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Abstract

This paper designs small-sized printed circuit board (PCB) coils along with commercial inductance-to-digital con-
verter (LDC) from Texas Instruments, and evaluates its potential for space limited bearingless motor applications,
e.g., artificial hearts. For instance, the rarial displacement of the rotor, measured in x- and y-components, can
be captured by two PCB coils with one LDC1612 chip. The measurement range and resolution of the sensor are
measured in experiments, and variants of PCB coil shapes are further considered and compared.
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1. Introduction

The displacement sensor provides high bandwidth feedback signal for active control of rotor displacement in ma-
gentically levitated system. There are various types of displacement sensors, including capacitive, Hall-effect, and eddy
current sensors. Capacitive displacement sensors are usually expensive and highly sensitive to air gap media [1]. Hall-
effect displacement sensors require an excitation source and indirectly measure displacement by measuring the strength of
the magnetic field [2]. Among the three, eddy current displacement sensors have been widely used in magnetic levitation
motor systems [3-5].

Existing eddy current displacement sensors in litrerature is bulky in design [6]. A typical example is shown in Fig. 1.
The outer sensor diameter of the sensor is about 100 mm, which is not suited for space-constrained applicaiton. On the
other hand, the small-sized eddy current displacement sensor avalilable in the market is expensive, e.g., priced at $600 [7].
In this paper, a low-cost (all configurations add up to only a few tens of dollars), high-accuracy, and compact noncontact
eddy current displacement sensor design based on printed-circuit board (PCB) coils and commercial inductance-to-digital
converter (LDC1612) from Texas Instruments (TI) is proposed.

Given the fact that integrating multi-coil array eddy current sensors has emerged as a research hotspot due to their
capability to simultaneously decouple axial and radial displacements [8,9]. This paper focuses on in-depth optimization
of a high-precision single-point eddy current displacement sensor. By investigating the influence of probe coil geometry
on sensor performance and quantifying resolution characteristics at varying distances, this work provides a moduilarized
components for multi-coil array eddy current displacement sensors.
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Fig. 1 PCB integrated radial eddy current sensor design [10]. Fig. 2 Working principle of the eddy current displacement sensor.
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2. Design Process for the Proposed Displacement Sensor

The PCB coil can be equivalently modeled as an electromagnet. When an alternating current flows through PCB coil,




an alternating magnetic field (AC magnetic field) is generated around it. If a conductive material, such as a metal object,
is brought near this changing magnetic field, circulating currents, commonly known as eddy currents, will be induced on
the surface of the conductive target.

The changing eddy current, in turn, generates an induced magnetic field in the opposite direction of the original
magnetic field. This effect can be equivalently regarded as a set of coupled inductors in circuit, where the PCB coil acts as
the primary inductor and the eddy currents in the target conductor represent the secondary inductor. The coupling between
the primary and secondary inductors is a function of the resistivity, size, shape, and distance of the PCB coil and the target
conductor. When the intrinsic parameters (such as resistivity, size, and shape) are fixed, the only factor that influences
coupling strength is the distance d between the PCB coil and the target conductor. Fig. 2 shows a simplified model of
the PCB coil and the target conductor with respect to their distance d. In this model, Leoiz, Reoi» and Cpg, represent the
inductance, resistance, and parasitic capacitance of the PCB coil, respectively. Meanwhile, C,., denotes the capacitance
connected to the PCB coil, forming a resonator.
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Fig. 3 Coil designer provided by TI [11].

The PCB coil calculator provided by TI can be directly utilized for sensor parameter design [11], as shown in Fig. 3.

Step one is to select the LDC part. To convert the coupled inductance into a digital signal, the inductance-to-digital
converter [12] is used, which is an integrated circuit (IC) developed by 7I1. The microcontroller communicates with
LDC1612 via the I12C protocol, enabling real-time transmission of the digital signal to the computer. The LDC1612 series
can use up to two PCB coils, while the LDC1614 series can use up to four PCB coils.

Step two is to select coil type, we can choose circular, square, hexagonal and octagonal, Each coil configuration is
defined by four key geometric parameters: inter turn gap (s), conductor line width (w), outer contour dimensions (Doyr,
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representing equivalent edge length in square coils), and inner aperture (Dyn). The parameters s, w and Doyt can be
dynamically adjusted in the step four.

Step three is to choose layers, we can choose from one layer to eight layers, and the total inductance would increase
if we choose a higher layer number, which means a more stable PCB coil.

Step four is to determine the geometric parameters of the coil, including trace width, turns per layer, spacing between
traces, and spacing between layers. At the same time, some other circuit related parameters can also be determined,
including copper thickness and LC sensor capacitance (which is the resonant capacitor as mentioned previously in Fig. 2).
When the above parameters are determined, the coil desinger can automatically generate PCB coils corresponding to
these parameters, while providing some output parameters, including total inductance, sensor frequency, Q factor, and
self resonant frequency.

It is worth noting that if in practical applications two PCB coils are too close together (with a distance less than the
coil diameter), then these two coils should choose different frequencies to avoid interference.

Upon completion of the design, the PCB layout schematic of the PCB coil can be exported. Subsequently, open-
source and free PCB design software can be employed for PCB editing. Based on the geometry of the target bearingless
motor (BLM) stator, the external contour of the PCB coil was customized, resulting in a final design compatible with a
circular motor housing.
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Fig. 4 Test bench setup on a CNC platform.

