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Abstract—This article describes a method for the active control
of the deformations on a magnetically levitated moving-magnet
planar motor. The planar motor under consideration is comprised
of a stator on a double coil array configuration and a mover
with permanent magnets, and it is designed to perform position-
ing tasks with nanometer level of accuracy. Due to the spatially
asymmetric, nonuniform force distribution on the magnet plate,
mechanical deformations are induced to the mover, which can
severely hinder the desired positioning accuracy. The proposed
method overcomes this challenge by properly shaping the force
distribution on the moving magnet plate, which is enabled by the
presence of multiple coils interacting with the mover, corresponding
to an “overactuation” scheme. As a consequence, the independent
control of elementary deformation shapes (modes) is achieved. The
proposed overactuation scheme is experimentally validated on a
planar motor prototype, proving the efficiency of the proposed
method during both standstill and motion.

Index Terms—Control engineering, motion control, permanent
magnet motors.

I. INTRODUCTION

MOTION systems are mechanical devices tailored to per-
form positioning tasks. They are utilized in a wide range
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of applications, from high-resolution microscopes to product
inspection machines and medical devices. A state-of-the-art
application where motion systems play a crucial role are wafer
scanners, which are complex machines used in the semiconduc-
tor industry to manufacture integrated circuits by lithography.
In these machines, the wafer stage is a motion system, which is
responsible for positioning a silicon wafer at a given location,
based on a motion pattern, where a light beam creates a pattern
on the wafer.

Recent expectations for wafer stages include both high po-
sitioning accuracy (<10−9 m) and high accelerations of more
than 50m/s2. Toward realizing these challenging goals, modern
wafer stages rely on the use of double-stroke planar motors [1],
[2]. In these designs, moving-coil magnetically levitated motors
are utilized for the long-range motion, while both the stability
and the propulsion of the mover is provided by means of mag-
netic fields [3]. On top of this motor voice-coil actuators are used
for the short-stroke, high precision motion. Such configurations
usually lead to bulky, complex, and expensive systems. More-
over, the physical connection of the mover with the environment
through a cable slack, which is required to provide power to
the coils and the cooling system, results in disturbances on
the wafer stage that limit the achievable performance. Toward
overcoming the aforementioned challenges, alternative planar
motor configurations have also been investigated in the recent
years, which rely on a magnetically levitated, single-stroke,
moving-magnet motor configuration [4]–[8]. In this design, the
mover is in principle a freely floating body with no physical
connection to the environment, thereby limiting the effect of
environmental disturbances on the mover.

The constant demand for higher actuation bandwidth in wafer
stages, in combination with the limited mechanical stiffness of
the mover in the aforementioned motor configurations bring into
light the flexible dynamics of the mover [9], [10]. As a result,
the spatially nonuniform distribution of force on the mover
induces mechanical deformations, which can severely limit the
attained positioning accuracy [11], [12]. Toward suppressing
their effect two classes of approaches exist. Passive techniques
aim at modifying the mechanical properties of the plant, such
that the resulting system achieves higher stiffness, damping,
and isolation of the vibrations. Active methods modify the
behavior of the system by shaping the closed-loop behavior of
the system, i.e., through appropriate control design. Depending
on the problem at hand, each approach or a combination of the
two can be of use.
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An often followed active approach is based on overactuation.
In motion systems, this term is coined to describe the case where
the number of actuators is higher than the number of rigid-body
degrees of freedom (DOFs). In such systems, a typical control
strategy is based on the active control of the rigid-body behavior,
while the flexible behavior is suppressed via the proper design
of the feedback controller [13]. However, in an overactuation
scheme, it is possible to realize additional independent control
of the flexible behavior next to controlling the rigid-body DOFs.
In practice, active control of the deformation is achieved by
first describing it as a summation of elementary motions, called
modes [14], and subsequently shaping the force distribution
on the mover such that a collection of modes (e.g., the most
dominant ones) are independently controlled.

