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Abstract: This work introduces a novel sensing concept based on reaction forces for determining the
position of the levitating magnet (mover) for magnetic levitation platforms (MLPs). Besides being
effective in conventional magnetic bearings, the applied approach enables operation in systems where
the mover is completely isolated from the actuating electromagnets (EMs) of the stator (e.g., located
inside a sealed process chamber) while levitating at an extreme levitation height. To achieve active
position control of the levitating mover by properly controlling the stator’s EM currents, it is necessary
to employ a dynamic model of the complete MLP, including the reaction force sensor, and implement
an observer that extracts the position from the force-dependent signals, given that the position is
not directly tied to the measured forces. Furthermore, two possible controller implementations
are discussed in detail: a basic PID controller and a more sophisticated state-space controller that
can be chosen depending on the characteristics of the MLP and the accuracy of the employed
sensing method. To show the effectiveness of the proposed position-sensing and control concept, a
hardware demonstrator employing a 207 mm outer-diameter (characteristic dimension, CD) stator
with permanent magnets, a set of electromagnets, and a commercial multi-axis force sensor is built,

where a 0.36 kg mover is stably levitated at an extreme air gap of 104 mm.

Keywords: magnetic levitation platform; load cell; force sensor; dynamic model; observer; controller

1. Introduction

In the literature, various types of magnetic levitation platforms (MLPs) have been
investigated, which can be divided into two groups: (1) systems where the distance h
between the stator and mover (i.e., the levitation height) is much smaller than the charac-
teristic dimension of the system (i.e., the largest dimension CD of the system in Figure 1),
and (2) systems where the levitation height is comparable to the characteristic dimension.

The first type of MLP features a very small air gap and is generally used in industry
for fast and precise motion with different degrees of freedom (DOFs) [1-5], such as pick-
and-place machines, wafer scanners, electron microscope inspection systems [6], vibration
isolation systems [7], inline surface inspections [8], surface morphology measurements [9],
and photolithography in semiconductor manufacturing [10]. Depending on the application,
the mover is mainly levitated over the stator/electromagnets to be easily accessible and
eventually loaded or placed under the stator to facilitate the intended task. A precise
position measurement system for these MLPs with a smaller air gap is required to enable
precisely controlled motion and vibration compensation of all DOFs. Therefore, laser,
inductive, or capacitive sensors are mostly employed, detecting displacements of the mover
with an accuracy down to the nanometer scale [11].

The second type of MLP features a large air gap [12-18] and is applied, for example, in
wind tunnels, where large distances between the object under test (or mover) and the sur-
rounding levitating system are required. The largest structure of this kind offers a cylindrical
space with a diameter of 1m [19], where the levitated object under test is equipped with
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permanent magnets on the inside, and electromagnets (EMs) are placed around it, enabling
contactless magnetic suspension and balance with the help of optical sensors for position
control [20]. Accordingly, any other mechanical structure needed to hold the object under test
in place can be omitted, avoiding changes in the airflow around it.
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Figure 1. Three-dimensional rendering of the magnetic levitation platform (MLP) considered in this

paper, with a reaction force sensor used to determine the mover’s x, y position. The system is actively
controlled with the help of electromagnets (EMs) driven by a power converter, which is controlled by
a system-on-a-chip (SoC), where an observer-based position controller (cf. Section 5) is implemented.

Furthermore, in systems where a lower number of DOFs are actively controlled, on
the one hand, the mover is suspended under the stator and/or EMs [21]. The advantage
of this configuration is a reduced control effort since only a single unstable DOF (vertical
dimension) has to be actively stabilized, which comes at the expense of reduced acces-
sibility for loading the mover. On the other hand, in another type of system, the mover
levitates above the stator, offering easy accessibility (see Figure 1), but this configuration
necessitates active control of at least two DOFs (x,y position). Various patented meth-
ods for position sensing can be found for the latter type of system, which is depicted in
Figure 1. For example, in MLPs with relatively small levitation heights (yet comparable to
the characteristic dimension CD, i.e., stator outer diameter), the mover’s position is mostly
measured with Hall-effect sensors [18]. Another sensing technique consists of stationary
sensing coils placed on the stator level that are inductively coupled to a target coil placed
on the mover [17]. Also, for large levitation heights, optical sensors are often employed [16].
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The studied MLP consists of a passive part with permanent magnets (PMs) and a
set of electromagnets (EMs) mounted on the stator. The PMs of the mover and the stator
(see Figure 1) provide the largest levitation force component by compensating for gravi-
tational forces, whereas the EMs are actively driven to stabilize the levitating mover to a
desired position and, typically, steer it in a horizontal and/or vertical direction. The ana-
lyzed MLP features an extreme levitation height of # = 104 mm relative to the characteristic
dimension of CD = 207 mm (i.e., the CD-related levitation height exceeds 0.5). For the
position control of the levitating magnet and /or mover, a novel position-sensing concept
is employed that uses a load cell (i.e., force sensor, as shown in Figure 1) mounted to the
stator to capture the reaction forces on the stator caused by a displacement of the mover.
In contrast to optical or inductive sensors, the proposed position-sensing method can also
advantageously be employed when there are obstacles in the air gap (as long as the mover
can freely levitate) or when the mover is completely isolated from the rest of the system,
e.g., if it is levitated in a separated sealed stainless steel process chamber. A Hall-effect
sensor is not applicable for such an MLP because of the substantial decay of the magnetic
field strength with increasing distance. Significant amplification of the sensed signal would
be required for large air gaps to detect a change in the magnetic field due to a displacement
of the mover. However, high gain is not feasible, as it would lead to saturation of the
measuring circuit output due to the high magnetic field near the stator PM.

Force sensors are typically used for validating [22] and generating [23] models for
MLPs. However, to date, they have not been used for feedback control of position in MLPs.
Nevertheless, force sensors have been used for position estimation in other research areas.
For example, in robotics, a force/torque sensor placed between the robotic arm and hand
was used to estimate the position of a contact point with an object and monitor the contact
state of the hand with the grasped object [24]. Additionally, a single force/torque sensor
placed on the base frame of a manipulator was used to estimate the contact force and posi-
tion at the end effector that interacts with humans and/or other robots [25]. Furthermore,
in a micro-gripper, the sensed forces on both end effectors were used to determine their
positions [26]. Lastly, in advanced motion control of vehicles, a Kalman filter was applied
to real-time lateral tire force measurements for estimating the sideslip and roll angles of
a car [27].

For the MLP analyzed in this paper, the mover is free to rotate around the x,y axes
(see Figure 1), and the PMs, which provide the levitation force component compensating
gravitational forces, are designed so that the axial movement (in the z direction) and the ro-
tation around the x, y axes are passively stable [28]. Accordingly, when the mover is placed
radially centered with the stator, it naturally settles to a horizontal orientation (parallel with
the stator) at a vertical distance h from the stator without active control. However, a motion
in the x, y plane caused by disturbances would be unstable due to radial magnetic forces,
which, accordingly, must be actively compensated using time-varying forces generated by
the EMs mounted on the stator. For a similar arrangement of magnets, researchers have
claimed that a single unstable radial DOF of the mover is achievable [15]. However, this
implies using two straight and (infinitely) long stator rails placed along one radial axis
(e.g., in the direction of the y axis) to obtain a marginally stable mover motion in the same
direction as the orientation of the magnetic rails. As stated in [15], the claimed stability
can be achieved with a finite length of the rails, which is approximately four times larger
than the achieved levitation height. However, active control of the marginally stable DOF
is also required; otherwise, a minimal displacement in the uncontrolled direction caused
by external disturbances induces a constant movement toward the ends of the rails that
cannot be stopped since there are no counteracting magnetic forces.

MLPs with a similar arrangement of PMs and EMs, as analyzed in this paper, have
only been sporadically and briefly analyzed in the literature. Ref. [12] reported the di-
mensions of a tuned commercially available system, static simulations demonstrating the
passively stable and unstable DOFs of the levitating magnet, two generic equations of
motion for the forces and torques in the system, a proportional-derivative control law based
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on readings from two Hall-effect probes, and the corresponding results during steady-state
levitation and under an external disturbance. A more sophisticated control strategy for
the same system in [12] was described in [13]. However, the torque equations describ-
ing the rotational motion of the mover around the x,y axes were intentionally omitted.
Nevertheless, the controller considers the mover’s rotation as a disturbance in the sensor
readings. Both cited systems work without complex observer/controller structures, as
described below, because the rotational stiffness is large enough to compensate for the
electromagnet’s torque on the mover. This characteristic is generally observed for systems
where the levitation height is small compared to the dimensions of the electromagnets [28].
However, in systems with extreme levitation heights and relatively low passive stiffnesses,
careful attention must be paid to modeling the mover’s motion. Therefore, this aspect is
comprehensively examined in this paper. In contrast with an earlier study [28], which
focused solely on analyzing static forces and stiffness, this paper presents a comprehensive
drive system for magnetic levitation platforms (MLPs). This includes integrating a force
sensor for generating reaction forces, a dynamic model for controller and observer design,
and dynamic measurements of the MLP, thereby affirming its operational effectiveness.
This research is noteworthy because it introduces a new type of MLP that can potentially
transform future manufacturing systems, as it allows for a substantial air gap between the
stator and the mover and allows conductive objects like robotic arms to pass through the
air gap.

This paper is structured as follows. Section 2 presents an analysis of the MLP, charac-
terized by a large levitation height of 1 = 104 mm relative to the characteristic dimension
of CD = 207 mm and employing EMs for stabilizing the radial position of the mover (x,y
direction). The derivation of the dynamic model of the MLP is described in Section 3, using
simulations and static measurements. It is validated in the subsequent section (Section 4)
with dynamic measurements, where the mover’s position is controlled with the help of
an optical sensor. A force sensor mounted to the stator plate, ultimately used to stabilize
the mover, records the reaction forces acting on the stator. The position and rotation of
the mover are extracted from the sensed forces by an observer (Section 5) based on the
system’s model derived in the previous sections and tuned considering deviations between
the model and measurements. This finally enables the implementation of a controller for
the radial stabilization of the mover, along with additional active damping of the rotation
around the radial x, y axes using the same set of EMs. In Section 6, the experimental MLP
hardware implementation is discussed, providing short insights into the amplifier for the
force sensor and the tuning of the controllers, followed by experimental results regarding
the stable levitation of the mover. Section 7 concludes this paper.

