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Abstract: This paper provides a comparative analysis between a force sensor and an eddy current
sensor, focusing on their usability to determine the position of a circular levitating permanent magnet
(PM) mover within an axially symmetric magnetic levitation platform (MLP) with an exceptionally
large air gap. The sensors enable closed-loop control, which is essential for accurately and stably
maintaining the mover’s radial position. For the considered MLP, a change in radial position in
principle results in a tilting of the mover, i.e., a deviation from the parallel alignment relative to
the stator. As both the radial position and the tilting angle affect the sensors” (force and eddy
current) output voltage, an observer must deduce the radial position from the output sensor’s voltage,
requiring a comprehensive MLP dynamic model and calibration of the models for both sensing
approaches. The paper discusses the advantages and weaknesses of each sensor concept, exploring
operational principles and performance in levitation tests. The force sensor exhibits versatility,
proving functional across various application scenarios, such as when the mover is sealed in a
conductive, non-magnetic chamber. In contrast, due to its high-frequency operation, the eddy current
sensor is more straightforward to characterize, simplifying its behavior relative to the mover’s
slower dynamics. Measurements are conducted to validate the models, showing the eddy current
sensor’s robustness against disturbances and imperfections in the MLPs and its immunity to cross-
axis interference. Conclusively, in levitation experiments where the mover is vertically distanced at
104 mm from the stator, the eddy current sensor achieves a position tracking precision about ten times
better and a signal-to-noise ratio (SNR) ten times higher compared to the off-the-shelf force sensor,
confirming its better performance and reliability; however, it cannot be used in applications where
conductive objects are present in the air gap. Furthermore, additional experiments are conducted on
the MLP using the eddy current sensor to show the controller’s robustness and dynamic reference
tracking capability, with and without a payload.

Keywords: magnetic levitation platform; force sensor; eddy current sensor; dynamic model

1. Introduction

Magnetic levitation finds applications in various fields, such as transportation, aerospace,
civil, biomedical, chemical, architectural, and automotive engineering, as detailed in [1].
Within this extensive range of applications, magnetic levitation platforms (MLPs), which
are characterized by the absence of mechanical contact between the levitated platform
(mover) and the steady base (stator), serve as vibration isolation systems for high-precision
manufacturing [2,3], dynamic supporting structures for mirrors in optical pointing and
scanning applications [4], zero-power gravity compensation systems [5], e.g., nanometer-
scale positioning [6], ground-based testing of large optical equipment for space use [7],
and cleanroom conveyor systems [8]. Magnetic levitation and precise position measurement
are also important when using highly sensitive temperature-compensated quartz sensors
that measure position based on capacitive change, as shown in [9,10].
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The theoretical and practical implementation of an axially symmetric MLP poten-
tially suitable for zero-power gravity compensation applications was analyzed in [11]
and [12] with the aim of extending the vertical air gap (i.e., the levitation height / in
Figure 1) between the stator and mover. Similar systems based on commercially available
levitation modules have been sporadically analyzed in the literature regarding structural
optimizations and closed-loop control [13-18].
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Figure 1. Magnetic levitation platform (MLP) with the mover levitating using the eddy current
position sensor (ECS) for determining the radial (x, y-axis) position. The permanent magnet (PM)
stator, which is not visible as it is covered by the excitation and sensing PCB coils, generates axial,
i.e., z direction, magnetic forces that maintain the mover at the reported distance of 1 = 104 mm.
The electromagnets compensate for magnetic destabilizing forces in the radial x, y plane and maintain
the mover at the desired position based on continuous measurements captured by the position sensor.

Such MLPs are formed by a hybrid structure of permanent magnets (PMs) and electro-
magnets (EMs), which constitute the passive and the active part of the system, respectively.
Stator and mover PMs generate the vertical force that compensates for gravity. EMs only
generate the stabilizing forces that hold the mover at the zero-power point, i.e., the radially
centered position x = y = 0, resulting in lower volume and losses. The PMs are designed
so that the mover has three passively stable degrees of freedom (DOFs), achievable with
the axially symmetric geometry presented (see Figure 1). Specifically, the axial (z direction)
displacement and the two rotations around the radial axes x, y are stable due to restoring
magnetic forces and torques. The radial (x, y direction) displacement is passively unstable
due to magnetic forces that pull the mover away from the center x = y = 0. Therefore,
an active control of these two DOFs is strictly necessary. The axial symmetry of both PMs
contributes to marginal stability in rotation around the z-axis. This means there is no strict
need for active control to manage this rotation; therefore, this paper does not address it.

The adoption of closed-loop control is essential to stabilize the mover’s unstable radial
positions, denoted by xm and yn,. This necessitates an effective method for obtaining the
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position of the MLP’s mover, especially in scenarios demanding high versatility, such as,
e.g., operation within stainless-steel (non-magnetic) process chambers where traditional
optical position sensing is infeasible. Consequently, [12] introduces a novel position mea-
surement methodology that relies on observing the reaction forces exerted on the stator by
the mover’s movements, called the reaction force-based position sensor (RFS). This approach
is notably beneficial for facilitating the automated manufacture and manipulation of objects,
enabling robot arms to seamlessly navigate through the air gap between the stator and the
mover. However, the accurate implementation of an RFS necessitates meticulous modeling
of the MLP’s dynamics to convert reaction forces into position data precisely. While the
complexity and noise inherent in the force sensor may impact the precision of the RFS
method, the technique’s universal applicability and ability to accommodate conductive
objects within the air gap stand out. The second advantage could also be achieved by Hall
effect sensors, which are, however, not applicable to this MLP because the high magnetic
field near the stator PM would saturate the measuring circuit output [12]. The considerable
advantage of accommodating conductive materials in the air gap is not achievable with
other types of position sensors, such as eddy current-based sensors (ECSs). Hence, the ob-
jective of this paper is to meticulously evaluate the RFS and ECS technologies, focusing
on their applicability, the complexity of implementation and modeling, accuracy, stability,
and reference tracking capabilities. Such a detailed comparison is critical when selecting
the most appropriate sensor type for specific applications, easing decision-making in the
integration process of advanced mechatronics.

