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Definitions & Abbreviations

6 DoF Six-degree-of-freedom

6-PUS Prismatic Universal Spherical

6-RUS Resonant Ultrasound Spectroscopy
6-UPS Ultraviolet Photoelectron Spectroscopy
ADAMS Automated Dynamic Analysis of Mechanical Systems
FEM Finite Element Method

FK Forward Kinematics

HIL Hardware-In-the-Loop

JFMD Jacobian-Free Monotonic-Descendent
HMI Human-Machine-Interface

MGNR  Modified-Global-Newton-Raphson

NR Newton-Raphson

P Prismatic joint

PKM Parallel kinematic machine

RMS Root Mean Square

TCP Tool Centre Point

U Universal joint
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Executive Summary

This report describes the design process, the realization and verification of the 6-DoF setup designed
for wind tunnel hybrid tests of floating offshore wind turbines. This setup consists in a parallel kine-
matic robot, “HexaFloat”, designed and developed by the authors of this report, to test the dynamics of
floating offshore wind turbine concepts, selected within LIFES50+ project, at the Politecnico di Mi-
lano wind tunnel, through a hybrid methodology which combines, in real-time, measurements (i.e. aer-
odynamic forces on the wind turbine scale model) and computations (i.e. hydrodynamic forces on the
wind turbine platform). This represents the complementary test approach, with respect to the one de-
veloped at the SINTEF Ocean basin.

In particular, the different chapters give the following information:

e Geometric optimization

e Actuation chain sizing

e Mechanical design and sizing

o Control architecture and electronics

* *

* *

* *
* )k
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Introduction

Scale model testing of floating structures is a common practice in the research and developments
of new concepts and systems, as it helps in driving the design choices and rapidly answers the scien-
tific questions through a cost-effective and controlled experimental environment. Nevertheless, when
the effects of wind and wave loads become comparable, model testing is affected by scaling issues
(e.g. Froude-Reynolds scaling conflict) about the ability of reproducing physically the wind and wave
in a proper manner. For this reason, hybrid testing both in ocean basin [1], as well as in the wind tun-
nel [2] seem to represent the most effective approach to relax the scaling constraints as well to exploit
separately already existing wind or wave generating different facilities, instead of setting up combined
tests with the mentioned problems.

In this report, the hardware/software setup for wind tunnel tests is reported, proving an overview
of the design process and methodology, the development of the mechanical components, the overall
control scheme, as well as a brief description of the validation procedure. More specifically, this setup
consists in a 6 degree-of-freedom robot, “HexaFloat”, designed to move the base of the tower of a
wind turbine’s scale model (e.g. 1/75 of the 10 MW DTU reference wind turbine, [3]), based on the
combined effect of aerodynamic loading (i.e. measurements by means of a load balance at the base of
the tower/robot’s end effector) and hydrodynamic loading (i.e. real-time hydro-structure computa-
tions). The technical aspects of wind tunnel hybrid testing methodology are beyond of the scope of the
present report, however, they can be found in [4] [5] [6] [7].
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Figure 1.1 General scheme of the HexaFloat design process

In Figure 1.1 a general scheme of the design of such setup is briefly reported and it is thoroughly
explained in the following chapters.
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2 Geometric optimization

2.1 Choice of the architecture

Among all the possible architectures of a 6DoFs manipulators, parallel kinematic machines (PKMs)
were preferred with respect to serial kinematic manipulators due to their high precision and accuracy
in the end-effector positioning, high stiffness and dynamic performances.

In the first stage of the design process the main focus has to be given to the choice of the kinematic
topology and the geometric dimensions [8] [9].

The most successful architectures are the 6-UPS, 6-RUS and 6-PUS.

e The 6-UPS manipulators have a kinematic chain characterised by a sequence of a universal joint
at the base (U), an actuated prismatic joint (P) that varies the link’s length and a spherical joint
(S) connected at the mobile platform.

e The 6-RUS manipulators are characterized by fixed length links, moved by actuated revolute
joints (R) located in correspondence of the base. The other joints in the kinematic chain are: an
intermediate universal joint and a spherical joint connected to the mobile platform.

o The 6-PUS manipulators have again links of fixed length. The actuated prismatic joint is in
general composed by a slider which moves along a rectilinear guide. The link is connected to
the slider by means of a universal joint and to the mobile platform by means of a spherical joint.

The 6-PUS joints configuration has limited moving masses due to completely ground installed actua-
tion, and greater workspace vs machine encumbrance ratio. This topology was selected in order to
guarantee high performances both in terms of dynamic response and structural properties while keep-
ing limited dimensions.

Within this category, two manipulators have been chosen as suitable candidates [10]: the Hexaglide,
with 6 guides which are all parallel to each other, and the Hexaslide, whose guides are organized in 3
couples, parallel each other, arranged in radial fashion. The two manipulators have some substantial
differences:

e The Hexaglide have the guides disposed all parallel to each other, which allows to have a pre-
dominant direction of motion and it is characterized by symmetry with respect to the longitudi-
nal median plane.

e The Hexaslide is characterized by a radial symmetry with respect to the vertical axis. This char-
acteristic leads to a greater isotropy of the workspace.

(a) Hexaglide (b) Hexaslide
Figure 2.1: Hexaglide and Hexaslide architecture

* *

* *

* *
* )k
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2.2 Kinetostatic optimization

Given the vertical dimensions of the wind tunnel and the height of the turbine scale model, no com-
mercial robots on the market have been found that satisfy such a low amount of space requirement
while keeping the desired workspace dimensions.

An optimization process [10] is required to synthesize the geometric parameters of the two possible
robot architectures: Hexaslide and Hexaglide. In order to properly set up the process, it is first neces-
sary to identify the geometric parameters characterizing the two architectures, then a function that
mathematically describes the goal to be achieved. Finally, a set of physical constraints affecting the
system have to be identified and defined in mathematical form in order to create the numeric bounda-
ries for the solution.

2.2.1 Robot Parametrization

When choosing the number of parameters to be optimized, a trade-off needs to be considered: if the
number of parameters used to characterize a machine is increased, the whole process of optimization
would benefit allowing a higher freedom, however the complexity of the machine dramatically in-
creases. Thus, a compromise needs to be found between global performances and structural modular-
ity, which is critical in order to simplify design and optimization steps.

Figure 2.2: Hexaslide geometric parameters

The Hexaslide architecture can be investigated considering the following parameters for the optimiza-
tion process:

s: semi-distance between two parallel guides

li: length of the links

Rp: radius of the circumference on which the platform joints centres are located.

6,: semi-angular aperture between the two segments connecting the origin of the

TCP (Tool Centre Point) reference frame and a couple of platform joints.

* 7, sq: height of the centre of the desired workspace.

[ ]
[ ]
[ ]
[ ]
For this architecture, the same kinematic chain is replicated identically six times.
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Figure 2.3: Hexaglide geometric parameters

The Hexaglide architecture can be investigated considering a higher number of parameters because
three different kinematic chains can be identified in the robot configuration. The parameters to be opti-
mized are:

Rp.1: radius of the circumference on which the platform joints 1 and 2 are located.

Rp.2: radius of the circumference on which the platform joints 3 and 4 are located.

Rp.3: radius of the circumference on which the platform joints 5 and 6 are located.