2. Magnetic Levitation Platform Overview

The MLP analyzed throughout this paper consists of two axially symmetric PMs designed
based on the optimization proposed in [28], with the dimensions listed in Table 1. The goal
is to maximize the levitation height # under constraints on the number of passively stable
DOFs, the stiffness related to each DOF, and the robustness of the passive magnetic levitation
platform. In the configurations depicted in Figure 1 as a rendering of the final system and in
Figure 2a as a 2D section view, the mover has six DOFs since it can move along and rotate
around all axes (x,y,z). The PMs are designed such that the axial position and rotations
around the radial x, y axes are passively stable, i.e., three DOFs are stable under passive
magnetic forces. Only the radial movement in the x, y direction (two DOFs) must be actively
controlled to fully stabilize the system. The remaining DOF, which is the rotation around the
vertical z axis, is marginally stable (neither stable nor unstable), which indicates that active
control of this DOF is not mandatory; hence, it is not considered in this paper.
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Table 1. Dimensions and characteristics of the MLP [28] considered in this paper. The characteristic
CD dimension is defined as the largest dimension of the components in the MLP, in this case, the
width of the stator with the EMs, i.e., the diameter of the stator’s mounting plate (see Figure 1).

Mover PM external radius Tm,ext 64.6 mm
Mover PM internal radius Tm,int 35.9mm
Mover height hm 5mm
Stator PM external radius T's,ext 50 mm
Stator PM internal radius Ts,int 26.5mm
Stator height hs 20mm
Mover weight Mm 0.36 kg
Stator weight ms 0.91kg
Mover moment of inertia Jm 0.58 gm?
Total MLP weight Mmlp 3.6kg
Levitation height h 104 mm
Characteristic dimension CD 207 mm
Radial stiffness kepm 32.8N/m
Displacement torque const. ktdisp 0.25Nm/m
Rotational stiffness ktpm 1.6 mNm/°
Rotational damping k4 rot 2puNms/°
Rotational force const. KErot 44mN/°
EMs force const. krEM 65mN/A
EMs torque const. ktem 0.93mNm/A
Force sensor damping k4,rFs 0.04Ns/m
Force sensor stiffness ks rFs 694kN/m
Force sensor el. conv. const. kv 13.3pV/pm
Force sensor amplifier gain kvga 10V/mV

*
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Figure 2. (a) Section view of a radial displacement of the mover under destabilizing magnetic forces
without active control. (b) The forces that the mover experiences can be measured as reaction forces
on the stator and converted using a linear equation to extract the mover’s position for active position
control. For the sake of illustration, the EMs’ return current path (see Figure 1) is not shown, and the
levitation height is shown reduced compared to the other dimensions, which are drawn to scale.
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Design optimization of stiffness for various DOFs was conducted in [28]. The method
used involved setting a lower bound on the rotational stiffness of the mover to make it less
prone to rotations due to external disturbances or during active control of radial movement.
Conversely, for radial stiffness, a low value is beneficial for active control since less radial
force is needed to keep the mover radially centered. However, trade-offs were required
when choosing these two quantities since increasing the rotational stiffness reduces the
levitation height, and reducing the radial stiffness proportionally reduces the passive axial
stiffness, which needs to be large to improve the rejection of external disturbances acting in
a vertical direction. Another important aspect to consider during the design of the PMs is
robustness, which can be interpreted as the maximum displacement or angle that the mover
can experience from its natural orientation and position (horizontal and radially centered)
without changing its passive stability properties. To illustrate the concept of robustness
applied to radial displacement, we consider the designed mover with three passively stable
DOFs at LP; (x,h) = (0,104) mm in Figure 2a (including axial z movement and rotations
around both radial axes, x, y). The mover can shift to (Xm max, imin) = (55,65.5) mm while
maintaining the same passively stable DOFs. Correspondingly, the axial robustness is
measured by displacing the mover toward the stator starting from LP; until a passive
stability change is observed. This change occurs at & = 2.5 mm, where an axial instability
is observed (the mover is attracted by the stator). Knowing this levitation height and
calculating the corresponding axial force determines the maximum payload the mover can
carry, resulting in 8.16 kg. Regarding the rotational robustness at LP; (without payload),
the mover can be rotated around the radial axes x and y up to 25°. For larger angles, the
passive rotational stability is lost. These large robustness bounds enable the stabilization of
the mover using the same control architecture under external disturbances and different
payloads added to the mover. However, for the sake of demonstration, this paper focuses
on the active control of the mover using a force sensor within a relatively small range
around the natural levitation point LP;, where the mover is unloaded and radially aligned
with the stator.

When moved from the center, the mover is tilted, as depicted in Figure 2a, without
active control. From the natural position LP; (x = 0,y = 0,h = 104mm), where the
radial forces are theoretically zero, the levitating magnet starts moving along the colored
trajectory, e.g., due to a slight asymmetry in the construction of the PMs, which is arbitrarily
chosen to be in the positive x direction. The radial magnetic force on the mover is positive,
meaning that the mover tends to roll away from the initial position and simultaneously
rotates by an angle 6, around the perpendicular y axis due to a passive magnetic torque
acting in this direction. By taking a snapshot of the mover’s displacement and rotation
(e.g., at position LPy), it can be observed that there is only the force Fpygx > 0, whereas the
torque acting on the mover is Ty = 0, making it stable against rotations around the radial
axes. Accordingly, the mover keeps a steady-state angle 6y, if controlled at a certain radial
position xy, # 0. Therefore, the use of a force sensor for determining the mover’s position
is an attractive option because of the linear relationship between the radial force and radial
position, as depicted in Figure 2b, for a relatively broad radial range, considering that the
mover is typically controlled at x;, = 0 and ym = 0. The magnetic force that the mover
experiences when it is not radially centered is also observed as a reaction force on the stator
with equal magnitude but opposite direction, meaning that the mover’s position can be
indirectly measured using a force sensor, e.g., placed underneath the stator (see Figure 1).
The force sensor discussed in this paper is a three-axis load cell employing strain gauges to
measure the change in resistance due to the elongation and/or shortening of the gauges,
which are glued to the deflecting aluminum elements of the sensor. With this sensing
principle, the stator (placed above the sensor) must be able to move when radial forces act
on the mover, as illustrated in Figure 2. To allow only radial movement of the stator with
preferably minimal rotation, rubber supports are mounted below the stator’s mounting
plate and fixed to a steady structure. The impact of these supports on the dynamics of the
stator is modeled and calibrated using measurements (see Section 4).
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Furthermore, the EMs used for the mover’s active stabilization are placed on the stator
level to preserve the large levitation height h and are attached to the stator PM mounting
plate so that the electromagnetic forces between EMs and the stator PMs do not act on
the force sensor. Otherwise, if the EMs were placed near the stator PMs but mechanically
decoupled, large electromagnetic forces between the EMs and stator PMs could saturate
the force sensor.

3. Dynamics Modeling

This section describes the theoretical model of the MLP for active position control
on the radial x axis for y = 0. The same considerations hold for the other radial y axis
(and x = 0) since the MLP is axially symmetric. The only differences, as explained in
Section 4.2, are due to the asymmetrical construction of the force sensor.

3.1. Radial Motion Dynamics

As observed in Figure 2b, the magnetic force Fpys acting on the mover for a positive
radial displacement is positive, and it is shown over xp, in Figure 3b as a dotted red curve,
calculated using the method proposed in [28]. In the neighborhood of the desired levitation
point for the mover, where x, = 0 and ym = 0, the simulated curve is linearized by
a tangent line (centered at the origin and having the same slope as at xn, = 0), which
defines the radial stiffness, i.e., the proportionality constant between the displacement and
magnetic force, denoted as kppy = |AFpy/ Axm |, with its value given in Table 1 (note that
krpm indicates missing natural stability). The force Fgyy generated by the electromagnets
is measured using a force sensor by positioning the mover radially centered with the
stator and varying the control current. The results are shown in Figure 3c. Both EMs that
can generate a force in the x direction are used with opposite currents, I, ; and I, (see
Figure 3a). One EM drags and the other pushes the mover, with the convention that a
positive force causes a positive movement (x, > 0) generated by a positive current. For
the given position of the mover, linearization to find kggy = |AFgm/Al| is not needed
since the EMs’ magnetic flux density on the mover is directly proportional to the current
(Biot-Savart law), and the corresponding Lorentz force is, in turn, directly proportional to
the magnetic flux density [28]. Another contribution to the total radial force experienced by
the mover is the force Fot related to the mover’s rotation 6, e.g., due to the unstable radial
motion (see Figure 2). The curve obtained using the model in [28], as shown in Figure 3f,
is linearized around x,, = 0 and 6, = 0 to obtain the constant kot = |AFot/ABm|.
Accordingly, the linear equation of motion that describes the radial displacement of the
mover under magnetic and electromagnetic forces in the neighborhood of x, = 0 and
Om = 0 can be written as

MmEm(t) = Fom(t) + Fem(t) + Frot(t)

1)
= kppmXm () + kpemI (t) + kprotm (£),

where my, is the mover’s mass and t indicates the time. To derive the transfer function of
the mover’s radial dynamics, we set 0, = 0 and apply the Laplace transform to (1) using
the complex variable s. This yields

Xm (S) kFEM /Mm

= ()

O ()

which shows the instability of the model for radial movement due to the presence of a
real right-half-plane (RHP) pole p = v/kgpm/mm. In fact, when a positive current step
is applied to the system with the mover initially centered, the trajectory xm(t) becomes
positive due to the positive electromagnetic force and continues to increase exponentially
over time due to the positive magnetic force. For completeness, a block diagram of (1)
(also valid for small 6;,) and a Bode diagram of (2) (only valid for 8, = 0) are shown in




Actuators 2024, 13,114 8 of 31

Figure 4b, where the natural frequency of the radial displacement of the mover is also
shown, which is defined as

1 k
fodisp = 7= 1| M = 1.52Hz. 3)
27 Mm
0 E AR 4F e Sim. e« Meas. — Lin.
—_ + + F .
m PM EM rot X . A\
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(a)
Figure 3. (a) Section view of the MLP with the mover in the center, x; = ym = 0, and the
force/torque vectors acting on the different parts of the MLP when a current I is injected into the
EMs. (b—g) Linearizations of different simulations and /or measurements performed on the MLP
according to Table 1, aimed at building a model in the neighborhood of X, = 0, ym = 0, and 6, = 0.

