910, 1%, 0.6 W, 0207


U12, U13, U14, U15, U16 Fluxgate sensor DRV425 Evaluation Module


U17 7805 5V Voltage Regulator, TO-220


C11,C12 CAP, POL, 22 uF, 25 V,±20%, SIZE 5x11 mm


C33,C34 CAP, CERM, 100 nF, 63 V, +80%/-20%, Y5V


P1,P2,P3,P4,P5,P6 Header, 100 mil, 2x1, Copper Alloy, Straight, TH
 Table 2.3: Bill of materials for connection with 5 sensors


Figure 2.5: Connection of 5 sensors


For both cases, the general connection of the sensors was as shown in Figure
2.6. The connection of the sensors was taken from the datasheet DRV425EVM
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 and will be described in Subsection 2.4.1. Based on these measurements, we
 designed PCB with 16 sensors and used a connection to a computer through
 a multifunctional I/O device NI USB-6212 where we read all the information
 from the magnetic sensors and the reference position potentiometric sensor.

The maximum field measurement range in our case is±500 µT because
 of the used shunt resistorRshunt= 100 Ω, but the maximum magnetic field
 range of the DRV425 is ±2 mT. To increase the sensitivity, Rshunt can be
 adjusted based on Equation 2.4. [12]


B = Vout


G·Gf g ·Rshunt (2.4)


Higher magnetic fields result in increased current flowing throughRshunt.
 The output voltage of the differential amplifier in the DRV425 will reach its
 peak amplitude with a maximum voltage drop across Rshunt as shown in
 Equation 2.5.


V R1 = V DD−REF OU T


4 (2.5)


2.4.1 Sensor wiring diagram


The electrical circuit of the sensor connection that was taken from the
 datasheet DRV425EVM is shown in Figure 2.6. The bill of materials of the
 evaluation module is in the Table 2.4. R2 andR9 are 10-kΩ pull-up resistors
 on the Over Range (/OR) and Error (/ER) flag output pins respectively.


These outputs are open drain and a pull up is required to observe the active
 low output state. These pins may also be wired to a microcontroller for use
 as interrupt pins. Our magnetic sensors in both cases are powered by 5 V,
 which is obtained by using the IC voltage regulator 7805. But it should be
 noted that this regulator has 2 V linear drop-out. That means we must give
 it at least 7 V to get a clean 5V out. There is a constant ’quiescent’ current
 draw of 6 mA.


DESIGNATORS DESCRIPTION


C1,C2 CAP, CERM, 1 µF, 25 V, ±10%, X7R, 0603


J1 Header, 100mil, 4×1, Gold, R/A, TH


R1 RES, 100, 1%, 0.125 W, 0805


R2, R9 RES, 10 k, 5%, 0.063 W, 0402
 R3, R5, R7 RES, 0, 5%, 0.05 W, 0201


U1 Fluxgate Magnetic Field Sensor


R4, R6, R8 Not Installed


Table 2.4: Bill of Materials DRV425EVM [12]
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Figure 2.6: DRV425 Evaluation Module Schematic [12]


2.4.2 Equation for transferring sensor voltage to magnetic
 field strength


From the Figure 2.7, 2.8, we see that the output voltage as the function of
 the magnetic field is linear and the maximum error is approximately 0.1% at
 200mT which is negligible for our application. We can compose the equation
 for transferring the output sensor voltage Vout to the magnetic fieldBm:


Bm(µT) =Vout(mV)


5 (2.6)


To compare the measured results and the results of the simulation, we also
 use magnetic field intensity or strength H (A/m). It is defined by Equation
 2.7, and we know that in air relative permeabilityµr = 1 andµ0= 4π·10−7
 H/m.


H= B0


µ0µr (2.7)


The relation between the sensor output Vout (mV) and H (A/m) can be
 described by Equation 2.8.


H(A/m) = Vout(mV)


2π (2.8)



2.5 Potentiometric reference position sensor


For verifying the accuracy of the measurement, we used a potentiometric
linear position sensor MRTM500 with a measurement range of 500 mm and
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Figure 2.7: Output Voltage vs. Magnetic Field Strength [12]


Figure 2.8: Error vs. Magnetic Field Strength [12]


resistance 5 kΩ. How this sensor looks like is shown in Figure 2.9. The
 linearity error of the sensor is 0.05%. The reference sensor slider is attached
 to the iron rod using a thread bolt. Using a multimeter, we can read the
 changing resistance of the potentiometric sensor, but it has the main drawback
 that the resistance varies with temperature. This can be caused both by
 self-heating of the resistor by the passage of current and by changing the
 ambient temperature. To avoid this effect, we use a potentiometric connection
 as shown in Figure 2.10 and read output voltage Vout of the reference sensor.