In Section 2, we introduce the geometry and display the operating principles of the ECS.
A brief repetition of the operating principles of the RFS, which are extensively discussed
in [12], is given in Section 3. The position sensor’s dynamics modeling and verification is
covered in Section 4. The comparative results of steady-state levitation experiments for
both sensors are presented in Section 5, where we clarify that there are more restrictions
in the design of an RFS-based position control, such as a more sophisticated dynamical
model requirement and lower signal-to-noise ratio, compared to the ECS. However, the ECS
cannot be used in applications when the mover is enclosed in a conductive chamber due to
Faraday’s cage effect. Furthermore, in Section 6, additional tests on the MLP using only
the ECS demonstrate that dynamical reference tracking and loading the mover with extra
weight are possible. Finally, conclusions summarizing the main findings are drawn in
Section 7.

2. Eddy Current Position Sensor for the MLPs

This section first introduces the ECS, tailored explicitly for the analyzed MLP. Next,
the main properties of the RFS concept proposed in [12] are summarized in Section 3, and a
detailed comparison of the two position-sensing technologies is finally performed starting
from Section 4.

2.1. ECS Geometry and Operating Principle

The ECS applied to the MLP employs high-frequency electromagnetic signals to
determine the position of the mover in space. A set of four coils is used to sense the radial
x,y position and is arranged as depicted in Figure 2a,b. The excitation coil is radially
centered and located directly above the stator (see Figure 2a). A time-varying voltage
Uexc ECs With a high-frequency fexc is applied at its terminals (see Figure 2c), whose current
generates a high-frequency magnetic field that reaches and couples with the target coil on
the mover. The mover is equipped with a short-circuited target coil, where an eddy current
flows to counteract the coupled excitation flux (Faraday’s law of induction), generating a
magnetic field with the same frequency as the excitation frequency (denoted as “ECS target
flux” in Figure 2a).
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Figure 2. (a) Section view of the MLP that uses the ECS, where the direction of the magnetic flux
density, induced currents, and voltages is shown for a positive excitation current. The directions
of the shown electromagnetic force Fgyy and torque Tgy; are given by a positive current injected
in the EMs when the mover is at its natural levitation point x,, = 0 and 6, = 0. Additionally,
the effects of displacements xp, and 6, are shown, leading to the displacement-dependent magnetic
force Fpyj (unstable) and torque Tdisps and the rotation-dependent magnetic torque Tpy; (stable) and
force Frot [11]. (b) Top view of the system (excluding the radially centered mover) that shows the
spatial distribution of the sensor’s coils with respect to the stator and EMs. (c) High-frequency
excitation voltage for the excitation coil. (d) Expected voltage output from the sensing coil ugeng ECs
and demodulated voltage signal #lsens Ecs for a positive mover’s displacement in the x direction.
(e) Impedance measurements of the proposed sensor’s coils, where the target and sensing coils
operate in the inductive region at the excitation frequency fexc = 3.1 MHz, indicating that magnetic
coupling exists.
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Two sensing coils per axis are connected in anti-series to couple the flux from the
excitation and target coil, generating a proportional voltage ueens Ecs at their open terminals.
Examining the sensing coils (e.g., the one for position measurement along the x-axis)
closely, the voltage generated by the excitation coil’s magnetic field is zero due to the
anti-series connection of the sensing coils and the equal coupling of excitation flux (a
radially symmetric magnetic field does not induce any sensing voltage). The same applies
to the field from the target coil when the mover is radially centered and horizontal. As
the mover displaces from the center (e.g., in the positive x direction), the x-axis sensing
coil outputs a time-varying voltage with frequency fexc as illustrated in Figure 2d because
of an imbalance in the coupled target flux between the two sides of the coil. When the
sensed signal is demodulated to obtain the amplitude #igens 5cs, a linear relation between
the mover’s displacement and sensed voltage valid for small displacements is observed,
ie., Asens ECs = —kydisp - ¥m, where ky 4;sp is the sensitivity for the radial displacement and
is given in Table 1. As already observed in [12] for the reaction force sensor, the tilting
of the mover around the radial x, y-axes influences the sensed voltage. Tilting the mover
while keeping it radially centered, a linear relation valid for small angles is observed and
written as flgeng Ecs = —kv,rot - Om, where ky rot is the sensitivity for the rotation. Considering
both the displacement and the rotation, which always happen simultaneously [12] during
destabilization and control action, the superimposed equation

lsens,ECs = —kydisp * Xm — Kyrot - Om 1)
fully describes the mover’s position in space for small displacements and angles.
Table 1. ECS parameters, where the values of the RLC components are extracted from the impedance

measurement depicted in Figure 2e performed with the coils installed on the MLP. Due to symmetry,
only the x-axis sensing coil parameters are shown.

ky,disp 51.3pV/mm | kyrot 5uv/e
kIPS 240 V/V Tf,ECS 4.6ms
feEcs 35Hz | excECS 7.4 Vpp
fexc 3.1MHz fsens 7.6 MHz
Rexc 950 | Lexc 23.9uH
Rgens 15Q) | Lgens 27.2uH
Rtarget 2mQ) Ltarget 0.4pH
Cexc 110 pF Csens 16 pF
Nexc 10 | Nsens 16