The first publications regarding the use of the overactua-
tion scheme for the control of planar motion systems have
been reported in [15] and [16] together with experimental re-
sults in [9] and [17]. In these works, overactuation has been
exploited for the design of feedback controllers. Moreover,
in [18], a data-based while, in [19], a model-based approach
has been applied for active feedforward control of flexible
modeshapes.

In the aforementioned publications, the investigated system is
based on short-stroke, voice-coil actuators. For the long-stroke
magnetically levitated planar motors, the main challenge toward
overactuation lies in the fact that the exerted forces on the
mover are produced by means of electromagnetic fields, whose
characteristics heavily depend, in a nonlinear fashion, on the
relative position between the magnets and the coils. Moreover, in
the moving-coil configuration, the location of the exerted forces
on the mover is fixed with respect to the center of mass. On
the contrary, in the moving-magnet configuration, the produced
forces are spatially distributed over the flexible mover, while
the characteristics of this spatial distribution depend nonlinearly
on the relative position of the mover. As a result, imposing
the desired force distribution on the moving-magnet topology
requires additional considerations, compared to the moving-coil
configuration.

In this publication, the overactuation scheme for moving-
magnet planar motors is developed and experimentally
validated. To achieve this, the dynamic model that describes the
position-dependent electromagnetic and mechanical phenom-
ena is introduced first. Using this model, the relation between
the current distribution in the coils and the resulting excitation of
specific flexible modes is established. By exploiting this relation,
a methodology is developed which enables the independent con-
trol for a number of flexible modes, in addition to the rigid-body
modes. The developed framework is experimentally validated on
the double layer planar motor (DLPM) prototype [20], which
is a single-stage, long-stroke synchronous motor, capable of
moving in all 6 rigid-body DOFs with high accuracy. This motor
is a viable alternative to the state-of-the-art motion systems,
and therefore, overactuation can be of vital importance toward
achieving nanometer positioning accuracy.

This article is organized as follows. The main properties of
the DLPM prototype are discussed in Section II, together with
the control architecture. In Section III, the overactuation scheme
is analyzed. The developed scheme is experimentally validated,

Fig. 1. DLPM prototype, with the main components being highlighted.

Fig. 2. Double-layer coil array and magnet plate (shown in bottom right) of
the DLPM prototype.

and the associated results are discussed in Section IV. Finally,
conclusions are drawn in Section V.

II. DOUBLE LAYER PLANAR MOTOR

A. Motor Design

The DLPM prototype, shown in Fig. 1, consists of three main
frames, namely the stator, the magnet plate, and the metrology
frame. In the stator, shown in Fig. 2, the 160 coils are placed in
a double array configuration and they are responsible for the
levitation and propulsion of the magnet plate. The top-layer
coils provide the force in the y- and z-directions, while the
bottom coils in the x- and z-directions. The actuation of the
coils is accomplished through the use of 40 single-phase power
amplifiers. To each amplifier, four different coils are connected
via a multiplexer. The coils are located on the four quadrants
of the coil array, and a switching mechanism selects the closest
coil to the magnet plate at a given time instant. In this way,
the independent control of 40 coils is accomplished. The stator
lies on a concrete base, and its top surface defines the operating
region for the freely floating magnet plate. The magnet array
is located on the bottom of the mover and it consists of 281
magnets in quasi-Halbach configuration [21], while the side
and top surface of the mover are covered with mirrors. The
overall design of the motor has been optimized in terms of force
production, power losses and mechanical deformations [7], [11],
resulting in the selection of the coil and magnet dimensions
detailed in [6] and [22].
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Fig. 3. Block diagram for the DLPM prototype. The top area corresponds to
the plant motor system and the bottom area to the controller structure.