For the exact reference voltage, we used the adjustable micropower voltage
regulator LP2951. This circuit is suitable for use in battery-powered appli-
cations because it has low quiescent current, low dropout voltage, and low
temperature coefficient. We can adjust the resistors R1,R2 for the output
reference voltage 4 V by Equation 2.9 taken from the datasheet. Capacitor
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Figure 2.9: Potentiometric reference sensor [19]


Figure 2.10: Electrical connection of the potentiometric sensor


Co is required between the output and ground for stability at output voltages.


SinceIF B is controlled to less than 40nA, the error associated with this term
 is negligible in most applications. For the output voltage 4V, we calculated
 R1=22kΩ and R2=10kΩ, Vref is taken from the datasheet and equals 1.26
 V.


Vout =Vref(1 +R1
 R2


) +IF BR1 (2.9)
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Axial coil sensor


The first method with which we began to work is an axial coil sensor. For
 this case, the magnetic field was measured by an array of sensors consisting
 of 5 DRV425EVM. A coil was wound on a cylinder using 808 turns of copper
 wire with the diameter of 0.56 mm, in such a way that the magnetic field
 is co-directed with the main axis of the cylinder. The coil was excited by
 a functional generator KEITHLEY 3390 with an internal resistance of 50
 Ω. The RMS voltage was VRM S=1.6 V and the current flowing through
 the coil was dependent on the excitation frequency of this coil, for example
 for fexc= 50 Hz, the RMS current was I=105.84 mAand for fexc=1kHz
 the RMS current was 99 mA. The characteristics of the coil, namely its
 inductance and resistance at different excitation frequencies are given in Table
 3.1. To know the magnetic field inside the cylinder we measured it with a
 sensor in two positions: in the middle of the cylinder and at its end. The
 dependence of the magnetic field on the exciting frequency from 10 Hzto 10
 kHz is shown in Figure 3.1. As expected, the dependence has an exponential
 form and completely corresponds to Beer-Lambert Law (Subsection 2.2.1). In
 the middle of the cylinder at a frequency 10Hz, the intensity of the magnetic
 field is 156 A/m, at the same frequency, but at the end of the cylinder,
 the intensity is 120 A/m. The data we measured are corresponding to the
 theoretical value of 151 A/m, which was obtained from equation H = N IL .
 The field measured at the and of the coil was higher than the theoretical
 value due to the eddy currents. We repeated the same measurement at DC
 and measured value in the middle of the cylinder was 163A/m and at the
 end it was 87 A/m. The field at the end decreases to 50 % as theoretically
 predicted.


DC AC 100 Hz AC 1 kHz


L(mH) - 3.49754 0.3864


R(Ω) 14.1 15.4835 18.5481


Table 3.1: Parameters of axial coil
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Figure 3.1: Magnetic field inside the cylinder as a function of the excitation
 frequency



3.1 FEM Simulation


3.1.1 About FEM


The finite element method (FEM) is a numerical method for solving problems
 of engineering and physics. The finite element method formulation of the
 problem results in a system of algebraic equations. The method yields
 approximate values of the unknowns at a discrete number of points over the
 domain. To solve the problem, it subdivides a large problem into smaller,
 simpler parts that are called finite elements. The simple equations that model
 these finite elements are then assembled into a larger system of equations
 that models the entire problem. FEM then uses variational methods from the
 calculus of variations to approximate a solution by minimizing an associated
 error function.[17]


3.1.2 Parameters of the simulation


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]:
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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.
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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.
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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.
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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)
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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
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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
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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



4.2 Measurement


As in the case of axial excitation, five sensors were placed on the surface of
 the cylinder using the sensor holders with a distance between them of 9cmto
 measure the magnetic field along the whole tube. For this installation, we used
 ready-made evaluating modules DRV425EVM, and the connection scheme
 was the same as in Figure 2.6. The results of the measurement are shown in
 Figure 4.6. The irregularities with a 64Hz plot are caused by eddy currents.


To confirm that this roughnesses are caused by eddy currents, we measured
the position with the plastic piston instead of aluminum, results of the
measurement are shown in Figure 4.7. It really shows that the graph with the
plastic piston has a smooth shape in contradistinction to the aluminum piston.
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Figure 4.2: FEM Simulation - Radial field for 4Hz excitation frequency


At low frequencies, the permeability of the piston rod is more important, than
 eddy currents. The results of the simulation and the result of measurements
 perfectly fit. As in the case of the saddle coils and the case of axial excitation,
 we must find a compromise in the choice of the operating excitation frequency.