Tdisp
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Figure 4. Complete block diagram of the MLP, with the dynamics of the subsystems represented as
Bode diagrams: (a) mover tilting and/or rotation, (b) mover displacement, (c) force sensor’s sensing
element mechanical characteristic, and (d) force sensor mechanical-to-electrical signal conversion,
amplification, and filtering. Parameter values are specified in Table 1.
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The basic model described by (2) could be used to design a controller if the mover’s
position is measured directly with a position sensor (see Section 4.1).

3.2. Rotational Dynamics

The force sensor’s reading also depends on the mover’s rotation 6y,. Therefore, a more
sophisticated model of the mover’s motion is required because the mover may deviate
too far from the reference center point and start to tilt around the y axis, as depicted in
Figure 2a. In particular, this tilting can lead to an incorrect reading of the radial position,
leading to incorrect compensation force generation by the EMs and potential instability of
the mover. Due to its low rotational stiffness, the mover could also start tilting due to the
torque generated by the EMs while trying to keep the radial position at zero. The current-
dependent torque with the proportionality constant krgy = |ATgm/AlI|, as shown in
Figure 3e, is calculated using the model extended to include the EMs [28]. This calculation
is also proven with an alternative technique, as described below, where the difference
between the two methods is within 8 %. The alternative approach involves fixing the mover
(in the radially centered position) along the y axis so that it can freely tilt around that axis
without displacements while injecting constant currents into the EMs. For each current, the
mover stabilizes at a certain angle 6, because it is stable against tilting and /or rotations
around the radial axes. The angle 6, depends on the rotational stiffness, which is defined
as the slope ktpv = |ATpav/ Abm | of the dotted curve in Figure 3d around the origin. In the
reached equilibrium position, the tilting angle can be measured, and the EM torque can
be found. This torque is known to be compensated by the PM torque (i.e., |Tgm| = | Tpm|),
which is calculated as described in [28]. Another contributing factor to the total torque
experienced by the mover is the torque Ty;sp related to the mover’s radial displacement
xm. Correspondingly, the curve depicted in Figure 3g is linearized around x, = 0 and
Om = 0 to obtain the constant krqisp = [ATqisp/Axm|. Accordingly, the linear equation of
the mover’s rotation around the radial axes under PM and EM torques in the neighborhood
of x;y, = 0 and 6, = 0 can be written as

]mém(t> = _TPM(t) - TEM(t) + Tdisp(t) (4)
= —kg rotOm (t) — kremOm (t) — kremI(t) + krdispXm (£),

where |, is the mover’s moment of inertia and kq ,o is a strictly positive damping constant
for the rotation. This constant arises from the magnetic interaction between the stator and
mover, giving rise to eddy current and hysteresis losses in the PMs [29]. In the s domain,
(4) with xp, = 0 results in

Om(s) ktem

pu— 5
I S) ]msz + kd,rots + kTPM ( )

showing that the model for rotation is stable because of the positive coefficients in the
denominator (Routh-Hurwitz criterion). However, depending on the constant kg o, the
rotation can be underdamped, as shown in the Bode diagram in Figure 4a, meaning that
oscillations can occur at the natural frequency

1 kv oy, (6)

f n,rot — 27 ]rn

With this extension of the mover’s dynamic model, a controller that stabilizes the
mover in the radial direction and dampens the eventual rotary oscillations can be designed
given the position x, and the rotation 0y, as shown in Section 5.2.

3.3. Force Sensor Mechanical Dynamics

When the force sensor is used for position sensing, an extension of the MLP’s dynamic
model is required to include the force sensor’s dynamics. This extension is presented below.
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As illustrated in Figure 2a, when the mover is radially displaced with respect to the center
position, a reaction force acts on the stator, which can be assumed to be linearly dependent
on the displacement for small deviations, i.e., —Fpy = —kppMXm. In addition, two more
forces act on the sensor, i.e., the reaction force from the electromagnets — Fg\s and a force
due to the tilting of the mover —F;, as depicted in Figure 3a. The electrical signal provided
by the force sensor is proportional to the elongation and/or shortening of the strain gauges
and, therefore, to the movement of the sensing side of the force sensor (see Figure 3a),
defined here as x5, which is caused by the total dynamic force

Frrs = —Fpm — Fem — Frot. )

The transfer from the applied force Frps to the linear movement of the force sensor can be
modeled as a mass-spring-damper system (which is commonly seen in the literature [30-32]),
using the following equation of motion

Miip¥s(t) = Fres(t) — ka rrs¥s(f) — ks rrsxs(t) (8)

where my, = 3.6 kg is the total mass applied to the force sensor, comprising the mass of
the PM stator, four EMs, the mounting plate, and the mover. k4 rps denotes the viscous
damping for the force sensor and is a strictly positive constant, and ks rps denotes the
stiffness of the force sensor, determining how much the sensing elements bend under
constant loads. In the s domain, (8) results in

XS(S> — 1 (9)

Fres(s)  Mmips? + kg resS + ks REs

which shows that the model of the force sensor is stable because of the positive coef-
ficients in the denominator. Also, in this case, the sensor is prone to oscillations at its
natural frequency

1 ks, RS
foREs = 5 =0 — 69.9 Hz (10)

Mmlp

which depend on its damping constant k4 rs, as illustrated by the peaking in the Bode
diagram in Figure 4c. In addition, the total force acting on the force sensor causes the
tilting of its sensing part and the whole mounting plate, which is attenuated by the rubber
supports shown in Figure 2a. This hardware assembly slightly increases the stiffness of the
force sensor since the low stiffness of rubber combines with the large stiffness of aluminum.
Importantly, this avoids the need for a more complex model to account for the rotation
of the PM stator and EMs around the radial axes. Both stiffnesses are included in the
coefficient value in (8).

3.4. Force Sensor Electrical Dynamics

The electrical signal provided by the force sensor depends on the sensitivity of the
strain gauges for a given mechanical stiffness, the gain of the electrical circuit, and the
optional electrical filter used to attenuate high-frequency noise or electrical disturbances
in the system. Therefore, a first-order low-pass filter transfer function combined with
an inverting amplifier gain kygya is used for the model. Additionally, the mechanical-to-
electrical signal conversion is modeled with a constant gain k, which leads to the following

transfer function
Usie(s) _ kv -kvea
X5 (3) Tis+1°

where the cutoff frequency is equal to

(11)

1 1
Iufit = o Tf = 38Hz. (12)
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For completeness, the time-domain representation of (11) is given as

Teuge () = —ky - kvgaxs(t) — uge(t), (13)

and it is depicted in Figure 4d. The gain ky, can be determined by displacing the mover

in the vicinity of the levitating point xm = ym = 0 by Axy, with I = 0 and 6, = 0 while

measuring the electrical response Auamp of the force sensor. With prior knowledge of the

sensor’s stiffness kg rps, the mover’s radial displacement stiffness kgpyg, and the electrical

amplification factor kygya, the gain is obtained as

Attamp 1 keres
kva  kepm

K, = ‘ (14)

Axm

Strictly speaking, the gauges have specific dynamics since their stretch cannot happen
instantly. However, these dynamics are simplified here with the constant k, since, according
to the design, the stretching occurs almost simultaneously with the bending of the sensing
element [33], which is limited by the frequency f,rrs. The electrical amplification is
simplified with the constant kyga since the chosen cutoff frequency of the filter f,, g is
much lower than the electrical bandwidth of the used amplifier, which lies in the megahertz
range [34]. Furthermore, it is important to note that the overall sensor’s bandwidth,
i.e., the —3 dB frequency of the transfer function Ug)s(s) / Frps(s), must be sufficiently larger
than the other characteristic frequencies in the system (fy, gisp and fn rot) in order to correctly
measure the position and tilting-dependent forces of the mover without excessive phase
shift. Otherwise, incorrect estimations of x, and 0, can occur, leading to incorrect EM
forces defined by the controller that would ultimately destabilize the system.

