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Abstract—The paper describes a commutation method used for
the active compensation of the deformation of the magnetically
levitated mover of a planar motor. The single-stage double
layer planar motor under consideration comprises a stator with
two coil arrays and a mover with permanent magnets, and is
designed to perform positioning tasks with high accuracy. To
minimize the deformation of the light-weight moving structure,
which is exposed to a large force during actuation, its flexible
behavior is considered in the commutation of the machine.
The commutation decouples the rigid- and flexible-body modes
and calculates the required currents in the coils to produce
a desired force and torque, as well as the modal force to
control the flexible modes deformation. To decouple the flexible
modes in the commutation, the relation from coil current to
deformation is required, which is obtained by the coupling of
a mechanical model and electromagnetic model of the motor.
Using a 25-axis laser interferometer system, the deformation of
the mover is measured and the relation from coil current to modal
deformation is experimentally validated. In a second experiment,
the deformation reduction of the magnetically levitated translator
is demonstrated.

Index Terms—Electromagnetic devices, Position measurement

I. INTRODUCTION

In the semiconductor lithography industry, that produces

billions of semiconductor circuits every year, the demands on

actuation systems are ever increasing regarding accuracy and

acceleration. The production process requires high-precision

manufacturing while maintaining a high throughput rate. An

essential part of the machines used for semiconductor lithogra-

phy is the motion system which is responsible for positioning

the wafer under a lens during exposure. The positioning

devices used for this process usually consist of two actuation

systems stacked on top of each other (dual-stage topology).

One of the actuators performs a long-stroke motion in the XY-

plane. The second short-stroke system, provides the nanometer

accurate positioning of a wafer in 6 degrees-of-freedom. The

long-stroke XY-positioning is often performed by a planar

motor. In magnetically levitated planar motors [1]–[4], no

bearings are present and stable levitation and propulsion of

the moving body is achieved by means of magnetic fields.

As a dual-stage topology typically leads to a heavy and
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Fig. 1: Topology of the Double Layer Planar Motor [1], [5].

bulky moving structure, which is disadvantageous in terms

of power consumption and the amount of force that needs to

be produced to reach high accelerations, alternatively, single-

stage planar motors with a lightweight moving structure are

subject of research [1], [5].

To achieve a high throughput rate with positioning systems,

motion profiles with high acceleration are employed in the

machines. These high accelerations result in extreme force

on the motor parts, which in turn result in deformation of

the mover and reduction of the positioning accuracy [6], [7].

Especially in devices where lightweight translators are used

[1], [8] the deformations are significant as they have relatively

low stiffness.

To control the flexible behavior of the aforementioned appli-

cations without increasing the stiffness by means of mechani-

cal constructions, the principle of overactuation can be applied.

Using additional actuators (or force inputs) than the minimum

number needed to control the translation and the rotation of a

magnetically levitated structure, the flexible modes of a system

can be actively controlled. An example for rotating devices is
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given in [9], [10], where the rotor vibrations are attenuated.

For 6 DoF systems, the principle of overactuation is described,

among others, in [7], [11] where actuators at fixed locations are

connected to the flexible body. The challenge of overactuation

in magnetically levitated planar motors is the fact that there

is no physical attachment of actuators to the moving flexible

body. For moving-coil type of planar motors, however, the

coils have a fixed distance with respect to the center of mass.

As a result, the force is acting largely on the same location

with respect to the center of mass of the translator, independent

of the position. In moving-magnet planar motors, on the other

hand, the force that is exerted by means of magnetic fields

is spatially distributed over the flexible mover and, moreover,

exhibits position-dependent effects, which imposes additional

constraints on the overactuation approach. To overcome this

challenge, an extended commutation algorithm is implemented

in a motor with a magnetically levitated mover. The rigid

body mode commutation algorithm decouples the developed

force and torque and computes the required currents in the

active coils, whereas the extended commutation algorithm

additionally allows for control of the flexible body modes.

This method of overactuation is analyzed and empirically

demonstrated.

