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Abstract

This paper answers the research question: Can the contactless induced energy supply from a novel inductive floor be used
to navigate omnidirectional automated guided vehicles (AGVs)?

In contrast to existing systems a novel inductive floor enables AGVs traveling through production without charging breaks.
This floor consists of tiles with inductive modules, which supply the AGV with energy. In addition to supplying power
to the AGV, the inductive modules are also intended to guide the vehicle through production. To enable such a guidance
sensors placed in the AGV measure the induced voltages of the floor. To answer the research question these voltages are
calculated with the help of an electromagnetic simulation of the AGV’s travel on the inductive tiles. To estimate the position
as well as rotation of the AGV depending on the simulated voltages as inputs a novel algorithm is presented. During the
travel the AGV is able to move in arbitrary directions independently of its orientation. To control the omnidrectional AGV
consistently without singularities, a transformation in Omni-Curve-Parameters (OCP) is proposed. As simulation case study
a four wheeled steering- and velocity controlled AGV is introduced. For the evaluation a novel motion model depending
on the input OCP is presented. This model is compared to the estimation of the position to verify the accuracy and the
reproducibility of the algorithm.

Methodik zur Navigation anhand bodenintegrierter induktiver Stromversorgungsmodule fiir
omnidirektionale FTFs

Zusammenfassung
Dieser Beitrag beantwortet die Forschungsfrage: Kann anhand der kontaktlosen Energieversorgung eines neuartigen in-
duktiven Bodens eine Navigation von fahrerlosen Transportfahrzeugen (FTFs) erfolgen?
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Im Gegensatz zu bestehenden Systemen ermoglicht ein neuartiger induktiver Boden die Fahrt von FTF durch die Pro-
duktion ohne Ladepausen. Dieser Boden besteht aus Platten mit induktiven Modulen, die das FTF mit Energie versorgen.
Neben der Versorgung des FTFs sollen die induktiven Module das Fahrzeug auch durch die Produktion fiihren. Um ein
Leiten des FTF durch den Boden umzusetzen, messen im FTF platzierte Sensoren die induzierten Spannungen. Zur Be-
antwortung der Forschungsfrage werden diese Spannungen mit Hilfe einer elektromagnetischen Simulation der Fahrt des
FTFs auf den induktiven Platten berechnet. Zur Schitzung der Position, so wie der Rotation des FTF wird ein neuartiger
Algorithmus anhand dieser simulierten Spannungen als Eingangsgrofien vorgestellt. Wihrend der Fahrt kann sich das
FTF unabhingig von seiner Orientierung in beliebige Richtungen bewegen. Um das FTF konsistent ohne Singularititen
zu fiihren, wird eine Transformation in Omni-Kurven-Parametern (OCP) dargelegt. Als Fallbeispiel wird ein vierrddriges
lenk- und geschwindigkeitsgesteuertes FTF vorgestellt. Fiir die Bewertung der Kursbestimmung und der Spurfiihrung wird
ein neuartiges Bewegungsmodell in Abhéngigkeit von den OCP vorgeschlagen. Dieses Modell wird mit der Schitzung der

Position verglichen, um die Genauigkeit und Reproduzierbarkeit des Algorithmus zu verifizieren.

1 Introduction

Automated guided vehicles (AGVs) are an essential com-
ponent of flexible and adaptable production of the future.
To enable flexible and modular production systems, AGVs
offer great advantages due to their maneuverability: In con-
trast to conveyor technologies, they are able to serve differ-
ent stations adaptably, which results in a flexible, versatile
and freely configurable production [7, 11, 21]. To increase
the operating time of AGVs a novel inductive floor enables
AGVs to be dynamically supplied with energy during their
travel. This paper addresses the research question: Can the
contactless induced energy supply from a novel inductive
floor be used to navigate omnidirectional AGVs? With such
a navigation no extra tracking sensors are needed.

