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ABSTRACT. We present a new inductive sensor using planar technology, which provides a
magjor improvement over a conventional sensor. The new device presents high mechanical
hardness, high merit factor and stability over a wide temperature range at operation
conditions. Additionally, it can be built by a simplified and inexpensive manufacturing
process, since it does not require any type calibration with ferrite core, as commonly
adopted in conventional sensors. The sensor has been tested according to the IEC 6094 7-
5-2 standard. Five main sensor parameters were considered in the test setup: sensing
distance, lateral and metal free zone, mutual interference, response time, and switching
frequency. All those results demonstrated the high efficiency of the new inductive planar
sensor, as compared to a conventional one.
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1. Introduction. The inductive proximity sensors are widely used in industrial pro-
cesses, playing a major role in the operation of machines and equipment. Those de-
vices allow controlling switchers without any human physical contact, which extends the
switcher lifetime and facilitates its manipulation when repetitive actuation is required.
The planar inductor, first developed 40 years ago [1], does not require conventional wind-
ing, consisting of a planar coil and two magnetic films sandwiching the coil [2]. The planar
inductive sensor proposed here provides considerable improvements over conventional ones
in terms of higher mechanical hardness, simplified manufacturing process, and lower cost.
Additionally, this new sensor does not require calibration, as it is usually required for the
ferrite core of conventional sensors.

Design parameters have been obtained for four types of planar inductors: hoop, spiral,
meander, and closed types. The hoop inductor was built with 40 nH at 1 MHz, with
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flatness up to 10 MHz. The meander inductor was built with 100 nH at 1 MHz, with
flatness up to 410 MHz. [1] Those sensors have been tested according to the IEC 60947-
5-2 standard [3], and compared to conventional sensors. Five main sensor parameters
were defined for the test setup: sensing distance, lateral and metal free zone, mutual
interference, response time and switching frequency. Test results demonstrated the high
efficiency of this new planar sensor.

This manuscript presents the elements associated with the development, building, and
operation of a new planar inductor, which are compared with conventional sensors. Ad-
ditionally, it presents some target applications currently demanded for planar technology
in industry.

2. Conventional Inductive Sensor.

2.1. Main features. A conventional electric element can be classified according to its di-
mension in four basic categories: zero-dimensional (such as capacitors and inductors), one-
dimensional (uniform transmission lines), two-dimensional (planar) and three-dimensional
(waveguides) devices. Figure 1 shows the main features of those circuit types. A planar
circuit has two relevant dimensions (in X-Y plane) while the third dimension (Z) is typ-
ically chosen as a fraction of the signal wavelength [2]. Proximity planar sensors are
two-dimensional elements, generally manufactured by traditional approaches, are widely
used in several industrial applications, and comply with requirements of automation mar-
ket and [EC standards.
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FIGURE 1. Types and dimensions of an electronic circuit [3,5]

The planar electrical circuit, which was first developed by Okoshi and Miyoshi [4], has
been used in experiments with microwave circuits.

For the planar inductor, the Z axis corresponds to the thickness of the printed circuit
board and the tracks lay in the X-Y plane. Planar technology provides several possibilities
to design and build inductor sensors with several formats and numbers of microstrips [6].
A microstrip is a type of transmission line used in a board circuit for radio frequency
(RF) or high speed digital signals [7].

Figure 2 presents some topologies of a planar sensor within the X-Y plane, which can
be developed according to the required applications: square, octagonal, hexagonal, and
spiral. The parameters w and s are setup inputs that measure respectively the width of
the strips and interstitial distance between two strips. Additionally, d;, and d,,; define
respectively the smallest and largest limiting dimensions of the strips. Here, we designed
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FIGURE 2. Types of planar inductors in X-Y plane [4,9]

inductive planar sensors in circular, square or hexagonal shapes. In this procedure, it
is observed of a standard deviation of up to 3% in the nominal inductance values [7].
Therefore, this represents a precise procedure, considering typical deviations of up to
20% in that parameter using other technologies.