3.5. Summary of the Dynamics

The dynamic Equations (1), (4), (7), (8) and (13) are shown in the form of a block
diagram in Figure 4, where the single input is the current I through the EMs and the
single output is the amplified and filtered voltage of the force sensor ug);. In the diagram,
a simplification can be made assuming that the movement of the stator is negligible
compared to the mover’s radial movement (red dashed connection in Figure 4). Strictly
speaking, Fpy = kppy (¥m — Xs) holds, assuming that the sensing side of the force sensor
moves. However, given any mover’s position X, = Fpyi/kppy and knowing that the same
magnetic force acts on the stator, its displacement can be calculated as x; = —Fpy/ks rps =
—kgpm/ ks RES - Xm = —4.7 X 1075 - x1y, with the constants given in Table 1. Therefore, the
stator’s displacement contribution to the magnetic force is small and can be neglected, i.e.,
the simplification Fppy = kpppXm is justified. Correspondingly, the complete and simplified
model of the MPL is expressed using the following state-space equations:

x(t) = Ax(t) + Bu(t) (15)
y(t) = Cx(t) (16)

with the input, output, and state variables:

u(t) = I(t) (17)
y(t) = uge(t) (18)
¥(E) = [Bn(t) Om(t) Em(H) xm(t) () xs(t) uge(t)] (19)

and the corresponding matrices:
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e oo e 0 0 0]
1 0 0 0 0 0 0
KEro k
0 w0 S 0 0 0
A= 0 0 1 0 0 0 0 (20)
_ KEror _kepm _ KkdRes ks rES
0 mmlltp 0 Mmip Mmlp Mmip 0
0 0 0 0 1 0 0
| 0 0 0 0 0 _kvk% — ]
k k k T
B=|-fpe 0 G0 —fmeoo o] (21)
C=[0 0000 0 1]. (22)
The Bode diagram of the transfer function
Uit (s
Gtot(s) _ fllt( ) (23)

I(s) ’

for currents through the EMs with different frequencies while the mover levitates around
the center position is shown in Figure 5. In addition, the poles (seven in total) of the transfer
functions (2), (5), (9), and (11) are shown with their real and imaginary parts. The diagram
clearly shows two magnitude peaks at fn rot and fn rrs, resulting from poles that possess a
larger imaginary component relative to their real component. Additionally, the noticeable
dip near fn rot is attributed to a pair of zeros located very close to the poles, indicated by
green dots.

100 b - Gtot = Uﬁlt/l
§ 10 --1i s
E 1 i \—60 dB/dec
g 40 dB/dec g \. .........
S 0.1 e Im] T
0.01 P LA Sa | Sai
; : f RFS R
~% Open-l LT 7] Re
~ ' fere” | ! poles eese TR B A S e
E l f“ﬂol
g 0 : i1 " Closed-loop
g o i i . polesx
z N e
—3/2m A . .

/ r’l,dlisp o ot f;,ﬁn lj(x;.RFS Frequency
Figure 5. Bode diagrams of the model for the MLP (see Figure 4). The inset shows the location of the
seven poles of the system in the complex plane. A single pole is in the RHP and corresponds to the
radial displacement of the mover (see (2)). The poles describing the mover’s rotation and the force
sensor’s dynamics are stable but show a relatively large imaginary part, implying oscillations in the
system. The magnitude and frequency axes are presented on a logarithmic scale.

4. Dynamic Model Verification and Tuning

To validate the complete dynamic model of the system in a first step, a measurement
of the total transfer function Gyt = Ug)¢/ I has to be performed, where the stator PM and
the EMs are mounted on the force sensor, and the mover levitates at the reference operating
point while being able to move and tilt freely. For this purpose, an optical position sensor
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with sufficient bandwidth (at least ten times higher than wy = 27 - 2Hz, e.g., 2.5 kHz [35])
directly measures the mover’s position and feeds the signal to a position controller that
stabilizes the mover. In addition, sinusoidal currents are injected into the EMs, which excite
the mover’s radial x position around the levitating point. At the same time, the electrical
output of the force sensor is recorded. This method verifies the total transfer function
depicted in Figure 5 (cf. Figure 7).

4.1. Mover’s Position Controller

A position controller that actively stabilizes the radial position of the mover is required
for levitation at the desired operating point. Furthermore, the method for position sensing
has to be preferably independent of the mover’s tilting around the radial axes such that
only the part of the model described in Section 3.1, which pertains to radial motion, e.g.,
along the x axis, can be used to design the controller. Consequently, if tilting of the mover
still occurs, it does not detrimentally influence the sensor readings and is naturally damped
by passive magnetic interactions. The proposed approach, depicted in Figure 6, uses a PD
controller, which stabilizes the mover’s radial displacement along the x axis by shifting the
unstable pole to the left half-plane (LHP), combined with a PI controller, which enables
steady-state reference tracking. To verify the dynamic model of the complete system,
including the force sensor, the position signal xy, is directly measured using an external
optical sensor (Baumer OM70-P0140.HHO0130.VI, [35]) and then filtered with a first-order
low-pass filter Gg);. Using the straightforward method proposed below to design both
controllers, a phase margin of about 52° at the desired crossover frequency is guaranteed.
Nevertheless, other approaches can be implemented to achieve the desired system response,
e.g., implementing and tuning a single PID controller. Stabilization can be achieved by
measuring the position xp,, differentiating it to obtain the mover’s velocity, and injecting a
stabilizing current Ipp into the EMs proportional to these two quantities. Thus, (1), with
the simplification 6, = 0, is extended to

PI-controller PD-controller Radial position plant

1 R
K

| |

IpD oy k xm,mcas
+ DI N

m,meas

Figure 6. Block diagram of the mover’s position control built with a PD controller that stabilizes the
unstable radial dynamics and a reference tracking PI controller.

Mm¥m(t) = Fpm(t) — Fempp(t) + Fempi(t)
= kepmXm (t) — krpm (kp1%m (t) + kp1xm(t)) (24)
+ kremIpi(t),

where kp; and kp; are the proportional and derivative gains of the PD controller, respec-
tively. It must be ensured that the measured mover’s position and speed are equal to the
actual ones, i.e., Xmmeas = Xm and ¥m meas = ¥m, for frequencies below the force sensor’s
bandwidth (or the cutoff frequency of the measurement filter Ggy,), which should be ten
times higher than the natural frequency of the mover’s dynamics f;, 4isp as a commonly used
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guideline in control systems. Therefore, in the following analysis, it is assumed that the
sensor’s dynamics have no impact on the design of the controller. In the frequency domain,
the transfer function from the EMs’ current to the mover’s position can be expressed as

Xm(s) _ kpem / mim
Ipr(s) g2 1 keemkoi kpemkp1 —kepm (25)
1 s$c + My S + .

and has two stable poles if and only if the coefficients in the denominator are strictly
positive (Routh—-Hurwitz criterion), meaning that the minimal requirements kp; > 0 and
kp1 > kppm/kgem must be satisfied. This also shows that a derivative controller must
be implemented; otherwise, when kp; = 0, either an unstable real pole still exists for
kp1 < kgpm/kgem or two purely imaginary poles are obtained if the mentioned require-
ment for the proportional gain is fulfilled, leading to oscillatory behavior. Furthermore,
comparing the denominator of (25) with the standard form of a second-order system:

s% 4+ 2Zwps + w%, (26)

where wy = 27 fy > 0is the natural frequency and > 0 is the damping ratio, expressions
for the PD controller gains can be obtained

2
womm + kFPM

kpy = k (27)
FEM
kpp = zi‘Jﬂ. (28)
FEM

It can be seen that the aforementioned basic requirements are satisfied regardless of
the chosen natural frequency and damping ratio, meaning that a stabilization of the mover
is theoretically always possible for each pair (wo, ) > (0,0). For the sake of simplicity, the
PI controller can be designed as

k
kp  ke(l+32s)

Gprctri($) = kp2 + % = (29)
such that its corner frequency is the same as the chosen natural frequency for the stabilized
plant given by (25), i.e., k1o /kpp = wy. Its constant gain is the inverse constant gain of (25),
leading to the following equations for the controller gains

kremkpr — k 2
kpy = FEMKP1 FPM _ @Wo'm (30)
krem krem
CL)3T}’1
ki = wokpy = ko =. (31)
FEM

Eventually, by multiplying (25) and (29) with the corresponding
gains from (27), (28), (30) and (31), the expression

S+ wy Cd(z)

G = 32
oL(s) s s2+20wps + wh (32)

is obtained. To show that the afore-mentioned phase margin at the desired crossover
frequency can be achieved, the damping ratio has to be chosen as

¢=1 (33)
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so that a critical damping of the PD controller stabilized plant (25) is obtained, indicating no
overshoots or oscillations while stabilizing the mover’s position are expected. Accordingly,

(32) can be rewritten as
2

GoL(s) = m-

The crossover frequency w, is found at the frequency where the magnitude of (34) is
unity by substituting the complex variable s = jw,, i.e., solving

(34)

2
Wo

_— | =1 35
Jjwe(jwe + wp) (35)

|GoL(jwe)| =

for w¢. The only positive and real solution that can be found is

-1
We = VVs-1 cwp = ke - wp ~ 0.786 - wy, (36)

V2

which means that the crossover frequency is linearly dependent on the natural frequency
and can be arbitrarily chosen. Consequently, the phase of the open-loop transfer function
at the crossover frequency can be calculated as

Z(Gor(jwe)) = —90° — tan~ 1 (k) ~ —128.2° (37)

and is independent of the chosen crossover or natural frequency, meaning that the phase
margin is always given as

pm = Z(Gor (jwe)) + 180° ~ 51.8°. (38)

Finally, the closed-loop transfer function that defines the response of the controlled
system is given as

xm(s) GOL(S) w%
G (5) = _ _ 39
cls) X(s) 1+ GoL(s)  s2+4 wos+ w3 39

and shows a typical second-order system response when comparing its denominator
with (26), where the natural frequency (or bandwidth) is wp and the damping ratio is 0.5,
meaning that an overshoot in the mover’s position is expected when the controller is trying
to track, e.g., a step reference signal x; .

In summary, the only parameter that has to be chosen using the proposed design tech-
nique is the bandwidth of the closed-loop system wjy. Together with the requirement of (33),
the four controller gains (27), (28), (30) and (31) can be calculated. Note that a trade-off
between fast dynamics and the required control current has to be made. Choosing a large
bandwidth automatically leads to an increased EM current because all controller gains
are dependent on wy, and they determine the required current depending on the mover’s
position and velocity, as shown in Figure 6. Therefore, the maximum achievable bandwidth
depends on the current limit, which should not be exceeded to ensure a proper controller
function and is usually given by the power electronics that supply the current to the EMs.