The motion characteristics of AGVs can be distinguished
in vehicles with two degrees of freedom (DOF) and omni-
directional vehicles with three degrees of freedom. Due to
their steering kinematics, AGVs with two DOF can travel
along any target trajectory with a restriction regarding their
chassis orientation. In contrast, vehicles with three DOF are
able to move in every direction, independent of the chassis
orientation [19]. Using three degrees of freedom enables for
example smaller radii, which optimizes use of space [19].
Therefore maneuvering time is shorter, because omnidirec-
tional AGVs can travel in the desired direction without first
changing their orientation. This facilitates faster cycle times
in production. Due to the high cost of warehouse facilities,
optimizing space saves money [6, 12].

To utilize the maneuverability of the omnidirectional
AGYV anavigation which leads the AGV through production
is needed. In general, navigation of an AGV solves three
important challenges [5]:

e Tracking the position of the AGV;

e predicting where the current path will lead it without cor-
rective measures;

e deciding on necessary adjustments to safely reach a tar-
get, possibly along a specified path.
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While localization describes the process of determining an
object in space, tracking has the goal to identify the position
of an object over time [9]. To navigate the AGV through
a production layout, tracking can be realized using different
kinds of markers in the environment.

A grid of discrete optical or inductive floor marks can
be formed (distance between 1 m and 10m), providing ab-
solute positions along a free-form track [20]. Simultaneous
localization and mapping (SLAM) algorithms and Monte
Carlo localization as introduced in [8], are additionally
used for the navigation of the AGV between the marks,
including position and orientation. Laser, ultrasonic, radar
or camera systems are used, to detect the position and direc-
tion of the vehicle. These systems use off-the-floor fixing
marks as reflectors on walls or pillars to deduce the posi-
tion. Instead of these fixing marks, contours are also used
as natural marks [18]. The marks have to be unambigu-
ous and sufficiently numerous, which limits the flexibility
of the production using these systems [20]. A millimeter-
scale accuracy is possible [22]. Active transmitting marks
include radio transmitters as well as optical transmitters.
This method includes global positioning system (GPS) out-
side buildings and stationary miniature transmitters inside
buildings. Navigation using active transmitting marks al-
lows extended ranges [20]. The system is accurate in the
order of few centimetres [13] and facilitates as the other
introduced systems omnidirectional movement.

Physical guidance systems often use optical, inductive or
mechanical lanes. In these systems a primary circuit con-
sists of one coil along the track of the AGV [18]. One or
more coils are attached to the underside of the vehicle to
detect this track. A deviation from this track is detected
by the voltage difference of the coils in the vehicle [4].
Thereby the path is corrected accordingly in the vehicle’s
control system. This physical lane, which is installed in
the floor, restricts the path of the AGV. Consequently it is
only able to move along a fixed line. Hence transport routes
must be defined before the tracks are installed in the floor.
Subsequent changes to the routes need structural changes
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to the track in the floor, which makes a production layout
inflexible.

In order to fulfill a successful navigation along a desired
path, it is also important to decide on necessary adjustments.
Odometry is one of the most important techniques to cope
with such problems. Encoder data is used to track the mo-
tion progress from a certain starting position. Due to wheel
slip, ground roughness, etc., errors occur [10]. Therefore,
to use odometry for localization, a fusion is made with,
for example, the sensor data of the navigation techniques
mentioned above.

All of these introduced navigation systems separate the
navigation and energy supply: The AGV additionally has to
be equipped with a battery. Such a battery can be charged
wirelessly, however, the wireless charging module is fixed
in place and must be reached by the AGV before energy
can be supplied.

A novel inductive raised floor system supplies AGVs
with energy at any given point, independent of fixed charg-
ing spots. It is intended to make production equipment posi-
tioning and supply efficient [14] and thus enables flexible,
adaptable production. For this purpose, a concept is de-
scribed in [15], which enables the supply of energy by an
inductive system for mobile production and transport sys-
tems. The individual modules, each installed in a raised
floor panel, are able to provide their energy selectively. The
floor consists of individual tiles with up to five modules
in each tile. By moving the energy supply point, in which
individual modules provide the energy selectively, the con-
tinuous transfer of energy to an AGV is ensured. Thus, the
AGYV is guided omnidirectional through the production and
logistics areas. Simultaneously it is supplied with energy
by individual modules under the AGV.

