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Abstract— A Stewart platform has been designed by
selecting commercially available components. Each of its six
legs has spherical and universal joints respectively at the
bottom and top ends of a piston-cylinder arrangement with
the piston rod protruding out of the cylinder top. By a
universal joint at the cap end at the bottom of each cylinder,
the legs are mounted on a fixed horizontal frame. By
electrical actuation of the valve for each cylinder, a six-DOF
motion could be imparted to a cylindrical payload fixed on a
circular disc. The mation is transferred through a spherical
joint fitted between each piston rod and the disc.
Corresponding to the specified payload pose range from its
horizontal neutral, the inverse kinematic model has been
used for simultaneously searching the piston stroke, the
distance between the frame and the disc along with the
locations of the joints, assuming each type arranged in a
semi-regular hexagonal pattern. The discharge and pressure
of a power pack feeding all the cylinders have been estimated
by Matlab simulation of the inverse dynamic model for
different velocity, acceleration and weight of the payload.

Keywords—Inverse model, kinematics, dynamics, Six-DOF
motion

l. INTRODUCTION

A Stewart platform [1] is the most popular parallel

manipulator with six degrees-of-freedom widely used a

laboratory-scale flight or ship-motion simulators. It

involves six linearly extensible legs with active electric or . :
Stewartinverse and forward models for the kinematics and

egynamics.

hydraulic drive for each. In a conventional
platform, the bottom end of each leg is connected by
spherical or universal joint to a stationary frame at th
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only with prismatic joints between its upper and lower
parts have been analyzed in the past, though nowadays
various laboratories are exploring the use of ball-screw
joints [2]. Both 6-SPS and 6-UPS configurations have been
extensively analyzed [3-6], where 6 stands for the number
of joints of same type, the first alphabet S or U
corresponds to spherical or universal joint with the fixed
frame at one end of each leg, P refers to the prismatic joint
within each leg and the last alphabet S implies spherical
joint with the moving platform at the other end.

Joints at the bottom and at the top are usually arranged
along the vertices of two regular [4] or semi-regular
hexagons [3, 5]. Merlet [4] considered 3/6 configuration,
in which one of the ends of two legs terminated to a
common bi-spherical joint, each located at the vertex of an
equilateral triangle. Controlling the input to each leg is
necessary, causing its length to change, with the objective
of carrying the top platform through desired position and
orientation, together called the pose. Liu et al. [3] and
Merlet [4] modeled both the forward and inverse
kinematics of a Stewart platform and proposed simplified
solution schemes for the forward kinematics. In particular,
the inverse kinematics deals with estimating the neutral

length and stroke of the legs from the specified range of

desired platform pose. Employing Newton-Eulerian
analysis, Dasgupta and Mrithyunjaya [5, 6] arrived at both
The inverse dynamics model enables
etermination of actuation force or torque that should be

bottom and the top end is connected by a spherical joint tgParted to the payload in order to achieve its desired
the moving platform that supports a payload on top. Leggange of motions.
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Though electro-hydraulic  actuation has beenport proportional valve for controlling the piston motion
extensively used in many Stewart platform investigationdias been represented in the figure symbolically. There is a
[7-10], only a few of those deal with the pressure-common hydraulic power pack with a pump, a pressure-
discharge relations of valve and cylinder under electricatelief valve and a reservoir, all represented by their usual
actuation of the valve. For instance, Huang et al. [7] andymbols. Though the symbol of the reservoir has been
Huang and Fu [8] verified the performance of theirused in several places, they stand for the same reservoir.
proposed sliding-mode control in an experimental set up\n integer between 1 to 6, either at the subscript or the
that has electro-hydraulic valves and cylinders. But, theuperscript, has been used for the different variables and
hydraulic details in the control model were not explicitly the geometric descriptions pertaining to each of the six
dealt with, depending on the sliding-mode control for itslegs, which has also been described in the text in a general
capability of dealing with uncertainties. On the other handmanner by usinginstead of the integer.

Li and Salcudean [9] and Davliakos and Papadopoulos A

[10] considered the electro-hydraulic aspects in their A universal jointi with center at8' supports the cap-
control analysis involving the forward kinematic and
dynamic modeling of the system. Friction force between
the piston and the cylinder that is the chief source of
nonlinearity in hydraulic systems has been modeled in the
latter study. Although, they considered the viscous friction
and Coulomb friction, Stribeck effect [11] that imparts the
well-known non-monotonic character to the variation of
friction force and piston velocity was neglected.