2.2. Analysis of the merit factor and inductance. The analysis of the resulting
sensors takes account of two elements: the inductance (L) and quality factor or merit
factor (@) [8,9]. The inductance of the circuit is a parameter that correlates the induced
voltage by a magnetic field when the element is subjected to a variation of current which is
responsible for generating that field. As a result, the inductance value is strongly related
to the number of turns of the inductor and the ferromagnetic core that concentrates the
force lines. Therefore, inductors with ferrite core generally have higher inductances than
planar ones.

The merit factor relates the amount of energy stored in a reactive component, in this
case the inductor, with the amount of dissipated energy, represented by the device resis-
tance (R) [10]. The higher this value is, the less energy is lost by Joule effect according
to Equation (1) [8,11].

wlL
Q= R (1)

The merit factor depends on the oscillation frequency (w). In general, in smaller devices,
such as planar inductors, the resonant circuits operate in higher frequencies. Therefore,
circuits using conventional inductors should operate in frequencies lower than in equivalent
planar ones.

The merit factor is critical in designing oscillatory circuits which must operate with
minimal loss of energy. Generally, a higher merit factor provides longer sensing distance
detection. Although planar inductors have smaller inductances than conventional ones,
their working frequencies are larger and resistances are smaller. This combination provides
a better merit factors for planar inductors. Such statement is valid because conventional
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inductors are built with a number of wires wrapped around a ferrite core, generating a
resistance which is considerably larger than in planar devices. Additionally, in conven-
tional inductors R is very sensitive to temperature, but in planar inductors it is much less
sensitive.

Figure 3 shows the experimental results of the merit factor for a conventional inductor
with ferrite core and a planar one. According to the figure, while the bandwidth of a
planar inductor is very narrow, and it is considerably wider in a conventional inductor.
Therefore, the oscillator that uses the planar coil will tend to diverge very easily, which
would favor the construction of the inductive sensor ECKO with this principle.
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FIGURE 3. Experimental results of (a) a conventional inductor with a fer-
rite core (@ = 165 at 200 KHz) and (b) a planar inductor (Q = 998.15 at
1.75 MHz)

2.3. Inductive sensor with planar technology. Although the technology to build
planar devices is reasonably well established [10,12], focus has been on transmission lines,
antennas, microwave devices and power converters for low power. The planar technology
still has not many applications for the industrial automation, but it was demonstrated
that it provides better performance than conventional sensor technology. Thereby, it is
still possible to build topologies of LC oscillators [12], which could allow building inductive
sensors with front face using planar technology.

Technically, the replacement of a conventional inductor element with a planar one does
not invalidate the operation of the tank circuit for any of the technologies already in use.
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FIGURE 4. Oscillator circuit with Clapp topology [14]

However, the Clapp topology, shown in Figure 4, may be the most convenient one in this
case [13,14].

In order to understand this system, the equations of the Colpitts oscillator differ from
the Clapp Colpitts one by the presence of C3. The resonance frequency of the Colpitts
oscillator is given by Equation (2) and for the Clapp one is given by Equation (3) for the
case in which C3 < C, Cs.
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In both cases, the oscillation frequency is determined by a relationship between the
values of inductance and capacitances. For conventional coils, the manufacturing process
generally provides inductors with large deviations in the values of L. Therefore, it is
extremely difficult to have the oscillator circuit working at its designed point. Addition-
ally, C; and C5 are influenced by the capacitance of the transistor, which also tends to
modify the ideal oscillation frequency [15,16]. On the other hand, manufacturing process
of planar circuit inductances leads to considerably more precise values for L. Therefore, it
is possible to design a resonant circuit with a more accurate oscillation frequency [17,18].

For a resonant Clapp, according to Equation (3), there is negligible influence of ca-
pacitances C'; and Cs, and that of the transistor. Therefore, it is possible to build a
tank circuit with optimized operating characteristics and thereby obtain better frequency
response and stability of the oscillation frequency [17,18].

3. New Planar Inductive Sensor. In order to comply with IEC 60947-5-2 standard,
the planar sensor was tested with several procedures, including the mutual interference
run as a complementary test for the design analysis [19,20].