The prototype of such an omnidirectional AGV on the
inductive floor is shown in Fig. 1. The intelligent floor
was conceptualized and individual tiles were manufactured.

Fig.1 Study case: Scooty Inductive. Scooty is an omnidirectional
AGYV equipped with four wheels controllable in steering and velocity.
It is guided with the help of an inductive floor. With the floor tiles,
which include inductive modules, the AGV is able to reach every
arbitrary position independent of its orientation. During its travel it is
supplied with energy

A whole floor full of inductive tiles will be manufactured
in the near future.

In this paper the induced voltages from this inductive
floor are used to navigate omnidirectional automated guided
vehicles (AGVs). More specifically, the main contributions
are:

o The proposal of the Omni-Curve-Parameters (OCP) for
the control of an omnidirectional AGV. This is the first
work, to the knowledge of the authors, that uses this
Transformation to control an AGV to avoid singularities.

o Depending on the induced voltages of the inductive floor
tiles a finite element method (FEM) is used to simulate
the movement of the AGV. A novel algorithm, which
processes the measure data, combined with an odome-
try model in a Kalman filter, that uses these simulated
voltages is presented to estimate the position on the floor
tiles.

o A novel motion model depending on the input OCP is
proposed. This is compared to the estimation of the posi-
tion to verify the accuracy and the reproducibility of the
algorithm.

2 Structure of Localization and Motion
Control of the AGV with the Inductive
Floor

AGVs usually travel with their fronts centered along the
track. Omnidirectional vehicles offer more opportunities
to move through production. The omnidirectional AGV in
Fig. 2 is capable of reaching every goal independent of its
orientation. An arbitrary path is represented by the dashed
red line. The vehicle is supposed to follow this illustrated
path. For this purpose it starts, equivalent to the already
existing inductive lanes, with the front side perpendicularly
aligned to the track. In the second position, the vehicle con-

600 mm

Pos 1

Pos 2 Pos 3

600 mm

Fig.2 Exemplary movement of an omnidirectional AGV with an in-
ductive floor. The given path of the AGV is marked dashed in red.
During its travel along the path the omnidirectional AGV is able to ro-
tate. In the first position it starts with the front centered along the track
(rotation and slip angle 8 = 0°). In the second position the AGV ro-
tated along the way and drives with about 8 = 35°. In the third position
it is following the path with 8 = 90° rotation

@ Springer
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Fig. 3 Structure of the novel navigation method for the omnidirectional AGV with the inductive floor. A desired position of the vehicle is specified
in OCP (B, kn, v,,). The angle By is introduced as angular offset to the global coordinate system. With the evaluated speed Uyyger and orientation
of the wheels e, the specification of the vehicle model is simulated. The vehicle reference movement evaluates the movement of the AGV on
the inductive floor. To determine the measurements x,, and y,, for the Kalman filter the voltages induced by the inductive floor and measured in
the AGV (uy) are used as inputs for the in Sect. 5 introduced algorithm. The Kalman filter estimates X5, Ypos and rotation (rot) of the vehicle.
The introduced concept can be integrated into the control loop outlined. In this case v,, is not controlled for stability reasons

tinues to follow the path, but it has turned by a desired angle
during its travel. It follows the track with its front right cor-
ner (B = 35°). As shown in this example, omnidirectional
vehicles are able to smoothly position themselves in every
desired orientation to the lane during their travel.

The AGV used in the study case and shown in Fig. 1
consists of four traction and four steering drives. With these
four wheels, controllable in speed u = (11, Uy, us, u4)T and
orientation e= (ay, a0, a3, 4)7 it is positioned on the in-
ductive tiles in an omnidirectional manner. Four additional
sensor coils are mounted in the vehicle, which Fig. 4 shows
schematically, marked S1 to S4. These sensors are sym-
metrically arranged around the center of the vehicle and
determine the induced voltages of the floor’s magnetic field.
The coordinate system on an inductive module used in the
following is also mapped in Fig. 4.