The stator is surrounded by the metrology frame, on which
the measurement devices are mounted. The main measurement
system consists of nine laser interferometers (LIFMs), which
provide information regarding the displacement of the mover in
all three principal directions and they are used in closed loop
for the estimation of the rigid-body configuration. Addition-
ally, an auxiliary 25-LIFM system, positioned on a 5×5 grid,
provides information about the displacement of the plate in the
z-direction. Moreover, a set of eddy current sensors measures the
relative position between the metrology and the stator. Finally,
the metrology frame rests upon four air-mounts, which act
as low-pass filters, thereby suppressing the influence of floor
vibrations on the measurement system.

B. Operating Principles

1) Overview: The operating principles of the magnetically
levitated planar motor are characterized by the series inter-
connection of three subsystems, as shown in Fig. 3. First, the
electromagnetic principles describe how the interaction between
the controlled current in the coils and the magnets result in a
force distribution on the magnet plate. The mechanical principles
describe how these forces result in the motion of the magnet
plate. The displacement is measured by the 9-LIFM system and
the information is supplied to the controller.

2) Electromagnetic Principles: The electromagnetic inter-
action is described using the Lorentz force law [21]. Under
the rigid-body assumption, the total force and torque acting on
the mover is equal to the sum of the individual force and torque
contributions of the 40 active coils. By defining the total force
(F ) and torque (τ ) on the three principal axes as

W =
[
Fx Fy Fz τx τy τz

]�
(1)

the relation between the supplied currents and the resulting force
and torque components, under the rigid-body assumption, is
given by

W =
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where i denotes the current vector, which contains the current
values supplied to thenc = 40 active coils. Moreover, the matrix
M r ∈ Rnr×nc collects the individual current to force/torque

coefficients, with nr = 6 denoting the number of rigid-body
modes. These coefficients depend on the relative position of the
translator (magnet plate) frame T with respect to the coil frame
C, denoted as qC

T ∈ Rnr .
3) Mechanical Principles and Measurement System: For the

description of the mechanical properties of the mover, both the
rigid-body and the flexible-body properties are of relevance.
Deriving an analytic expression for the motion dynamics for
complex structures, such as the magnet plate, is a laborious or
even impossible task. Instead, a solution is derived by resorting
to the finite element method approach, which numerically ap-
proximates the dynamic behavior of the system on a user-defined
finite set of spatial coordinates.

By denoting with FM the force vector and yL the measure-
ment vector, using the 9-LIFM system, the derived dynamics in
the modal form [14] are described by the state-space model

d
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where Ω = diag(ω1, . . . , ωnf
), Z = diag(ζ1, . . . , ζnf

)
∈ Rnf×nf are diagonal matrices with the elements in the
brackets placed in the main diagonal. These correspond,
respectively, to the resonance frequencies and damping ratios,
and they are placed in ascending frequency order. Moreover,
0 and I denote the zero and identity matrices, respectively,
with dimensions indicated in the corresponding subscripts. The
vector qr ∈ Rnr is defined as

qr =
[
x y z χ ψ ζ

]�
(4)

where x, y, z are the rigid-body displacements of the magnet
plate with respect to the metrology (global) reference frame and
χ, ψ, ζ are the associated rotations. In a similar fashion, the states
in the vector qf ∈ Rnf describe the contribution of the flexible
modes, which lead to the deformation of the mover. The total
number of modes, nm, is equal to the sum of rigid- and flexible-
body modes, nm = nr + nf .

Regarding the output equation, the modeshape matrices
ΦO

r (qr) : Rnr �→ Rny×nr , ΦO
f (qr) : Rnr �→ Rny×nf relate the

rigid- and the flexible-body states, respectively, to the measure-
ment vector yL ∈ Rny . Since the location of the LIFMs is fixed
as the translator moves, different points of its surface are tar-
geted by the lasers. As a result, the aforementioned modeshape
matrices are position-dependent.
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TABLE I
RESONANCE FREQUENCIES OF THE MOVER OF THE DLPM PROTOTYPE

Fig. 4. Illustration of the deformation shape on z-direction of the top surface
of the mover. The shapes correspond to the case where only the associated
flexible-body state is nonzero. Left to right: flexible modes 1 to 4.