2.2. ECS Design Considerations

For the design of the ECS coils, the spatial distribution and the number of turns are
important metrics because they primarily determine the coils” inductance and parasitic
capacitance, ultimately defining the resonant frequency. The goal is to maximize the
sensitivity ky 4isp and keep the inductive behavior and the overall MLP’s size the same in
order to facilitate a fair comparison with the RFS. The outermost winding of the excitation
coil is chosen to be as large as possible to maximize coupling with the target coil on
the mover. However, the size is limited by the placement of the PM stator and EMs
because the excitation coil’s magnetic field induces eddy currents in neighboring conductive
materials, affecting the coupling with the target coil. The distribution of eddy currents in a
conductive material is determined by the skin depth 6 = \/p/ 7T fexc oy, Wwhich depends
on its electrical resistivity p and relative permeability y, [19]. Copper EMs have a much
lower resistivity than NdFeB PMs (pcy, = 1.68 x 1078 Om ~ 0.12 - ONdFeB) and a similar
relative permeability (u,cy, =~ 1 = 0.93 - i, Ngrep)- Consequently, the skin depth in EMs
is smaller than in PMs écy ~ 37um ~ 0.36 - dngrep, indicating a higher eddy current
density on the material’s surface near the excitation coil. Therefore, the detrimental field
caused by eddy currents in EMs in the vertical space above the excitation coil is more
pronounced than the one resulting from eddy currents in the stator PMs. Consequently,
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when limiting the excitation coil’s diameter to the dimension of the stator PM, a larger
coupling with the target coil is expected, even though the coil’s diameter is smaller than
the MLP’s characteristic dimension CD. The larger coupling between the excitation and
the target coil is beneficial as larger eddy currents are induced in the target coil, finally
leading to larger induced voltage in the sensing coils and, thus, a better sensitivity. The
same principle holds for the sensing coils, where the area of the outermost winding is
maximized while minimizing the overlapping region with the stator and, most importantly,
with the EMs (see Figure 2b). A total diameter of the sensing coils larger than the MLP’s
characteristic dimension is disregarded to preserve compactness. Regarding the target
coil, a single-turn coil is applied on the mover’s lateral surface so that the total weight and
outer diameter are only marginally increased while maximizing the coupling area for the
excitation coil’s magnetic field. Further, the integrated circuit (IPS2550 [20]) used to drive
the excitation coil, and to amplify and demodulate the high-frequency signals from the
sensing coils, poses an additional constraint on the coils” design. Specifically, the excitation
coil has to exhibit a resonant frequency in the frequency range fexc = [2MHz, 5.6 MHz|
to be appropriately excited. A high number of turns N and an operating frequency fexc
close to the maximum are advantageous for achieving a large sensitivity since the induced
voltage in the sensing coils directly depends on both design parameters (Faraday’s law of
induction). However, the coils” parasitic capacitances Ceyxc and Cgens limit the number of
turns since they increase for greater Nexc and Nsens. The proposed design features a PCB
carrying the excitation coil with Ney. = 10 turns and the sensing coils with Ngens = 16 turns,
which are arranged as depicted in Figure 2b. The measured impedance of all the eddy
current sensor coils is given in Figure 2e, where the operating frequency is fexc = 3.1 MHz,
and the sensing coils’ resonant frequency is fsens = 7.6 MHz. The numerical values of the
equivalent lumped elements are listed in Table 1.

The measurement bandwidth of the eddy current sensor is limited by the IPS2550’s
internal demodulation process, which removes the high-frequency carrier signal to obtain
low-frequency demodulated signals that depend on the mover’s position. This process in-
troduces a constant time delay of Ty = 4 ps valid in the whole operating frequency range.
In the frequency domain, the time delay is approximated by a first-order transfer function (TF)
Hy(s) = (2 —Tys)/(2+ Tys) [21] with a zero and a pole at fq = 1/ (7t - Tg) = 79.6kHz. Ac-
cordingly, the sensor’s bandwidth is defined as the —3 dB frequency of a phase-equivalent
TF Hy(s) = 1/(2 + Ty4s)? and lies at fowecs = fa -V V2 — 1= 51.2kHz. Since the approx-
imate bandwidth is much larger than the mover’s dynamics (maximum fp, rot = 2 Hz for
the tilting as reported in Table 3 and [12]), we neglect the dynamics of the ECS during the
MLP dynamics analysis and the position controller design.

2.3. Impact of the Conductive Obstacles in the Air Gap

As previously highlighted, the RFS offers a broader range of applications than ECS,
particularly due to its capability to function effectively in environments with conductive
materials within the air gap. In this subsection, we examine how metal objects (aluminum
and copper) influence the performance of the ECS.

Considering Figure 3, when the mover is manually displaced by 1 mm back and forth
from the center without materials in the air gap, the sensed voltage of the eddy current
sensor varies between zero and approximately 12.3mV (blue curve). However, when
a conductive sheet is inserted in the air gap to mimic the situation where the mover is
isolated and levitated in a hermetically sealed chamber, the mover’s displacement is not
recognizable in the sensed voltage (see orange and yellow traces in Figure 3). This happens
because the target coil on the mover is shielded from the excitation coil’s magnetic field,
which means that there are no eddy currents in the target coil; accordingly, no position-
dependent opposing field occurs. In contrast, the RFS can still operate since the magnetic
and electromagnetic forces acting on the mover are always reflected on the stator and EMs.
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Figure 3. ECS’s response for a manual radial displacement of the mover by 1 mm back and forth
using a micropositioning stage for different mediums in the air gap. (a,b) show the results on the
x- and y-axes, respectively. When a square conductive sheet (207 mm x 207 mm) that fully covers
the PM stator and EMs is inserted in the middle of the air gap, i.e., at about 50 mm from the top
surface of the PM stator, the magnetic coupling between the excitation, target, and sensing coils is
heavily reduced due to the magnetic flux shielding, resulting in zero sensed voltage (neglecting the
independent offsets, drifts, and noise). The copper sheet is 0.35 mm thick, whereas the aluminum foil
is 1mm thick and perforated, with holes having a diameter of 5mm and a spacing of 2 mm.

3. Reaction Force-Based Position Sensor

This chapter briefly introduces the RFS, which is discussed in detail in [12], with the
help of Figure 4. This position sensing method consists of a force sensor (Forsentek FNZ-
100N [22]) capturing reaction forces on the stator caused by magnetic interactions between
the PM stator and PM mover and electromagnetic interactions between the EMs mounted
on the stator’s baseplate and the PM mover (see Figure 4a).

Accordingly, a three-axis (x,y, z) strain gauge-based force sensor captures the total
reaction force Frrs = —Fpm — Fpm — Frot. Four strain gauges arranged as a Wheatstone
bridge are glued to each sensing element (one per Cartesian axis x, y,z) and are excited
with a constant voltage 1y rps (see Figure 4a,b). The total reaction force displaces the
sensing side of the force sensor, resulting in the bending of the sensing element. This
bending stretches the strain gauges, causing a change in their resistance, translating into a
variation in the output voltage ugens rrs. The trend of ugens rrs for a positive reaction force
Frrs is approximated with a linear relationship, as shown in Figure 4c, according to the
following relations:

1.  The movement of the force sensor’s sensing side xs and the bending of the sensing
element are linearly related to the applied force, i.e., xs = Frps/ksrps, where kg rrg is
the stiffness of the force sensor.