Various components are needed to track the vehicle with
the inductive floor. An overview of the most important
quantities are shown in Fig. 3. A desired position of the

A&

pos

Fig.4 Schematic representation of the vehicle on an inductive floor
tile. The sensors for detecting the induced voltages integrated in the
AGV are named S1-S4. The indicated coordinate system applies
throughout all following calculations

@ Springer

vehicle is specified in OCP and described in Sect. 3. With
the evaluated speed and orientation of the wheels, the spec-
ification of the vehicle model is simulated. To determine
the measurements x,, and y,, for the Kalman filter a novel
algorithm is introduced in Sect. 5.

3 Omni-Curve-Parameters as Universal
Transformation for Omnidirectional AGVs

Omni-Curve-Parameters presented in [2] are used to specify
the omnidirectional movement of the AGV.

The OCP describe the coordinated motion of a vehi-
cle with an arbitrary number and types of wheels, using
three physically independent parameters: nominal veloc-
ity v,, nominal curvature k, and slip angle 8. With these
OCP, a vehicle with arbitrary variably arranged wheels can
be controlled intuitively in an omnidirectional manner. Two
of these parameters («,, and ) describe the motion modes
and only influence the steering configuration of the vehicle
wheels [2].

Therefore, the desired path and the orientation of the
vehicle towards the path is described with the configuration
parameters B and k.

To rotate the AGV during travel, as described in Fig. 2,
the angle B is introduced. B rotates the fixed vehicle co-
ordinate system Xagv, Yagy counterclockwise, as shown in
Fig. 5. The result is coordinate system X,y Yagy- The slip
angle f is specified according to the vehicle orientation in
Xhgv> Vagy Plane towards the desired path. If B is zero,
the slip angle B is specified according to the vehicle ori-
entation in xagv, YAGV plane towards the desired path. f
and $ adds up to §, as shown in Fig. 2.



Forsch Ingenieurwes (2023) 87:617-626

621

Fig.5 Specification of the OCP for the omnidirectional AGV. Nomi-
nal curvature k, is used to describe the curvature of the path. Slip angle
B describes the orientation of the vehicle towards the path. A change
of the rotation of the velocity v, is realized with a rotation of the
XaGv> Yacy plane through an angle By. The OCP are then applied in
the rotated coordinate system X gy, Yagy

In general, a path in a topological space (W) is a curve
f :la,b] — W with domain [a,b] (with @ > b and a,b as
real numbers). This path can be parameterized by a curve.
E.g. a curve can be defined as image of the path [1]. There-
fore the nominal curvature is used, to describe the path
of the AGV without singularities. For example, in Fig. 5,
the nominal curvature is chosen according to the curvature
of the desired path marked in red. The last parameter, the
nominal velocity is the desired velocity adapted to the AGV.
Nominal velocity, is scaled by a maximum fixed, vehicle-
specific velocity [2].

The major advantage of using OCP in the case of omnidi-
rectional inductive guidance is the unambiguous specifica-
tion of the steering target angles and target velocities. Con-
sequently the AGYV is controlled consistently and smoothly.
Otherwise, in vehicles with many steered wheels, singu-
larities occur due to the over-determinism, which leads to
a high control effort. An example is given in [3], where
chassis, which provide non-holonomic and omnidirectional
motion capabilities, are kinematically modelled and con-
trolled.

Using OCP, each independently steered and indepen-
dently driven motor is specified. The calculated target ve-
locities and target steering angles are chosen to satisfy
the condition that the pole rays of all wheels intersect in
a particular point. This allows controlled cornering with-
out singularities. Consequently, the overdetermined system
is controllable in an omnidirectional manner without any
computationally expensive conditions.

