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Abstract. Sweart-platforms are six-degree-of-freedom parallel manipulators, usually hydraulically or electrically
actuated. This work presents the modeling of such a platform, but instead of conventional actuators, here cables - or
tendons - are used to drive it, what means that only traction forces can be imposed on the platform. This characteristic
|eads to the appearance of non-holonomic constraints in the model, what |eads a non-standard procedure to model the
system. Besides, a simple prototype is constructed based on step-motors and only four tendons, what makes the system
under-actuated, which requires a special procedure to the determination of the traction on the tendons.
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1. INTRODUCTION

In recent years, there has been much interest rallgldink kinematical structures (also known aargilel
manipulators — PM) as the basis for six degreeeddom machine tools, which are even available ocerciaily
(Figure 1 — left). Interest in parallel-link kineti@l structures is motivated by their high rigidiand excellent
positioning capability if compared to those of aktink kinematical structures. Moreover, due tagament of
actuators on the base, each actuator does notmseg@port or drive the mass of other actuatorsa Assult, they can
handle heavy loads and are energy-efficient.

Based on the idea of parallel manipulators, tertuised parallel manipulators (TBPM, also Known aside-
based Stewart platform) have been proposed aratittrore and more attention in the last decadesi(Ei2 — right).
Here, a movable platform is connected to the fikade by tendons instead of rigid links as in cotigeal parallel
manipulators. The tendons are rolled up on winetteexched to the base; hence the only moving pathe tendons,
winches and the platform. They are very energiefiit because the mass of the moving parts isregtgelow in
comparison to that of a manipulator with rigid I8nKherefore, they are appropriated for handlingviidoads like
cranes and can achieve high acceleration and telddiey can be designed in extremely large scalavel as in
micro-scale applications. Further merits of thigpetyof manipulators are their low weight, flexihjilitand
maneuverability. They can be applied in diverskl§esuch as shipbuilding, telescopes positionirdyGamera systems
for stadiums where robot arms with heavy rigid $irdce not preferable and accuracy is not of prirmapprtance.

Figure 1. Parallel manipulators: with rigid linktef() and a tendon-based parallel manipulator fJigh
2. THE SYSTEM

The main problem in applications of PM is the liettd workspace if compared to that of manipulatath serial
links. This disadvantage appears in TBPM too, ascbimes more complicated due to the fact that tendan only
pull. Unlike the PM with rigid links, where the wapace is restricted by limits of joints and sirggity, the technically
usable workspace of TBPM is mainly restricted by tondition that tendon forces must be positivegéneral, the
technically usable workspace of TBPM is relativeipall and depends highly on its geometrical coméigon.
Therefore, workspace is an important issue for TBilications. To design a TBPM, it is necessargualuate the
form and size of the workspace. Since the worksp&d@BPM cannot be described in a closed-form, ae anly use
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some conditions (criterion) to determine whethgooature belongs to the controllable workspace (veven and
Hiller, 1998).

2.1. TBPM Classification
Based on the definition oédundancy in kinematics of robotics, TBPM can be classifietbithree types:

a) Incompletely Kinematic Restrained Manipulators (MR In this case, the number of tendanss less
than the number of degree of freedom (DOF) of th&gm n, i.e. m < n. The position of the platform is
not completely specified kinematically by the tendengths (Maier and Woernle, 1999).

b) Completely Kinematic Restrained Manipulators (CKRMgre, the number of tendons satisfiesn, the
position of the platform is kinematically determihiey the tendon lengths. But because a tendonrdgn o
pull but not push an object, additional dynamicditans are required to place the platform. (Albetsal.,
1992). .

¢) Redundantly Actuated Manipulators (RAMP). In th&se, the number of tendonssatisfiesm>= n+1,
the manipulators have actuation redundancy. Thiigoof the platform is completely specified byeth
lengths of tendons without dynamic conditions. Ategn with actuation redundancy can improve the
manipulability due to possibly more advantageousnggries; meanwhile redundancy improves safety
during breaking, what is of primary importance fTBPM applications where human transportation is
involved. The disadvantage of this type is the ibdity of auto collision of tendons (Verhoeven, ().

This paper shows an IKRM, where four tendons conttez platform to the base. To drive all the degiae
freedom of the platform, the weight is treated aseaternal force on the system. Therefore, anvimer of the
mechanism’s work is given, where the kinematicsdymamics of the problem is presented.

@) (b) (©)
Figure 2. Classes of TBPM: a) IKRMh(> n), b) CKRM (M= n), ¢) RAMP (m>n+1)

A TBPM, where the platform is directly driven byttons, represents a parallel kinematical mecharfamnly the
mechanical system is considered, the system camebted as a multi-body system, which consistshode basic
components: rigid bodies, joints and forces (Hillerd Kecskeméthy, 1987, 1994). In comparison widhaltel
kinematical manipulators with rigid links the unéqcharacteristics of TBPM are the flexible tendearsying forces in
only one direction.