2. The stretch of the strain gauges, their resistance change, and the output voltage
variation are linearly dependent on the movement of the force sensor’s sensing side,
i.e., Ugens,RFS = kvRFs - Xs, Where ky grps is a constant representing the mechanical-to-
electrical signal conversion.

From the sensed output voltage, information about the mover’s position and tilting angle is
gained since the total reaction force Frps depends on the mover’s radial x, y position (Fpy
in Figure 4d) and the mover’s tilting around the x, y-axes (Fot in Figure 4h) [12].
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Figure 4. Illustrations copied from [12] and adapted. (a) Section view of the MLP including the RFS
with the corresponding x-axis sensing element and strain gauges. The same arrangement is provided
for measuring the y-axis. (b) Constant voltage excitation for the strain gauges forming a Wheatstone
bridge. (c) Expected RFS voltage output for a positive reaction force Frpg acting on the sensing side
due to the mover’s motion and the electromagnetic force. (d—i) show the linearizations of different
simulations and/or measurements performed on the MLP to build a model in the neighborhood of
¥m =0, Ym = 0,and 6, = 0.

4. Dynamics Modeling and Verification

Developing a dynamic model for the MLP is a prerequisite for designing a controller
capable of actively managing the mover’s position. As discussed in Section 2, leveraging (1)
reveals that the voltage signal from the ECS contains information about the mover’s radial
position and tilting angle. Therefore, an observer is necessary to distill at least the mover’s
position from the detected voltage. Subsequently, this positional information enables the
controller to guide the mover by manipulating the system’s sole input, namely, the EM’s
currents. Moreover, due to the significant levitation height, oscillations of the tilting angle
are anticipated, which are not sufficiently dampened by the passive magnetic interactions.
In response, the controller needs the estimated mover’s angle—deduced from the sensed
voltage by the observer—to actively mitigate any ensuing oscillations. To achieve this, we
introduce the linearized dynamic model of the system, which is used for such an observer.
This model is validated by measurements and refined with calibration through transfer
function (TF) measurements to ensure its robustness and accuracy (see [12] for more details
on disturbance TFs).

4.1. Dynamic Model

As shown in [12] and reported here again for completeness, the mover’s dynamic
model is divided into two parts that describe the tilting around the radial axes x,y
(Figure 5a) and the radial motion (displacement from center) (Figure 5b). It should be
noted that the tilting and displacement are coupled [12], which is modeled with constants
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ktdisp and kgrot. For the direct comparison with the ECS, the third-order dynamic model
of the force sensor used in [12] is depicted in Figure 5c. This model comprises a stable
mass-spring-damper system that replicates the mechanics of the sensing element (from
Frrs to xs), the mechanical-to-electrical conversion of the strain gauges glued to the sensing
element (k, rrs), the electronic amplification (kyga), and a first-order low-pass filter that
attenuates noise and avoids aliasing effects in the subsequent analog-to-digital conversion
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Figure 5. Block diagram of the mover’s dynamics for (a) tilting around the radial axes and (b) radial
displacement, where the different dynamics are also represented as Bode diagrams. Here, only the
displacement in the x direction and the related tilting angle around the y-axis, denoted as 0, are
considered. Due to symmetry, the same model holds for the y displacement and the tilting angle
around the x-axis. (c) Block diagram of the RFS system dynamics with the second-order system
modeling the movement of the force sensor’s sensing side, followed by the mechanical-to-electrical
conversion of the strain gauges, amplification, and first-order active electronic filter. For details on
the electrical diagram of the RFS, refer to [12]. (d) Block diagram of the ECS with the zero-order
model describing the conversion from the mover’s position to demodulated voltage, followed by the
amplification and the first-order passive electronic filter.
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For the ECS, the high-speed dynamics of the IPS2550 are simplified with the adjustable
gain kipg (see Figure 5d and Table 1). To ensure a balanced comparison, the first-order
analog low-pass filter is designed to mimic the phase response of the force sensor, comple-
mented by a corresponding filter. Despite the difference in the orders of the two sensing
systems, their phase responses are harmonized up to 20 Hz by calibrating the cutoff fre-
quency of the ECS to frpcs = 1/(27 - Tipes) = 35 Hz. Nonetheless, a deviation up to 1dB
at 20 Hz in the normalized magnitude responses is observed, attributable to the resonance
peak in the force sensor’s TE.

In evaluating the modeling aspects of the two sensing systems, it is noted that the
RFS exhibits a higher level of complexity due to its second-order TF behavior. Conversely,
the ECS, characterized as a zero-order system, presents a more straightforward modeling
process. However, this simplicity is accompanied by practical limitations, notably the con-
straint against encasing the mover in an electrically conductive capsule. Such a drawback
must be weighed against the ease of modeling the ECS offers, highlighting the necessity of
a balanced assessment when considering integrating these sensing systems into the MLP.

4.2. Dynamic Model Verification and Calibration

For verifying the dynamic model of the MLP using the ECS, two measurements of
the TF injecting sinusoidal currents I in the EMs and observing the sensor’s output uoyt
(defined as the sum of the filtered voltage ug;; of Figure 5 and the eventual disturbance
voltage 14;st) are performed, following the procedure described in [12]. The measured
system’s TF Gmeasx = Uoutx/ Ix with the mover levitating, free to move only along the
x-axis, and free to tilt around the y-axis, is shown in Figure 6a as a series of cyan points in
the frequency range 0.1 Hz-200 Hz. Compared to the theoretical TF Giotx = Ugjt x/ Ix (solid
red line), the same trend of the theoretical model of Figure 5 is visible in the measurement,
namely, the static gain and the peak due to the mover’s tilting around 2 Hz. However,
a significant mismatch starting from 2 Hz must be corrected with a second measurement
(calibration) where the mover is removed from the MLP and the TF measurement is
repeated by injecting currents in the EMs, as described in [12]. Following the model of
Figure 5, the ECS should register zero voltages ug);x and ugy, as the mover’s virtual
position is zero. However, as shown in Figure 6b, TFs with a noticeable gain are measured,
indicating parasitic couplings in the system that must be compensated. Ggjstxx represents
the disturbance for the modeled TF Giotx and is obtained by injecting I in the EMs and
measuring uqytx without the mover. Adding the fitted frequency response of Gg;st xx to the
modeled TF Giot x, the measurement performed with the mover levitating is reproduced
with better accuracy (cf. Gmeasx With Giotx + Ggist xx in Figure 6a). Another disturbance,
which is measured by reading the sensor output ugyx while the system is excited with
the current Iy and without the mover, is the cross-coupling between the axes, indicated as
Gaist,yx in Figure 6b. This disturbance is neglected since the gain is about 160 times lower
than the measured system’s response Gmeasx in the lower frequency range.