6,,1: semi-angular aperture between the two segments connecting the origin of the TCP refer-
ence frame and platform joints 1 and 2.

6,2 semi-angular aperture between the two segments connecting the origin of the TCP refer-
ence frame and platform joints 3 and 4.

6,,3: semi-angular aperture between the two segments connecting the origin of the TCP refer-
ence frame and platform joints 5 and 6.

t1: vertical distance between TCP and the plane where platform joints 1 and 2 lie.

to: vertical distance between TCP and the plane where platform joints 3 and 4 lie.

ts: vertical distance between TCP and the plane where platform joints 5 and 6 lie.

l1: length of links 1 and 2.

I>: length of links 3 and 4.

I5: length of links 5 and 6.

s1: semi-distance between parallel guides 1 and 2.

Sy: semi-distance between parallel guides 3 and 4.

S3: semi-distance between parallel guides 5 and 6.

Z,, sq- height of the centre of the desired workspace.

For this architecture, each kinematic chain is replicated twice, one on both side of the longitudinal me-
dian plain of symmetry.

2.2.2

Objective definition

The goal to be achieved is to optimize robot performances while ensuring the desired workspace
boundaries. The portion of the desired workspace that the robot is not able to reach is a good candidate
for the objective function to be minimized but its definition is challenging.

To define a proper objective function, the desired workspace is discretized in elementary volumes: for
each elementary volume, the specific set of parameters under analysis must allow to reach its centre

point.

Moreover, for each centre point analysed, the resulting machine must be able to orientate the

* ™

*

* )k

*
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TCP with any possible combination of pitch, roll and jaw angles varying inside a predefined range. If
that is not the case, the elementary volume is added to the total volume the current set of parameters is
not able to cover. To make the computational cost affordable, the three angular ranges are discretized,
thus restricting the checks to a finite amount of angles combinations. The evaluation of the objective-
function is performed by first fixing the mobile-platform orientation @m = [am; Bm; ¥m], and computing
the portion of volume the end-effector is not able to reach for this specific orientation as:

Vne (@) = Z Z Z Cijk (Dm)Av
T T

where the combination of parameters i, j, k uniquely identifies a check-point of the workspace in
which Ny, Ny, N, represent the number of discretization points, respectively along X, y, z axes. The
variable cijx (@m) is equal to 1 if the specific parameters prevent the end-effector from reaching the
pose defined by i, j, k and @m, and O otherwise. The term Av is the elementary volume resulting from
the discretization of the workspace.

This procedure is repeated for all combinations of pitch, roll and jaw angles and the resulting value for
the objective-function Vyc is computed as:

~

i =1,..,N,
i=1,..,N,
1,..,N,

=~ —
Il

Vae = Zom Vne(Dm)

Even if a volume portion is discarded just for one specific orientation, that portion of workspace is ex-
cluded for the corresponding geometrical configuration. In the ideal case in which a set of parameters
allows the robot to reach any point in the workspace regardless of its orientation, the objective-func-
tion would be equal to 0. On the other end, if the set of parameters doesn’t allow to reach a point of the
workspace, the objective-function would assume a value equal to the dimension of the single discrete
volume times the number of orientations for which that volume has been discarded.

2.2.3 Constraint

The kinematic capability of reaching each point with every possible orientation is not sufficient by it-
self: the robot must guarantee a certain level of performances and safety, so additional constraints defi-
nition is required.

The kinematic constraints are defined in this way:

¢ Distance between the i-th platform joint and the corresponding base joint should not overcome
the length of the link for geometric congruence.

e Each actuated joint coordinate must be comprised in a range defined by the dimension of the
machine, since actuators stroke range have a direct impact on the major encumbrance direction
of the machine, longitudinal for the Hexaglide, radial for the Hexaslide.

o Each passive joint, both platform and base ones, should respect its mobility range.

The kinetostatic constraints are defined by the transmission ratio between forces and moments acting
on the end-effector and the actuation forces. This transmission ratio for each actuator is computed and
the maximum one should be lower than a prescribed limit value. As common for PKMs, this transmis-
sion ratio varies considerably inside the nominal workspace due to non-linear kinematics, especially
nearby of singular configuration, specific point in the workspace where the robot loses its ability to
move the end effector in some direction.

The geometric constraints enforce the respect of the minimum distance between two links and be-

tween a link and the mobile platform to avoid problem of self-collision of the component for particular
poses.

* ™

*

* )k
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2.2.4  Genetic algorithm

The chosen algorithm is a single objective genetic algorithm [11]. A genetic algorithm approaches the
problem by using the principles of natural selection.

At first, several solutions, each of which is an individual and whose collection is a population, are cre-
ated by selecting randomly the parameters from their predefined ranges. Each individual of the popula-
tion is evaluated, and its performance is judged on the base of the defined cost function. From this
population, the worst individuals are discarded while the fittest group concurs at creating a new popu-
lation by three different mechanisms: a small elite group is replicated unchanged, thus transmitting all
their genes; a fixed percentage of new individuals is obtained by combining parameters (genes) of the
best for the previous population using a crossover rule; the remaining part of individuals is generated
by randomly mutating one or more genes of previous non discarded individuals. As in real life, this
type of continuous adaptation creates a very robust organism. The whole process continues through
many generations, with the best genes being transmitted to future generations and more and more effi-
cient combination of genes being developed through every generation.

The use of a semi-stochastic search and the evaluation of the performances of different individuals at
each iteration, simplify the process of finding the global minimum of the objective-function to be min-
imized. The steps characterizing this kind of algorithm are:
e Choice of a sufficiently high number of individuals representing a generation to have a signifi-
cant statistical sample.
e Evaluation of the performances for every one of the current generation depending on the values
assumed by its genes.
e Choice of the group with better performances that will constitute the elite and that will pass
unchanged to the next generation.
Creation of a new generation based on elite’s choice, crossover and mutation.
e Performance computation of the new generation individuals and comparison with the desired
goal.

The algorithm would keep modifying parameters trying to cover the desired workspace as much as
possible and minimizing the defined objective function.

2.2.5 Optimization Process Results

The following reports the lower and upper bounds imposed at the beginning of the optimization and
the optimal values obtained.

Symbol  Lower Bound  Upper Bound  Optimal value MU

ZW Sd 400 500 463.6 I

8 200 300 203.1 I

[ 400 700 686.6 mim

Ry 200 250 238.7 mim
Op 0 60 38.5 ©

Table 2.1: Limits and results of the Hexaslide optimization

* ™

*
*

* )k
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Symbol  Lower Bound  Upper Bound  Optimal value MU

Zwad 500 700 593.9 mm

81 100 980 1050.8 mm

89 100 930 277.7 mim

83 100 980 330.2 mim

L 600 1600 1207.7 mm

l2 600 1600 873.9 mm

Ig 600 1600 825.7 mim

Rp1 200 400 306.2 mm

Ry 2 200 400 326.7 mim

Rp.3 200 400 275.9 mm

i1 =200 0 -183.0 mim

o -200 0 -72.4 mm

s =200 0 -22.9 mim
Op, 10 170 71.3 ©
Op 10 170 379 “
Ops 10 170 100.6 ©

Table 2.2: Limits and results of the Hexaglide optimization

Minimum distance between the links, minimum distance between links and platform, transmission ra-
tio and maximum and minimum strokes of the actuated joint coordinates are obtained through optimi-
zation process. The results are mapped all over the workspace to guide in the choice of the best archi-
tecture, the one with better performances in all the workspace points. The following conclusions hold:

1. Hexaslide:

a. Schematics: both the height and the surface encumbrance of the manipulator are quite
limited. When the robot is in the home position the links are arranged in such a way that
a good compromise is achieved between the capabilities of producing velocity in every
direction and bearing external forces without too much actuators effort.

b. Link-to-link and link-to-platform minimum distances: The link-to-platform minimum
distance recorded is greater than 270mm all over the workspace, thus avoiding any risk
of collision between the legs.

c. Force transmission ratio: the worst case shown by the computation is near the limit
value of 5 but only in few small lower regions of the workspace.

d. Actuated joints maximum and minimum stroke: since the joints coordinate distance
with respect to the global reference frame is always positive, it’s sufficient to check the
maximum value to evaluate the encumbrance of the robot. This joint coordinate excur-
sion is about 1m.