For the actuation part, it was already shown in (2) how the
currents are related to the total force and torque vector. Based
on the definition of the rigid-body states in (4), using first-

principles considerations, the product ΦI
r
�
FM can be substi-

tuted by diag(1/m, 1/m, 1/m, 1/Ix, 1/Iy, 1/Iz)W [23], with
m denoting the mass and Ix, Iy, Iz the inertia values on the three
principal directions. For the flexible part, which manifests itself

via the product ΦI
f

�
FM, the location of the applied forces on

the magnet plate has to be defined. Following the discussion
in [20], the force vector FM is defined as the collection of
the three-dimensional force components applied at the center
of each magnet. As a result, the vector has 3nM elements, where
nM = 281 is the number of the magnets.

Based on the discussion mentioned above, the DLPM proto-
type has been modeled in ANSYS [24] and the results have been
used to generate the state-space model (3). The frequencies of the
first four flexible modes are shown in Table I, and in total nf = 9
flexible modes have been modeled. The resulting deformation
on the top surface of the mover along the z-direction for the first
four flexible modes is shown in Fig. 4.

C. Control Architecture and Commutation

The planar motor is an intrinsically unstable system, for which
the presence of feedback is necessary for stabilizing the system.
Moreover, based on (3), the planar motor exhibits position-
dependent dynamics both in the actuation part, as it was shown in
(2), as well as in the measurement part. A standard approach for
facilitating feedback/feedforward control design at the presence
of these phenomena is through the use of first-principles based
decoupling and linearization methods, both on the actuation
and on the measurement part. These methods aim at reducing
coupling between controller inputs and outputs, thus enabling
the intuitive design of the dynamic controllers by resorting to
single input single output (SISO) loopshaping-based techniques.

By following the aforementioned approach, the resulting con-
troller is composed of four parts, as shown in Fig. 3. The position
estimation block estimates the rigid-body states using geometric
considerations.1 The decentralized feedback and feedforward

1Under specific assumptions, the position estimation block can be extended
to estimate the flexible-body states, too. However in this work the main effort is
directed toward suppressing deformations via commutation, instead of directly
controlling them by means of feedback control.

controllers shape the dynamic behavior of the system. In each
DOF, the feedback controller consists of a PID structure with
an additional low-pass filter, leading to 9.5 Hz bandwidth. The
feedback controllers have been designed by applying the se-
quential loop closing (SLC) loopshaping-based SISO technique
on experimentally identified frequency response functions [13].
The SLC method is appropriate when some degree of coupling
is still present in the system. The feedforward control action
is equal to the reference acceleration times the mass/inertia
of the corresponding DOF, which is the optimal action under
the rigid-body assumption. When the rigid-body behavior of
the motor is actively controlled, the feedback and feedforward
blocks compute the desired force/torque vector (1), which should
be exerted on the magnet plate [23].

The crucial step for realizing the desired force/torque values
is performed in the commutation block. By making use of the
electromagnetic relation established in (2), the commutation
algorithm computes the currents that will deliver the desired
forces and torques. Moreover, the coil switching mechanism,
described in Section II-A, is part of the commutation algorithm.
In essence, the commutation block decouples and linearizes
the position-dependent dynamics that manifest themselves in
the input side of the state (3). The so-called direct wrench-
current (rigid-body) decoupling commutation method [25], [26]
computes the required currents via the following optimization
problem

min
i

||i||22 , subject to Ŵ = M̂ r
(
q̂C
T

)
i (5)

where || · ||22 denotes the squared 2-norm and Ŵ contains the
desired force/torque values (computed by the feedback and
feedforward controllers). M̂ r is the estimated value of M r, and
it has been computed via numerical integration for each coil
and the magnet array on a specified grid of positions [27]. The
position qC

T is estimated by combining the position estimate
q̂r with the metrology-stator position estimate q̂C

M. For the
optimization problem (5), under the assumption that M̂ r has full
row rank, an analytic solution is derived in the 2-norm optimal
sense, (e.g., by least squares [28]) leading to

i = M̂ r�
(
q̂ C
T

)(
M̂ r

(
q̂ C
T

)
M̂ r�

(
q̂ C
T

))−1

︸ ︷︷ ︸
M̂

r†
(q̂ C

T )

Ŵ . (6)

By combining (6) and (2), it follows that, if the matrix M̂ r is
equal to its true value,M r, the resulting force and torque acting
on the mover are equal to the ones computed by the controller.
This is made possible by the existence of more actuators, i.e.,
actively controlled coils, than controlled variables for the rigid
body, i.e., the force and torque components.