4.2. Dynamic Model Proof and Adaption

For the verification of the dynamic model of the system, a measurement of the trans-
fer function in the frequency domain from the EM current to the force sensor output is
performed on the x and y axes individually. Here the mover is free to travel on the inves-
tigated axis while its movement is restricted on the other axis with a customized barrier
that allows sliding with little friction (see Figure 7a). For this preliminary test, the mover
is actively controlled on the investigated axis in the radially centered position, using an
optical sensor [35] placed at the mover’s level, which enables measuring the position with
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10 pm accuracy. The controller is implemented using the structure discussed in Section 4.1,
where the only design parameter is the closed-loop bandwidth, which is chosen to be
wo = 27 - 2Hz. Higher controller bandwidths up to 5 Hz have been tested, but the system
was more prone to vibratory behavior. To record the desired transfer functions, sinusoidal
currents iex at different frequencies are added to the control currents and injected into
the EMs (see Figure 7b) to cause a displacement of the mover in the neighborhood of the
levitation point of the investigated axis, and all reaction forces on the stator are measured
using the force sensor.

Stator
rr}ounting\ ———— (u(F)), u(F), u(F))
plate .
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EM,, L
e (unu X’ uou )
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Figure 7. (a) Top view of the measurement setup to verify the MLP’s dynamic model in the x direction.
The mover’s position is controlled based on optical position measurement, and sinusoidal currents
are injected into the EMs to cause a displacement of the mover. Consequently, a reaction on the stator
is measured using the force sensor while the y position is kept constant at y, = 0 with sliding barriers.
(b) Block diagram of the control system depicted in Figure 6 that levitates the mover. Currents Jexc
are summed to the control currents to verify Giotx from Figure 5 by measuring Gmeas,x. (¢) Frequency
responses of the model, measurement, and disturbance-corrected output of the force sensor along the
x axis in response to an input current in the x direction (with mover levitating). (d) Model disturbance
Gaist,xx and cross-coupling between the y-axis current and the x-axis sensor output Ggjst,yx (Without
the mover). Please note that the measured phase lies within [—7, 7] but has been unwrapped for
this representation (i.e., adjusted by adding or subtracting 27 to targeted phase values to ensure a
continuous and smooth representation without discontinuities).



Actuators 2024, 13,114

17 of 31

As schematically shown in Figure 7a, the electrical signals from the force sensor
are amplified, filtered, and stored on the SoC as uoutx and uouty (the subscript letters x
and y are introduced to distinguish the quantities between the axes). Ideally, the volt-
age uoutx should be determined by multiplying the theoretical system’s transfer func-
tion with the EMs’ current (i.e., without disturbances u4j5; x = 0, as shown in Figure 7b,
Uoutx(s) = Ugix(s) = Giotx(s) - Ix(s)). The voltage uout,y should ideally be zero across
all frequencies, with the assumption that no cross-coupling between Ix and uouty exists.
Additionally, the current is calculated as the mean value between the individual EM cur-
rents, i.e., Iy = (Iy1 — Ix2)/2, where the negative sign accounts for the opposite directions
of the currents in the two coils of an axis (see Figure 1), which generate a force on the mover
in one direction.

The resulting measured system’s transfer function of the preliminary test on the
x axis is shown in Figure 7c as a series of cyan points within the frequency range of
0.1Hz — 200 Hz. The gain and phase were calculated over at least eighteen periods for
the lowest frequency and up to fifty for the largest frequency. When comparing the mea-
surement with the theoretical transfer function (solid red line) shown in Figure 5, a good
agreement can be observed from the natural frequency of the mover’s rotation (tilting)
forot = 2Hz up to the force sensor’s natural frequency at f,rrs = 69.9Hz. At these
resonant frequencies, the constants kg rt, kq rrs, and ks rrs are finely tuned to match the
measured peakings, resulting in the values reported in Table 1. During measurements
in this frequency range, the mover experiences a small displacement from the radially
centered position, up to 1 mm for the lower frequencies. Additionally, a rotation around
the y axis can be observed, along with vibratory behavior ranging from 6 Hz up to 10 Hz.
The mover holds its centered position for larger frequencies because of its large inertia,
which prevents larger movements, meaning that only the reaction forces caused by the EMs
are applied to the force sensor, as PM forces would only occur for a finite displacement
and/or rotation of the mover. For frequencies lower than 2 Hz, during which the mover
is displaced up to 4 mm from the center, there is a mismatch between the model and the
measurements. The dip in the transfer function at 1.96 Hz due to the cancellation of all
reaction forces, as illustrated in Figure 5, is still visible, but the increasing gain connected
to a phase equal to zero in the lowest frequency region could not be measured in the real
system. Another discrepancy with the model is found at frequencies larger than 70 Hz due
to a vibratory mode of the whole mechanical system, with a prominent peak near 130 Hz.
This behavior is commonly found in complex mechanical structures involving multiple
parts [36]. In summary, the important characteristics of the theoretical model are visible
in the measured transfer function. However, some deterministic behavioral differences
must be addressed before the force sensor’s signal can be used for the feedback control of
the mover.

These differences are visible when performing the second measurement, wherein the
mover is removed from the system and sinusoidal currents are injected into the EMs (as
with the first measurement, each axis is considered individually). According to the model
depicted in Figure 4, the force sensor should not register forces since all reaction forces from
the mover (Fpym, Fpm, and Frot) are zero. Accordingly, the electrical signal oyt x should be
zero regardless of the injected current. However, as shown in Figure 7d, transfer functions
with gains comparable to the modeled transfer function Giotx are measured. Ggjst xx repre-
sents the disturbance on the modeled function Gyt x and is obtained by injecting I into the
EMs and measuring oyt x without the mover. Therefore, it differs from the measurement
Gmeas,x with the mover levitating, as depicted in Figure 7c. Nevertheless, it can be seen that
the two peaks around 70 Hz and 130 Hz are still visible, indicating that forces are acting on
the force sensor. These forces originate from the electromagnetic reaction between the EMs
and the PM stator. They generate a displacement of both objects (EMs and PM stator) on
the stator’s mounting plate due to poor mechanical mounting, resulting in movement of
the force sensor’s sensing side. This effect is also observed at the lowest frequencies, which
explains the relatively large gain compared to the model. Furthermore, in the frequency
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range above 1 Hz, another effect that directly affects the strain gauges is observed, namely
induced voltages, which are summed to the force-dependent voltages and are caused by
the time-varying magnetic fields from the electromagnets. The origins of both disturbances
can be proven by removing the PM stator from the system, where only the induced voltages
can be measured with a phase of 77/2 with respect to the current in the EMs. Eventually,
by fitting the measurement of Ggjs xx With the transfer function estimation tool provided
by MATLAB® and adding the obtained frequency response to the model transfer function
Grot,x, the measurement performed with the mover levitating can be reproduced with better
accuracy (cf. Gmeasx With Giotx + Ggistxx in Figure 7c). The error that remains between
the transfer functions can be attributed to the fact that the two measurements (with and
without the mover) are performed separately, and the model parameters also contain errors
originating from their measurement and/or simulation. Another behavior that is hard
to model but is prominent in the output of the force sensor, as shown in Figure 7d, is the
cross-coupling between the axes, which is represented by the transfer function Gg;st yx for
the force sensor’s output 1oyt x due to a current Iy when the system is excited without
the mover. For this measurement, the same disturbances as those observed for Ggist xx
are visible, where the movement of the stator and EMs in the y direction causes a false
reading in the x direction, and vice versa. In this measurement, the amplitude of the
disturbance on the sensor output is slightly above the noise level for the lower frequency
range. Between 10 Hz and 25 Hz, only noise is measured, as can be seen in the distribution
of the measurement points, especially in the phase plot.

The same measurement procedure is performed to characterize the y axis of the sen-
sor, where similar results are expected due to symmetry. However, a small difference is
observed in the sensor’s natural frequency (fn ks y = 62.2 Hz compared to f, psx = 69.9 Hz)
due to the different stiffnesses of the sensing elements, along with a 25 % higher damping
coefficient. Therefore, an adaption of the theoretical model (15) regarding the sensor’s
parameters is performed, leading to a correspondingly different model transfer function
Gtot,y. Furthermore, a comparable yet dissimilar disturbance profile is observed, resulting
from the aforementioned disturbance influences. Finally, a transfer function Gyjst yy is used
to consider the model disturbance on the y axis from the y current, and Ggjst,xy accounts for
the cross-coupling originating from the x current.

5. Observer and Controller Design
5.1. Observer

The proposed position-sensing method uses a force sensor to detect the forces due
to the mover’s motion, which are then translated into the position using the model and
calibrated disturbance transfer functions. These calculations are performed by an observer
that estimates the states of the system based on the input variable, i.e., measured EMs’
current Imeas x, using (15). Moreover, the observed states are corrected with a state correction
architecture (which is required to address model mismatches and noise) by comparing
the calculated output (16) to the measured output ugutx. If the observer and the real
system react the same way to an input current, the error between the estimated output and
measured output would be zero, meaning that the calculated mover’s dynamic behavior
is the same as that in the real-life hardware demonstrator. However, as seen in Figure 7c,
there are relatively large mismatches due to the disturbances between the theoretical model
and measurements. Thus, a correction of the observed states has to be performed so that
the output of the observer ultimately matches the measured output. Therefore, to minimize
the observer’s state errors, a dynamic model that matches the measured transfer function
depicted in Figure 7c has to be implemented on the SoC. As argued in Section 4.2, the
disturbance of the model Ggjgtxx is completely decoupled from the mover’s dynamics.
Hence, it can be used to better estimate the real output of the force sensor by summing its
response with the response of the original model Giot,x, as schematically shown in Figure 8.
This way, the original seven states are still corrected with the feedback architecture of a
Kalman filter, as described in [37], whereas the model disturbance is used as a feedforward



Actuators 2024, 13,114 19 of 31

block that directly affects the observer’s output oyt x. Furthermore, the cross-coupling
function is incorporated into the observer as an additional feedforward block to enhance
the tracking of the states since all non-ideal disturbances are considered in calculating
the estimated x-axis force sensor’s output, which depends on the currents on both axes.
The same observer structure is implemented for the y axis, incorporating the discussed
calibration-based improvements of the model, like the measured disturbance and cross-
coupling transfer functions. Accordingly, the observed outputs for both axes are written in
the s domain as

Outer current loop Position loop Inner current loop
IﬁnuLx G *n ..w X Um\ X \ Uit
N Lout H N f | Lin l( EM | lm X
_ . G,
meas,x é I||l m 1,XX ®
_'“-x m as,y
K| x Observer :I .