The presented approach of steering the vehicle with OCP
is already implemented, manually tested and verified on the
presented vehicle.

4 Reference Vehicle Movement

Generated reference values of the OCP are the input val-
ues for the vehicle model (see Fig. 3). The AGV model is
required for the simulation of the navigation of the AGV.
In the simulation, it is assumed that the motors directly ap-
proach the specified reference values. Therefore, the OCP
are used for the vehicle reference model.

Using the OCP as generalized model, it is applicable for
any omnidirectional AGV. The transformation of the motor
steering angles and the motor velocities back into the OCP
is not unique. The following vehicle reference is used as
test case with constant input k,. The relationship of the
presented parameters is shown in Fig. 6.

Driving a curve with curvature-radius R and angle ¥ and
slip angle B8 = 0, as shown in Fig. 6 the velocity vagy in
the Xpos, Ypos Plane (as shown in Fig. 4) on the given tile-
coordinates can be determined:

Uxpos, =0 COS(II/) Un
VAGV,8=0 = | Vypos,B=0 | = Sln(lI/) Un |» (D
1 1
with time #4:
4]
W = / wdr. )
0

For driving a curve with an arbitrary slip angle § the vehi-
cles position is calculated as described in (1) with a rotation
around the instantaneous center of rotation (ICR):

cos(B) -—sin(B) O
Tagv—icr = | sin(B) cos(B) 0. 3)
0 0 1
LTAGV
VAGV

YAGV AGV

ICR

Fig. 6 Important Parameters to mathematically describe the motion of
the AGV. R describes the radius of the path, the AGV is driving. This
path describing a circle section is characterized with the angle W. The
side-slip angle rotates the instantaneous center of rotation (ICR) coun-
terclockwise. The velocity of the vehicle is named vagy
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The movement depending on § is consequently expressed
as:

Vacv = TaGv—IcR * VaGY,B=0- 4
The path ragy with:

Xpos
FAGV = | Ypos (5 )
1

is calculated:
5]
TAGY = / Vagy dr. (6)
0

In addition to the vehicle reference model, the vehicle
sensor signals of the sensors detecting the voltages, are
required (see Fig. 3). For this purpose data is gathered by an
electromagnetic simulation. Based on the xpos- and ypos of
the vehicle calculated in the vehicle movement, the sensor
coil values are evaluated at the corresponding position and
output from the vehicle model. Accordingly, the measured
induced voltage values of the four sensors and the individual
motor speeds and motor angles are the output parameters
of the vehicle model.

The mathematical approach of the OCP has already been
manually tested and verified on the presented vehicle.

5 Estimation of the Vehicle Position with the
Inductive Floor

In Fig.7 an overview of the FEM-model is illustrated. The
inductive floor consists of a cross-shaped arrangement of
square coils. That way, the concept of the inductive floor can
be modularly extended in x- and y-direction. The square-
shaped secondary coil is located underneath the vehicle,

ferrite

secondary bottom view

Fig.7 FEM-model of the inductive floor and the vehicle model. The
secondary coil is included in the vehicle, the primary coil in the floor.
The sense coils on the bottom side of the vehicle are used to calculate
the position-dependent induced voltages. [16]

@ Springer

which itself is modeled with an aluminum panel of the
vehicle’s bottom extents. Ferrite cores on primary and sec-
ondary side improve the flux guidance of the system. The
four sense coils are symmetrically arranged in the corners
of the secondary coil system.

In principle, the excitation of primary and secondary
power coils leads to a geometry- and thus position-depen-
dent spatial magnetic field distribution. The sense coils are
arranged in such way that they form a weak magnetic cou-
pling with the secondary power coil. This is due to the fact
that the secondary coil, is square shaped in a first approxi-
mation. Following Ampere’s Law, the magnetic field caused
by the coil’s current mainly occurs around its sides’ lengths.
The sense coils are only slightly affeced by this particular
magnetic field contribution. Consequently, the position of
the vehicle in relation to the primary power coils dominates
the effect on the sense coils.