The design of a Stewart platform driven by variable- |, |
speed DC motor actuated legs with ball-screw joint has v
been recently undertaken by Halder et al. [2]. Though most
of the existing literature deals with either experiment or
control design, very few of them deal with the design. A
design procedure for an electro-hydraulically actuated
Stewart platform driven has been reported here. The design
has been accomplished by using the inverse kinematic and
dynamic modeling of the system along with detailed
electro-hydraulic model. While commercially available
components like six sets of universal joints, spherical
joints, hydraulic piston and cylinder arrangements and Fig. 1. Schematic of an electro-hydraulic Stewart platform
proportional valves along with a hydraulic power packend (.)fAtheith cylinder on the bottom frame through one
have been selected. armb'B' of the joint. The supply and return discharges

It may be mentioned here that the existing body othrough thei™ valve aregs and g, respectively, which
research has grossly overlooked the design aspect of theuld reach to one end of the cylinder and comes back
problem. A simultaneous nested search has been executedm the other end. Not only these discharges, but also the
in this study for given payload size and range of itspressureg; andpy at the top and bottom chamber of the
demanded pose and the rates, along with the constraints@flinder are controlled by the respective electrical
the permissible maximum joint angles and availablecommand signag each valve. The difference of pressure
actuation capabilities. The design has been accomplishedthin the cylinder across the piston causes the piston to
by implementing the inverse kinematic and dynamicreciprocate relative to the cylinder.
models in Matlab.

i i In the system depicted in Figure 1, six DOF motion
Il System Configuration could be imparted to the top disc through the spherical
, , . joints with centers af'. The top platform is a circular disc
Figure 1 shows the schematic of a electro—hydraullcalI)éupported on the universal joints at the poiitwhereT't

actuated Stewart platform with a fixed semi-regularg the top arm of thé" joint. The joints together comprise
hexagonal framé’bb’b’b”b” on the ground and a circular ¢4, semi-regular hexagong 3¢t  TT2TeTToT

disc t'*t*t'tt° on top connected by six extensible legs.glp?R3RRE° and 2o with circum radii equal to
Each leg has a universal joint with the bottom frame, @ . r. or r, respectively. For the ease of analysis, the
spherical joint with the top disc and a hydraulic cylinderyisc and a cylindrical payload that would be supported on
with a piston between these joints. While a universal joinjt has been assumed to be coaxial and for the simplicity of
is shown by a filled circle, an empty circle represents gnhe presentation only the rim of the top disc has been
spherical joint. Each cylinder has been shown to b@nown, Figure 2 that has been employed to describe the

asymmetric with the piston rod protruding out of it only atj,yerse modeling of the entire system shows the payload
the top. Along with each cylinder, a corresponding four'explicitly.
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lll.  INVERSEKINEMATIC MODELING have been indicated only in Figure 1. Each of 'l‘_ﬁe
cylinder could have a passive rotation about the BXis
Different coordinate systems used in this study for thelong with an active rotation in which the af$ rotates
6-DOF motion analysis of the payload are a stationargbout a horizontal axis passing throuBh While the
global Cartesian coordinate systexny(, z) with its origin ~ active rotation contributes to the payload motion, by
at O, a payload-fitted moving coordinate systepi(f},  allowing the passive rotation the internal stresses of the
p(t), p(t)) attached to the center of masspafor the actuation system is contained. The rotating coordinate
combined payload and the disc that moves in space and sixstem is chosen in a manner such that at any instant of
rotating coordinate systemB”(t), B*(t), B(t)) attached to time, the active motion of a piston remains fully contained
the stationary point8'. The origins of all these coordinate in the planeB”B™. Obviously, the axe8™ and BY are
systemshave been indicated in Figure 2. It depicts theconnected to the specific demand of the payload motion.
payload and the disc along with their poses at neutralherefore, these have not been explicitly shown in the
(0,0,0,0,0,0) and at another posg,¢0,0,8). For both the  figures.
poses, the leg configurations have also been indicated in
the bottom part of the figure. In the top part only the disc An objective of the inverse kinematic modeling is to
and the payload have been shown along with differengxpress the instantaneous variations of the stroke of the
axes. Solid lines and dashed lines indicate the details of thistons in terms of the instantaneous variation of the
arrangement respectively at the neutral and away from itlesired pose. These can be determined through the
Chain-dashed lines have been used to mark the axes in tpertinent expressions for coordinates of the end p&nts
figure. Like Figure 1, the filled and empty circles represenand T' of each leg. Thus, it is necessary to represent the
the centers of the universal and the spherical jointyariables related to the pose for different points associated
respectively. Only the top of the disc and the axes of thwith the legs. In terms of the scalar components indicated
piston-cylinder pairs have been shown. by the italicized variables, the bold-faced symbols that