If the piston moves quickly we should choose a higher frequency at the expense
of signal strength.



(37)4. Saddle coil sensor
...


0 20 40 60 80 100 120 140 160 180 200


Distance (mm)
 0


1
 2
 3
 4
 5
 6
 7


Hz (A/m)


4 Hz
 8 Hz
 16 Hz
 32 Hz
 64 Hz


Sensor placement


Figure 4.3: Axial field Hz - FEM simulation for f= 4Hzto 64Hz (real part)
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Figure 4.4: Axial field Hz - FEM simulation for f= 4Hzto 64 Hz(imaginary
part)
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Figure 4.5: Radial field Hr - FEM simulation for f= 4Hz to 64Hz a) real
 component b) imaginary component
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Figure 4.6: Axial field Hz - measurement (real part) for f= 4Hzto 64Hz
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Figure 4.7: Axial field - Measuring the position of the piston made of two
different materials at 64Hz
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Design of the multi-sensor transducer with saddle coils


Based on previous measurements and simulations for both the solenoid and
 the saddle coils, we selected the saddle coils. The sensors were positioned
 parallel to the cylinder so that the sensors measured Z-component of the
 magnetic field since the main reason for this is that such a placement of the
 sensors is easy and makes the whole sensor small so that it would find more
 use in the industry.


Reasons for this:



..
1. Easier to install on the existing cylinders. It is enough just to attach the
 saddle coils to the surface of the cylinder and insert a PCB board with
 the sensors inside one of them


..
2. the signal from the sensors is strong enough

We designed a PCB board with 16 fluxgate sensors so that the distance
 between the sensors was 3 centimeters and they were evenly distributed
 throughout the cylinder. The sensor connection was taken from the datasheet
 and it was described in detail in the Subsection 2.4.1. How the PCB board
 looks like is shown in Figure 5.1 and experimental model at the laboratory is
 shown in Figure 5.2. Dimensions of the PCB board are such that it has a
 width of 33mm and a length of 483mm, and this was chosen in order to fit
 inside the saddle coil ideally. PCB board is double sided (two copper layers).



5.1 Electrical connection of the 16 sensors


In Figure 5.3 it is shown how we connected all 16 sensors. The output voltage
and the reference signal of each sensor goes to a flat bus that is connected to a
multifunctional DAQ device, namely, NI USB-6212. Unfortunately, this card
has only 16 analog inputs, so we did not use the reference signal of each sensor,
and as the reference, we used the GND. The only change that we made in the
electrical connection of every sensor, which is shown in Figure 2.6, is that the
pins of the RSEL0 and RSEL1 now are connected to the GND. This means
that we switched the default settings of ratio-metric reference equal to VDD/2
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Figure 5.1: PCB board with 16 fluxgate sensors


to the fixed reference of 2.5 V, this was done to improve the stability of the
 output signal. The rest of the electrical connection including the voltage
 regulator, the diode, the capacitors are similar to what was described in the
 chapters with the axial coil and the saddle coils. Each block in the electrical
 circuit is a hierarchical sheet that includes the connection of the sensor, and
 this is done for clarity. The bill of the materials that was used for the PCB
 board is listed in Table 5.1.


DESIGNATORS DESCRIPTION


D1 LED, Green, 120◦,450 mcd at 20 mA, 0805
 D2 Diode, 600 V/1 A, DO41, Uf= 1.2V, trr= 200 ns
 U1,U2, ... U16 Fluxgate sensor DRV425


U17 7805 5V Voltage Regulator, TO-220


R2 RES, 1 k, +/- 1%, 0.1 W, 0603


C33,C34 CAP, CERM, 1 uF, 25 V, +/- 10%, X7R, 0603
 P1 Header, 100 mil, 17x2, Copper, Straight, TH


Table 5.1: Bill of materials for connection with 16 sensors



5.2 Program


We wrote a program in the Lab View that contains a software (digital) Lock-In
 amplifier for all 16 sensors on our PCB board and is able to receive and
 process their output signal. How this program looks like in Figure 5.4.