I uou\.x m Lyx

xl\'\ umll.x
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Figure 8. Block diagram of the MLP with the mover’s dynamics observer, position, and current
controllers for the x axis. The black boxes represent the ideal MLP as presented up to and including
Section 3, whereas the red boxes are required to extend the model for the realized prototype discussed
in Section 4.2 so that the observer delivers the states as close as possible to reality for the position
controller. For these disturbance corrections, the y-axis current plays a role in the x-axis model, and
vice versa.

ﬁout,x (s) = (Grotx(s) + Gaistxx(5)) - Ix(s)
+ Gaistyx(8) - Iy (s)

ﬁout,y(s) = (Gtoty(s) + Gdistyy(s)) - Iy(s)
+ Gdistxy (5) - Ix(8)-

(40)
(41)

5.2. Mover’s Position Controller and Rotation Damping

As discussed in the previous sections, the magnetic levitation platform requires at
least active control of the mover’s radial x,y position since it is intrinsically unstable.
However, an active contribution to damping other stable DOFs might also be required,
especially when the mover oscillates due to poor passive damping. In addition to stabilizing
the mover’s radial position, as described in Section 4.1, the proposed controller actively
dampens any eventual rotary oscillations. Therefore, the mover’s position x, and tilting
angle 0, must be measured. As seen before, to stabilize the radial position, the velocity X, is
required, whereas for the active damping of the rotation, the angular speed 6y, is necessary.
Advantageously, both can be found from the derivatives of the position measurements xpy
and 6, over time. The proposed approach is a state-space (or time-domain) stabilizing
controller based on a reduced state-space representation of the MLP that only considers
the mover’s dynamics. The force sensor’s mechanical and electrical dynamics must not be
controlled since the movement of the sensing side is relatively small and has practically
no impact on the magnetic forces. Accordingly, the model assumes that the observed
quantities (fm, ¥m, O, Om) are equal to the real-life quantities (xm, ¥m, Om, fm) and it is
expressed as

J'Cctrl(f) = Actrlxctrl(t) + Bctrlu(t) (42)
yctrl(t) = Cctrlxctrl(t) (43)

with the input, output, and state variables:
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u(t) = I(t) (44)
yctrl(t) = xm(t) (45)
; . T
xctrl(t) = [Qm(t) em(t) xm(t) xm(t” (46)
and the corresponding matrices:
e o
Actrl = 0 krflflt 0 % (47)
0 0 1 0
T
Ban = | -4yt 0 fme o] (48)
Can=1[0 0 0 1]. (49)

This representation can be used independently of the position-sensing method as long
as the position x and the rotation 8, are obtained. As already mentioned, the mover’s
velocity *m and angular velocity 6, can be calculated by differentiating the position and
the angle. The controller, in the form of a matrix K, uses all available information, in this
particular case, derived from the observer (see Figure 8), and calculates the current

u(t) = —Kxe(t) = —[k1 k2 k3 ky]xeen () (50)

which stabilizes and dampens both mover’s dynamics (note u(t) = I(t); see (17)). The
value of the controller gains can be found, for example, using the linear quadratic regulator
(LQR) algorithm [38], which is widely used in the literature [39-41]. This results in the
optimal input u(t) following the control strategy (50), which minimizes the cost function

V= /O (1) Qe () + u(E)Ru(t)dt, (51)

where Q is a symmetric and positive definite matrix and R is a strictly positive weighting
constant. The state-space matrices A1 and By, along with Q and R, define the con-
trol matrix K by solving the continuous-time algebraic Riccati equation for the matrix P,
expressed as

AT

ctr

1
\P+ PA gy — 3 PBeBLyP+Q =0 (52)

ctr

K= % - By P. (53)

For the design of the stabilizing controller component, a choice of weights has to

be made, as shown in Section 6.2, where the single states and the input variable can be
penalized in the cost function. This allows the algorithm to find a controller that ensures
strong damping of rotation while keeping the mover stable in the radial direction. As a
consequence, the unstable pole due to the radial magnetic forces is shifted to the LHP, and
the imaginary component of the rotation-related poles is reduced so that all four poles lie
on the negative real axis or as close as possible to it, as depicted by the violet crosses in the
complex plane in Figure 5. Furthermore, the stabilizing controller component is extended
with a reference tracking system [42], consisting of a proportional and an integral part, as
illustrated in Figure 8. This system enables tracking a reference radial position x};,, which is
normally set to zero so that the mover is kept radially centered, assuming that the position
signal xn, has no offset. Conversely, rotation (tilting) tracking is not implemented since the
reference mover’s angle is zero, corresponding to the natural angle when centered. The
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proportional controller consists of a constant H chosen such that at steady state (i.e., when
Xcr1(t) = 0), the position of the mover is equal to the reference value with the extended
control strategy

u(t) = —Kxcg () + Hxp (8). (54)

Therefore, the set of equations

0= (Actrl - BctrlK)xctrl(t) + Bctrle:(nu) (55)
y(t) = x;kn(t) = Cctrlxctrl(t) (56)

has to be solved for H, leading to the result
H = —(Cetnt(Actr — BctrlK)_chtrl) L (57)

The integral controller is required to ensure that the reference signal is tracked without
steady-state errors, thereby extending the control strategy to

u(t) = —Kxan(t) + Hxin (1) + ki [ x5,(8) = 3D, (58)

where kj is the integral gain, which should be chosen relatively low to avoid interfer-
ence with the stabilizing controller during transients caused by external disturbances
on the mover position. The resulting values for the control matrices and constants are
listed in Table 3.

5.3. Inverter Stage

So far, it has been assumed that the current in the EMs is readily available and can
be directly adjusted by the position controller and active tilting damper. However, in
reality, a voltage U must be first applied to the EMs’ terminals, which, together with the
resistance Rpy and inductance Lgy, determine the transient behavior and steady-state
value I of the current. Therefore, a current controller that dynamically sets the proper
voltage depending on a reference current value I*(t) = u(t) from the position controller
and active tilting damper has to be designed. This can be achieved with a cascaded
structure, as shown in Figure 8. It must be ensured that the bandwidth of the inner
current loop is sufficiently higher (e.g., ten times larger) than the bandwidth of the position
controller and active tilting damper so that the dynamics of the current control need not
be considered during the design of the position controller and active tilting damper, for
which we assume I(t) = I*(t). In the simplest case, the voltage applied to the EMs is the
average value of a switched voltage generated with an inverter block (e.g., a full-bridge
inverter) that allows generating positive (4-Upc) and negative (—Upc) voltages out of a
constant-voltage source Upc, as indicated in Figure 1. However, due to the large dv/dt
that modern power semiconductors can generate while switching, a filter at the output
of the inverter stage is required. Without the filter, the high-frequency components of
the switched voltage (Ui in Figure 9) would drive a high-frequency current iy, which
finds a low impedance path through the parasitic capacitance of the EMs. The return
path for this current is via the EMs’ cables, modeled by the impedance Zg iy, and via
the ground connection of the position measurement circuit, modeled by the impedance
Zg meas, which includes the aluminum body of the force sensor, the conductive shield
of the force sensor’s cables, and the reference potential for the measurements. Due to
their close placement, the position measurement circuit is coupled with the parasitic
capacitance C, to the corresponding EM and is tied to the common ground on the inverter.
Furthermore, the time-varying common-mode voltage ucwm(t) = (ups1(t) + upsp(t))/2
induces a common-mode current icys in the cables of the EM that charges and discharges
the coupling capacitance C. (see Figure 9). Both currents, igg, and icy, can generate an
error in the position measurement since the analog voltage, which is then sampled by
an ADC, is not only determined by the amplifier circuit modeled by the gain kyga but
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also by an error voltage, i.e., Uamp(t) = kvGa - Usens(t) + Zgmeas - (iup2(t) +icm(t)). To
minimize these noise issues, we employ a passively damped LC filter. This filter reduces
the amplitude of the high-frequency current flowing through the EMs, which eventually
reaches the position measurement circuit because of their close placement within the MLP. It
achieves this by providing a low-impedance return path via the filter capacitors C¢ and Cyg.
Furthermore, we add a common-mode choke that increases the common-mode impedance
of the load at the output of the inverter to reduce the amplitude of the common-mode
current. For the design of the filter, we follow the commonly used guidelines described in
the literature [43] to optimally dampen the filter and avoid resonances with the driving
converter. The first consideration is to achieve a large high-frequency attenuation (>40 dB)
at the switching frequency fsw, as reported in Table 2, meaning that the design frequency,
which is given as

TI
¥ 5 CfI Cu CM
. R, choke I
L, i R. iy
QU U LCfilter fow U e L
u ﬁ = 2,_, REMd LEM
DS, 1 —
— — Rfd Zg,inv IHI'.I
J J Upg, Cf== C = C
—|_ fd u 1 lu ¢
] ] | amp — sens : .
= g,meas ll[ll2+[(‘.\l

Figure 9. Electrical system consisting of a full-bridge inverter driving the EM of an axis. A passively
damped LC filter is inserted to reduce the disturbance ifyr», which can affect the position measurement
circuitry due to coupling denoted by C. with the EM, modeled by four lumped elements. Similarly, the
common-mode choke helps reduce the amplitude of the high-frequency common-mode current icy;.

Table 2. Parameters of the inverter, LC filter, and EM equivalent circuit shown in Figure 9.