have been used for the different vectors are
The displacements y andz are referred as surge (Su), = . 1
sway (Sw) and heave (H) respectively, while the angula? =(xy 2 (1a)
displacements), 8 andg, are called roll (R), pitch (P) and V=(Vx Vy v,)' (1b)

yaw (Y) respectively that together has been referred 8§=(a, a, a,) (1c)
SUSWHRPY. It is customary to specify the three angular ~ =~ 7 °°

displacements in the said order. A look at Figure 2 would=(¢ x €, epz)T (1d)
make it evident that if the payload executes the yawing _ T (le)
motion once the payload axis apdeach their respective ‘”'(wpx Wy pr)

desired orientation and position away from the neutral, th%:(a a a )’ (1f)
disc would require to slip at some joint of each of the p* Yo

actuation system about a vertical axis. Otherwise, a larg@r the linear displacement, velocity and acceleration and
stress would develop in the system. In order to overcomée angular displacement, velocity and acceleration of the

this problem, at the top end of each actuation system, Rayload respectively with the subscript to scalar
spherical joint has been selected. components indicating the coordinate direction. In the
customary manner, the linear and angular variables for the

For the clarity of the presentation, a pose of theplatform have been represented in the stationary and the
payload has been shown in Figure 2 with positive surgd?@yload-fixed coordinate systems respectively.
sway, heave and yaw, but no roll and pitch. The neutral
position is achieved, when the axes of the cylinder and its It is evident that the payload displacement has been
end jointsBT, b'B' andt'T' respectively are collinear. This taken to be equal to the displacement of the mass qenter
collinear setting and the departure from it in a positionVith respect to this displacement, each of the positions of
other than the neutral are apparent from the figure. With, d and o has the additional component of the
respect to the designation at the neutral, an additional / hggrresponding vertical height at the neutral above or below
been used to indicate various points and axes in th@. Using a subscript inside parentheses to indicate a
position away from the neutral. Only for the payload-fixedvariable at a point, therefore, it may be written that
coordinate system, its dependence on timeas been A a 0\ 2
explicitly mentioned. X(p) =X +YI +(Z+ 7))k (2a)
X(q) =X + Y] +(z+ 7y )k (2b)

Along with the stationary global coordinate system
with axes Ox, Oy and Oz, the payload-fixed moving
coordinate system has been shown with gxepy andpz ) o )
at the neutral pose angb*(t), pp'(t), and pPpi(t) for the where the_z super_scnpt 0 indicates the _vanable at the
pose away from the neutral. While the fixed origins of theheutral position. It is apparent fzron; ”19 1‘5|gure (;ghat the
rotating coordinate system Bt have been shown in both Pottom ends of the actuatorsid B?, B, B*, B°andB®are

Figures 1 and 2, the directions along the cylinder B%s fixed in space, while the top endsTt T% T° T, T° and
move with the payload. Though the figure shows only

X=X+ yf+(z+z(°Q))IZ (2¢)
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the radiusr, of the circle through all' from the centeq g =0S (B Kai) (6e)
that is independent of the platform pose, radiusf the Where
circle through all T from the center atQ is also

. . i i e . — iy — - Ly — - 6

independent of the platform pose. SifteandB' do not € =X X(T'))/‘X(“) X(T')‘ (67

move, the radiusg of the circle through alB' from the &g, =(x g ~X(i))/|X(8i) ~X(vi)| (69)

center atO and the radius, of the circle through alb'

from the center ab are also fixed. Clearly, the coordinates A

of B, b, t andT are and in Equations (6d) and (6k)3i belongs to the unit
. vector set iri" rotating coordinate system expressed as

X@i)= (5COFg) TasiMfsy O (3a) g y P

— f T ~ a ~ A A ~

X(biy = 0COFpi)  18SIMpiy  Zpiy) (3b) 8s=(m s Ks) =Reol | KT (79)