III. OVERACTUATION APPROACH

In this section, the overactuation scheme is developed for the
case of the moving-magnet planar motor, which is based on [6].
Overactuation relies on the existence of additional actuators
compared to the controlled variables in the commutation. This
property is exploited toward extending (2) to allow for the active
control of the flexible behavior of the mover. To this end, the
first step is establishing the relation between the force/torque

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on January 21,2022 at 14:58:08 UTC from IEEE Xplore.  Restrictions apply. 



246 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 58, NO. 1, JANUARY/FEBRUARY 2022

components exerted on the individual magnets and the currents
in the active coils. As shown in [20] and [27], this relation is
described again using the Lorentz force equation. Moreover, it
is worth noticing that the torque around each individual magnet
contributes to the deformation of the mover by less than 10%
[20]. As a result, the effect of the torque components is neglected.
In turn, this means that only the relation between the individual
magnet forces FM, defined in (3), and the current values has to
be established. This relation is described by

FM =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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MM(q C

T )

i (7)

and the magnet force vector is defined as

FM =
[
FM1x FM1y FM1z · · ·

FMnMx
FMnMy

FMnMz

]�
(8)

where the entry FMnMx
denotes the force exerted on magnet nM

on the x direction, while the rest of the entries in (7) and (8) are
defined accordingly. Moreover,MM(q C

T ) : Rnr �→ R3nM×nc . In
the latter matrix, the entryM i

Mjy
(q C

T ) : Rnr �→ R denotes the y
force component exerted on magnet j by coil i (similarly for the
other directions), which depends on the relative position qC

T . At
this point, the concept of modal forces is introduced.

Definition III.1 (Modal forces): By making use of (3), (7),
and (8), the modal force vector F f ∈ Rnf is defined as

F f = ΦI
f

�
FM

= ΦI
f

�
MM

(
q C
T
)
i. (9)

In essence, each entry of the modal force vector defines a
specific force distribution along the magnet plate, which only
affects the associated flexible-body state, due to the modal form
of the state-space (3). As a consequence, by setting the values
of the modal forces, the deformation shape of the magnet plate
can be completely specified. In terms of actuation, the latter
observation means that the commutation can be appropriately
adjusted, so that the computed currents deliver both the desired
modal forces F̂ f and the desired rigid-body force and torque
vector Ŵ .

It is also worth noticing that, by substituting the rigid-body
commutation solution (6) in the modal force (9), under normal
operation, the resulting modal forces are nonzero. More impor-
tantly, it becomes evident that the modal forces are associated
with the controller output Ŵ in a nonlinear fashion, due to the
dependency on the position vector q C

T . As a consequence, the
actuation via the rigid-body commutation approach inevitably
leads to position-dependent deformations, which is clearly un-
desirable.

In practice, selecting the desired values for all the modal forces
is impossible due to two main reasons. First, for continuous
structures, such as the magnet plate, the number of flexible
modes is (theoretically) infinite [29], therefore controlling all
of them is impossible. Fortunately, since the dynamic response
of mechanical structures approximately resembles a low-pass
filter, its response can be well approximated by modeling the first
few resonances2, which can then be used in the overactuation
scheme. Second, even in the finite order case, it cannot be auto-
matically guaranteed that there is a specific current distribution
in (9) that will deliver the desired rigid-body and modal forces.
In fact, a necessary condition for the latter is that the number of
the controlled variables, i.e., the rigid-body forces/torques and
modal forces, is smaller than the number of available coils.