The set of tests of the planar sensor measured the sensing distance (Section 7.2.1.3
of the standard), and lateral metal free zone (appendix A.3 of the standard), mutual
interference (no additional testing required by IEC 60947-5-2), response time (Section
8.3.3.2.1 of the standard), and operating frequency (Section 8.5 of the standard). All
devices were tested with a voltage supply of 24 Ve and the current charge was 50 mA.

The targets employed were dimensional pattern and type of material provided by the
standard. The tests were performed considering three different sensors. Sensor-1 is a
conventional metallic tubular inductive sensor, built with nominal sensing distance S5,
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provided by the manufacturer of 5 mm. Sensor-2 is also a conventional metallic tubular
inductive sensor with nominal sensing distance S, of 8 mm. Sensor-3, is a metallic tubular
inductive sensor that uses planar technology, inlaid, with nominal sensing distance S,
provided by the manufacturer of 8 mm [19].

3.1. Sensing distance. In order to evaluate and validate the main sensor characteristics,
it is necessary to measure its range, hysteresis, and repeatability, as show in Figure 5.
In this case, we considered the target object near the front face of the sensor. The test
setup is performed considering temperatures in the 25-70°C range. A DC power supply is
connected to the sensor, with a positive signal connected to BN (1) and BK (2) pinouts.
The latter is connected in a serial configuration with the load, thus enabling to measure
the current flow. The negative signal is connected to BU (4) pinout.

Sensor
-25°C~ 23°C~ 70°C :I
Object DC Source
- - +
OO (1?)
CE BN({1) )
Approximation of
Standard the sensing face BK(2) — C A )
Target % R d WH3) St
A BU (4)

FI1GURE 5. The electrical setup for distance sensitivity tests of the sensor,
when target is placed in the front face of the sensor

In order to comply with the requirements of applications, the acceptance criteria for
the sensor are presented in Table 1. It presents the parameters to be evaluated in terms
of range, repeatability, and hysteresis. The nominal distance S,, is the first parameter
which serves as a reference for other parameters. Table 2 presents those parameters for
the sensors which were tested.

TABLE 1. Acceptance criteria for parameters [19]

Parameter Range
Nominal Distance (S,) Sh
Effective Distance (S;) 09-5,<§5,<1.1-8,
Usual Distance (S,) 09-5,<5,<1.1-85,
Guarantee Distance (S,) 0<5,<081-5,
Repeatability (R): R <0.1-8S, (after 8 hours)
Hysteresis (H) H <025,

According to Table 2, Sensor-3 has a nominal sensing distance (S,) reported as 8
mm and effective distance (S,) a little smaller than that allowed by the standard. This
characteristic was probably due to some deviation in the adjustment performed at the
sensor during the manufacturing’s process, and all other parameters are accordingly as
recommended by the standard.

3.2. Lateral metallic and free zone. For the test of the lateral side of the sensor, it
was considered, as acceptance criterion, the nearest side of metal made with the standard
target. However, the target can be placed laterally near the target to lean against the
side of the sensor, and it cannot experience any interference, as shown in Figure 6.
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TABLE 2. Tests for the measuring of sensor range

Parameters Sensor-1 Sensor-2  Sensor-3

Sn 5.000 mm 8.000 mm 8.000 mm
S, 4900 mm 8.492 mm 7.030 mm
Sy (+H) 5.140 mm 8.726 mm 7.725 mm
H 0.240 mm 0.234 mm 0.695 mm
Su(—25°C)  4.890 mm 7.535 mm 6.615 mm
Sy (+70°C)  5.060 mm 7.833 mm 7.215 mm
R (%) 99.30% 99.00% 99.65%
Sensor ]
DC source DC Source
o¥e ({,
BN(1)
g ]
) e
BU (4)

Lateral
Approximation

Object ———> ————
Standard
Target

FIGURE 6. The electrical setup for distance sensitivity tests of the sensor,
when the target is placed in the lateral position of the sensor face
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FIGURE 7. The test setup of the free zone
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The test of free zone takes as the criterion standard the target approaching at a distance
that is > 3.5, in front of sensor. Within this operating range, no type of influence is
allowed on the sensor. Figure 7 shows the setup for this experiment. All samples comply
with the IEC 60947-2 standard.