Accordingly, the observer (Kalman filter) for the ECS that extracts the mover’s position
(xm, ym) and tilting angles around the x- and y-axes is implemented considering only the
calibrated model Giotx + Ggistxx- In contrast, the Kalman filter for the RFS contains the
supplemental cross-coupling correction terms (see [12]). In fact, the gain of Ggjstyx in
Figure 6b is not negligible compared to the calibrated model Giotx + Ggistxx Shown in
Figure 6a.
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Figure 6. TFs measurements to prove and calibrate the model presented in Figure 5. (a) shows the
frequency responses of the model, measurement, and observer implementation for the x-axis while
the mover levitates from an input current in the x direction to the ECS’s output. (b) shows the model
disturbance Ggjst,xx and the cross-coupling between the y current and the x sensor output Ggist,yx
without mover for the ECS. The implemented TF, disturbance TF, and cross-coupling TF of the RFS
found in [12] are overlapped with dashed curves. The measured phase lies within [—7t, 77], but has
been unwrapped for the representation (i.e., adjusted by adding or subtracting 277 to targeted phase
values to ensure a continuous and smooth representation without discontinuities).

5. Comparative Results

This chapter compares the performance between the ECS and the RFS introduced
in [12] and briefly described in Section 3 for steady-state levitation of the mover, which
has been achieved using both sensing methods. A thorough analysis and comprehensive
measurements have been conducted to understand the differences in performance and note
the variations in the hardware realizations of the sensors.

5.1. Steady-State Levitation Comparison

The radial coordinates’ reference is set to zero (x}, = y; = 0) for the steady-state
levitation comparison between the ECS and RFS, and a zero calibration of both sensors
is performed without the mover. In this configuration, there are no reaction forces (RFS)
or induced voltages (ECS) acting on the sensor. Afterward, the mover is brought by hand
above the stator, and during free levitation, the controller keeps the mover at the previously
calibrated point of zero reaction forces (RFS) or zero induced voltages (ECS). The results
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shown in Figure 7a indicate that the estimated mover’s position using the ECS is close to
the reference, with small fluctuations within the recorded time interval of twenty seconds.
Conversely, when the RFS is used, the mover’s displacements from the centered position
are larger, caused by the force sensor’s drift over time, which is compensated with an outer
current controller loop (see [12]). Despite all the disturbances and noise the RFS is facing in
this application (see [12]), we manage to have a stable levitation with deviations of up to
5.5 mm, which is 5.3 % of the levitation height.

The different performances resulting for the two sensors are also visible in 2D plots
without direct time dependency shown in Figure 7b—e, where the x, y quantities (observed
mover’s position, observed mover’s angle, measured sensor’s voltage, and measured control
current) are plotted over the recorded levitating period. The standard deviation (STD), i.e., the
measure of the amount of variation of the mover’s radial position relative to its expected mean
value, is calculated from the recorded data over the entire period as a performance metric.
The STD of the mover’s position for the RFS is (¢(xm), 0 (ym))rrs = (1.26 mm, 1.60 mm),
whereas the ECS performs better with the STD of (¢(¥m), ¢ (ym))ecs = (0.05mm, 0.15mm).
This result is confirmed considering Figure 7b, where larger mover’s displacements are
visible using the RFS, and relatively smaller deviations are observed when using the ECS.
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Figure 7. Comparison between ECS and RFS during steady-state levitation of the mover with a
reference position xm = ym = 0. (a) shows the time-domain curves of the observed mover’s position,
also reported as a 2D plot in (b). The recording time is 10's, with 2.5 kHz sampling frequency resulting
in a total of 25,000 data points. (c—e) show the observed mover’s tilting angle around the x, y-axes,
the measured position sensors” output voltage, and the measured control currents, respectively.
The measurement data clearly indicate better ECS position measurement performance.
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Considering the plots in Figure 7b—e and focusing on the RFS’s traces, it can be seen
that the control current has a similar shape as the inverse of the mover’s position. In other
words, a rotation by 180° around the center is required for the plot displaying the mover’s
position to see that the shape is correlated to the current. The plot rotation corresponds
to a negation of the quantities (xm, ym) since a positive current is required to counteract
a negative mover’s position, as depicted in Figure 2a and in the block diagram of the
MLP in Figure 5b. The mover’s angle adapts depending on the mover’s position, e.g., the
tilting angle around the y-axis, 6y, varies with a radial displacement along the x-axis
with ym = 0, explaining the direct correlation between the two plots (cf. Figure 7b with c,
and note that 6, y is shown on the horizontal axis as x). Moreover, the controller cannot
control the mover’s angle to a reference value, but only actively dampens oscillations of
the tilting angle around the x, y-axes occurring at the natural frequency fn rot = 2 Hz (see
Table 3 and [12]). A similar correlation must exist between the sensed voltage and the
observed mover’s position and angle, as the latter quantities are extracted from the sensor’s
signal. However, it is difficult to identify a similar shape between the force sensor’s voltage
and the observed mover’s position and tilting angle, indicating that disturbances and/or
noise are present in the sensed signal. This statement is related to the TFs seen in Figure 6a
and b, where the gain in the measured disturbance Ggjstxx and cross-coupling Gyjst,yx 18
similar to the gain in the measured system’s TF (matched by Giotx + Ggist xx in [12]). Due
to lower SNR, the ECS trajectories presented in Figure 7 appear relatively small; a visual
correlation between the measured quantities becomes evident in the presentation of results
in Section 6.