Inverter
Upc 40V fsw 100kHz
LC filter
Lf 22 pH Rfd 10
Cf 22 }lF Cfd 88 }IF
forc 7.2kHz n 4
Electromagnet
LEM 18.6 mH REM 550
CEM 87 pF REMd 85k}
Resonant freq. 125kHz
1

S 59
forc VLG (59)

has to be at least ten times lower than the switching frequency since the filter’s roll-off is
—40 dB/dec. The second consideration is that for strong resonance damping, a large ratio

Cfd
n=— 60
C (60)

is favorable in combination with the optimally designed damping resistor [44], calculated as
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Lt n+1 [2n+1)(n+4)
Rfd\/;f' n | (n+2)Bn+4) 61)

Regarding the controller design, the proportional and integral gains of the PI controller are
calculated using the MATLAB® function “pidTuner”, where the closed-loop bandwidth wy,,
given in Table 3, of the inner current control loop is selected according to the transfer function
of the designed filter from the inverter voltage to the inverter current G (s) = Iiny(s)/Uiny(s).
As indicated in Figure 8, a filter G (s) on the feedback path of the inner current controller
is used to better approximate the current in the EM I(s) = Grcgm(s) - Uiny(s) from the
measured current Iy (s). To minimize the phase shift, its cutoff frequency should be larger
than the desired bandwidth wyy,. For the controller design, the filter for the current is included
in the open-loop transfer function G(s) - Gy (s), and care is taken to achieve a sufficient
phase margin that avoids overshoots in the EMs’ current.

Additionally, the minimum required DC voltage of the inverter depends on the
required control bandwidth wj, and the current amplitude [ necessary to counteract
displacements of the mover. This is given by I = kppn/kpgm - Xm. For the selected
win = 27 - 20 Hz and current amplitude [ = 4.5 A corresponding to xpm = 10 mm, a min-
imum dI/dt = I - win = 571.8 A/s is calculated, which must be achieved to obtain the
desired dynamics of the current. This is related to the DC voltage applied to the EM,
ie., Upcmini = Lgm - d1/dt = 10.6V, assuming a purely inductive EM (see Figure 9 and
Table 2). Finally, to achieve the maximum value [ of the current at steady state, a minimum
DC voltage Upc minz = Rem - I = 25V must be available at the EMs’ terminals. Further,
the switching frequency should be chosen to maximize the efficiency of the inverter, con-
sidering the switching and conduction losses of the power transistors during operation.
This choice has no impact on the operation of the MLP as long as it is ten times higher (as a
rule of thumb) than the largest bandwidth in the system wj,. Otherwise, proper current
control cannot be achieved. The selected inverter voltage and switching frequency listed in
Table 2 satisfy these requirements.

5.4. Position Sensor Offset Compensation

In cases where the measured or observed mover’s position signal has a constant or
slowly fluctuating offset, e.g., due to temperature dependencies, the proposed controller
would position the mover with a deviation of the reference position. Therefore, an outer
current control loop (see Figure 8) is required to compensate for this offset. When the
mover’s reference position is zero, the EMs’ current should also be zero since there are no
radial magnetic forces that destabilize the mover. Otherwise, a control mechanism should
drive the current to zero by setting a reference position for the mover that eliminates the
position offset. This is achieved using a slow integral controller that adjusts the mover’s
reference position so that the error between the reference current I, at the desired position
of the mover and the measured current is zero. This works for any desired position of the
mover since the required current that compensates for the radial magnetic force is known
(either measured or calculated using a model). In the linearized model in Section 3.1, for
the design of the controller gains, a plant with a constant relation between the mover’s
reference position and the current flowing in the EMs

I(s)  kepm

n(s)  keew (62)

can be considered with the requirement that the outer current controller’s bandwidth is
much lower than the dynamics of the position controller. Please note that the negative sign
in (62) originates from the fact that a negative current must be generated to compensate for
a positive magnetic force observed for a positive radial position. To fulfill the mentioned
prerequisite, the integral controller is designed such that the closed-loop bandwidth wout
results in a significantly lower value (e.g., ten times lower) than the lowest bandwidth
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in the system (see Table 3), i.e., the closed-loop bandwidth of the mover displacement,
leading to

k w
GI,out(s> = _% : (S)ut' (63)

The closed-loop transfer function shows a typical first-order low-pass filter behavior
with cutoff frequency (bandwidth) wout

I(s) 1

o I (s) 145/ wout

Ger,out(s) (64)

With this design and the constraint on the bandwidth, there are no concerns about the
phase margin and eventual dynamic overshoots since the assumed plant (62) is character-
ized by a constant value, and with an integral controller, the phase margin is at least —90°.
However, when the bandwidth of the outer loop has to be increased for a faster dynamic
application, care must be taken in the model of the plant (62) and the corresponding con-
troller design by considering the dynamics of the position controller and, eventually, the
response of the inner current loop.

Table 3. Parameters of the outer current controller, position and active rotation damping controller,
and inner current controller.

Outer Current Controller Gy oy

Wout 27t -0.05Hz
Position controller (50)
k1 —0.04 As/° ko —43A/°
ks 283.5 As/m kg 3.09kA/m
H 536.8 A/m ki 27r-0.15A/ms
P1 27 -0.52Hz P2 27-3.29Hz
P3 2m-3.18Hz Pa 2m-1.74Hz

Inner current controller Gprin

Win 2 -20Hz

Furthermore, even with the proposed offset compensation for the position sensor,
a positioning error originating from an offset in the current measurement can still exist.
Considering an error due to a constant offset in the position sensor Xerr,pos and a position
error due to a constant offset in the current sensor Xerr.curr = kggm/kgpM - lerr, the current
error that leads to the same position error can be found as Ierr = Xerrpos * krpm/ kFEM-
Considering the case at hand and assuming that the position error is Xerr,pos = 1mm,
the equivalent error of the current sensor would be I,y = 0.5A. Therefore, employing
an outer control loop is beneficial because most commercial sensors with current ratings
are orders of magnitude larger than Io, resulting in greater accuracy. The used shunt
resistor-based current sensor achieves an accuracy of 60 mA with a measuring range of
10 A, ie., a 0.6 % accuracy.

6. Hardware Demonstrator Realization

This section provides a detailed practical investigation of the MLP hardware demon-
strator equipped with a (reaction) force sensor for the mover’s position sensing that
proves the effectiveness of the previously discussed model, observer, and controller design.
The properties of the passive part of the MLP, resulting from the design of the PMs in [28],
including the determination of the mover’s levitation height and, most importantly, the
radial destabilizing force that has to be counteracted by the EMs, have been discussed in
Section 2. The design and optimization of the EMs are equally important since they define
the final size of the MLP and the power consumption for achieving stable levitation, i.e.,
the copper loss per unit of radial displacement and unit of height. The dimensions of the
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EMs are chosen so that a large controllable range in the radial direction of the mover is
possible while trying to keep the dimensions of the overall MLP as compact as possible. In
addition, efforts are made to maximize force generation with the smallest possible amount
of current (i.e., reduce power losses in the EMs). For more details, see Appendix A. Each of
the four employed EMs (two for each radial axis) is driven by a corresponding full-bridge
power electronics inverter (see Figure 9) with Upc = 40V and a maximum output current
of Imax = 6 A, which provides the required voltage to the EMs’ terminals. This voltage
is calculated using an SoC featuring a CPU (where the observer and controller are imple-
mented) and an FPGA, which provides the gate signals to the power transistors of the
inverters and records the signals from the force sensor.

6.1. Force Sensor

The device used to sense the mover’s position in the MLP featuring extreme levitation
heights is a force sensor. It is composed of a three-axis (x, y, z) strain-gauge load cell [45],
rated for a maximum force of 100 N on each axis. Theoretically, only two axes (x, ) would
be necessary to regulate the mover’s radial position. However, the additional sensing
axis (z) is required for future applications not discussed in this paper, where the mover
is loaded with a payload, and the levitation height can be determined by measuring the
system’s total weight. Consequently, a force sensor with a notably high maximum force
rating (100 N) is selected. This sensor is perpetually subjected to a load of 35.3 N due to
the mass of the stator 1y, (refer to Table 1 for numerical values). As a result, a margin
of 64.7 N is available to accommodate both the inertial forces and any additional payload.
The force sensor provides an electrical signal of 1 mV /V at the rated force, meaning that
for the chosen excitation voltage of 3V applied to the strain gauges, a maximum signal of
3mV can be measured at the sensing terminals. For displacement of the mover by 1 mm
from the center, the magnetic force that has to be sensed is 0.03 N, which corresponds
to a voltage difference of 0.94puV. Accordingly, an amplifier featuring very low noise
levels is required to obtain a signal measurable by an analog-to-digital converter (ADC).
The amplifier circuit depicted in Figure 10 consists of a buffered very low-noise constant-
voltage reference (LTC6655 [46]) used to excite the strain gauges, which are arranged as
a Wheatstone bridge for each axis, and three variable-gain amplifiers (VGAs) [34] that
amplify and filter the differential signal from the gauge bridges. The cutoff frequency can
be set using an external capacitor C; = 440 nF that builds a first-order low-pass filter using
the internal feedback resistor Rg;; = 9.5k(). The voltage gain can be dynamically tuned
from the SoC for applications where the mover changes levitation height (due to different
payloads). In these cases, the amplification has to be changed to avoid saturating the VGAs’
outputs since larger radial x, y forces, i.e., signals, are observed when the mover approaches
the stator. Before the amplification, a manual offset compensation is implemented. This
ensures that the force sensor output signal is set to zero when there are zero forces acting
on the force sensor, as the strain gauges forming the Wheatstone bridge may have slightly
different resistances, which could cause saturation of the output due to the high gain of the
VGAs. Finally, the amplified and filtered analog signals are digitized by a multi-channel
ADC [47] communicating with the SoC. It should be noted that for static applications,
the implemented amplifier enables measuring forces with a resolution of 2.3 mN, which
translates to a positional accuracy limit of around 74 um for the investigated MLP.
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Figure 10. (a) Excitation of the strain gauges, glued to the force sensor for a single axis, with a
buffered constant-voltage reference. (b) Schematic circuit diagram of the force sensor amplifier
for a single axis, consisting of a manual offset correction stage, variable-gain amplification, and
analog-to-digital conversion.