3.3. Mutual interface. Although the mutual interference test is not required by the
standard, it is relevant to provide information on the behavior of inductive sensors placed
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next to each other. Figure 8 shows a configuration of two sensors on the parallel connection
in their lateral arrangement. All sensor samples comply with the adopted criterion.

3.4. Response time. This test evaluates the time delay between the instant when the
sensor is energized and the one when it is available for proper operation. This test is
performed with the sensor in a state non-triggered, check for the response time and false
pulse output at feeding time and also with the sensor activated. The acceptance criterion,
outlined in the standard, states that the duration of any false signal should be measured
causing the write signal over the oscilloscope load. The electrical assembly for the test is
shown in Figure 9.

Figure 10 shows the typical forms of the false signal for proximity sensors and if there is
any type of false signal. Thereafter, the start-up time (7;,) of the sensor should not exceed
300 ms (time between ¢, and ¢3) and during this time interval no false signal should be
observed for a period greater than 2 ms (time interval between ¢; and t5).

In order to demonstrate the real tests, Figure 11 shows the measured value to test
Sensor-1. It was verified that the instant of startup occurred at 900 us and the triggered
event in the instant AX = 810 us.

[ 1
DC Source
SO
BN(1) L
N BK(2) — |
N
WH(3)
BU (4)
Lateral
Approximation
BN(1) N4
Ny BK(2) — L
2 : WH(3)
BU (4)

FIGURE 8. Two sensors in a lateral arrangement, which can cause interfer-
ence between each other
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FI1GURE 9. The electrical architecture to test the response time
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FiGURE 11. The instant of start-up for the Sensor-1 triggered

In the case of Sensor-1 non-triggered, it can be verified of the occurrence of start-up in

the instant AX = 200 us, as shown in Figure 12.
Figure 13 shows the measured values to test Sensor-2. It was verified that the triggered

event occurred at the instant AX = 160 us.
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FiGURE 12. The instant of start-up for the Sensor-1 non-triggered

40

Volts
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FIiGURrE 13. Start-up instant of triggered Sensor-2

When the Sensor-2is not activated, it presented a negligible time interval for the start-
up (less than 200 ns), and the respective chart was not plotted. The start-up of the
Sensor-3 was reached at 40 ms, according to Figure 14.

When the Sensor-3 is not activated, it presented a negligible time interval for start-up
(less than 200 ns) and the result is not presented. Analyzing all waveforms and start-up
time, all three sensors appear to comply with the IEC reference.

3.5. Operating frequency. The test, which verifies the sensor working as a switching
device, aims to establish the maximum operating frequency in which the sensor can still
detect the passage of a target without causing a false triggering. In the tests, some
parameters were constrained. The first one is that the separation of the target should be
twice the size of the target. The second one is that it should comply with the standard for
sensing distance. The target must be the largest value between three times the diameter
(Sp) or the diameter.
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FIGURE 14. Start-up instant of triggered Sensor-3

Sp is a parameter that describes the nominal distance to the sensor, or a standard
distance in which the device still can detect the target. All manufacturers inform the
nominal sensing distance (S,) for their sensors, although this detection distance is not
normally employed in applications. According to the same standard mentioned earlier,
the sensor must comply with the distance criterion (S,). The factor value for guarantee
distance is 0.81 with the following equation S, = 0.81 % S,,, where the minimum range
must be provided by the manufacturer to ensure smooth operation.