2. Hexaglide:

a. Schematics: The surface encumbrance of the second robot is much higher with respect
to the Hexaslide. In addition, the centre of the desired workspace in the optimized con-
figuration is positioned at a higher quote compared with the Hexaslide result.

b. Link-to-link and link-to-platform minimum distances: no risk of self-collision between
the elements is detected.

c. Force transmission ratio: the transmission ratio remains limited above 2.5

d. Maximum and minimum stroke: encumbrance results higher with respect to the Hexa-
glide configuration.

* ™

* *

* *

* *
* )k
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It can be concluded that Hexaslide architecture is more compact with respect to Hexaglide but reaches
higher values of the forces transmission ratio. The Hexaslide architecture has been chosen due to its
lower vertical encumbrance, more compact surface dimensions, better workspace isotropy and lower
position of the workspace centre. All these features make it possible to install the machine underneath
the wind tunnel floor level, reducing the robot’s influence on the air flow quality and keeping the tur-
bine farther from the wind tunnel ceiling. Moreover, Hexaslide offers two more advantages: all the el-
ements that constitute the links are the same for the 6 kinematic chains and the radial symmetry sim-
plifies the design process. From now on the machine will be referred as Hexafloat, while the term
Hexaslide will refer to the specific architecture of the robot.

2.3 Kinematics
Inverse and forward kinematics has been studied to completely define the non-linear geometric equa-
tions that link workspace degrees of freedom to actuated joint space.

2.3.1  Inverse kinematics

In order to study Inverse Kinematics, two different reference frames have been considered, the global
one and the local one with origin in the TCP and in-built with the robot platform. With reference to
Figure 2.3, two different vector closures for each kinematic chain can be set up to compute the joint
coordinates vector q.

Figure 2.4: Vector closures used to solve the IK problem: in blue the 1%t closure while in red the 2™ one.

The first vector closure allows determination of the absolute position vector d; of the platform joint B;
with respect to a point which is the intersection of q; direction with its orthogonal plane passing
through the global origin. Each s; has fixed length with different orientation in the absolute X,-Yo
plane.

d; =p+ Rrcpb; —s;
Where Ry¢p is the rotation matrix defining the platform’s orientation. This matrix is used to transform
the expression of b, constant in a rotating local reference frame, in its equivalent with respect to a
zero-orientation local frame translating with the platform. Position vector p and the offset si complete
the transformation from the zero-orientation local frame to the global one.
The second vector closure allows determination of the position of the i-th slider on the guide.

l;=d; —qi;

* ™

*
*

* )k

LIFES50+ Deliverable, project 640741 13/39



\ LIFES50+ D3.5 HexaFloat robot

y

The magnitude of I; vector corresponds to the length of the robot leg while @ is representing the guide
direction unitary vector.
This procedure is identical, except for the orientation of b, #i; and s;, for all the six links of the robot.

2.3.2 Forward Kinematics

The Hexafloat robot is not equipped with sensors able to directly measure the platform position and
orientation, therefore a good quality FK could work as a virtual sensor for the pose of the robot. A
high frequency estimation of the actual pose of the TCP could be a valuable feedback tool for the other
controller in the HIL (Hardware In the Loop) setup. Small calculation time and overall stability, in
case of numerical algorithms, is nevertheless crucial.

Extensive researches have been made to find out analytical methods to solve the FK of PKMs, espe-
cially for Gough-Steward configuration, but the pose of the robot has not been expressed in an explicit
form so far.

Considering numerical methods, Newton-Raphson (NR) algorithm has its numerical stability highly
dependent on the accuracy of the initial approximation of the solution vector so a monotonic descent
operator can be added obtaining the so called Modified-Global-Newton-Raphson (MGNR) algorithm,
able to estimate the FK solution of 6 DoFs parallel robots for any initial guess in the non-singular
workspace without divergence.

The algorithm requires the definition of a system of six non-linear equations and the evaluation of a
matrix of partial derivatives.

The evaluation of partial derivatives matrix can be simplified by implementing Jacobian-Free-Mono-
tonic-Descendent (JFMD) algorithm. A first-order Taylor expansion can be used to approximate the
partial derivatives matrix in a numerical way.
The JFMD method is implemented through the following steps:

e proper initial guess x, for the solution is chosen and the corresponding f(g) = 0 is calculated;

e the (k + 1)" solution attempt is calculated according to this formula:

Xpr1 = Xk — P[] o)1 f ()

where p;, (0 < pr < 1) is the monotonic descent factor. It starts from 1 and during each itera-
tion is calculated as p, = 27™ where m is the number of rechecking times in the correspond-
ing iteration, necessary to obtain the monotonic trend.

The approximated Jacobian matrix is evaluated from the first-order Taylor expansion of its
partial derivatives and considering a perturbation parameter » of 1e-16. The i-th row and j-th
column of the approximated Jacobian matrix is evaluated as:

il +nje) = fi®)
j
e convergence criterion is defined imposing the error to satisfy the following inequality:

ij

11 (e = pelT a1 f )|z < 11F il
o the algorithm stops if convergence is achieved or the maximum number of iterations is reached:

[If (sl <6 =1e—10 or k > ko =20

* ™

*

* )k
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where § is the required computation tolerance and k,,,,. is the given maximum number of it-

erations.

£
y

The first initial guess is taken near Home Position, where the robot is supposed to be when switched
on. For the following times, the initial guess is chosen as the estimated pose at the previous cycle. The
logic of the JFMD algorithm is clarify in the flow chart in Figure 2.5. Thanks to C language imple-
mentation, this routine can converge to a solution in few iteration, with a mean calculation time of
around 50us. This performance allows the use of FK as a virtual real time sensor with sufficient accu-
racy.

Data initialization

Xop, k=0, pp=1,m=0

Xppr = Xp — pe[J(Xp) 7H(Xy)

pr =1 No m=m+1
< [E(Xpr1)lls < [E(Xe)lo
m =10 P =2""

J Yes
- 'd R}

Yes Solution -
< I Kesr)lly < S ¢ smp)
found \k_____

No
k=k+1

No Yes Solution NOT /"'___"‘\
k = kmax __:::5:‘—" STOP
w-' found ~_ S

.