X (i) X (@ *To(t) () (3c) _ o

X 11y =X (@) o)) (3d) where (a) the unit vector alo®f direction given by

PR _ o~ 2 ST
where the symbalys, ¢ represents the position vector Kai =0t =Xei)/xni ~Xei|=Keix +Keiy | +Keik=Kei@ (7b)

of a with respect td in the coordinate system with origin .
atc yielding (b) the unit vector along3” direction in case the
payload is in motion or stationary given respectively by

foi@ =Rpo (COL) RSNy 2o =Zp)" CON e r )
roiy@ =R po (OB )  Frsinfmy  Zgy—Zp)" (3f) (i:i—(Xﬂ‘XBi)XVTi/\(Xﬂ‘XBi)XVTi\—JBix'+JBiyJ+JBizk—JBixe
with various angles appearing in Equations (3a), (3b),jBi =118V 1 [P g V| = Jeind + iy I+ Jaik = T (7d)
(3e) and (3f) can be expressed in terms of the aégle _
shown in Figure 2 as and (c) the unit vector alorig)* direction written as
=6, = y = . ,.=3t 6 4a~ ~ ~ ~ . ~oL - N ~
Ol =658 =05 Bi) =60 * 21131 = 510 (42) Tei = i XKai =igind *igiy ] HipiK= i@ (7€)
H(bl) = S_(n/3) ’H(bZ) :(77/3)_9 s H(bi) :g(b,i—Z) +2n/3,
i=3t06 (4b) with the rotational matrix for transforming a vector
- _ 0 10 ._ from thei™ rotating to stationary coordinate system given
iy =64iy + Goiy ~ iy Q) ) » 1=1t06 (4c) o g y y g
& ei) =8~ €viy =6y Xr0) o) » 11106 (4d)
Rao=(gx igx Koix)' (7f)

and in Equations (3e) and (3f), the rotation matrix for
transforming a vector from the moving to stationaryWhere
coordinate system is

T T TAT (5a) igix =(igyKeiz~ JeiKeyy  isizkeix—imkeiz  imixKey = miyKeix)
R p,o_a pX ]px kpx) (79)
where
iLX: & & &6 6,+ 68 -069d+hs0) (5b) JBix :[
=66 -668+6806 -8%99,+0606)00)  (7n)

k-;l;x:(ﬁy -,c6, cb,co,) (5d) kgix =y =X@) e ey =Y la  (Zmy—Zsi)a) (7i)
Where
ca=cosa and sy =sing

(Yeriy 81y V() (Zmiy (i) Yx(Ti) (Xriy (Bi)Vy(Ti) ]
=Zmiy iy Biei  ~XinBi)\Vaiy) ) Bisi ~ YemiyeiyVxm)) Disi

A i =Yy (iyVaeriy = Zriy iy Vycriy) 2 +(Zeriy caiy Vi) =Xy iy Vacriy )2+

- B _ 211/2 (7))
The fixed lengths of the top arm of ti spherical (xar. Yy Yo, e Vxm)

joint, the bottom stubs and the bottom arm of tfie
universal joint, the instantaneous length ofithéeg along
with the angles between the two arms in the top an
bottom joints cab be expressed respectively as

There are physical constraints on the angles estimated
By Equations (6d) and (6e), since the angle between the
axes of two arms in relative motion in a joint should be
within a limit depending on its design. Moreover, for each
(6a)piston there is a permissible maximum stroke between the
_ ~ (6b) heads of the corresponding cylinder. Therefore, the length
lai “X(Bi) X(bi)‘ of the legs should be calculated from Equation (6c) for
Iy =‘X(Ti)_X(Bi)‘ (6c)different poses within the specified range. The difference
between the maximum and the minimum lengths thus

Iy = ‘X(Ii) - X(Ti)‘

—rncla L
a7 =C0S "~ (&; Kg;) (6d)
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obtained should be restricted within the permissible strokéreshold signal andor ease of appreciation of the use of
for the cylinder to be selected. max and min functions, Figure 1 may be taken up for
further discussion, considering the pump and return ports
Besides the permissible joint angles and piston stroke#) be metered and the other two ports for communicating
the kinematic analysis should also provide the estimate dhe flow between the valve and the cylinder to be
the maximum total discharge necessary to feed all thenmetered.
cylinders. The motion simulators are meant to generate
different kinds of motion within a small workspace and At the metered ports, the discharges from the pump and
study its implication on the payload with high inertia. to the reservoir have been indicated in Figure tyasnd
Therefore, the payload should be excited for any basiq,;. The metered ports open or close in pair depending on
motion among SuSwHRPY or a complex motion thatthe command signal, whereas the unmetered ports always
combines the basic motions, though roll, pitch and yawemain wide open. Other conditions remaining unchanged,
imparted in order. Corresponding to any desired velocitghe flow increase in the metered ports is proportional to the
of the platform center of mass and the angular velocity oihcrease in the magnitude of the command signal beyond
the platform, the velocity of Poinf® can then be obtained the threshold. The direction of flow in the unmetered ports
in the stationary coordinate system as depends on the sign of the command signal. In order to
simulate this direction, the max and min functions have
(9a) been used in the above two equations. The flow
connectivity through these ports has been shown
corresponding to the valve at the neutral position and the
gommand-signal dependent swapping of flow directions
have been indicated by the two blocks on either side of the
neutral block.