In this paper, the capabilities of a moving-magnet planar

motor topology and its commutation algorithm towards over-

actuation are investigated. The Double Layer Planar Motor

(DLPM) [1], [5] is a bearing-less 6-DOF planar motor and

has a lightweight translator with permanent magnets. The

motor is designed as a single-stage alternative to existing

dual-stage planar positioning devices. The stator consists of

a double layer of coils, with in total 160 coils, of which

maximum 40 can be active at a time. The paper is structured

as follows: The design of the motor and the measurement

system of the DLPM are discussed in Section II. In Section III,

the commutation for the decoupling of rigid- and flexible-

body modes is presented. The relation between an individual

coil current and the excitation of a specific flexible mode is

derived. This position dependent relation is incorporated in the

commutation algorithm, thereby facilitating the active control

of the flexible behavior of the translator. The obtained model

is experimentally verified in Section IV, while in Section V

the compensation of the flexible behavior is experimentally

demonstrated.

II. THE DOUBLE LAYER PLANAR MOTOR

The Double Layer Planar Motor (DLPM) is designed to

perform positioning tasks with high accuracy and has been

optimized with respect to force production (in combination

with minimal higher harmonic content) [12] and power losses.

A. Design

The electromagnetic configuration of the DLPM, consisting

of coils and permanent magnets is depicted in Fig. 1. The

translator consists of an aluminum carrier to which a total

of 281 magnets are glued in a quasi-Halbach configuration

to focus the magnetic field on the bottom side. Mirrors are

(a)

(b)

Fig. 2: Overview of the DLPM. a) The developed DLPM prototype
with the various measurement systems. b) The 25-axis measurement
system. The reflection of the laser interferometer heads on the top
mirror of the translator can be partially seen.

placed on the top side of the mover to reflect the light of laser

interferometers used for the position reconstruction. On the

stator, a double layer of racetrack shaped coils produces the

controllable magnetic field for stable levitation and propulsion

of the translator. In each layer, 80 coils are present, which are

designed in such a way that in both layers they produce an

equal amount of lift force (z-direction) per unit of dissipated

power. No iron is used, to prevent an attractive force between

the stator and permanent magnet array. The coils of the bottom

layer provide the force for propulsion in the x-direction. The

top layer coils are oriented perpendicular to the bottom layer

coils, and provide the propulsion force in the y-direction. To

remove the heat produced by the coils, a cooling system is

present on the stator. Properties of the of the DLPM are given

in Table I. A picture of the manufactured DLPM prototype is

shown in Fig. 2a.

The coils are powered by 40 power amplifiers, which means

the maximum number of simultaneously active coils is equal to

40. To each amplifier, four coils, located in different quadrants

of the stator, are connected through a multiplexer, which

switches between the coils. A dSPACE 1006 (two quad-core

processors) system with a sampling frequency of 8.3 kHz is

used for real-time control and data acquisition.
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TABLE I: Specifications of the DLPM.

Parameter Symbol Value Unit

Magnets magnet pitch τ 33.3 mm

magnet pitch (τ/
√
2) τn 23.5 mm

main magnet width - 18.04 mm
Halbach magnet width - 15.04 mm
magnet height - 8.0 mm
remanent flux density - 1.28 T
relative permeability - 1.04 -

Top coil length lc 156.0 mm
coils coil width wc 30.0 mm

bundle width wb 12.1 mm
coil height - 2.1 mm

Bottom coil length lc 154.5 mm
coils coil width wc 28.5 mm

bundle width wb 11.4 mm
coil height - 7.8 mm

B. Measurement system

The position of the translator of the DLPM is reconstructed

using the measurements from laser interferometer (LIFM) sys-

tems, which are shown in Fig. 2. To reject high-frequent dis-

turbances affecting the stator due to floor vibrations or reaction

forces during acceleration of the translator, the interferometer

systems are placed on a metrology frame which is positioned

around the stator and is supported by four air-mounts (Newport

S-2000 Stabilizer). Two position measurement systems are

considered for the experiments described in this paper.

Firstly, three 3-axis dual-pass laser interferometer sys-

tems (Agilent 10735A), which have a specified resolution

of 0.16 nm, are used to reconstruct the relative 6 Degree-

of-Freedom position of the translator with respect to the

metrology frame. Each 3-axis device measures one of the

displacement directions (x-, y- and z-direction) and two rota-

tions. The position reconstructed by this system is used in the

feedback control of the motor and based on the assumption

that the translator is a rigid body.