Figure 2.5: Flow chart of the JFMD algorithm

2.3.3  Velocity analysis and kinetostatic

To determine the relation between the velocity of the TCP and the ones of the joint coordinates, it is
necessary to calculate the Jacobian matrix. If all the six links are considered together, a compact ma-
trixial form coupling the joint velocity vector ¢ and the workspace velocity vector w can be defined.

aTa, - 0 AT o (b x )T
- R = w=0

0 - Alg, AT o (be X Aig)T

Ual 4 - []QS]_lw =0

and with some algebraic passages:
q=[]"'w
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The solution of the kinetostatic analysis provides the actuation forces t, required to balance the exter-
nal forces f,. applied to the TCP. Thanks to the virtual work principle and knowing that the virtual
variation of the workspace coordinates is related to the virtual variation of the joint coordinates
through the Jacobian matrix [J] the actuation forces can be computed as:

ta =~ fec

The representation of the way in which forces applied to the robot platform are transmitted to the actu-
ators is done considering the unitary hypersphere of forces in the workspace. This unitary hypersphere
is transformed into a hyper-ellipsoid in the space of actuation forces. This representation is not realis-
tic, and it assumes that if one of the forces applied to the TCP reaches the maximum value of 1, the
other components must be null. A better representation is provided considering a hyper-cube of unitary
semi-side that is transformed into a hyper-polyhedron through the Jacobian matrix.

fo=[J] T7,

Workspace s ?Cﬁm‘rlﬁn
cor |r Hgd orces Ta
forces f¢ = :

Figure 2.6: Transformation of the workspace forces unitary hyper-cube into the actuation forces hyper-polyhedron

It should be noticed that the inverse Jacobian matrix can be split into a translational and a rotational
part. The rotational components of the inverse Jacobian matrix are dimensional since they correspond
to a length. To let all the elements of the inverse Jacobian matrix be dimensionless, it is useful to di-
vide the rotational components by a scale factor defined as characteristic length L. In this way a nor-
malized inverse Jacobian matrix is obtained, and it’s used to obtain the maximum actuation force.

3 Actuation chain sizing

3.1 Multibody model

A multibody model of the robot has been developed in ADAMS to compute those dynamic and Kine-
matic quantities that allow to properly size mechanical components as well as the actuating system
[12]. The inertial properties of all elements are not known, for this reason, an iterative process is re-
quired, where a first estimation of the inertial properties of all components is used to derive a first
multibody model. The results obtained from the simulations performed on this model are then used to
design the mechanical components of the robot and once all elements are defined, the multibody
model is updated with the new masses and inertial properties and the simulations are performed again
in order to check that the newly computed quantities remain close to those obtained in the first set of
simulations.

3.1.1 Reference frames and parametrization

The first step in creating the model is the definition of a set reference frames located in position that
allows to easily define inertial properties, joints, applied forces, measurements points. The reference
frames created are listed below:

TCP reference frame

Six reference frames denoted with B; in correspondence of the centre of the end-effector joints
Six reference frames denoted with A; in correspondence of the centre of the base universal joints
Six reference frames denoted P; located at the origin of the guides axes

* ™

*
*

* )k

LIFES50+ Deliverable, project 640741 16/39



LIFES50+ D3.5 HexaFloat robot

\ U

Figure 3.1: reference frames configuration

3.1.2 Modelling of bodies and constraints
Three main components for each kinematic chain can be identified:

o Platform: it considers the platform itself, the six spherical joints attached to it, the six axes load
cell used to compute the forces and moments exerted by the turbine scale model on the robot.
Due to the symmetry the centre of mass is expected to be located on the z axis of the TCP
reference frame and principal axes of inertia are expected to be parallel to the axes of the TCP.

e Links: they can be represented as cylinders whose centre of mass is in the middle of the link and
whose principal axes of inertia are aligned with those of the Ai reference frame.

o Sliders: they take into account universal joints, joints support and carriage of the transmission
unit. Since these bodies will be subjected to a purely translational motion during simulations, it
is sufficient to recover just their total mass.

The schematization with the equivalent mass and inertial properties of the assembly is possible be-
cause the model described in this section is supposed to be rigid.

Spherical, Universal and Prismatic joints are formalized by using two reference frames for each joint,
each of them rigidly linked to one of the body connected by the joint: the mechanical and geometrical
features of each joint are respected by limiting the relative motion between these two reference frames,
both locking one or more relative degrees of freedom and giving limited range of displacement/rota-
tion for those allowed.

3.2 Sizing tools

A proper sizing of mechanical components and actuating system requires the knowledge of the most
power demanding motion the machine is required to execute, considering both the motion law features
and the influence of robot dynamics and carried inertias. The trajectory the robot is required to follow
is not known in advance and so it could be necessary to analyse any combination of a set of parameters
that fully characterize the motion of the end-effector. The deterministic procedure designed is the fol-
lowing:

1. Partition of the workspace in a finite number of portions

2. For each point determine the admissible range of motion parameters for each degree of freedom:
these ranges must be discretized in order to obtain a finite number of combinations.

3. Generation of the time histories of the 6 DoFs of the end-effector.

1. Solution of the IK problem to find the corresponding joint coordinates time histories.

2. Solution of the inverse dynamics problem for all possible cases.

* ™

*
*
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3.2.1 End-effector motion characterization
The time history of the sea level e can be expressed as:

e(t) = p(t)cos(wt + ¢(1))

Where p is the amplitude, w the pulsation, and ¢ the phase shift. Both amplitude and phase shift
change very slowly in time, so it is reasonable to assume they are constant for the whole duration of
the simulation and the time history of each DoF is described as:

Jj@®) =Ap; + Aj cos(anjt + <pj) with j=x,y,z,a,0,y

Where A jis an offset parameter considering the initial pose of the robot.

These equations describe only the regular wave condition, even though the experimental test will be
conducted both with regular and irregular waves generation. The worst operating condition may be
represented by the case in which all frequencies f; and amplitudes A; assume their maximum value.
However, besides not being physically meaningful and representative of reality, the intrinsically non-
linear kinematics of the robot may invalidate this assumption. As a matter of fact, it is not guaranteed
that this is the most demanding case in terms of internal loads, motor torques, velocities and accelera-
tions. Furthermore, a simple co-sinusoidal motion of the end-effector is translated into a periodic mo-
tion of the joint coordinates where higher order harmonics with respect to the fj appear. It is difficult to
predict if the energy associated with the higher order harmonics of a specific fj is bigger than the en-
ergy of the harmonics corresponding to a lower f;.

The four characteristic parameters are so defined in the following ranges:

e Initial pose A, ;: may vary in the range Ly 54 ;

e Frequency f;: in the range between fr,;, and fqx

e Phase shift ¢;: in the range of [0, 2 rr]

e Amplitude A;: its maximum range is [— Ly, sq j, Lw sq,;] and the relation [Aq ; + A;| < Ly sq,j
has to be verified to guarantee that the end-effector remains within the boundaries of the desired

workspace. The effective range of A; is obtained by combining the maximum range with the
expressed relation, eventually modifying it if Ag;is different than zero.

3.2.2 Monte-Carlo Method
Due to the described difficulties during the identification of the most demanding combination of mo-
tions, a statistical approach had been designed, based on the Monte-Carlo Method.