From sensor’s output signal we can extract the real and imaginary compo-
nent as well as the phase. The number of samples for the triggering is set for
one period of the reference signal, which is taken from the generator and is
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Figure 5.2: Experimental model at the laboratory with the PCB board [19]


calculated by Equation 5.1. The value of the Sample Rate was set to 25000
 samples per channel per second i.e. for the exciting frequency of 32 Hz, the
 Number of Samples was approximately 780.


N umber Of Samples= Sample Rate


F requency of Generator (5.1)
 Schematic diagram of the program is shown in Figure 5.5. As described
 above for the transfer from analog to digital form of the signals from the
 sensors we used a multifunctional I/O device NI USB-6212. Signals from the
 sensors were digitally multiplied with the reference signal without a phase
 shift (the result is the X component or real part) and with a phase shift of 90
 degrees (the result is the Y component or imaginary part). For filtering the
 resulting real part and the imaginary part, we used two filters. The first one
 is Mean, which returns the average value of the input signal, and the second
 one is Butterworth. The low cut-off frequency of the Butterworth filter is set
 at 0.5Hz. After this, the signals are processed using three methods described
 in Section 5.3.


This program also contains the processing of the output signal from the
 reference position potentiometric sensor, which is connected to the multimeter
 and used to obtain the maximum achievable resolution for our position sensor.


To convert the voltage on the sensor to distance, we used Equation 5.2.


l(mm) = Vout(mV)


8(mVmm) (5.2)


Then we compared the results of measurements from our sensors to the
reference position sensor along the entire length of the cylinder. Our program
also displays in real time voltage on the sensors, how it changes with a passage
of the iron rod, and there is the possibility of writing data to the file, the
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Figure 5.3: Electrical connection of the 16 sensors


ability to calibrate the sensor and adjust the offsets. It is recommended to set
 the offset to 0 before starting the measurement (when the piston is completely
 pushed out of the cylinder).


5.2.1 User manual for the program in LabView


There will be described some steps which you must follow to correctly make
 a measurement of the position of the piston rod in the pneumatic cylinder.



..
1. Select the input channels and device where the sensors will be connected,
 Max and Min voltage and Terminal Configuration in the "Chanel settings"

block.



..
2. Select the "Digital Ref" tab in the "Trigger settings" block and set Digital
 Ref Trigger Source to your generator from which the reference is taken.

You can also set the low cut-off frequency for Butterworth filter in this
 block.



..
3. Connect the multimeter to obtain the output voltage from the reference
 sensor in "Agilent 34401A" block and set the Exciting frequency of
 generator in "Timing settings" block.


..
4. Configure the log file in "Log settings" block.


..
5. Run the program, take the piston out then press the Null key. Now our
sensors are without offset value and it is possible to measure the position
of the piston inside the cylinder. For better performance of our invented
methods, it is recommended to calibrate the sensor. Set the piston rod in
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Figure 5.4: Front panels in our LabView program


such a position that the output voltage on one of the sensors is maximum
 and press the "Calibrate sensor" key.



..
6. The calculation position of the piston is displayed in the "Results" block.

At the end of the measurement, stop the program with the "Stop" key.


The voltage on all sensors in real time can be seen on the graph "Output
 voltage on the each sensor". You can also see the acquired date, filtered
 X and Y component on the corresponding graphs.


5.2.2 Lock-In Amplifier


Lock-in amplifiers are used to detect and measure very small AC signals - all
the way down to a few nanovolts. Accurate measurements can be made even
when the small signal is obscured by noise sources many thousands of times
larger. Lock-in amplifiers use a technique known as phase-sensitive detection
to extract the component of the signal at a specific reference frequency and
phase. Noise signals, at frequencies other than the reference frequency, are
rejected and do not affect the measurement [20] Lock-in measurements require
a frequency reference. Typically, an experiment is excited at a fixed frequency
(from an oscillator or function generator), and the lock-in detects the response
from the experiment at the reference frequency. In the following diagram,
the reference signal is a square wave at frequency ωr. This might be the
sync output from a function generator. If the sine output from the function
generator is used to excite the experiment, the response might be the signal
waveform shown below. The signal is Vsigsin(ωrt+θsig) where Vsig is the
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Figure 5.5: Schematic diagram of the program


signal amplitude, ωr is the signal frequency, and θsig is the signal’s phase.


Lock-in amplifiers generate their own internal reference signal usually by a
 phase-locked-loop locked to the external reference. The internal reference is
 VLsin(ωLt+θref)


5.2.3 Mathematical background of SD


The measured and the reference signals are described in Equation 5.3. [20]:


Vsigsin(ωrt+θsig)


VLsin(ωLt+θref) (5.3)
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