Secondly, a 25-axis laser interferometer system (Attocube

IDS3010), which has a specified resolution of 1 pm, is

positioned above the translator. This measurement system

is used to measure the flexible behavior of the transla-

tor. The laser interferometers are placed in a 5 × 5 grid

with 40.0 mm × 40.0 mm spacing between the measurement

points. The interferometer heads are placed in an aluminum

block with the first eigenfrequency above 2 kHz, which is

above the first four eigenfrequencies of the translator. The

deformation of the translator can be measured by this system

for a stroke of 80.0 mm in both the x- and y-directions. The

data of the 25-axis LIFM system is read by a dSPACE DS1202

MicroLabBox, with a sampling frequency of 10 kHz.

III. COMMUTATION

Commutation algorithms in planar motors are employed for

feedback linearization and decoupling of the force and torque.

In the DLPM, the so called direct wrench-current decoupling

commutation is used [14], [15]. This algorithm has been

developed for moving-magnet type planar motors to translate

the desired force and torque of the motor to currents that are

required in the coils to produce them. As the arms of the force
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Fig. 3: Control scheme for rigid body mode control of the DLPM.

producing coils towards the center of mass of the translator

body are continuously varying in a moving-magnet planar

motor, the direct wrench-current commutation is developed to

actively control the force and torque components.

A. Rigid body mode commutation

The control scheme for rigid body mode control of the

DLPM is shown in Fig. 3. The commutation algorithm cal-

culates the coil currents in the active coils, which can be

amplified independently. As the commutation decouples the

force and torque components, each of the 6 DoFs is directly

controlled by a SISO controller.

The direct wrench-current decoupling commutation algo-

rithm is based on a magneto-static model, relating the current

in a coil to the force and torque on the permanent magnets

of the translator. Since the coil to magnet interaction in the

DLPM can be described by the Lorentz force principle [12],

the relation between the current in a coil and the force or

torque on the translator is linear. The total force and torque

components denoted by the wrench vector, w, at a certain

position, p, can be obtained by the summation of all force

and torque components produced by each of the individual

coils. The wrench vector

w(p) = ( Fx(p) Fy(p) Fz(p) Tx(p) Ty(p) Tz(p) )
�
, (1)

is obtained through

w(p) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

1kFx
(p) 2kFx

(p) · · · NckFx
(p)

1kFy (p)
2kFy (p) · · · NckFy (p)

1kFz
(p) 2kFz

(p) · · · NckFz
(p)

1kTx(p)
2kTx(p) · · · NckTx(p)

1kTy (p)
2kTy (p) · · · NckTy (p)

1kTz (p)
2kTz (p) · · · NckTz (p)

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎝

1i
2i

...

Nci

⎞
⎟⎟⎟⎟⎟⎟⎠

= Γ(p) i,
(2)

where the commutation matrix, denoted by Γ(p), contains

all coupling factors from a coil current to a certain wrench

component. For example, 1kFx(p) is the coupling factor from

active coil 1 to the magnet array for the force in the x-

direction at a certain position and orientation p. This coupling

factor represents in fact the relation from coil current to force

produced in the x-direction for 1 A. In the same way the

other coupling factors are defined for different coils and force

or torque components. The number of active coils is denoted

by Nc. In the DLPM, Nc is equal to 40. The position and

orientation vector p is depicted in Fig. 1 and given by

p = ( px py pz ψ θ φ )
�
, (3)
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where ψ, θ and φ are the rotations around the x-, y- and

z-axis, respectively. For real-time implementation purposes,

the relation from coil current to force and torque components

as a function of x and y is computed offline. By means of

look-up tables, this data is available in the real-time control

application, where the coupling factors in Γ are looked-up at

each time instant.
To obtain the necessary currents i that will produce the

desired wrench, the relation of (2) has to be inverted. The

system of equations in (2) is under-determined, since multiple

combinations of currents in the active coils can create the

desired forces and torques. The minimum least squares norm

solution [16] of (2) is given by

i = Γ†(p) w, (4)

where Γ†(p) is the Moore-Penrose pseudo inverse

Γ†(p) = Γ�(p)
(
Γ(p) Γ�(p)

)−1

. (5)

The coils closest to the center of the mover, based on the

position of the mover in the x- and y-direction, are selected.

Smooth switching of coils is ensured by applying a weighting

function to the coil arrangement in both layers as described in

[14], to prevent a sudden switch-off of current carrying coils.
Based on the error between the reference and the mea-

sured position, each rigid body mode is separately controlled

by a single-input single-output (SISO) controller. The low-

bandwidth controller, used for the experiments described in

this paper, consists of a lead-lag filter and a roll-off low-

pass filter. During the start-up phase of the machine, integral

action is added to the controller to minimize the steady-state

error. The bandwidth of the controllers is at 16 Hz, ensuring

a position error less than 200 nm when the controllers have

reached steady-state.