This novel approach is implemented as follows:

1. Choice of a sufficiently high number M of simulations, each of which has a specified time his-
tory for every DoF.

2. Definition of the Probability Density Functions of the input parameters that define every motion
law: it is assumed that at the initial instant the TCP may be located with the same probability in
any point of the workspace. The PDF chosen for the parameters describing the motion are:

a. Initial pose: Uniform distribution
b. Frequency: Uniform distribution
c. Phase shift: Uniform distribution
d. Amplitude: Rayleigh distribution

3. Repeated sampling of the chosen PDFs: each parameter is assigned a random value for each

simulation. The result is a set of M vectors fully defining a 6-DoF motion law to be assigned to
the TCP.

* ™
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4. Solution of the IK problem to find the joint coordinates time histories q(t) to be used as inputs
for the simulations involving the multibody model.
5. Solution of the inverse dynamics problem for each of the M simulations

6. Post-processing: evaluation of a distribution among the M simulations of the parameters of in-
terest.

3.2.3 Post-processing
The sizing of the mechanical components requires that the following quantities are computed:

Slider velocities

Slider accelerations

Forces exerted by the motors on the sliders
Axial forces along the guide

Load factor

A set of condensed values is required to easily compare these quantities with the corresponding limit
values specified by the manufacturers. These condensed values are computed with the following pro-
cedure:

1. Extraction of maximum values recorded for each simulation

2. Among the M maximum values obtained, the highest value is computed.

3. The range between 0 and the highest value computed is divided in a prescribed number of in-
tervals.

4. For each interval, the number of occurrences of the M values that fall within the limits of the
interval itself is computed.

A set of discrete PDFs is obtained, and it represents the probability that the maximum value recorded
during a simulation is comprised within a certain interval.

Parameter Value
Gmaz Maximum slider velocity 1,67m/s
Gmaz Maximum slider acceleration 28,52 m/s”

Fovae tink maz  Maximum link traction force 1127,43N

Feomp link mae Maximum link compression force 1385,78 N

Frnmazx Maximum guide axial load 1188,20N
o] Load factor 32881,39W /s

Table 3.1: Maximum values of the parameters

3.3 Actuating system sizing procedure
A proper selection of the actuating system requires sizing both the electric motor and the transmission

unit. To achieve a correct choice of motor and transmission, it is necessary to verify the following re-
lations [13]:
e Limit on maximum torque:
maxlCm(t)l < Cm,max and maxlCm(t)l < Ct,max
e Limits on nominal torque:

Cr*n,rms < Cm,nom
e Limit on maximum speed:

max|w,(t)| < Twm,max and max|w; ()| < wmax

* ™
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Being C,,,the motor torque, Cy; mqx the maximum torque the motor can generate, C; 4, the maximum
torque the transmission unit is able to bear. As well w, represents the resistant speed computed on the
load side, w,, may IS the maximum speed the motor can reach without damaging its mechanical com-
ponents, we mqy IS the maximum speed the slider can achieve without damaging mechanical compo-
nents.

From the power balance and the thermal check inequality it is possible to determine the transmission

ratio.
2
¢4 > :8 + [C;rms <Tr_ld> - d)T ™rms <£>:|
' \/]_m ’ Trid

where the acceleration factor a and the load factor g are defined as:

2
_ Cm,nom

a=
Jm
p = Z[d)r,rmscﬁ,rms + (d)rcﬁ)mean]

The RMS values of torque and acceleration are defined as:

1 [t 1 [t
Clrms = Jt— [ G@rde and g = Jt— [ o orea
cJ0 cJ0

The acceleration factor « is a property of the motor alone, so it is possible to compute it directly from
datasheets. The load factor g instead, depends only on the specific results obtained from the multibody
simulations.

As a first test, the optimal transmission ratio value t opt is identified. This value could find no match-
ing from the motor transmissions available on the market, so it is necessary to find two solutions that
specify a range of acceptable values for the transmission ratios.

As this range is defined, it is necessary to compute the limit transmission value of the working cycle
and check its value to be sure the motor is able to perform the working cycle.

max |wy ()]
Ty = ——————
m Wm,max

max(flim: Tmin) <7< Tmax

The results obtained from the simulations refer to the forces and linear accelerations to be applied to
the sliders to achieve the desired end-effector motion. Equivalent torque and angular acceleration re-
quired to the motor are evaluated as follows:

_ Gi()

Tty

Wy Crobot,i(t) = TTUFrobot,Xi(t)

Given the high velocity requirements, the use of a reducer would be counterproductive. A direct cou-
pling between the motors and the guides has been realized and so a unitary value of 7,..4 IS imposed.
Heat dissipation check was executed on different OMRON motors and further checks were performed
on maximum torque required.

Due to the requirements of high dynamic performances, stiffness and precision of the whole machine,
a recirculating ball screw was chosen as linear actuation system. The double carts configuration, char-
acterized by a couple of runners per guide, was selected to guarantee a more uniform load distribution.
Main checks consider are: the installed ball-screw lead, the total length of the system, the maximum

* ™
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allowed velocities and the forces that the guide could bear. The following table reports the checked
parameters to establish if the guide was acceptable or not.

Occurrences

Occurrences

Occurrences

Occurrences

140
120
100
80
60
40

201

Parameter Value Limit value UoM
Length of the guide 1100 > 650 mm
Max Velocity .67 < 2,66 m/s
Max Acceleration 285 <« 50 m/s?
F, 1385 < 12250 N
F, 1385 < 69600 N

F, 1385 < 69600 N
M, 174 < 3028 Nm
M, 174 < 2290 Nm
M, 174 < 2290 Nm

Table 3.2: Summary of checks done on guides

Results with uniform PDF of amplitudes
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Figure 3.2: Maximum torque distribution along all the simulations
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Figure 3.3: Maximum angular velocity distribution along all the simulations
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"4 Mechanical design and sizing

The design process followed is iterative: preliminary models that satisfy the required parameters previ-
ously computed were firstly created, then each part was refined and improved to enhance its character-
istics and to reduce the mass and the realization costs.

The multibody model is used with the purpose of performing dynamic analyses that are then post pro-
cessed in order to be used in the sizing of the mechanical components and of the actuating system.

4.1 Static analysis

From dynamic analysis performed the most critical load acting on links is evaluated. For the sake of
safeness, an overestimated value of 2500N is adopted as design value in the static model, both in trac-
tion and compression. This choice has been done considering the results obtained from dynamic simu-
lations, from which the most critical load acting on link was 1385N. The software adopted for this
kind of model is Autodesk Inventor Professional 2015 because it allows good coherence in the results
compared with software developed for this type of analysis and a quick update of the model when geo-
metrical modifications occur. In the optimization process, several models have been developed involv-
ing different assemblies or individual parts. Considering the final configuration selected, fig. 4.11, the
following considerations hold:

e Part on ground: The symmetry of the assembly allows modelling only one third of it. Only the
aluminium profile of the linear actuator is modelled because it is the component supporting the
vertical loads. On each guide, a vertical load of 2500N (worse case) is applied and positioned
at combinations of 0%, 25%, 50%, 75%, 100% of the total actual stroke of the sliders. Local
stresses and displacements never exceed critical values as shown in fig. 4.1.