5.2. Analysis of Performance Variance

This section highlights additional distinctions between the ECS and RFS-based MLP
systems to explain their different performances. The first difference relates to a stronger
correlation between the implemented and measured TFs observed for the ECS, as shown
in Figure 6a. The observer implementation for the RFS system described in [12] differs
from the measurements in the lower frequency range from 0.1 Hz to 0.7 Hz. It should be
noted that the presented solution performs the best among several fine-tuning attempts to
improve the match in that frequency range by adjusting the constants shown in the block
diagram of Figure 5a,b (i.e., changing the shape of the modeled TF).

The second difference relates to a comparative time-domain measurement without
the mover and the results are shown in Figure 8. Individually, both sensors are calibrated
to zero at time O's using averaged data from past measurements while applying zero cur-
rent to the EMs and continuously switching the 40 V DC-link voltage of the full-bridge
two-level EMs’ drive inverter. Subsequently, the position and current sensor signals are
recorded for one second. The amplitude of the noise voltage from the force sensor is
larger than that from the eddy current sensor, as shown in Figure 8a as a time-domain plot
and Figure 8c as a 2D plot. In quantitative terms, the RMS noise amplitude for the force
sensor is (floutx, outy )RFs = (1.87 MVims, 1.70mVims), and for the eddy current sensor,
it is (floutx, flouty)Ecs = (0.22mVyms,0.31mVyys). Furthermore, the same noise on the
current signal is measured since the same inverter is used for testing both sensing sys-
tems, as illustrated in Figure 8b,d. For completeness, the corresponding RMS amplitudes
are (I, fy)RFS = (13.5mAms, 8.2 MAms) and (I, fy)ECS = (13.4mAmg, 8.1 mAms). The
Kalman filter includes all these measurement uncertainties by considering the voltage and
current noise variance to adjust the Kalman gain when estimating the mover states. There-
fore, due to the different noise levels in the position sensors, the estimating performance of
the Kalman filter is different.
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Figure 8. Comparison of static measurements performed without mover, where the signals from the
position sensors (a,c) and EM current sensors (b,d) are recorded for one second, indicating that the
output of the RFS has a higher noise level than the ECS.

The third difference is the signal-to-noise ratio (SNR), which is calculated to investigate
both sensing systems by considering the waveforms in Figure 8a. The calculation assumes
a displacement of the mover in the radial direction, neglects the tilting around the x, y-axes
(Bm,y = Omx = 0), and takes no control action (I = 0). According to the model presented in
Figure 5, the static gain from the mover’s position to the sensors’ output is calculated and
measured as

U1t BCS,x —

x vdisp * kips = 123 mV/mm @
m
U
fll;ECS’y = kydisp - kips = 12.3mV/mm )
m
g k
filt RES,x _ KFPM kyrrsx - kvga = 6.3mV/mm @)
xm kS,RFS,X
Ug k
fil,RFSy _ Kppm kyrrsy - kvca = 7.3mV/mm. )
Ym ks rEs y

The difference between the RFS’s x, y quantities arises due to its asymmetrical con-
struction (see [12] for details on the constants). Consequently, the SNR for a displacement of
the mover by Xy = ym = 1 mmpms (RMS amplitude) around the radially centered position
is given as

SNR = 20 - 1og10( iilt > 6)

Unoise

where i), is the RMS amplitude of the sensed noise voltage due to the mover’s dis-
placement calculated with (2)—(5). flpeise is the RMS amplitude of the sensed voltage
noise from Figure 8a. The resulting pairs are (SNRy, SNRy )rrs = (10.5dB,12.7dB) and
(SNRy, SNRy )gcs = (35.0dB, 32.0 dB), indicating that the mover’s displacement of 1 mmys
is distinguishable from noise for both sensors since positive values are obtained. However,
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the ECS measures a cleaner signal because its SNR is higher by about 20dB. From another
perspective, the lower detectable limits for the mover’s displacement are calculated by equating
SNR = 0 and considering the measured noise amplitude. The results are (Xm min, m min)RES =
(0.30 mmyns, 0.23 MMyms) and (Xm min, Ym,min)Ecs = (0.018 mmyms, 0.025 mmypy,s), indicating
that the measurement with the ECS is about ten times higher in resolution. The difference
is mainly due to the different noise level since the conversion from the mover’s position
to voltage differs by about a factor of two for the ECS and the RFS (cf. (2) and (3) with (4)
and (5)).

The difference in the sensors’ noise levels arises from various factors. First, the am-
plifier for the RFS is custom-made. It consists of a buffered ultra-low noise voltage refer-
ence [23] to excite the strain gauges, a manual offset compensation circuit for each axis,
a variable gain amplifier (VGA) combined with an active RC filter for each axis, and a
four-channel 16-bit analog-to-digital converter (ADC) [24]. Instead, the coil excitation for
the ECS and the processing of the received signal (amplification and demodulation) occur
in a single integrated circuit [20]. The hardware is completed with a passive RC filter
and the same ADC as the force sensor’s one. Therefore, fewer components can pick up
noise in the ECS’s hardware. Second, the operating frequency range and the total gain for
the electrical signal of the two sensors are substantially different. The amplifier for the
RFS operates from zero frequency up to the bandwidth of the VGA (18 MHz) with a gain
of 10V/mV (80dB). In contrast, the amplifier for the ECS amplifies signals by 240V /V
(47.6 dB) only at the excitation frequency of 3.1 MHz since the subsequent demodulation
rejects noise at other frequencies. Hence, the RFS’s amplifier enhances the probability of
noise amplification. Finally, the spatial placement of the amplifier circuits within the MLP
impacts the noise at their outputs. The sensing elements of both sensors (aluminum body
with strain gauges and electromagnetic coils) are placed in the neighborhood of the EMs,
which inevitably radiate high-frequency (HF) electromagnetic fields due to the HF current
components caused by the switched power converter. The RFS’s amplifier is placed on the
side of the assembly formed by the PM stator and EMs. In contrast, the ECS’s amplifier is
placed directly under the assembly, i.e., at the same location as the RFS’s aluminum body
(see Figures 1 and 4a). On the one hand, this arrangement can be advantageous for the
RFS over the ECS because the source of electromagnetic radiation that can induce noise in
the sensed signals is farther from the sensitive electronics. On the other hand, the analog
signals must be routed over a longer distance for the RFS than for the ECS, rendering them
more susceptible to noise. Thus, a definitive favorable placement cannot be determined in
this context.