With the parametrized FEM-model, the coupling factors
(or mutual inductances M) of each sense coil with each
power coil can be simulated for any arbitrary position of
the vehicle on the inductive floor. The knowledge of the
coupling factors (or mutual inductances M) can be used
to extract the position-dependent induced voltage in each
sense coil using Faraday’s law:

di
Ug =-M T (N
As shown in Fig.7 each tile module of the inductive floor
has a symmetrical structure, as there is a square core in
the centre. The voltage maps of the four sensors mounted
in the vehicle, depending on the x- and y-position (as de-
fined in Fig. 7) are shown in Fig. 8. The 3D plots indicate
that the largest offset voltage is measured in the center of
the inductive module. Toward the edge of the module the
voltages are decreasing. The coordinate origin of the ve-
hicle, as shown in Fig. 4, is on the bottom module in the
simulation, shown in Fig. 8. Accordingly, the following ap-
plies: If the vehicle center is exactly above the inductive
modules center, the sensor signals of S1 and S3, as well
as the measured voltages of S2 and S4 cancel each other
out. On the other hand, if the AGV drives with a positive
y-offset, the detection of a higher voltage at sensor coils S3
and S4 occurs. With a y-offset in the negative direction of
the vehicle, a correspondingly higher voltage value occurs
at sensor coils S1 and S2. For an AGV positioned as shown
in Fig. 4 rotated with 8 in positive direction, as in the first
position shown in Fig. 2, the rotation can also be evalu-
ated. In this case the sensor signal S4 is high because it is
near the center of the module and the voltage of S2 is low,
because it is far away from the center of the module. The
sensors installed in the back show the opposite behavior as
the front: S1 detects a high voltage and S3 a low voltage.
Based on this symmetrical behaviour of the coils mounted
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Fig.8 Simulation of the signals
of the four sensors (S1-S4)
installed in the AGV. The x
and and y-position relates to the
center of the AGV. Since the
sensors are not centered in the
origin of the AGV coordinate
system, the voltages are not
zero at this point. But in the
origin the sense-signals cancel
each other out. Mesh resolution
depends on the resolution of the
electromagnetic simulation
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in the vehicle, it is consequently possible to determine the
position of the vehicle on the inductive floor modules.

For the evaluation of the vehicle position on the basis
of the coil signals on an inductive module, an algorithm is
required to evaluate the xpos-position and the y,os-position
of the AGV. Therefore every sensor coil k has its own
evaluation matrix UX:

k _ [,k
A

with g as number of simulation data points. The first column
includes the induced voltages, the second column the inher-
ent measured x,-position and the third column the inherent
Ym-position. x, and yy correspond to Xxpes and yp coordi-
nate system, shown in Fig. 4. They serve as measurement
variables for the Kalman filter, as illustrated in Fig. 3.

In practice the coil signals of the S1-S4 sensors can
diverge due to production accuracies. Therefore the intro-
duced matrix Uf of the particular sensors is replaced with
experiment data. This ensures the practical feasibility of the
introduced algorithm.

With the measured voltage u¥ at sensor k the four near-
est neighbours with the smallest euclidean distance:

®)

)izl,...,g;j=1,2,3

g 2
d (ulsc(i,l)’ ”ﬁ) = Z (”.l:(i,n - ”§1> ©)
i=1
are evaluated. In this presented implementation, the four
nearest neighbours to the measured u, x value are searched
for. However because of measurement inaccuracy and man-
ufacturing tolerances in practice, the search for more neigh-

0.1 0.1

-0.1 0

rin m yin m LI

bours may turn out to be useful and can be trivially ex-
tended.

Since the y-offset of the vehicle is equivalent at the front
(S2 and S4), these two are used for evaluation. The same
applies to the rear sensors (S1 and S3). Using the deter-
mined neighbours ny x4 of the measured uﬁ value, the er
ror is evaluated. For this purpose, the error eg,,, of the ne
ighbours of S2 and S4 is calculated respectively. Based on
the minimum of the error eg, the position of the vehi-
cle is determined. Subsequently, the rear position of the ve
hicle is calculated.