e Joint: bearings have been substituted with infinitely rigid components to preserve all the com-
ponents coupling. Different configurations of angle are tested both in compression and traction
with an applied load of 2500N. As reported in fig. 4.2 and 4.3, only the rod presents visible
deformations and stresses. To better investigate the behaviour of internal components, other
analyses have been carried out and no problems have been highlighted by the results:

o Inner Block: a load of 2500N is split in two equal loads each one acting on a bearing
set. Maximum stress registered is 85MPa which is much below the admissible stress of
250MPa, fig. 4.4.

o Support shaft: a load of 1250N is applied for simulating the presence of two Support
blocks per Joint. The test is made by loading one end of the shaft and maintaining the
other one fixed. Results are shown in fig. 4.5.

o Inner shaft: a load of 2500N is applied in the mid-span and both ends are pinned to
simulate the presence of the two bearings. Results are reported in fig. 4.6.

e Link: an axial load of 2500N is applied and only traction and compression have been tested.
Bearings are substituted with rigid parts. Relevant stresses are registered on the upper and lower
rod, but their values are much below the critical one, as show in fig. 4.7, 4.8, 4.9.

e Platform: two horizontal forces are applied at different heights over the TCP. The first of 100N
located at 1,0m and the second of 50N at 1,5m correspond respectively to inertial load and
aerodynamic thrust calculated by the wind tunnel working team. To obtain a safer design, these
loads are doubled, and two additional loads were applied at the same heights of the previous
ones but in an orthogonal direction. These loads have a magnitude which is one half of the
previous ones. As in fig. 4.10, loads of this magnitude are borne very well by the structure both
in terms of stresses and displacements.

o Lifting system: a configuration that would allow a total lift of 150mm in a time of about 15
seconds with a cycloidal motion law is achieved. The usage of the lifting system allows having
both robot links and motors unloaded during the whole stroke. This avoids the components to
overcome the critical load zones and start working only when loads are plenty below their limits.
Furthermore, the robot must overcome a singularity when moving from Home Position to the

* ™
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configuration in which it is placed under the wind tunnel floor and vice versa. The lifting system
helps to overcome this singularity configuration both in the rise and return phase. The analysis
reveals maximum load occurrence at the initial phase of the rise and FEM analysis assures that
stresses stay below the critical values.

0 4 8 12 16 20 0 0,03 0,06 0,09 0,12 0,15

MPa mm

(a) Von Mises stresses (b) Displacements

Figure 4.1: Parts on ground static analysis
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s
P 18 24

0 6 12 30 0 0,003 0006 0,009 0012 0,015

MPa mm

(a) Von Mises stresses (b) Displacements

Figure 4.2: Joint static analysis
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Figure 4.3: Joint static analysis, inclined configuration
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Figure 4.4: Inner block static analysis
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Figure 4.5: Support shaft static analysis
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(a) Von Mises stresses with full scale of 30 M Pa (b) Von Mises stresses with full scale of 100 M Pa
Figure 4.6: Inner shaft static analysis
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Figure 4.7: Link static analysis
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Figure 4.8: Lower rod compression analysis
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Figure 4.9: Lower rod traction analysis

LIFES50+ Deliverable, project 640741 25/39



\ LIFES50+ D3.5 HexaFloat robot

0 6 12 18 24 30 0 0,03 0,06 0,09 0,12 0,15
MPa mm

(a) Von Mises stresses (b) Displacements

Figure 4.10: Platform static analysis

4.2 Components overview
The whole machine, show in fig. 4.11, can be divided in two main parts: the actual Hexafloat robot
and the auxiliary systems. In the Hexafloat robot is possible to recognise four main assemblies:
e Parts on ground, it is the fixed supporting structure and it holds the power and actuation units;
o Joints, they release and bear the moving parts providing DoFs;
e Links, they sustain the upper parts of the machine distancing them from the ground and provid-
ing the remaining DoFs;
e Platform, it is the upper part of the machine.

While the auxiliary systems include:
e Lifting system, it is a tool that allows to switch the machine between work and rest configura-
tions;
e Energy chain, it houses cables that must be delivered to the moving platform;
External Sensors used as hardware end-stroke and as zero reference for the actuators.

Figure 4.11: Hexafloat exploded

LIFES50+ Deliverable, project 640741 26/39



\ LIFES50+ D3.5 HexaFloat robot

4.3 Parts on ground

This assembly is the framework and is the main contributor to the mass of the machine, it has the task
to supply stability to the moving parts and provide the motion through the linear guides. For this rea-
son, this assembly must be rigid to sustain static and dynamic loads.

Y m——

ot “K” pracing structure

Figure 4.12: Parts on ground, partially exploded view

The central plate, made of aluminium, is mainly used to guarantee the correct orientation and position
of the linear guides through calibrated recesses and to provide stiffness to the structure.

The linear actuators are grouped two by two and each couple has a relative angle of 120 degrees. This
leads to a radial symmetry of the machine. Each couple of linear actuators is fixed to the Central plate.
To provide further stiffness to the system, to avoid undesired tilting and relative displacement between
the two couple of guides, three “K” bracing structures connect the Central plate with the internal “C”
shaped supports.

Aluminium joints holder is used to couple the joints with the linear actuators. From the optimization
process and solving enclosure equation when the robot is in Home Position, the direction of each link
of the machine is identified and the joints holder shape and inclination is defined. The whole frame-
work will be placed in the wind tunnel using 22 levelling elements to distribute the weight in a more
uniform way and to have the guides in the same plane, without misalignment.

4.4 Joints

Joint configuration is made by an actuated prismatic joint followed by a double revolute one (univer-
sal) and a spherical one mounted on the platform.

Disposing a universal joint and a revolute one so that the rotation axis of the latter passes through the
intersection of the universal joint rotation axes, it is possible to obtain the same DoFs as with a spheri-
cal joint. Therefore, the same universal joint, used in the lower part of the kinematic chain, are
mounted on the platform, and the revolute ones are incorporated in the links.

Since almost all the universal joints found on the market are mainly designed to transmit torques and
have not the needed precision, it was decided to design them with customized characteristics. The
main feature of such joint is the possibility to have a cone shaped motion range with a semi-angle ap-
erture of 45 degrees around the normal direction, while being designed and assembled to have zero
backlash.
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Figure 4.13: Joint exploded view

Each joint is composed by a couple of half shells connected to an inner block through two roller bear-
ings and two support shafts, these components are tightened together by two screws and aligned by
two calibrated dowel pins. In this way, the Inner block has a relative movement with respect to the
shell. The further DoF is provided by other two roller bearings that sustain the inner shaft pinned to the
link. All these inner components are packed through the distance ring and the closing ring. Half shells
and the inner block are made of aluminium, while other components are made of steel.

The joint is fixed to the joints holder through four screws and aligned with two calibrated dowel pins.

Figure 4.14: Joint assembly

45 Links

The Links have the task to sustain the mass of: platform, RUAG load cell, scaled wind turbine and
sensors. Furthermore, the Links must provide the DoF lost when the spherical joint was substituted
with the universal one.