6.2. Controller Tuning

With the correctly estimated quantities (Xm, Xm, Om, Om) describing the mover’s motion,
a state-space controller, as described in Section 5.2, is implemented for both the x and yv
axes in the same way since it only depends on the mover’s parameters, which are equal
for the x and y axes due to symmetry. For this purpose, the choice of the weighting matrix
Q and the constant R for tuning the LQR controller is carried out so that the mover’s
rotation (tilting) around the x and y axes is strongly damped. This is achieved by choosing
a relatively large Q(q 1) constant, leading to a reasonable distribution of closed-loop poles.
Indeed, with

0129 0 0
(65)

R=1 (66)

all poles of the closed-loop transfer function (i.e., the eigenvalues of the matrix
Actrl — Bewt - K) lie on the negative real axis between 0.52 Hz and 3.29 Hz, as indicated
in the s plane shown in Figure 5 with violet crosses, and reported in Table 3 as p1, p2, p3,
and p4. Further, the integral gain that completes the mover’s position and rotation control
law (58) is chosen to be equal to one-tenth of the smallest pole in the stabilized system (so
it does not interfere with the stabilizing controller component), i.e., kf = 277 - 0.15A/ms.
Additionally, the LC filters for the inverter outputs (see Figure 9) are designed taking
into consideration the volume of the passive components and the design guidelines in-
troduced in Section 5.3, leading to the values listed in Table 2. The design frequency is
forc = 7.2kHz, leading to an attenuation of 46 dB on the EM voltage at the switching
frequency (100 kHz). The impact of the output filter on the EM current dynamics is very
small, as the impedance of the capacitors is at least 10 times larger than that of the EM coils
within the current control bandwidth of wj;, = 271 - 20 Hz. The bandwidth wj, is chosen
to be as low as possible (i.e., about ten times higher than the highest frequency pole of
the position controller) in order not to trigger vibrations of the mechanical structure since
the output signal of the force sensor could be heavily disturbed by oscillations around
130 Hz (see Section 4.2). A measure that has been proven to work with a higher current-
loop bandwidth (e.g., 100 Hz) is a moving average filter on the current reference signal
calculated by the position controller and active tilting damper. The number of data points
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considered for the average is chosen to eliminate current components that would trigger a
vibration of the structure. Due to relatively large noise on the force sensor signals and their
slowly fluctuating offset, an outer current controller that drives the current to zero, thus
centering the mover, is implemented following Section 5.4 with a closed-loop bandwidth of
Wout = 27 - 0.05 Hz. The reported implementation works well for both axes, i.e., the mover
never experiences rotary (tilting) oscillations, and its radial x, y position is stabilized.

6.3. Results

A demonstration of the stable levitation is depicted in Figure 11, with the mover
levitated at an air gap of 104 mm above the stator. The calculated standard deviation of
the position recorded over ten seconds during the course of levitation is 1.3 mm for the
x position and 1.6 mm for the y position, indicating that the mover experiences a certain
deviation from the center and that the performance on both axes is similar. Furthermore,
the effect of the controller that eliminates the force sensor’s offset is visible when comparing
the mean values of the mover’s position and the EMs’ currents in the xy plot on the
oscilloscope and in Figure 11b,c. The first is (Xm, ym) ~ (—2.2mm, —2.2mm) also depicted
in Figure 11b. The second is (I, Iy) ~ (—0.6 A, —0.1A), as also depicted in Figure 11c.
Therefore, even though the observer calculates a position with an offset originating from
the force sensor, the mover will be controlled in the center’s vicinity, where the magnetic
forces, and hence the mean values of the control currents, are zero.

* Mean value

1(A)

-6 -4
%6 -4 2 0 2 4 6 -4 -2 0 2 4
(b) x,, (mm) (©) 1.(A)

Figure 11. (a) The complete system showing the mover’s stable levitation above the stator with
a 104 mm air gap. The force sensor is not visible because it is placed underneath the stator and is
connected to the VGA that amplifies and filters the force-dependent signals and delivers them to the
observer implemented on the SoC. The DC-link supply is used for the EMs, whereas the auxiliary
supply provides power to the SoC and the force sensor. (b,c) show the 2D plots of the observed
mover’s position and control current, respectively, which are also found in (a) on the oscilloscope
with a different scaling factor.
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7. Conclusions

This work presents a novel method for sensing the position of the mover in a magnetic
levitation platform (MLP), where a force sensor is used to detect the reaction forces on the
stator. The force sensor enables the operation of the MLP in situations where the mover is
encapsulated in a hermetically sealed chamber and levitated with an extreme air gap. An
observer extracts the mover’s radial position and angle from the measured forces, which
also depend on the control actions, to achieve closed-loop position control of the mover.
For this purpose, a dynamic model of the MLP, including the force sensor, is developed and
augmented to compensate for unwanted disturbances with a calibration procedure. Finally,
based on the developed model, a state-space controller allows controlling the mover’s
position and actively dampens eventual rotary (tilting) oscillations around the x or y axis.

With the proposed methods, a stable levitation of the mover is achieved, with an air
gap of 104 mm, a characteristic dimension of CD = 207 mm, and a passive radial stiffness
of the MLP of 32.8 N/m. The performance is evaluated during centered (x, = y5,, = 0)
steady-state levitation by calculating the standard deviation of the mover’s position, which
results in (0(xm), 0(ym)) = (1.3mm, 1.6 mm). To the best of our knowledge, the proposed
MLP, along with its position control via stator reaction forces, is unprecedented in the
existing literature. This novelty precludes direct performance comparisons with docu-
mented studies.

In future research, alternatively, eddy current measurements will be used for determin-
ing the mover’s position, and a comparative evaluation of the position control performance
of both concepts will be provided.
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Appendix A. Design of the Electromagnets

In this appendix, we briefly discuss the design considerations and resulting dimen-
sions and properties of the electromagnets (EMs) employed in the magnetic levitation
platform (MLP).

As a starting point, a constraint on the positioning of the EMs is set to preserve the
levitation height obtained by the choice of dimensions of the permanent magnets (PMs).
The EMs can be placed in a region below the top face of the PM stator in the vertical
direction, e.g., around the stator, as shown in Figure 1, or between the stator and the force
sensor. At least three EMs are required to control the mover on the 2D plane formed by
the xy axes [48]. However, four EMs have been chosen so that both axes can be controlled
independently and to facilitate the measurement procedure, using only two corresponding
EMs for the dynamic model’s verification.

The realization of the EMs is constrained by the current and voltage of the power
electronics inverter, the maximum RMS current density, and the dedicated space around
the PM stator that has to be minimized to obtain a compact MLP with respect to its
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large levitation height. The readily available inverter board [49] used to demonstrate the
functionality of the MLP provides enough integrated half-bridges (LMG5200) that can be
combined to obtain the required number of full-bridge inverters for driving the EMs. The
maximum allowed and selected DC supply voltage of the inverter board is Umax = 40V,
and the maximum current capability for each half-bridge is 10 A. However, a maximum
allowed current of Imax = 6 A is chosen for the design of the EMs so that cooling the power
semiconductors inside the LMG5200 can be avoided and their reliability is increased. It
should be kept in mind that during nominal operation, only a small current is required to
keep the mover at the natural levitation point. Larger current values are required during
eventual transient periods occurring due to external disturbances.

The first important requirement for the EM design is to define the mover’s controllable
range in the radial direction with respect to the center position x = y = 0, which determines
the maximum magnetic force that has to be compensated by the EMs. This is chosen
to be xy = 10mm to provide enough room for characterizing the sensing system and
corresponds to a force of Fpyy = 0.33 N. With the fixed controllable range, the optimization
goal is to maximize kppy with an optimal EM placement so that the current, current density,
power losses, and driving voltage remain low. To achieve the minimum required current
for the smallest EM, the size of the EM, and therefore, the characteristic dimension of the
system (see Figure 1), is iteratively increased until the required force can be reached without
exceeding the voltage, current, and current-density limits. Throughout the iterative process,
the spatial constraints, such as the distance to the stator and adjacent EMs, are kept the
same. Regarding the winding area, a height of hgy; = 23 mm is chosen to be equal to the
stator’s height (considering an additional 3 mm separation for the plastic magnet holder)
to achieve a compact design, and the width wgy; (see Figure 1) is iteratively increased with
the characteristic dimension.

With all the above considerations, the final manufactured EMs exhibit a winding
area of wgy = 14.9 mm and hgy = 23 mm, with a wire diameter of d,yc,, = 0.75mm and
0.035 mm insulation thickness. These parameters are listed in Table A1. The number of
turns is N = 550, with 20 horizontal layers and alternating between 27 and 28 vertical
layers using the orthocyclic winding style. The fill factor is kg = 0.7, resulting in an
approximate winding resistance of Rgyy = 5.5(), which defines the minimum DC-link
voltage as U = 25V. Finally, the approximate weight per EM is mpy = 0.56 kg. When
comparing the force generation, the manufactured EMs have a simulated force constant of
krem = 65mN/ A (as reported in Table 1), which is calculated from the sum of forces of
each winding in the EM when two EMs per axis are used for control.

Table Al. Parameters for the design of the EMs and their calculated characteristics.

Design Parameters

Umax 40V | Imax 6A
Xm 10mm | wgm 14.9 mm
dw,cu 0.75mm | hgp 23 mm
dw 0.82mm

Calculated Characteristics
N 550 | Nhor 20
Nyert 27.5 | ken 0.7
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