B. Commutation for overactuation
The matrix used for the rigid body mode commutation,

which is described in (2), is extended by incorporation of the

relation between a coil current and the flexible modes of the

translator, to decouple these modes and provide possibilities

for overactuation of the planar motor as described in [5], [17].

To this purpose, first, a mechanical model of the translator is

developed.
1) Mechanical model: The flexible behavior of the trans-

lator of the DLPM, is described by discretization of a partial

differential equation describing the mechanical dynamics. This

results in a set of second-order differential equations. Such a

model is usually described either in terms of nodal coordinates

or modal coordinates [18], [19]. The nodal representation

describes the motion dynamics of the selected points in the

three-dimensional plane in terms of the associated mass (M),

spring (K) and damping (D) matrices,

Mq̈+Dq̇+Kq = f , (6)

where q and f are vectors describing the displacements and

the forces, respectively, on the nodes in x, y and z direction,

while the dots represent the derivative order, e.g. q̈ = d2q
dt2 .

TABLE II: Frequencies and damping coefficients of the first 4 flexible
modes of the translator.

Flexible mode number
1 2 3 4

Frequency [Hz] 226.5 546.5 698.5 1050
Damping coefficient [-] 0.011 0.027 0.010 0.015

The nodal model of a mechanical structure can be trans-

formed into a modal description. In this way, the (usually)

coupled differential equations in the nodal representation can

be decoupled, thus allowing for a representation of the system

which can be approximated by a reduced number of states.

This transformation is achieved through a modal matrix Φ,

which columns consist of the eigenvectors or modeshapes and

is given by

Φ =
(
φ1 φ2 . . . φNflex

)
, (7)

where Nflex denotes the number of considered flexible modes.

The relation between the nodal and the modal states is

described by

q = Φ η, (8)

where η are the so called modal states. Substituting (8) back

to (6), left-multiplying it with the transposed modal matrix and

normalizing the modal matrix with respect to the mass results

in

η̈+Φ�DΦ η̇+Φ�KΦ η = Φ� f , (9)

where the input vector is the vector of forces. In (9), the

derived modal stiffness matrices Φ�KΦ and Φ�DΦ are

diagonal. These modal matrices are typically obtained from

mechanical FEM software. The equation of motion in terms

of modal coordinates of (9) can then be written as

η̈+ 2ZΩ η̇+Ω2 η = Φ� f , (10)

where Ω is a diagonal matrix containing the natural frequen-

cies [20], where each of these frequencies corresponds to

a specific modeshape. The modal damping matrix Φ�DΦ
is not necessarily diagonalized, therefore creating coupling

between the modes. For this reason, a typical approach is

to approximate it as a diagonal matrix Z with proportional

damping coefficients ζn per mode, which can be tuned based

on measurements of the mechanical system. To model the

flexible mechanical behavior of the translator of the DLPM,

the geometry of the translator is implemented in the mechan-

ical FEM software ANSYS 17.1 [21], from which the modal

matrix and eigenfrequencies are extracted. The eigenfrequen-

cies and damping coefficients for the first four flexible modes,

tuned using frequency response measurements are given in

Table II. The first four modeshapes in the z-direction as a

function of the x- and y-position are shown in Fig. 4. These

modeshapes are typical for a free square plate.
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Fig. 4: First four modeshapes of the DLPM translator.

TABLE III: Mass and inertia of the DLPM translator.

Parameter Variable Value

mass [kg] mtrans 10.1
inertia around x-axis [kg/m2] Ix,trans 0.125
inertia around y-axis [kg/m2] Iy,trans 0.125
inertia around z-axis [kg/m2] Iz,trans 0.248

The differential equations in (10) can be transformed to a

state-space representation

(
η̇
η̈

)
=

(
0 I

−Ω2 −2ZΩ

)(
η
η̇

)
+

(
0

Φ�
in

)
fmag

q =
(
Φout 0

)(η
η̇

)
,

(11)

where the matrices Φin and Φout represent a selection of

the modeshapes that correspond to actuation and measurement

locations, respectively. Since 281 permanent magnets are glued

to the aluminum plate of the translator, it is assumed that the

force on each of the individual magnets produced by a coil,

exerts a force on this plate. The force working on a magnet is

applied on a node in the top side center of a magnet, where

it connects to the aluminum plate. The influence of torque of

the individual magnets on the translator deformation is less

than 10 % and, therefore, neglected in the input vector [5].