[S—— .
EsS—, . . — .
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g

Figure 4.15: Link exploded view

The link is composed of the following:

e Lower rod, made of steel, at one side it is directly connected to the Inner shaft of the Joint
assembled on the Parts on ground, the other side is used to close in pack the bearings block
between a shoulder and nuts;

e Bearing case, made of steel, it houses the bearings that provide the rotational DoF along the
Link axis, and is connected to the Leg pipe through six recessed screws;

e Leg pipe, made of aluminium, it is a hollow cylinder with the final result of weight reduction;
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o Distance washer, made of steel, it allows the regulation of the total Link length through a
threaded connection with the Upper rod. It is even connected to the Leg pipe through six re-
cessed screws;

e Upper rod, made of steel, it is the final component connected to the Inner shaft of the Joint
assembled on the Platform;

4.6 Platform

The Platform must satisfy two main design parameters that result from the optimization process: the
platform joint centres radius R, and the half angle between two contiguous platform joints 6,,. The
Platform is composed of:
o Bottom plate, made of aluminium, it has the task to sustain and distribute the load and it is the
frame of the Platform;
e Three Angular joints holder, made of aluminium, they have the task to guarantee the correct
orientation angle of the Joints when the machine is in Home Position;
o Top plate, made of carbon fibres, it has the task to give further rigidity to the structure;
RUAG 6-axis load cell, it has the task to measure loads exchanged between the machine and the
wind turbine.

Figure 4.16: Platform exploded view

4.7 Auxiliary system: lifting system

Two auxiliary systems have been designed, a Lifting system and an Energy chain.

The Hexafloat machine is designed to be placed under the floor of the wind tunnel when it is not oper-
ative. In this configuration, the machine has to overcome a singularity to reach Home Position and the
Lifting system helps the Hexafloat robot to pass this critical point in the rise and return phases.

The necessity to have a reduced vertical encumbrance of the Lifting system is given by the small avail-
able space under the floating floor. The system can be schematically modelled as in Figure 4.17 as an
isosceles three-hinged arc, in which the hinge A is placed on ground, B on the Moving carriage and C
at the middle part of the Three points beam, thus allowing a vertical movement of the Three points
beam top end (point D). Furthermore, a four-links mechanism is coupled to this system to keep the
Coupling platform mounted on the top of the lifting mechanism parallel to the ground along the whole
stroke.
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Figure 4.17: Lifting system scheme

The Moving carriage is driven by the motor through a trapezoidal screw, which converts motion from
angular to linear.

Figure 4.18: Lifting system assembly

4.8 Auxiliary system: energy chain

Measuring and actuation devices will be mounted on the platform and on-board the wind turbine, these
instruments need to be supplied by electric energy and they must be connected to a controller to guar-
antee a real time data exchange.

Therefore, a cable housing system is needed to protect cables, maintaining a good flexibility while fol-
lowing the platform movements, without interfering with them.

Figure 4.19: Energy chain assembly
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The system is made by the following elements:

four “L” plates support, made of steel;

two Lateral connecting plates made of aluminium;

two mounting brackets with strain relief mounted respectively on the Platform and on Parts on
ground;

an intermediate mounting bracket;

a mounting sliding bracket;

the flexible chain;

4.9 Scaled robot

A scaled version of the robot was initially produced by means of 3-D printing. This low-cost version
preserves all the characteristics of the real scale robot but with some differences in the components:

Base: it is constituted by a centring base with three sockets where three equal positioning plates
are located for the guides fixing. The assembly is done by means of four M8 screws for each
positioning plate and two shoulders for the correct positioning of the parts themselves. The po-
sitioning plates present sixteen threaded M5 holes used to fix the two guides plus a central
shoulder for the correct installation of the parts. Four supports guarantee the correct levelling of
the structure.

Joints: the structure of the universal joints of the real scale robot has been preserved.

Links: Due to the dimensions of the links they are divided into two parts. The lower part contains
a mechanism to allow the relative rotation of the two ends which is like the one of the real scale
links. However, in this version a plug to keep the external parts of the bearings is needed. The
upper part of the link is a simple cylindrical element.

Platform: it is realized in a single component and six holes are drawn to install a smaller load
cell. Specific planes are realized on the lateral surface of the platform so that the joints can be
housed with the proper orientation specified by the optimization process.

Figure 4.20: Hexaslide scaled version
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4.10 Purchased components
Following, the final choices regarding motors, linear actuators and the energy chain are listed.

4.10.1 Motors

The selected model is the OMRON R88M-K2K030F-BS2 whose main characteristics are collected
in Tab 4.1. The Lifting system motor, that must bear the torque increment given by the low efficiency
of the trapezoidal screw adopted, is the OMRON R88M-K20030T-BS2, whose main characteristics
are reported in Tab 4.2. Both motor models mount an auxiliary brake for safety reasons and an encoder
to allow having the control of position and velocity. For the 2KW motor of the robot the encoder is a
guadrature incremental encoder with a maximum resolution of 4194304cnt/rev.

The encoder signal is processed in order to obtain a lower resolution of 131072cnt/rev. The resulting
linear resolution of 3276800cnt/m is obtained considering a lead of 0,04m/rev for the ball-screw linear
axis. For the lifting system motor, the maximum encoder resolution is 131072cnt/rev. The modified
used resolution is of 13107,2 cnt/rev, thus obtaining the same linear resolution of the robot's axis
thanks to a smaller lead of 0.004m/rev.

Characteristic Value MU
Tension 400 V

Nominal Power 2000 W

Nominal Torque 6.37 Nm
Maximum Torque 19.1 Nm
Nominal velocity 3000 rpm
Maximum velocity 5000 rpm

Table 4.21: OMRON R88M-K2K030F-BS2 main characteristics

Characteristic Value MU
Tension 230 Vv

Nominal Power 200 W

Nominal Torque 0.64 Nm
Maximum Torque 1.91 Nm
Nominal velocity 3000 rpm
Maximum velocity 6000 rpm

Table 4.2: OMRON R88M-K20030T-BS2 main characteristics

4.10.2 Linear actuator
The linear actuator chosen is the model TH145 SP4, produced by ROLLON and whose characteris-
tics are reported in Tab 4.3. The following customizations are required:
o Screw lead of 40mm per revolute, needed for the required performances
e Two calibrated centring holes on its lower side to correctly assembly the central plate
e Two calibrated centring holes on the external carriage allow the correct positioning of the Joint
holder.
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Characteristic Value MU
Total length 1100 mm
Width 145 mim
Thickness 85 m

Screw diameter 20 NI
Number of charts 2 —

Total system mass ~ 30 kg

Table 4.3: ROLLON TH145 SP4 main characteristics

4.10.3 Other components
The selected energy chain is Igus Riflex TRE.40 whose main characteristics are reported in Tab 4.4.

Characteristic Value MU
Total length 1600 mim
Number of chain links 116 -

External diameter 43 I
Curvature radius 58 I
Maximum single cable diameter 13 mimn
Maximum relative rotation +10 °

Table 4.4: Igus Triflex TRE.40 main characteristics

Tapered roller bearings chosen both for the links and joints are the INA FAG 30202-A. They support
both axial and radial loads avoiding the usage of more than one bearing. KTR-TOOLFLEX20M mo-
tor coupling is chosen.

Due to the reduced space available for the Lifting system, a more compact model of bearing INA
FAG 3000-B-2RS-TVH is chosen. It is a double row angular contact ball bearing, that can support
both axial and radial loads.

KTR Rotex 19/92Sh-A/2.1-®11/2.0-®8 motor coupling is chosen for the Lifting system and it pro-
vides required performances and encumbrance constraints.