Based on the discussion mentioned above, a selection matrix
Sf ∈ RnI

f×nf is introduced, which selects the flexible modes
in ΦI

f

�
to be actively controlled, together with the rigid-body

modes. In analogy to (5), the commutation problem using the
overactuation scheme is defined in terms of the minimum 2-norm
optimization problem [20], [30]

min
i

||i||22

subject to

[
Ŵ

F̂ f

]
=

⎡
⎣ M̂ r

(
q̂C
T

)
SfΦ̂

I�
f M̂

M
(
q̂C
T

)
⎤
⎦

︸ ︷︷ ︸
Γ̂ext(q̂C

T )

i. (10)

Under the assumption that

rank
(
Γ̂ext

(
q̂C
T

))
= nr + nI

f (11)

for which a necessary (but not sufficient) condition is that nI
f +

nr ≤ nc, the least squares solution of (10) is equal to

i = Γ̂�
ext

(
q̂C
T

)(
Γ̂ext

(
q̂C
T

)
Γ̂�
ext

(
q̂C
T

))−1

︸ ︷︷ ︸
Γ̂†
ext(q̂

C
T )

[
Ŵ

F̂ f

]
. (12)

By combining the commutation solution (12) with the modal
force definition in (9) and the rigid body force/torque relation (2),
it is straightforward to show that the resulting force distribution
on the magnet plate, defined by W , F f , is equal to the desired
one (Ŵ and F̂ f ), if the coefficients in Γ̂ext are equal to the true
ones. Therefore, under the latter condition, the overactuation ap-
proach (12) can be used to actively control the flexible behavior
of the investigated planar motor.

In summary, using the overactuation scheme, the active
control of flexible modes is accomplished by controlling the
corresponding modal forces. In essence, the main difference
between the rigid-body and overactuation-based commutation
is that, in the overactuation scheme, not only the total force
and torque are specified, but additionally it is specified how
these will be distributed on the magnet plate. Therefore, it is
also possible to prevent exciting specific modeshapes by setting
the corresponding modal forces in (12) to zero. Finally, it is
worth noticing that, in order to accomplish the specified force

2In fact, such an approximation enabled the derivation of a finite order state-
space model in (3).
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Fig. 5. Block diagram for the DLPM prototype used in the experimental
validation of the overactuation scheme.

distribution, the overactuation scheme imposes stricter demands
on how the actuation effort must be allocated to the active coils.

IV. EXPERIMENTAL RESULTS

A. Experimental Setting

In this section, the experimental validation of the proposed
overactuation scheme is presented. To this end, the DLPM
prototype has been utilized. The goal of the followed experimen-
tal procedure is to create a deformation-inducing disturbance,
which can then be attenuated via the overactuation scheme [22].
To this end, a coil is taken out of the commutation, leaving 39
coils to actively drive the mover. Then, the coil which is left out
of the commutation is supplied with a known sinusoidal current
signal, denoted by id, which effectively acts as a disturbance to
the system. The frequency of the signal is set to the frequency of a
specific flexible mode. Then, by making use of the overactuation
scheme, as it has been described in Section III, the effective
attenuation of the disturbance-induced spatial deformation is
pursued.

The first step toward suppressing the effect of the disturbance
current is to estimate its effect in terms of disturbance rigid-body
forces/torques and modal forces. For this purpose, the estimated
values of the forces, due to the disturbance current, are computed
via (2) and (9). With a slight abuse of notation, the columns of
M̂ r, M̂M, corresponding to the out-of-commutation coil, are
denoted by M̂ r

d, M̂M
d , while the rest of the 39 columns will be

denoted simply by M̂ r, M̂M. The position-dependent vectors
Ŵ d, F̂ f,d define the estimated disturbance forces, which must
be attenuated via the overactuation scheme. In the performed
experiments, the first 4 flexible modes are actively controlled,

i.e., Sf =
[
I4×4 04×nf−4

]
. Therefore, the disturbance forces

are estimated by[
Ŵ d

F̂ f,d

]
=

⎡
⎣ M̂ r

d

(
q̂C
T

)
SfΦ̂

I�
f M̂

M
d

(
q̂C
T

)
⎤
⎦ id. (13)