3. Experimental Validation Studies

The test bench uses a three-axis milling machine to control the displacement between the sensing target and the PCB
coil. The positioning resolution is 5 um. As illustrated in Fig. 4, the experimental configuration consists of:
e abearingless motor shaft fixed by the milling head;
e 26061 aluminum alloy sensing target mounted on the shaft surface;
o the sensor’s detection coil rigidly mounted on the milling machine base;
e and LDC1612 inductance-to-digital converter and microcontroller.

The displacement calibration procedure was implemented through axial shaft movement. The calibration commenced
with incremental axial advancement of the target conductor toward the PCB coil. When monitored data reached its
peak value (corresponding to conductor-coil contact state, indicating zero initial displacement gap), this position was
established as the displacement origin. Subsequently, programmed control of the milling machine executed discretized
stepwise retraction of the shaft along the axial direction at preset micron-level increments (5 um), while synchronized
acquisition of displacement increments and sensor output values enabled characterization of the sensor’s resolution and
accuracy performance.

To measure the range of the sensor, perform the following experimental steps:
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Fig. 7 Resolution fitting curve. Fig. 8 Measurements by PCB coils of different shapes.

e  First, use the milling head to fix the rotor shaft with the target conductor, and fix the PCB coil probe to the milling
machine bench;

e Then, adjust the PCB coil to make it parallel to the center of the target conductor surface, and slowly move the
machine bench to decide the the initial position corresponding to a zero measurement between the PCB coil and the target
conductor;

e Next, record the values of the PCB coil from the zero position, and record the corresponding output values of the
PCB coil probe as the milling machine bench moves at a step size of 50 um. Continue moving the milling machine bench
until the values of the PCB coil no longer changes;

e Finally, plot the recoreded data, with the horizontal axis representing the distance between the PCB coil and the
target, and the vertical axis representing the inductance digital value of the PCB coil returned by LDC1612, as shown in
Fig. 5.

Usually, the effective range of the probe coil detection distance of eddy current displacement sensors is equal to its
radius [12]. From Fig. 5 it can be seen that the absolute rate of change measured by the sensor is inversely proportional
to the distance of the target conductor. This phenomenon is due to the increased eddy current effect when the distance
between the conductor and the coil is shortened, resulting in a significant change in coil impedance.

The diameter of the PCB coil used in this experiment is 5 mm. From Fig. 5, it can be seen that within the range of
detection distance from 0 to 5000 um, that is, within the diameter range of the sensor, the measured values of the sensor
have a changing trend. Therefore, it can be concluded that the range of the displacement sensor proposed in this paper
can reach the size of the sensor PCB coil diameter, and when the testing distance is within the radius range of the sensor,
the values returned by the sensor have a clear changing trend.

As evidenced in Fig. 5, the absolute rate of change in sensor measurements exhibits an inverse relationship with
the target conductor distance. This phenomenon arises from enhanced eddy current effects at reduced conductor-to-coil
distances, resulting in pronounced coil impedance variations.

In order to better and more accurately calculate the resolution value of the sensor, the displacement adjustment will
be made according to the minimum movement unit of the milling machine, which is a distance of 5 um. Nevertheless,
this is still far greater than the optimal resolution value of our sensor. In order to quantify the effective resolution size of
the entire range of the sensor, we use derivatives to express this resolution value. The displacement on the x-axis is X, and
the return value of the y-axis sensor is y. Therefore, the resolution of the sensor can be expressed as dy/dx.
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The displacement sensor’s resolution was characterized across discrete operational ranges (0-5 mm). Fig. 6 quantifies
resolution distribution, while Fig. 7 presents third-order polynomial fitting curves. Measured resolution demonstrates
progressive degradation with increasing displacement. In order to visually illustrate the resolution of the sensor within
certain range, the following data is provided (in fact, each specific displacement corresponds to a specific resolution value
of the sensor):

e 0-1 mmrange: < 10 um
e 1-2 mm range: 10-25 ym
e 2-3 mm range: 25-75 um
e 3-4 mm range: 75-170 um
e 4-5 mm range: 170-400 yum
Resolution y versus displacement x follows the empirical relationship:

y =4.596 x 107x° — 1.147 x 107 x* + 0.01708x — 0.256 (1)

It is worth mentioning that when the gap between the displacement sensor and the target conductor is 2.6 mm, the
resolution of the sensor can be accurate to within 50 ym.

Inspired by the work in [13], this paper examines and compares the test values obtained from various shapes (circular,
square, and hexagonal PCB coils), Fig. 9 shows the different shapes of the PCB coils, and the test values are as illustrated
in Fig. 8. Compared to circular PCB coils, square and hexagonal PCB coils have a wider range of variation under the same
range. In other words, the latter two have a higher resolution. However, compared to the other two shapes of sensors, the
circular PCB coil has a smoother trend of variation and better stability. Therefore, the displacement sensor proposed in
this paper can be applied to various shapes, which also meets the requirements of different environments and situations
for the shape of the PCB coils.

Circular Square Hexagonal

Fig. 9 Variants of different geometric shapes of PCB coils designs.

4. Conclusion

This paper presented a low-cost small-sized displacement sensor. Firstly, the total cost of all components (MCU and
sensor prototypes) of the sensor is only a few tens of dollars, and its size and diameter used in bearingless motors are
only 5 mm, which can be well applied in space limited magnetic levitation systems. Subsequently, through experimental
testing, the range and resolution of the displacement sensor was determinedm, which suggests the measuremnt value is
essentially a stochasitc variable. The effective range is the radius of the PCB coil, and its maximum range can reach
the diameter of the PCB coil. Finally, the test results of PCB coils with different shapes were compared under similar
inductance values and quality factors.
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