4.11 Model analysis

In this section the approach followed to assess the correctness of the overall design, in terms of the
overall dynamic behaviour, is reported. More specifically, the goal is to verify that the first natural fre-
quency of the coupled structure, turbine mounted on the Hexaslide platform, coincides with the turbine
first natural frequency, in order to be sure, the robot is not changing the turbine eigenfrequency and
thus considering the presence of the robot negligible.

Nevertheless, the modal behaviour of a robot strongly depends on the specific pose of the end effector,
since the mass and stiffness distribution vary consequently. It is beyond the scope of the present docu-
ment to go into the details of this aspect, however normal modes and their associated frequencies are
computed to merely verify that the frequency corresponding to the first normal mode was well above
the required frequency range, regardless of the associated modal shape, for a set of chosen robot’s
poses.

The workspace has been discretized, and the trend of the frequency corresponding to the first normal
mode all over the workspace has been mapped on specific planes that intersect the robot workspace.
The procedure is listed below:

* ™

* *

* *

* *
* )k
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Identification of planes that intersect the workspace
Identification of a grid of equally spaced point on each plane
3. Discretization of pitch, roll and yaw angles describing the end-effector orientation:
e Three roll angles: -5°, 0°, +5°
e Five pitch angles: -8°, -4°, 0°, +4°, +8°
e Three yaw angles: -3°, 0°, +3°
4. Modification of the pose of the robot in order to have the end-effector placed in correspondence
of each point of the grid and exploring all the possible orientation.
5. In correspondence of each pose, linearization of the flexible virtual model and computation of
the frequency associated to the first normal mode.
6. For each point of the grid, recording of the lowest value of frequency among the ones obtained
by changing the orientation angles.

rn =

The result is a set of maps, one for each intersecting plane, which show the trend of the lowest fre-
guencies regardless of the orientation of the robot.

4.11.1 Modal Analysis Results

A simplified structure is assembled in Inventor in order to reducing the computational cost but pre-
serving the DoFs of the robot. Lower simplified joints are constrained to the ground applying spherical
pins and the simulation provides the first three eigenmode frequencies. Links can be considered as the
main cause for a possible worsening of the behaviour of the coupled system. The main deformations
are concentrated on links and an advanced multibody model has been developed in ADAMS environ-
ment, whose links are made of two extremity elements and an intermediate one characterised by alu-
minium properties.

The results given by the two numerical environments are reported in Table 4. and Table 4.. For the
sake of completeness, in Figure 4..

Fizgenmode index  Frequency

I 151 Hz
11 154 Hz
I 210H=

Table 4.5: Eigenmodes frequencies in Home Position obtained in Inventor

Eigenmode index Frequency

| 169 H=
11 171 H=
111 222H=

Table 4.6: Eigenmodes frequencies in Home Position obtained in Adams

* ™

*
*

* )k
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p

Figure 4.21 Numerical Modal Analysis

4.11.2 Experimental Verification

By the time of this document, the experimental verification of the dynamic response of the robot is
currently being finalized. For the sake of completeness, the system, equipped with accelerometers, for
the modal analysis campaign is shown in Figure 4.22. From the first rough results it has been con-

firmed that the robot will not interfere, from a dynamic point of view, with the wind turbine scale
model [3].

\r

‘ < | : 3
Figure 4.22: Hexafloat experimental modal analysis setup
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5 Control architecture and electronics

A simplified scheme of the electric panel configuration is reported in Figure 5.1.

The core of the electrical panel is represented by Power PMAC, the controller property of Delta Tau
Data Systems. There are essentially two zones: one with AC voltage, represented with the solid black
and blue lines, that takes power from the 380 VV AC line and brings it to the Power PMAC fed at 230
V and to the power circuits of the servo amplifiers fed at 380 V, and the other one with 24 V DC volt-
age, downstream of the 24 V power supply, that is represented by the solid and dashed green lines.
This circuit provides power to the safety relay, to the limit switches and proximity sensors and to the
Beckhoff modules for Ether-CAT communications. Red lines represent the transmission of data be-
tween different components.

EtherCAT modules: the Beckhoff EtherCAT module EK1100 is connected to two EL1008 modules,
each of them providing 8 digital inputs, and to one EL2008 module that makes available 8 digital out-
puts.

Servo amplifiers: their main function is to properly power the motors according to the signals coming
from the motion controller. They also process and gather the feedback signals of the motors encoders
to bring them to the Power PMAC. Both the signals are transported to and from the servo amplifier
into a single cable that is then split in a proper terminal board to be brought to the correct connectors
of the Power PMAC. Each servo amplifier has the main task of closing the current and phase commu-
tation feedback loop for the motor, starting from the torque reference provided by the Power PMAC
motion controller.

Power PMAC: this is the core of the electrical architecture, it is a general-purpose embedded com-
puter with a built-in motion and machine-control application. It also provides a wide variety of hard-
ware machine interface circuitry that permits connection to common servo and stepper drives, feed-
back sensors, and analogue and digital 1/0O points.

The modular rack is the most flexible configuration since it permits the user to choose which CPU
card, digital or analogue 1/O card, axis interface cards, etc. to use in the system. The Power PMAC can
handle all the tasks required for machine control, constantly switching back and forth between the dif-
ferent tasks thousands of times per second. On this powerful controller, the main control software of
the robot is designed and implemented. The software architecture is structured so that a primary and a
secondary state machine manage the logic state and functioning of the machine, managing exceptions,
control mode specific routines start, stop and runtime checks, motion programs, safety routines and
debug towards the user. The lowest level of the control is constituted by the position and velocity
servo loops, giving the analogic torque output reference for the seven-servo actuator. Each high level
control modality developed has been designed to respect real time performances desired and safety
[14], using advanced tool like position based admittance control, buffering with time-base control, mo-
tion look-ahead for smooth blending, fast C written non-linear FK and demanding algebra, workspace
boundaries check with controlled dynamics on the limits [15], acceleration saturation with workspace
reference tracking check.

The Human-Machine-Interface (HMI) designed allow full control by the user of every significant
functioning parameter, simplifying state change and enhancing safety. The HMI communicates with
Power PMAC by means of Telnet communication protocol and is completely written in C# language.
Full scale machine and the scaled prototype share the exact same control software, except for essential
scale factors and hardware end electronics size and parameters.

* ™

*

* )k
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Figure 5.1: Simplified scheme of electrical layout

6 Conclusions

The present document reported the design methodology of the HexaFloat system, a 6-DoF robot for
wind tunnel hybrid testing of floating offshore wind turbines. This setup consists in a parallel kine-
matic robot, “HexaFloat”, designed and developed by the authors of this report, to tests the dynamics
of floating offshore wind turbine concepts, selected within LIFES50+ project, at Politecnico di Milano
wind tunnel, through a hybrid methodology which combines, in real-time, measurements (i.e. aerody-
namic forces on the wind turbine scale model) and computations (i.e. hydrodynamic forces on plat-
form). This represents the complementary test approach, with respect to the one developed at SINTEF
Ocean basin. The different chapters give the following information: Geometric optimization, Actua-
tion chain sizing Mechanical design and sizing, Control architecture and electronics. By the time of
this document the experimental verification of the design is currently being carried out, with promising
results, confirming the correctness of the structured methodology herein reported.
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