The attenuation of the disturbance forces is performed by pro-
viding the opposite of the forces in (13) by means of a position-
dependent feedforward control. The resulting block diagram is
shown in Fig. 5. The opposite of the position-dependent matrix in
(13) is implemented in the “over-actuation feedforward” block.
The resulting force effort is added to the standard rigid-body
force/torque vector Ŵ , where the latter is computed by the
conventional, rigid-body feedback and feedforward controllers.
After defining the required forces, the required current values

are computed via (12) and they are subsequently supplied to the
active coils. Using this approach, the validity of the proposed
scheme is first tested during standstill operation. Then, due to the
position dependency of the overactuation scheme, the validity
of the proposed scheme is experimentally tested during motion
as well.

B. Experimental Validation at Standstill

During standstill operation, the aforementioned experimental
procedure has been followed in two different cases. In the first
case, the disturbance current has a frequency equal to the first
resonance frequency, while in the second case it is equal to
the second resonance frequency. The amplitude of the supplied
current in both cases is equal to 0.3A. In each experiment, the
position of the magnet plate and the out-of-the-commutation
coil have been selected such that the latter coil has the highest
coupling to the excited mode. Therefore, it is expected that the
resulting deformation shapes on the z-direction will resemble
the respective deformation shapes shown in Fig. 4.

For each of the two cases, three different experiments are
performed, corresponding to different actuation settings. In Ex-
periment 1, the overactuation approach (12) is used, but all the
modal forces and the disturbance current are set to zero. In
this way, an estimate for the deformation of the plate due to
the noise and the already existing disturbances is derived. In
Experiment 2, the disturbance current is supplied to the out-of-
commutation coil, but the resulting deformation is not attenuated
(the modal force values remain zero). Then, in Experiment 3, the
disturbance current is kept on and moreover the overactuation
feedforward action based on (13) is enabled, as it was described
in Section IV-A.

The deformation of the magnet plate has been measured
using the 25 z-axis LIFM system, as shown in Fig. 1. The
data are captured using a sampling frequency Fs = 10 kHz. In
each performed experiment data are captured for 6 s, leading to
N = 6 · 104 datapoints per LIFM. The derived measurements
are postprocessed to allow for the better interpretation of the
results, by focusing on the deformation of the plate instead of
any rigid-body displacements and rotations. To this end, for each
time instant, the average z displacement of the 25 LIFMs is
computed and removed from each measurement signal. Then, a
flat surface is fitted and subtracted from the measured surface,
such that the effect of rotations is removed. Finally, the signals
are filtered using a bandpass filter, with lower and upper cutoff
frequencies equal to 100 and 1500Hz, respectively. In order to
quantify the level of deformation, the sum of the �2 norms of the
resulting measurements is computed, scaled by the total number
of datapoints

e�2 =

√∑25

i=1
||yi||22 /(25N) (14)

with yi ∈ RN representing the N measurements from the ith
auxiliary LIFM device. The results are shown in Table II. In this
table the relative reduction of the deformations in Experiment 3
with respect to Experiment 2 has been computed, too. To account
for the noise level in each experiment, the corresponding norm
values from Experiment 1 are subtracted from Experiments 2
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TABLE II
EXPERIMENTAL RESULTS DURING STANDSTILL, �2-BASED NORM

Fig. 6. Experimental results using overactuation. Maximum displacement due
to deformation under disturbance ( , Experiment 2) and under disturbance and
feedforward compensation ( , Experiment 3) are plotted. The circles at the
plot of Experiment 3 depict the location of the 25 sensors. The blue line depicts
the edges of the top mirror. Top: first flexible mode. Bottom: second flexible
mode.

and 3. Therefore, the relative reduction using the �2 norm is
computed by

relative reduction % =

∣∣∣∣e�2 (Exp. 2)− e�2 (Exp. 3)
e�2 (Exp. 2)− e�2 (Exp. 1)

∣∣∣∣ · 100%.