Now, considering the following example, in which the object needs to be detected by an
inductive sensor M30 (pipe diameter D of 30 mm), having S,, = 10 mm. For the standard
target of carbon steel, wherein the operating distance ensured is 8.51 mm. This does not
mean that the device will not detect at the nominal sensing distance, but variations in
temperature A (10%) of S, and the production process of the sensor with Ap.x (10%)
of S,, can lead the work cycle to error. According to Ref. [8], the maximum deviation of
Sy, from manufacturing is in the 90-110% range. Those limits for the parameter are called
S, and are respectively Sy(min) and Sy (max)-

The maximum deviation, considering the manufacturing process and interference of
temperature, is from 90% to 110% of S,. This parameter is the S,, and the limits are
respectively Sy(min) and Sy(max)-

In order to determine the minimum guarantee distance denoted by S,, resulting the
expression S, = Sy(min) * Sr(min) = 0.81-S,. Thereafter, this value should be the reference
for installing the part in field.

Figure 15 shows the test setup, which should be conducted away from the sensing face
of S,/2, which ensures S, and the target should be separated by 2a. The a factor is
the term that defines the size of the standard target. This factor must be determined as
follows: a = 3-S,,. In order to determine the correct size to the pattern target is must
be observed the S,, and D.

Considering as an example a sensor M30 with S, = 8 mm the default target is 30 - 30
mm (D). For M30 with S,, = 15 mm, the default target is the 45-45 mm (3 - S,,). In the
case shown in Figure 15, the spacing between targets should be the latter one, the target
size must have and sensor must be mounted with S, /2.

Now, as the proposed function, we believe that it is somewhat too generic and represents
something ideal. For embedded sensors, provided S,,/2, even if the target is not aligned,
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Centre line
of target

1 = proximity switch
IEC 358194
2 = target

3 = disc in non-magnetic and non-conducting material

FIGURE 15. A framework for test according to the IEC 35895 standard

Volts

FiGUuRrRE 16. Maximum operating frequency of Sensor-3

the piece is already switched. It must be taken into account that S, /2 is almost 30%
below that of the S, trivial telling us that, approximately, 70% of the target skiving this
condition the piece commute. If the part is switching effectively at the S, it must be
considered changing the target to 50% of the alignment, since one has S, /2.

Therefore, for the sensor-1 having S,, = 5 mm diameter and 18 mm, the target to be
considered is 18 mm circular. Sensor-2 and sensor-3 have S,, = 8 mm, and target is 24
mm in diameter. Figure 15 shows the template used for the tests [19].

For the tests performed on Sensor-1 and Sensor-2, the maximum operating frequency
in both cases is nearly 500 Hz. For Sensor-3, it is 1.4 kHz, as shown in Figure 16,
representing a major difference with respect to the other sensors.

4. Conclusions. This investigation has explored the operating characteristics of induc-
tive proximity sensors through a comparative study among devices built with ferrite core
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TABLE 3. Comparasion between sensors

Test Sensor-1 Sensor-2 Sensor-3
Sy = 4.9 mm S, = 7.03 mm
Sensing distance (In accordance, Sy = 8.492 mm (Deviation of
however, (S,) lower (In accordance.) conformity with S,
among compared.) less than expected.)
Metal lateral In accordance In accordance In accordance
and free zone
. Mutual In accordance In accordance In accordance
interference
Triggered = 810 us Triggered = 160 us Triggered = 40 us
Response time Non-triggered = 200 ps, Non-triggered < 200 ns Non-triggered < 200 ns
In accordance. In accordance. In accordance.
Operating ~ 500 Hz ~ 500 Hz, ~ 1.4 Hz
frequency

(conventional and conventional with increased operating distance) or planar technology.
The comparative studies were carried out in terms of operating parameters. Particularly,
those characteristics were explored in terms of acceptance test criteria and validation for
sensors to comply with the TEC 60947-5-2 standard.

The comparison showed that the planar method for constructing such device is feasible
and has operating advantages over conventional ones. The advantages of sensors with
planar technology are: high mechanical robustness with respect to impact and mechan-
ical shock; simplified manufacturing process within a printed circuit board, lower cost,
unnecessary ferrite core, high merit factor, precision on the inductance value, and stabil-
ity over a wide range of temperatures. Therefore, planar technology represents a viable
alternative for proximity inductive sensors.
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