To evaluate the position, if the resolution of the Uk
matrix is high, more nearest neighbours can be searched
and the expected value can be calculated.

If more measuring points are used than in this simu-
lation, searching the matrix can be very computationally
expensive. Therefore, the described evaluation is supple-
mented. A prediction of the next position value is possible
with an adaption of the search space. Around the last esti-
mated value u,, the evaluation matrix U¥ is adapted:
Uf = (uf(i,j))i:i(ucv),...,i(ucw,Ru);j:l,2,3 (10)
The radius Ra of this downsizing process increases propor-
tionally to the driven speed and can be adjusted accordingly.
Initially, however, an initialization on the floor tile is needed
to find the appropriate starting point.

The evaluated x,,- and yp-position is used as measure-
ment combined with an odometry model of the AGV in
a Kalman filter. The advantage of a Kalman filter is that
noisy inaccurate measurement values and inaccuracies due
to wheel slip and ground roughness etc. can be suppressed.

@ Springer
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In this case, a trivial AGV model, depending on the mo-
tor velocities u and on the steering angles « is used for
prediction.

Estimate the x-position x; as:

x=(8 (1))“(1)‘1,) (11)

where:

- Xpos
()

with:

by = cos(ay) 1y +cos(ay) Uy +cos(az) sz +cos(oy) tiy. (13)
and

Xpos = (1 1)x. (14)

For the y-position ys equivalently:

. (01 0
= o)+ (o) ™

where:

o _ [ Ypos 16
= () (16
with:

by =sin(or;)uy + sin(orp) Uy + sin(az) 13 + sin(oa) us  (17)
and

Ypos = (1 1) y. (18)
This xpos and ypos are also used to estimate the orientation o
of the vehicle within the coordinate system of the inductive
modules:

0 = arctan(Ypos» Xpos)- (19)

Alternatively, this can also be determined using the y-offsets
at the front and rear of the vehicle, respectively.
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6 Simulative Evaluation of Inductive
Omnidirectional Navigation

The presented algorithm is implemented in Matlab Simulink.
For this purpose, two different vehicle movements of the
introduced AGV with a vehicle specific curvature limit of
kg = 0.4845m™! on the inductive floor are simulated and
evaluated. The two paths of the AGV are shown in red and
green in Fig. 9. The vehicle travels over two floor tiles.
For the first evaluation (red path), a constant slip angle
B = =3° is used as input for the OCP transformation and
a constant nominal velocity v, = 0.0041. v, in this study
case results in a velocity of 0.01986ms™!. This velocity
is chosen that low, because it shows the inaccuracies dur-
ing the travel. For a higher velocity the algorithm is also
working. The nominal curvature is set to zero, k, = 0, to
evaluate the translatory movement of the vehicle. The result
of the reconstruction of the position of the vehicle with the
inductive floor is shown in Figs. 10, 11 and 12. Fig. 10
shows the evaluation of the x-position of the AGV. After
the vehicle center leaves one inductive floor module the
x-position is set to zero. The overtraveled modules of the
vehicle, calculated in solid blue agree with the simulation

Y pos

target path

. —_——— { pos

l

Fig.9 Simulative scenario on the inductive floor. The virtual target
path for the AGV is marked in red. The vehicle drives with k,; = 0,
v, = 0.0041 and B = —3°. The second virtual path with k, = —0.2,
v, = 0.0041 and B = —2° is marked in dotted green
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Fig. 10 Simulative evaluation of the x-position of the vehicle driving
over two inductive modules. The calculation of the vehicle model is
shown in dashed orange. The estimation of the position of the Kalman
filter is shown in solid blue
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Fig. 11 Simulative evaluation of the y-position of the vehicle driv-
ing over two inductive modules. The calculation of the AGV model
is shown in dashed orange, the estimation of the position after the
Kalman filter is shown in solid blue
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Fig. 12 Simulative evaluation of the rotation of the vehicle on the in-
ductive floor. The calculation of the vehicle model is shown in dashed
orange, the estimation of the position after the Kalman filter is shown
in solid blue
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Fig. 13 Simulative evaluation of the AGV travel on the inductive floor.
In this scenario the AGV drives a curvature with k,, = -0.2,v, =
0.0041 and a slip angle g = —2°