The input vector for (11) is then given by

fmag =
(
Fxmag,1 Fymag,1 Fzmag,1 Fxmag,2 . . . Fzmag,281

)�
(12)

where Fxmag,1
is the force on magnet number 1 in the

x-direction, while the dimension of the vector fmag is

3 · 281× 1. The mass and inertia coefficients of the magnetic

plate are given in Table III.

2) Coil current to modal force relation: The modal force

Fηn of mode n is the product of the transpose of the eigen-

vector and the input forces

Fηn = φ�
n fmag, (13)

and transforms the force on the individual magnets to a force

that acts on a specific modeshape. By applying the force on

each of the magnets, calculated by the Lorentz force principle

for 1 A in a coil, in (13) gives the coupling factor between

this coil and the modal force, kFηn
.

The relation from coil current to modal force is included in

the direct wrench-current decoupling algorithm, to decouple

the flexible modes from the rigid body modes when actuating

the planar motor. In this way, the active coils can be used for

overactuation of the system and, hence, to control the flexible

modes. The number of active coils has to be larger or equal to

the controlled degrees of freedom, which is equal to the rigid

body modes plus the number of controlled flexible modes, to

allow for an under-determined solution as in (4). For each

flexible mode that should be decoupled, an additional row is

added to the commutation matrix of (2). The commutation

matrix for overactuation is given by

Γoverac =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1kFx
(p) 2kFx

(p) · · · NckFx
(p)

1kFy
(p) 2kFy

(p) · · · NckFy
(p)

1kFz
(p) 2kFz

(p) · · · NckFz
(p)

1kTx
(p) 2kTx

(p) · · · NckTx
(p)

1kTy (p)
2kTy (p) · · · NckTy (p)

1kTz
(p) 2kTz

(p) · · · NckTz
(p)

1kFηn
(p) 2kFηn

(p) · · · NckFηn
(p)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

(14)

where the bottom row of the matrix decouples flexible mode

ηn. For each row that is added in the commutation matrix

Γoverac, a corresponding wrench entry has to be created

woverac(p) =

(Fx(p) Fy(p) Fz(p) Tx(p) Ty(p) Tz(p) Fηn
(p))

�
.

(15)

If the modeshape displacement of a flexible mode is set to zero

in the wrench, the coil currents should (ideally) not actuate

that particular modeshape. The currents for the overactuation

of the system for a given wrench woverac and commutation

matrix Γoverac are again calculated through (5).

IV. EXPERIMENTAL ANALYSIS OF COIL CURRENT TO

MODAL DISPLACEMENT RELATION

To measure the relation from coil current to deformation

of the moving-magnet plate as a function of position, a coil

is excluded from the commutation, which is used to act as a

disturbance on the translator during standstill levitation for

a range of positions. The magnetic field to stably levitate

the translator is produced by the other 39 active coils. A

sinusoidal current is applied in the coil that is excluded from

the commutation. By applying a sinusoidal disturbance to the

translator at the frequency of a flexible mode, the magnet

plate will dominantly resonate at this particular frequency and

deform due to the corresponding modeshape. The deformation
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of a certain modeshape is reconstructed from deformation

amplitudes obtained from frequency analysis of the measure-

ment data. Because the disturbance is applied outside the

controller bandwidth (16 Hz), the response of the controller

on position fluctuations, resulting from the rigid body position

reconstruction of the deforming translator, will be minimal.

The relation from coil current to deformation of the transla-

tor is experimentally analyzed as the relation from coil current

to modal force that is described in the previous section cannot

directly be measured in the DLPM, since the modal force is not

a measurable quantity. As a function of the x- and y-position

between a coil and the translator, the modal displacement

amplitude will show the same relation as the modal force,

only with different magnitude which can be computed based

on the frequency and damping of the flexible mode. The modal

displacement amplitude that is produced when a sinusoidal

current is applied in the coil excluded from the commutation,

can be calculated from the modal force amplitude as described

in [19]. The solution of the modal displacement for mode n
as a function of time is given by ηn = η̂n cos(ωF t − φn),
where ωF is the frequency of the applied force and φn the

phase shift with respect to the sinusoidal disturbance current.