_RT )
Vo) =R polVp(p) +@ 7 XIo i) (py}

which can be expressed in the corresponding rotatin
frame as

veimi) =(Riio) Vo) (9b)
The neutral position of the valve is an approximate
from which the velocity of thé" piston along its axis representation of the system for command signal between
can be found out as the thresholds of g Within this range of excitation, the
flow through the valve is constituted essentially by leakage
(9c) at each metered port, each of which has two parts. As the
piston head divides the cylinder volume in two chambers,

yielding the discharges at the top and bottom chamberthe central land of the spool divides the spool in two

. : . chambers each extending up to the corresponding end
of each cylinder with flow areas and/, respectively as lands. A spool rod connects the three lands providing

i = AVpi (9d) identical displacement to each by the command signal. At
N (9e) the neutral, the lands completely block the metered ports
%i = AVp and the spool movement away from the neutral controls
the opening and closing of the metered ports. If the pump
The discharges in Equations (9d) and (9e) have bedfow is metered by the central land by simultaneous
taken as positive and negative respectively for the pistosovering and uncovering of the port on either side of the
extension and retraction. land, each end land meters a part of the return ports that
are internally connected together within the valve body. In
Considering the pump and reservoir pressures f, be each chamber on either side of the central land, there is
and p; respectively, a reasonable flow model for most ofalso an unmetered port for communicating the main flow
the commercially available proportional valves [12] haswith the cylinder.

been proposed here with reference to Figure 1 as
Beyond the threshold, the increase in the main flow

AoVpi = mesg —€ B+ max sgng )’w?gn(pp_pbi ]V“_Op_p"il takes place through one part of the pump port and one part
-G maxsga( )R sgmbi R ¥ i~ I £ ming+e 0-+G minsgn€) 0>} of the return port that belong to the opposite chambers.

Vpi =Vgi(Ti)Kai

SIN(Pyi ~Pr J Fi—Pr 46 ik sgrg ).sgn(pp =Py /1P Puil With reversal of sign in the command signal, the parts of
(10a) the ports with augmented discharge get swapped with
and respect to the central land. Thus, whether the flow reaches
Avy= cf mae-g, B maxsgné )0 Baney—p WIro—pil the bottom or top chamber of the cylinder and comes out

_ _ from the opposite chamber gets decided causing extension
=G mexsga( )P sty § Py fr & MiRG +&) 0+ minsgn@)0>x o retraction of the piston respectively. The swapping of
SgN(Pp—Pi ) Pp—Pi 6 min sgre )& san@y; —p; WP — Pl the main flow paths have been captured by the max and
(10b) min functions in Equations (10a) and (10b). These

equations have been written for a valve with matched and
wherec, and¢ are the valve and leakage coefficients,Symmetric ports, implying the pump and return ports

g is the command signal to tifévalve, e, is the value of a @lways opening or closing together in pair by the same
amount. The flow model proposed here is more
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comprehensive than the one employed in the earlier studibamped mass at the mid-point of the axial extent.

[9, 10]. It is apparent from the above discussion that fofrherefore, combining the transverse inertia forces in the

positive command signal beyomrg thedischargegy that  rotating top arm of the universal joint, the cylinder, the

enters a valve chamber from the pump line can beiston and the bottom arm of the spherical joint with

expressed as lengthsl,, I, I, andls respectively and masses, m, m,
andmy respectively, it can be written that

ds < A& ~) +G}/Pp=Poi +G+/Pp= Py (10c) .
Fh =My M, e My (B =2 ) Rl g (@) (132)
out of which the leakage discharge

whereg, -5 ©
ql:cl(m’f\/W) (10d) BIX(Ti) ~ “Bi(Ti)"Bi

—(pT. 1
returns to the reservoir. Of course, prior to flowing agi(ri) =(Reio) ~@o(my (13¢)
through the return port, the latter part of the leakage is
joined by the discharg&yv, coming from the top chamber aom =Rb o +aPxr P xe (P xr
of the cylinder. Equations (10c) and (10d) are useful foglscg; poto(p) PDLP)
estimating the coefficients from the given characteristics o
a valve.