The main differences between the RFS and ECS are summarized in Table 2. A combina-
tion with another sensing principle could be employed for future developments on the RFS
instead of using strain gauges that easily pick up noise and suffer from induced voltages.
For example, precise eddy current or optical sensors [25] could sense the displacement of
the RFS’s sensing side due to the reaction forces from the mover. According to Table 2,
the ECS is more robust against noise than the RFS for using an off-the-shelf force sensor.
However, these approaches to advance the RFS increase the system’s complexity and leave
open challenges regarding the sensitivity and the cross-coupling between the axes, which
must be solved by the mechanical design of the force sensor. When enhancing the force
sensor’s sensitivity through optimizing its mechanical design, reduced measurement band-
width and lower load rating must be considered [26]. Conversely, it is observed that the
sensitivity of the ECS does not negatively impact the measurement bandwidth. Enhancing
the sensor’s sensitivity through alternative coil designs or processing signals at higher
frequencies does not necessarily result in a reduced bandwidth, as the IPS2550’s processing
delay discussed in Section 2.1 remains constant.
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Table 2. Comparison of the main characteristics and performances of the RFS and the ECS. The stan-
dard deviation (o) of the mover’s position from the reference position xj;, = vy, = 0 is calculated
during steady-state levitation within a time interval of ten seconds. The RMS noise (floyt) is measured
at the sensors’ output voltage without the mover levitating. The SNR is calculated using the RMS
noise, (2)—(5), derived from the MLP’s models given in Figure 5.

RFS ECS

Mover can be encapsulated in a stainless steel chamber Yes No
Trade-off between sensitivity and bandwidth Yes No
Electromagnetic and mechanical disturbances Large Small
Cross-coupling Large Negligible
o(xm) 1.26 mm 0.05 mm
0 (Ym) 1.60 mm 0.15mm
Hout,x 1.87mVims  0.22mVimg
flout,y 1.70mVims  0.31 mViymg
SNRy 10.5dB 35.0dB
SNRy 12.7dB 32.0dB

6. Additional Experimental Results for the Eddy Current Sensor

This chapter presents additional tests conducted with the ECS employed for position
control to highlight features that can inspire new applications and show the MLP’s servo
capabilities that are not possible with the current version of the RFS.

6.1. Disturbance during Steady-State Levitation

In the first experiment, an external disturbance in the form of a hand-driven push on
the mover during steady-state levitation allows for inspecting the levitation robustness of
the MLP with ECS. As shown in Figure 9a, while the position and outer current controller
are keeping the mover in the radially centered position, a disturbance is initiated at 5.6 s
in the positive y direction. The mover displaces 4.8 mm from the origin with an angle of
fmx = —1.9° and an initial speed of dym /dt = 17.9 mm/s. The approximate push force
Foush is calculated from the position and current curves using the force balance equation

d?Ym
a2

Mm - = push+FPM+FEM+Frot

(7)

= Fpush + kgpm - Ym + kpem - I+ Kprot + Omx-

The resulting impulse F,ysp, = 0.19 N is counteracted by the controller, which steers the
mover back to the origin in 0.8 s after the disturbance initiation with a speed of 14.9 mm/s.

As a consequence of the perturbation, the mover starts spinning around the z-axis.
The spinning motion persists over time since this type of rotation cannot be stopped by
magnetic torques or EMs. If the system is perfectly symmetric, the mover’s rotation around
the z-axis should not be reflected on the radial quantities, such as position and tilting
angle. However, the effect of the axial rotation is visible on the radial axes as a sinusoidal
waveform with a period of about 80 s in the time-domain plot of Figure 9a. This observation,
coupled with occasional axial rotations around the z-axis during steady-state levitation,
indicates that the manufactured MLP presents certain asymmetries.

Furthermore, the correlation between the current, the mover’s position, and the tilting
angle around the x, y-axes is visible in Figure 9b—e. The similarity between the mover’s
position and angle and the sensed voltage follows the model shown in Figure 5d. A positive
mover radial position gives rise to a negative sensor voltage, and a positive tilting angle
around the x, y-axes translates into a negative voltage.
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Figure 9. Experiment performed on the MLP with ECS position sensing, where a manual push is
applied to the mover. (a,b) show the observed mover’s position. (c—e) show the observed mover’s
tilting angle around the x, y-axes, the measured position sensor’s output voltage, and the measured
control current, respectively. The controller counteracts the disturbance; however, it could initiate a
spinning motion of the mover around the z-axis, worsening the levitation performance.

6.2. Position Reference Tracking

In the second experiment, we fed the position controller with a time-varying position
reference signal and observed the actual mover’s position. The outer loop current controller
(see Figure 8 in [12]) is omitted because it would inevitably interfere with the position
controller. The references for the x- and y-axes position controllers are sinusoidal signals
with an amplitude of 3mm and a frequency of 0.1 Hz, and they are phase-shifted by 90° to
steer the mover circularly within the x, y plane. The measurements are depicted in Figure 10.
The mover tracks the reference with an offset of (x,y) = (—0.98 mm, 0.60 mm) about the
origin and a standard deviation of (¢(Xm — Xm ref), 0 (Ym — Ymret)) = (0.36 mm, 0.24 mm)
compared to the reference signals. The worse performance on the x-axis compared to the
steady-state levitation is due to the asymmetry within the MLP that generates an offset and
initiates the spinning of the mover around the z-axis. The spinning leads the mover toward
positions that are harder to control, as shown between 90s and 1405 in Figure 10a when xpy,
is at the minimum. Moreover, it results in a distorted circular trajectory in the 2D plot of
Figure 10b for negative xn, and positive ym.

Furthermore, the mover’s tilting angle around the x, y-axes shown in Figure 10c
assumes a value depending on the radial position, and it cannot be controlled to an
arbitrary reference value with the available EMs since they can only steer the radial position.
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However, active damping of the oscillations of the tilting angle around the x, y-axes is
achieved because the controller only targets the specific frequency fn rot = 2 Hz.
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Figure 10. Dynamic experiment performed using the ECS, where the controller has to steer the mover
along a circular reference in the x, y plane. (a,b) show the observed mover’s position. (c—e) show the
observed mover'’s tilting angle around the x, y-axes, the measured position sensor’s output voltage,
and the measured control current, respectively. An asymmetry in the MLP gives rise to an offset
position and a spinning of the mover around the z-axis that negatively affect the tracking performance.