The steady-state deformation amplitude, η̂n, is then given by

η̂n =
Fηn√

(ω2
n − ω2

F )
2
+ (2ζnωnωF )

2
. (16)

When the applied force has the same frequency, or the

frequency is close to one of the natural frequencies of the

system, which is the case in the experiment, (16) reduces to

η̂n ≈ Fηn

2ζnωnωF
≈ Fηn

2ζnω2
n

. (17)

Hence, the modal displacement is, for a sinusoidal input to

the system, highly dependable on the damping coefficients

of the modes. Since the damping coefficients of the flexible

modes of a mechanical structure are difficult to determine,

the measurement data and model data are, before comparison,

normalized with respect to the rms value of the data on the

considered grid.

The relation between a coil current and the flexible mode de-

formation is highly position dependent, as for various positions

between the coil and the translator, a different force is exerted

on each of the individual magnets by the coil and, hence, a

different modal displacement is produced. The relation from

coil current to modal displacement amplitude for a top layer

coil is depicted in Fig. 5 for the first four modeshapes. This

is the displacement amplitude expected from the model with

a disturbance current of 0.3 A and the eigenfrequencies and

damping coefficients as given in Table II. The relations in

Fig. 5 show that, for example, a coil underneath the center of

the translator, where it produces a force in the z-direction, has

a high coupling to flexible mode 2, and a negligible coupling to

flexible mode number 1. On the other hand, a coil underneath

a corner of the translator will have the opposite effect, hence, a

high coupling to flexible mode 1 and low coupling to flexible

mode 2.

Fig. 5: Coil current to modal displacement amplitude relations for the
first four flexible modes. The analyzed area of the position dependent
relation for each of the modes is indicated with the red box.

For each flexible mode, a different coil is chosen to excite

the translator in order to measure the deformation of this

particular mode. In this way, a region where the coupling

between the coil current and modal displacement is relatively

high, is selected. The measured area for each of the first

four flexible modes is indicated in Fig. 5. The translator is

moved in the highlighted area on a grid with spacing of

2.0 mm x 2.0 mm. At each position in the grid, the translator

is levitated and the sinusoidal current with an amplitude of

0.3 A and frequency of one of the first four flexible modes

is applied in the disturbance coil. When the system has

reached a steady-state, the position read by each of the 25

interferometers is recorded for 5 seconds (50 ·103 samples).

To obtain the modal displacement of the flexible mode under

consideration, the data of each of the 25 interferometers is

processed using the fast Fourier transform (FFT). The average

of time domain data is first subtracted from the data itself and

is then multiplied with a Hamming window [22], after which

the FFT is applied. The amplitudes that are found at a certain

position from the FFT of each of the 25 interferometers at

the eigenfrequency n under consideration are collected in the

column vector ẑΔ,n. The modal displacement amplitude η̂n is

reconstructed using the corresponding column from the output

matrix

η̂n(x, y) = |φout,n|−1(x, y) ẑΔ,n(x, y). (18)

The vector φ−1
out,n(x, y) is a mapping from the z-displacement

seen by the 25 lasers (ẑΔ,n) to the modal displacement of

mode n, for a certain x-, y-position. This vector is obtained
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TABLE IV: Error between the measured and modeled coil current to
modal displacement amplitude. Both data sets are normalized to their
respective rms value over the measurement range before comparison.

Flexible mode number n
1 2 3 4

relative rms error [%] 19.6 14.2 7.8 14.6
maximum relative error [%] 52.3 65.1 20.8 46.1

by interpolation of the output matrix based on the position

of the laser interferometer with respect to the center of

the translator. The absolute value of this vector is used to

obtain the modal displacement amplitude, as the measured

deformation amplitudes are also positively valued.

A. Results

The obtained difference between model and measurement

is shown in Fig. 6. For the reasons discussed before, the

displacement amplitude data as function of position, is nor-

malized with respect to the rms value over the considered

area for both the measurement and model before comparison.

The relative rms error between the model and measurement

over the measured range is obtained by calculating the rms

value of the normalized difference shown in Fig. 6 and given

in Table IV. The discrepancy between the model and the

measurement is position dependent showing different patterns

for the four analyzed modes. For all first four modes, the

relative rms error over the measured area is less than 20 %,

although locally larger errors are observed. The maximum

relative error is obtained for flexible mode number 2, where

the local discrepancy is approximately 65 %. The errors are

originating from discrepancies between the realized translator

structure and the mechanical FEM model. The structure of the

permanent magnet array and its connection to the aluminum

plate is rather complex to mechanically analyze, and this

model should, therefore, be further optimized for the DLPM

system.