(15)
Moreover, in Fig. 6, the worst-case deformations are shown

for the Experiments 2 and 3.
Based on these experimental results, it is verified that in both

experimental cases the resulting deformation shapes, shown
in Fig. 6, correspond to the ones predicted by the developed
multiphysical model, as shown in Fig. 4. More importantly, it
is concluded that the proposed overactuation scheme is capable
of describing and successfully attenuating the introduced distur-
bance. This is verified by the percentage-wise relative reduction
of the deformation, which is approximately equal to 90% for
both investigated flexible modes.

C. Experimental Validation Under Motion

In this section, the verification of the proposed overactuation
scheme during motion is performed. The experimental settings
that have been used during standstill experiments are used here,
too. However, in the experiments of this section, the magnet plate
follows a fourth-order trajectory [31], as shown in Fig. 7. In order

Fig. 7. Experimental results using overactuation. Top plot: Position ( ),
velocity ( ), and acceleration scaled by 10 ( ) profile in x-direction. Bottom
two plots: Maximum displacement due to deformation under disturbance ( ,
Experiment 2) and under disturbance and feedforward compensation ( ,
Experiment 3) are plotted. The circles at the plot of Experiment 3 depict the
location of the 25 sensors. The blue line depicts the edges of the top mirror.
Middle plot: first flexible mode. Bottom plot: second flexible mode.

TABLE III
EXPERIMENTAL RESULTS DURING MOTION, �2-BASED NORM

to reduce the effect of external disturbances associated with large
force values, the maximum trajectory speed and acceleration
have been set to 0.05m/s and 1m/s2, respectively. The exact
same procedure has been used for filtering the resulting LIFM
data, as the one described in Section IV-B. The experimental
results for the first two flexible modes are shown in Fig. 7. More-
over, in Table III, the quantitative comparison of the resulting
deformations is presented.

Similar to the standstill results, in the moving case, it is
concluded that the overactuation scheme manages to suppress
the induced disturbance. Especially for the second mode, the
overactuation can almost fully reject the disturbance. For the first
flexible mode, the improvement is less pronounced, but at the
same time, the estimated level of noise and inherent disturbances
(Experiment 1) is significantly higher than the corresponding
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estimate for the second mode. In general, for both flexible modes,
the deformation of the magnet plate under Experiment 1 is much
higher compared to the standstill case, thus hinting at the more
challenging nature of the experiments under motion. In total,
though, these results confirm that the overactuation approach can
efficiently cope with the position-dependent dynamics that are
present in the planar motor system and attenuate the disturbance-
induced deformations.

V. CONCLUSION

In this article, an overactuation technique has been developed
for a magnetically levitated planar motor. The overactuation
method is based on the description of the deformation shape
in terms of individual elementary motions (modes), and the
subsequent active control of the selected flexible modes. To
this end, the method makes use of both the position-dependent
electromagnetic and motion dynamics models. The overactu-
ation scheme has been experimentally evaluated toward the
compensation of an applied current disturbance by means of
feedforward control, under both standstill and trajectory tracking
cases. The derived results verified the validity of the proposed
method, showing that even a nearly complete rejection of the
induced disturbance can be accomplished.

In total, the value of the proposed overactuation approach is
twofold. First, by actively controlling the modal forces via the
overactuation scheme, the (unintended) excitation of the flexible
dynamics is avoided, which was indeed the case under the rigid-
body commutation scheme. Second, the proposed approach
paves the road toward active compensation of disturbances that
act on the system, which was experimentally verified in this
publication through the use of feedforward control. Finally, the
overactuation approach can be further exploited by making use
of the estimated flexible states in a feedback loop, in parallel
to the currently implemented feedback loop for the rigid-body
states.
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