. (13b)

NUNOLE

Yet again for later convenience, the forces obtained

. . . . . ... through Equations (13a) to (13d) for all the legs together
The inverse kinematic solution of the piston velocities re expressed as

along with Equations (10a) and (10b) provide a system of
twelve equations for eighteen unknowns of cylinder
. — 1 2 3 4 5 6 \T
pressures and valve command signals. In order to make the Fgx =(Fgix  Fgzx  Fge  Fgax  Fgsx  Fgex) (14)
system fully deterministic, the inverse dynamic modeling
of the system needs to be integrated. Now, representing the third column of the
transformation matrix in Equation (5a) as

IV. INVERSEDYNAMIC MODELING Kpo= ~(& & &+ 8,8, - 6,9, 9,+b,c0, ngcgy)T

_ ) e (15a)

The pressure forcq:BC;Z developed in thé™ cylinder
along B” direction by pressurized oil overcoming the  and introducing the compact notations as
friction force F; and the piston inertia due to the piston T

. rT)( ):R 0%
massm, and acceleratioa,; can be expressed as M)~
4 (o tae) "wrae) wrae wroe oam cem
Faiz = Aui P = Ay —F ~mpay, (11) (15b)

— T — -1 \T L
The cylinder friction is a major source of friction and "&* @i = (e*mym  BYmE BEmm) - R Bie) Tmm G
the system nonlinearity in hydraulic systems. Das et al. (15¢)
[11] developed an easy-to-use model for its complex
behavior as shown in fig 3.

1000

All the forces obtained from Equation (11) can be
expressed together for later convenience as

500

Fo.=(FSE FS2 F% Fo, F2 FS)T (12)

Friction force (N)

-500

These forces together support the weight of all the
pistons, top joints, disc and payload along with
overcoming the inertia of the payload, the disc and the
legs. By the choice of the coordinate system, the rotational
inertia force FBCEX of thei™ cylinder and piston acts along B F ¥ R

-1000

L I L
0 0.05 0.1 0.15 0.2
Velocity (m/s)

B™ direction. This force for the" leg is made of the inertia

force on each of the components due to a linear variation  Fig. 2. Typical variation of friction force with piston velocity in
of the angular acceleration. Assuming symmetric mass  a hydraulic cylinder

distribution about the principal axes in each component,

this force can be calculated as equal to the inertia due to a
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with(;,i) in Equation (16c) representing tif& column VI. ResSuULTS
of a matrix and® in Equation (16d) representing the mass
moment of the moving platform and payload together, the Theoretical result of the mathematical model described
forces on the moving platform imparted through the togs prepared using a programming in MATLAB under the
joints can be related to linear and angular accelerations éfllowing specifications of the geometric and dynamic

the platform as parameters of the model.
T 8 .1 ~o.r 8.1 ) T 61 . T r, = 0.5m
Rl;,o[{ | px'gl{l BiXFBX(T)(l) : px.g‘—i{l BiXFBX(T)(I) K PX'El{l BixFBX(T)(l) Ima— rtO: 0.3m
Ko Hafurm( G R Zg = 09m .
gkpol=a (16a)f~(r)mlr:]ength of each joint (top and bottom) F=p B

Mass of pay load(p,) = 250kg, radius of pay
load(,a)=0.15m, density(0,,,,) =7900kg/ni
(P =1 PYfDafD P PhafefB) (1P PhafDefhT+ Mass  of  steel plate +Mass of hexagonal
oot PP P PP LA frame=60kg+30kg=90kg.
. Maximum displacement from neutral position along x
iTpx.gl[r(T)v(p)(:,i) X P xry 0K G, Fgzry (DN direction (surge motion) =0.05pX
Maximum displacement from neutral position along y
: direction (sway motion) = 0.05}vy
kTpx-gl[rm,(p)(hi)x{iLixFBx(T)(i)+kLixFBz(T)(i)}] Maximum displacement from neutral position along z
(16b) direction (heave motion) =0.15nZ
Maximum linear velocity \ma) =0.3m/s, Linear
Equations (16a) and (16b) can be solved together facceleration/retardatiom)=3m/s.

the six unknowns represented by the right-hand side @flaximum angular velocity @) =20°/s, Angular
Equation (12) with the forces in Equation (14) obtained for
any choice of the motion profile of the payload that alsd®
defines the right-hand side vector in Equations (16a) and
(16b). Equations (10a), (10b) and (11) can then be solved A required table movement is given in such a way that
together at any instant of time to obtain the cylinderinitially accelerated up to the maximum velocity then at
pressures and the command signal. Thus the inverg@nstant velocity.x then retarded to rest at the final

kinematic and dynamic models can be employed togethgosition based on the above specification force

and [diag(l(p) | (P) |(p))]-lx
p* pY p?