V. ACTIVE COMPENSATION OF DEFORMATION

Using the commutation as presented in Section III, the

deformation of the translator due to the spatial distribu-

tion of the force over the plate surface is minimized. To

experimentally demonstrate this procedure, a comparison is

performed between simulation and experimental data when

the translator is levitated and its center is at the position

p = (203 mm 203 mm 203mm 0 rad 0 rad 0 rad)
�

. First,

by using the commutation in (2), where only the rigid body

modes are considered, the supplied currents will result in

modal force that acts on the translator. By employing (14)

including the first four flexible modes and setting their cor-

responding wrench entries in woverac to zero, ideally, the

coils produce the required force and torque to levitate the

translator while avoiding the excitation of the flexible modes.

The reduction of the deformation, zΔ, is obtained by

zΔ = zΓ − zΓoverac , (19)

where z is the displacement data of the 25 LIFM, which is

acquired by averaging the time domain data, recorded for 30

Fig. 6: Difference between the model and measurement for the
relation from coil current to model displacement amplitude. The
modeled values, normalized to the rms value over the measured range
are subtracted from the measured values, normalized to the measured
rms value. Top left: Flexible mode 1. Top right: Flexible mode 2.
Bottom left: Flexible mode 3. Bottom right: Flexible mode 4.

seconds. Hence, the difference in deformation is determined

between measurements performed with only the rigid body

mode commutation and measurements performed with the

commutation for overactuation activated.

The position reconstruction from the 9-axis interferometer

system is based on the assumption that the system behaves

as a rigid body. Therefore, the effect of the deformation will

be interpreted as rotation and displacement of the rigid body.

Then, to compensate for this effect a straight plane is fitted

through the displacement data and removed from this data. The

resulting deformation difference is shown in Fig. 7 in blue.

The maximum measured deformation reduction is equal to

5.44·10−7 m. The largest part of the deformation is caused by

flexible mode 2, which is expected as the coils underneath the

center of the translator carry the highest currents for levitation,

while they also have the largest coupling with the second

modeshape.

To make a comparison with the reduction of the deformation

predicted by the model, the modal force exerted by the coils,

when only rigid body modes are considered in the commu-

tation, are computed. Using (13) and the supplied currents

in this case, the estimated modal forces for the considered

position are equal to Fη1
= 0.05 N/

√
kg, Fη2

= −19.17
N/
√
kg, Fη3

= −2.84 N/
√
kg and Fη4

= −1.89 N/
√
kg for

the first four flexible modes. By employing (11), the resulting

deformation is estimated and shown in Fig. 7 in red. Hence,

the displacement data when overactuation is applied in the
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Fig. 7: Deformation reduction when overactuation is activated in
the commutation. The blue surface shows the difference in the
displacement data measured in the non-overactuated and overactuated
case. The red surface shows the predicted deformation reduction.

commutation is not subtracted for the (ideal) model, as no

deformation is produced by the coils in this case. The rms error

between the predicted response and the measurement is equal

to 1.01·10−7 m, which is relative to the maximum measured

displacement an error of 18.6 %. With this experiment, the

capabilities of the planar motor towards overactuation are

demonstrated.

VI. CONCLUSIONS

In this paper, the overactuation possibilities of the DLPM

are exploited. To this end, a mechanical model for the trans-

lator of the planar motor has been developed in a mechanical

FEM software and it is coupled to the electromagnetic model.

Using the coupled model the relation from coil current to the

deformation of a certain flexible mode is computed, resulting

in the decoupling of the flexible modes from the rigid body

modes and thus allowing for the control of the flexible modes.
The relation from coil current to modal displacement, which

is position dependent and obtained from the model, has been

compared to experimental data for the first four flexible modes.

The maximum relative rms error is found for flexible mode

1, where the relative error was equal to 19.6 %. For the other

modeshapes, the relative rms error is smaller than 15 %. This

error can be reduced by optimization of the mechanical model

of the DLPM.
Using the developed commutation method the compensation

of the static deformation of the translator during levitation is

enabled. It has been experimentally observed that a deforma-

tion reduction by 5.44·10−7 m can be achieved during stand-

still levitation at a specific position. As a result, the use of the

proposed commutation method for the active control of the

flexible behavior of the DLPM is experimentally demonstrated.
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