In order to solve the kinematical problem, we tfEAPM as a conventional parallel manipulator witid 1inks.
In other words, we treat the tendons as prismaiiitg. With this model the motion of the platforsndetermined by the
motion prescribed by the drivers. We note thatritass of tendons is neglected in this paper, sinisemuch smaller
than that of the platform.

3. KINEMATICS

For a TBPM, the kinematical problem refers to thetedmination of relations between platform postang
actuator variables (tendon lengths or revolute engf motors). In fact, the solutions of the kingo@d problem can
only give relations between platform posture ang lngths of vectors, which connect base points caimhection
points of respective tendons (Fang, 2004). If tesdare tensional, the lengths of vectors are figstangths of tendons.
In this section we assume that the tendons areyaltesmsional so that we can treat tendons as wWeeanstraint and
the whole system is regarded as a general mulg-Bgdtem for solving the kinematics problem. Thetpee of the
platform or actuator variables can be selecteddepiendent input variables of the system.

Since the tendons are assumed to be massless g teery small weight, the tendon profile defestby gravity
is ignored in the following discussion. In large AM, where long and heavy tendons are used, therepcbfile
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deflected by gravity must be considered. In thiofahg sections, the inverse kinematics is disadissi¢h the tendon

lengths chosen as actuator variables.
Plataforma
" D Tunts wpivarsal
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Figure 3. Kinematics of a TBPM.

3.1 Inverse Kinematics

The inverse kinematics of TBPM consists of the wheteation of the tendon lengths or actuator motion
corresponding to a given platform position and rdadon. This allows the tendon lengths or motoglarto be
expressed as a function of the platform positiod arientation. The solution to the inverse kinegsproblem is of
fundamental importance in transforming motion sfations, assigned to the platform in the operatispace, into
corresponding actuator space motion that allowswgi@ of the desired motion (motion control imjpspace).

Referring to Figure 3, an inertial frar®B is fixed on the base and another moving coordisggtemCp is fixed at
center of gravity of the platform. The locationtleé origin of body- fixed frame is described by

T, = [rx,ry, rZ]T Q)

The orientation is defined by the CARDAN (BRYANT)gles, §, = [¢, v, #]" which is obtained by rotating the
frame sequences about the Z-axis by anglabout theY -axis by angled, and about the&X -axis by angleg.
Sequentially, the position and orientation (postofehe platform is specified by Cartesian cooatiés:

x = [rpT,HpT]T 2)

Thus, m tendon lengths are defined as dependeidblesg = [¢4, g5, ..., 4,17, Which are described by vectors
vetoresl; = [l;,,1;,,1;,]1",i=1,..,m. The vectorb; is the vector of base pointith tendon in the inertial systed, the

vectorp; denotes the vector of the connection pointlofendon at the platform with respect to body- fixedrdinate
systemCp. By means of vector analysis we can easily obtagekplicit constraint equations for determining the
dependent coordinates. To determine the tendonhgntipe following equations can be employed:

li=b—1,—p; Wwherei=1..,m 3)
The above equations can be described in the iheystem CB as:
Bli = Bbi _Brp - BRp "p; (4)
The rotation matriR,, is:

CYCY  CPS9Sp — SPCp  CPSICe + SPSe

®R, = [SYCO SYSOSp + CPCo  SPSYCy — CyYSy (5)
—S9 C9S¢p C9Co
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where Gy = cogy and § = siny

Then the length of the i-th tendon can be calcdl&tam components of;.

q; =1 = |2, +12,1Z, where i=1,...m. (6)

y,i‘zi
Considering the above expression, comes:

q = ¢ (x) ()

The kinematical velocity and acceleration of tergloan be obtained through time derivative of EyjafWl can be
expressed form:

. Ay .
g="24 (8)
T
and
g =] X%+ jxx, 9)

where JJ is a(mxn) Jacobian-matrix.
With the angular velocity of the platform in theeitial systent; represented by = [w,, @
body kinematics it is:

y,w,]", from rigid

w=H;'0 (10)
0 —SY CyYCo e
whereHz* = [0 CyY SyYCY|,and 6 = |9|.
1 0 -9 @

4. DYNAMICSOF COMPONENTS

The dynamic model is very useful for simulatiomadtion, analysis of manipulator structure and desigcontrol
algorithms. Simulating manipulator motion allowstieg control strategies and motion planning teghes without the
need to have a physically available system. Thepetdation of forces and torques required for thecetien of typical
motions (inverse dynamics) provides useful infoiorafor choice of actuators.