(Rpo)™ J;grm,(p)(:,o i Py K gy Pz (DN 120

cceleration/retardatid@) = 200°/ s?

for designing the system. requirement on each actuator for different table movement
is found out as shown in fig 5a & 5b. Analyzing the above
V.  DESIGN THROUGHNUMERICAL SIMULATION force variation for different table movements, lower series

In order to accomplish the design analysis, theof cylinder piston assembly from Bosch Rexroth catalog is
formulation presented above has been implemented ig€elected

Matlab-Simulink framework. Prior to the implementation,

the valve and leakage coefficients of the proportional Cylinder diameter = 0.025m and Piston diameter =
valves need to be ascertained from the knowr®.012m.Maximum pressure JRyenerated by the pump is
characteristics of available commercial valves. Along withselected as 50bar. Considering loss of flow rate in % (p)
the characteristics, any such valve has specifications f6¥20. Block diagram of the hydraulic circuit is shown in fig
the maximum discharge and the maximum leakagé.
expressed ag% of the maximum discharge. From
Equations (10c) and (10d) with equal pressure dyin

each metered port, it can thus be written that

¢ =PpC, Emax—® )/(200-2p) that along with Equation (10c)

Calculation of Cy

Arbitrarily sample points are chosen from the

provides . — I ,
P—A/B=T \
T P«Bj’A«( s \\ //
0 ={8 ~€g+ PEmax®)/C0G2 P)Jo A0, 2+{P Enax & Jon AR, /2}/@062D) % f E \ /
@7 | ¢ Z=| ~___
- |
. ) 20 30 & eSD 6: 70_8: 90 100 ’ 0.27
whereAp, is the total pressure drop in the two metered i valve coefficient(C.) —>

Fig4 (b)
Fig. 4(a) DCV characteristic curve
Fig 4(b) Error variation with valve coefficient

characteristic curve as shown in Fig (4a) of the DCV

ports.
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which are tabulated in a table for different pressure & %mnotions maximum flow that the pump is required to
opening in terms of voltage, flow rates in It/min aresupply is 49.91 It/min during heave motion.

extracted. From these data a rough calculation suggests

that average value of,Ghould be in the range between 0.1
& 0.35. For each of these, @ow rate is calculated using
the equation (10). After that an error parameter

VII. CONCLUSIONS

A simple discharge model for commercial valves has

Heave Sway Surge

£ M ] been proposed and the methodology for determining its
: §§ = - —%6 various coefficients has been demonstrated. The usefulness
§ ] o o BT B e P of a simple friction model developed by Das et al. [11] has
a N . . .
v : o /At?‘% been clearly brought out in designing a system as complex
- " D S S as a Stewart platform. In fact the complete methodolo
E s Liof 5 -
I i @ provided for designing such a system prior to designing the
fo L controls is a notable contribution of the present study. The
Y A BN inverse models for the system kinematics and dynamics
3 F — NS 4}; =] * S have been used in Matlab for accomplishing the design.
I — m [ SLi— The margins left in the valve command signals need to be
= 0 1 T 0 01 02 04 05 o o2 o3 o1 . .
i " S SN tested for the control analysis as one described by Halder
o N NGRS of " [ o et al. [2].
1 T T ! \’_)
’ ‘UU 0s 1 15 mU 01 02 03 04 0s 5U 01 02 03 04

Timets) Timets) Top Timets) ACKNOWLEDGMENT

Bottom chamber
vametersi(flow arte 8 pressure
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chamber, pressure required at the top & bottom chamber & vol ag¢providing us with the scholarship support. In particular, we
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respect to time is plotted for heave, sway & surge motion. ﬁ/lx"prgslsj Ongg';]a eSglgﬁﬁst ECI rand Late 0|\3/|/r I:Lre;;nrerjee

Former Director Eliora Hyderabad.

g Roll Pitch Yaw

-.3 085

Py = B Pt N R REFERENCES

5 . - " X & [ —

g ”;f* ~, g ”07; 1eI e = [1]  D. Stewart, A platform with six degrees of freeddPnoceedings

‘i 5“ 02 04 06 08 1 50 02 04 06 08 1 00z 0408 08 of Institute of Mechanical Engineering 180 (1965) 371-386.