6.3. Position Reference Tracking with Payload

The last presented test consists of loading the mover with an additional weight and
steering it in the x, y plane with a circular position reference to simulate the dynamical
positioning of an actuator or a payload. The levitation height decreases to 70 mm due to
the additional weight of 0.38 kg on the mover. Due to the payload, new constants in the
model of Figure 5a,b, and d are required, leading to the values listed in Table 3. With this
new configuration, the gain of the ECS kipg is unchanged since the voltage bounds of the
ADC are not exceeded for the controllable range of the mover’s positions. The natural
frequencies of the mover’s dynamics increase to f, gisp = 1.74Hz and fn rot = 2.62 Hz due
to a greater increase in magnetic stiffness compared to the mass and moment of inertia.
Nevertheless, the low-pass filter’s time constant (or cutoff frequency of 35 Hz) described by
T; gcs is unchanged since it is already adequate, i.e., it is ten times larger than the mover’s
natural frequencies. New calibrations are not required since they are performed without
the mover; thus, the same transfer functions as shown in Figure 6d are implemented in
the observer. The recorded data are displayed in Figure 11, where the amplitude and the
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frequency of the position reference signals are set to 2 mm and 0.1 Hz, respectively. The
tracking performance is measured with the standard deviation from the reference signals,
resulting in (¢'(Xm — Xm ref), (Ym — Ymyref)) = (0.40mm, 0.70 mm). A large part of the error
is attributed to the offset from the center (x,y) = (—0.33 mm, —0.27 mm) arising from the
asymmetry in the MLP. The spinning of the mover around the z-axis is inhibited by a manual
(contactless) control during this measurement. Otherwise, the asymmetry combined with
the spinning would destabilize the mover. For the manual control, an additional magnet
is glued on the payload, and another magnet is brought into its vicinity to generate a
compensating torque whenever a rotation is initiated. In a final design, this very basic
technique would have to be replaced by an additional autonomous system consisting of
non-axially symmetric magnets placed on the mover, a sensor, and electromagnets, which,
however, increase the dimensions and complexity of the MLP.

500
~500 250 O 250 500 -3 -15 0 15 3
(d) Uy (V) (e) 1.(A)

Figure 11. Dynamic experiment with the ECS similar to that shown in Figure 10, but with an
additional weight of 0.38 kg placed on the mover that reduces the levitation height to 70 mm and
dictates a change in the model parameters. (a,b) show the observed mover’s position. (c-e) show the
observed mover’s tilting angle around the x, y-axes, the measured position sensor’s output voltage,
and the measured control current, respectively. An asymmetry of the PMs in the MLP and the load
causes a positional offset, impairing the tracking performance.
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Table 3. MLP and ECS parameters with and without payload presence on the mover. The mover’s
mass and the payload are included in mp,. The only ECS parameters that differ from Table 1 are
kv,disp and kv,rot-

Magnetic levitation platform without payload

Levitation height h 104 mm
Characteristic dimension CD 207 mm
Mover weight Mm 0.36kg
Mover moment of inertia Jm 0.58 ng
Radial stiffness kepm 32.8N/m
Displacement torque const. ktdisp 0.25Nm/m
Rotational stiffness ktpm 1.6 mNm/°
Rotational force const. kErot 44mNm/°
EMs force const. kreM 65mN/A
EMs torque const. kTEM 0.93mNm/A
Rotational damping k4 rot 2puNms/°
Rotation natural frequency S rot 2Hz
Radial disp. natural frequency fndisp 1.52Hz
Magnetic levitation platform with payload of 0.38 kg

h 70mm | mm 0.74kg
kepm 88.1N/m | Jm 1.54 gm?
kTPM 7.3mNm/° kFEM 1704mN/A
k4 rot 20uNms/° | ktgm 1.4mNm/A
frrot 2.62Hz | fidisp 1.74Hz
Eddy current sensor

Ky, disp 421.4pV/mm | kyrot 250uV/°

7. Conclusions

This paper comparatively evaluates the performance of a reaction force-based position
sensor (RFS) and an eddy current position sensor (ECS) in determining the radial position
of the levitating permanent magnet (PM) mover in a magnetic levitation platform (MLP).
The RFS measures the reaction forces on the stator due to the mover’s motion, whereas
the ECS operates high-frequency magnetic fields and measures the change in induced
voltage in the ECS sensing coils placed on the stator due to the mover’s motion. Both
sensors were integrated with an observer-based controller approach, a necessity brought
by the intrinsic dynamics inherent in each sensor, and exhibited commendable qualities
for different fields of application. To ensure a fair comparison in terms of cost and sensor
complexity, we chose an off-the-shelf force sensor for the RFS application. In this case,
the ECS stood out for its superior precision, demonstrating an approximately ten times
higher accuracy than the RFS during steady-state levitation. Its performance was evaluated
by calculating the standard deviation from the reference mover’s position, resulting in
(0(xm),0(Ym))Ecs = (0.05mm,0.15mm) for a levitation height of # = 104 mm. It also
displayed remarkable resilience to disturbances, noise, and cross-couplings, thus offering
a 20dB higher signal-to-noise ratio (SNRy, SNRy )gcs = (35.0dB,32.0dB) and enhanced
performance reliability compared to the off-the-shelf RFS. On the other hand, the RFS
demonstrates a unique advantage in scenarios where conductive materials are present in
the air gap, a condition that limits the applicability of the ECS. This makes the RFS a valuable
alternative for specialized applications, ensuring its relevance and utility in the diverse
operational contexts of MLPs. Furthermore, the ECS showcased remarkable capabilities
in handling static and dynamic tracking performances despite the challenges posed by
asymmetries due to manufacturing tolerances in the MLP, highlighting its adaptability and
robustness in various operational circumstances. In summary, while both sensors bring
valuable qualities, the ECS distinguishes itself with higher precision and a higher SNR,
making it exceptionally proficient in most MLP applications. The RFS, however, maintains
its significance by offering applicability in the presence of conductive obstructions within
the air gap, ensuring its indispensable role in specialized MLP scenarios.
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