results shown in dashed orange. Since the simulation of the
inductive coils is performed with steps of 0.0255m, small
jumps occur in the estimated values. These can be reduced
with more accurate electromagnetic simulation or meas-
urement values. With the constant slip angle the constant
y-deviation of the vehicle from the centre of the vehicle
(shown in Fig. 11) is correctly estimated by the Kalman
filter (solid blue) compared to the created vehicle model
(dashed orange). Because of the simulation steps in y-
direction of 0.00425m there are inaccuracies in this order.
The rotation of B = —3° of the AGV with respect to the
floor coordinate system is also evaluated. This show case
is presented in Fig. 12. The rotation is inaccurate on the
first inductive module because of the initial conditions and
the inaccuracies of the y-position. On the second module
the rotation is evaluated successfully.

In the next simulation experiment (green path in Fig. 9)
the AGV is simulated to drive a curvature with x, = —0.2,
a side-slip angle of 8 = —2° and nominal velocity v, =
0.0041. The result of the simulation is shown in Fig. 13.
Xpos-position and rotation are almost similar to the first ex-
periment and therefore not shown. The evaluation of the
travel with a curvature, shown in Fig. 13 is also success-
fully evaluated by the Kalman filter (solid blue) compared
to the vehicle model. The inaccuracy is as in the transla-
tional drive 0.00425 m.

In practice the simulation values can be replaced with
measurements on one inductive module to increase the prac-
tical functionality of the algorithm.

7 Conclusion

This paper answered the research question: Can the con-
tactless induced energy supply from a novel inductive floor
be used to navigate omnidirectional AGVs?

To ensure the AGV follows the requested path trough
production a control algorithm is necessary. For controlling
the omnidirectional AGV consistently without singularities,
a transformation in Omni-Curve-Parameters (OCP) is pro-
posed. To use the floor for tracking, sensors placed in the
AGV measure induced voltages. Depending on these in-
duced voltages of the inductive floor a finite element method
is used to simulate the movement. Depending on the simu-
lated voltages a novel algorithm is presented which evalu-
ates the voltages to positions on the floor. These positions
are combined with an odometry model and a Kalman filter
is used to estimate the tracking on the floor. As case study
a four wheeled steering- and velocity controlled AGV is
introduced. For the evaluation a novel motion model de-
pending on the input OCP is proposed. Simulation results
of this vehicle with the inductive floor demonstrate, that the
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tracking of a vehicle on the inductive floor are accurate to
0.425cm order and the results are reproducible.

In practice, the accuracy of the method needs to be inves-
tigated in the future. It will probably not work as accurately
as in the simulation, due to manufacturing inaccuracies, for
example. In addition, an investigation of the possible speed
in practice must be carried out. If the plates are passed over
too quickly, clear position detection can no longer be guar-
anteed. Since the presented simulated model is based on
physical principles and parts of it could already be veri-
fied, the research question is answered theoretically. In the
near future, the implementation into reality still has to take
place.

The presented algorithm can also be used for wireless
charging as extension e.g. introduced in [17].

Based on the introduced estimation method of the po-
sition with the inductive floor, path planning can be per-
formed. With the position estimated in the Kalman filter
this can be considered equivalent to the existing navigation
methods. The presented floor is conceptually created and
individual plates are already being tested as demonstrators.
The introduced vehicle model and control algorithm de-
pending on the OCP have already been tested on the vehicle
prototype and the functionality could already be verified.

In further research work, a methodology will be devel-
oped, to implement a control algorithm for an omnidirec-
tional vehicle in OCP for different guidance control types
and a validation is expected in the near future.
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