! P e JL z g [2] B. Halder, R. Saha, D. Sanyal, Control-integrated design by

I —x < o 7\42 P ) VAR LTSS theoretical simulation for a torque-actuated 6-SBU Stewart

; A :‘A‘Ek\be\ﬂ“ s D("\Ls; 1 P platform, AMAE Int. J. on Manufacturing and Material Science,

T Y— 80— : ) 00— - - 2(1), (2012), 13-21.

R . —= - “\-\\‘“\; » /,"/“_//f [3] K. Liu, J. Fitzgerald, F. L. Lewis, Kinematic analysis of a Stewart

H [ s/”ﬂ‘\i | f L >\L, ’ e platform manipulator, IEEE Transactions on Industrial
%57 51 06 08 Aw 0057 04 08 08 1 ST o5 s Electronics, 40 (2) 1993) 282__293- )

- 50 50 50 -

5 RPN IN i =TT Wi zaae [4] J. -P. Merlet, Direct kinematics of parallel manipulators, |IEEE

B = : [N e ——’\f—‘i Transactions on Robotics and Automation, 9 (6) (1993) 842-845.

g f?L:,’(—F x A TYIER / N [5] B. Dasgupta, T. S. Mruthyunjaya, Closed-form dynaetjoations
%02 04 ‘25 bo 1 G 1 15 0 02 0s 05 08 1 of the general Stewart platform through the Newton—Euler

s ry_Tigw ’ ——— T approach, Mechanisms and Machines Theory 33 (7) (1998) 993—

oot iy . # s | 0 Cass 8 1012.

H o =) = 1 “? 0‘54:170' [6] B. Dasgupta, T. S. Mruthyunjaya, A Newton—Euler formulation for

02 06 2 4.0 8 . . .

Fig. S(b) Vamesion of actuator positiony force requlhrqd at thestuators  tors the inverse dynamics of the Stewart platform manipulator,

along the actuators, flow Ft&upplied at the fop & Buttomchamber, |oer, Mechanisms and Machines Theory 33 (7) (1998) 1135-1152.

pressure required at the top & bottom chamber & voltage required to[7]  C. I Huang, C. F. Chang, M. Y. Yu and L. C. Fu, Sliding-Mode

control the opening of the valve during the motion with respect to tjme tracking control of the Stewart platform, 5th Asian Control

is plotted for roll, pitch & yaw motion. Conference (2004) 561-568.

8] C.I. Huang and L. C. Fu, Smooth sliding-Mode tracking control of

- [
e:Z(Qgraph - Quicuaes) 1S calculated for each,Gnd least the Stewart platform, Proceedings of the 2005 IEEE Conference

. . on Control Applications (2005) 561-568.
value of error correspondlng t0,4D.27 is taken as the [9] D. Li, S.E. Salcudean, Modeling simulation and control of a

valve coefficient. Variation of error with ds shown in hydraulic stewart platform, Proceedings of the IEEE International
Fig (4b). Conference on Robotics and Automation (1997) 3360-3366.
[10] I Davliakos, E. Papadopoulos, Model-based control of a 6-dof

. . electrohydraulic Stewart-Gough platform, Mechanism and
Now solving equations 10a, 10b, 14 and 11 for Machine Theory 43 (2008) 1385—1400.

different types of specified motion flow rate variation into[11] Sarkar BK, Das J, Saha R, Mookherjee S and Sanyal D.

the actuator(positive) or coming out from the Approaching servoclass tracking performance by a proportional

actuator(negative) pressure variation in top and bottom valve-controlled system, IEEE/ASME Trans. on Mechatronics
(2013) 1425-1430.

chamber of each actuator and the instantaneous valYﬁ] Engineering Mannesman-Rexroth Catalogue, 4/2 and 4/3

openings are plotted with time in figa & fig5b. proportional directional valves directly controlled, with electrical

. . position feedback Types 4WRE and 4WREE, RE 29 061/09,
It can be concluded for the above mentioned basic  2qg9.

Proceedings of thelnternational and BNational Conference on Machines and Mechanisms (iNaCoMM2013), IIT Roorkee, India, Dec 18-20 2013

764