In general, a TBPM consists of a parallel mechargsrd driving units. The parallel mechanism consists
movable platform and a number of tendons that atnihe platform to a fixed base. Considering venall mass of
tendons in comparison with that of the platfornrmdien mass will be neglected in the dynamic modeéeréfore, the
parallel mechanism is treated as a simple free-lmydyem, which consists only of a platform. Thedtrs are
considered as elastic elements that act on thioptatlong respective orientation of the tendons.

Driving units are mounted on the frame. Generapgch of them consists of pulley, drum, reductioarged a
motor. Without considering elasticity of drivingitiand friction on the drum and reduction gear,diigamic behaviors
is only related to motor, reduction gear and drumictv can be dealt with together (Hiller and Keskdmg1994).

4.1. Platform

Hence the posture of platform= [rx,ry,rz,t,b, 6,19]T and its time derivative are employed to descrilgedate of
system, the resultant wrench of all tendon tensigdied on the platform, is computed by:

Weendon = fsum] = ATfl (11)

Tsum

where f.,.m., T.um are the resultant force and torque, respectivilgienotes the structure-matrix ahdienotes the
tensions of almtendons. Using Newton’s laws, the equations of amofor the translation and rotation can be written
in the following form:
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My = [ 0 |+ foum (12)
m,g
To + w(w) = Taum- (13)
where:

m,: mass of platform

I: inertia tensor defined with respect to the imbrdiystem’,, which is an expression of rotation angles,
7,:2 vector of the location of the origin of platformith respect to the inertial systefy,

w vector of the angular velocity of platform in tinertial systentj.
From Eg. (10) the angular velocity of platform liretinertial systeify; is
o =H;'6+H;'9, (14)

Considering Eq. (10), Eq. (11), Eq. (12), Eq. (88d Eqg. (14) we can obtain the equations of motbthe
platform

m

. 0
0 I, 0 .
0 HETIH?HQ]+[((HETIH?)+(H§TH§1@IH§1)—(HET@H;IH;))G]‘ng =47 (15)

4.2. Motor

From the modeling viewpoint, a DC motor equippedhwa position sensor can be described by diffembnti
equations. The electric balance of the armatutieeri” motor is usually described by the equations

La,iia,i (t) + Ra,ila,i (t) = Ua,i - Ug,i

, =1, ..., m (16)

Ug,i = Kg,ig.i y i:]., ., M (17)
whereU,; and 1,; denote the armature voltage and current, respégtiparameters:,; andL,; are respectively the
armature resistance and inductance dgpgddenotes the back electromotive force which is pridpaal to the angular

velocity £ through the voltage constagt that depends on the construction details of maarell as on the magnetic
flux of coil (Sciavicco and Siciliano, 2000).

4.3. Integration of Subsystems

In general, the state of a dynamic system can beribed by state variables consisting of state variables of
subsystems:

z=[z,",..,z,"1" sendoz = [z, ...,zi'ni]T , i=1,..,s (18)

wheres denotes the number of subsystems mtite number of state variables of the subsystérhe dynamicof the
complete system is described by nonlinear difféaéptjuations of first order in terms sthte variables:

Z, fi(zq, ) 2Zs)
Z..Z — fz(zlﬁ.'"'zs) (19)

Z fi(z4, ., Z5)
To describe the state of complex mechanical sydfeenstate variables can be chosen from the posfyatform

and the motor angles, since solving inverse kinematroblem is relative easy comparing to its fodhvkinematics for
TBPM:

Zmee = [x7,07,5767]". (20)
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The electric dynamic behavior of motor system cartréated as a electronic subsystem and is closelyled with
the mechanical subsystem of the motor, it is giwgarmature current,.

Zeletr = Ia (21)

Writing the motion equations of respective mechanind electrical subsystems in a state form, with

=[] 2

We can describe the dynamic behavior of the coraggstem by coupled nonlinear differential equatiohfirst
order:

z=(z,u) (23)
5. COCLUSIONS

In this work Stewart platforms, tendon-based ptatfs were discussed and different types of platfaceording to
the amount of degrees of freedom and actuation presented.

The geometry shows as a fundamental factor in iefithe kinematics of the manipulator been sometime
necessary the using of forcing to a complete dafimiof the movement. Since this was discussediyptize dynamics
of TBPM, doing the equivalent of the tendons withid actuator. Was also discussed a simple modelctiator
(electric motor and its integration to the system).

There was the complexity of the systems actuatemgons, which is necessary a careful design okitrematics
so that the desired movement became possible dsisvelodeling dynamic of the integrated electrazad mechanical
parts. In spite of the difficulties such maniputatshows a very promising due to various configonst and
dimensions of the workspace.
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