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Abstract

A novel derivation to evaluate all the controlled forces which cause by the
motors and effected along the prismatic joints on the legs of the Gough-Stewart
platform manipulator based on the virtual work method is proposed in this
paper. In this paper the manipulator can be considered as a multibody
mechanism with rigid elements. It can be assumed that the manipulator motion
was known. The aim of the dynamic analysisin this paper is to evaluate all the
controlled forces which necessary to implement the manipulator programming
motion.
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1. Introduction.

In  general, Gough-Stewart
platform manipulator is a six degree of
freedom with two main bodies [3]. The
fixed body is called the base, while
another body is regarded as movable
and is called the moving plate. These
two bodies are connected together by
six extensible legs. In this paper we
assumed that every leg of the legs of
the manipulator is consists of two parts
connected together with a prismatic
kinematic joint (p). The prismatic
joints are affected under the controlled
forces which cause by the motors. All
the legs are connected with the base by
spherical kinematic joints (s) in the
points A , while they are connected
with the moving plate by spherical
joints with fingers in the pointsB, , as
shown in Figurel.

Force and moment analysis for any
robotic system are useful to choose the
suitable motors for implementation the
programming motion [5]. Severd
methods are proposed to derive
dynamic equations of the Gough-
Stewart manipulator.

The motivation of this paper is to
derive a mathematical formulation for
evaluation al the controlled forces in
the prismatic kinematic joints of the
Gough-Stewart platform manipulator.

2. Position equation

In order to describe the motion of
the moving plate of the manipulator
relative to the base, we assumed that
the moving plate attached to the base
as shown in Figure 1, so the position
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vector of the point A in the Global
coordinate system can be written as:

A = (XAi’yAi’ZAi)T’i =12..n

and the position vector of the point B
in the local coordinates system can be
written as:

'Bi = (XBi’yBi,ZBi)T,i =12..,n.

The rotation of transformation between
the local (moving plate) and the global
coordinate systems can be represented
by Euler’s rotation matrix withy as
pitch angle, q as yaw angle and] as
aroll angle [1]. ThusRq, isamatrix of
coordinate transformation from the

local to the global coordinates can be
written as:

89911 An ASlQ
Ro1=CA2> A» Aszj
$As As Aag

where

Am:cos(y )cos(j ) sin(y )cos(q)sinq ),
A12 =sinfy ) cosf ) + cosf/ ) cos@)sing ),
Az =sin@)sing ),

Ayq =-cosfy )sin( ) - sinfy ) cos@) cosf ),
Ay, =-sinf )sin{ ) +cosfy ) cos@) cosf ),
A,z =sin@)cosf ), Agq =sing )sin@),

A;, =- cosf/ )sin@),and A, = cos@).

Generally, kinematic relations of
manipulator are expressed by the loop
equations. In Figure 1 one of the loops
are represented, and its equation can be
written asaleg vector:
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a =l =fo *Roi'si - A’

I =12,...,Nn

where r, the position vector of the

moving plate centre in the Global
coordinate system,
Thus:

2 _ T T T T
Q" =T Moty Iy +ry [y T2r Ryl

- 2rAiTR01rBi - 2r0TrAi;
i=12,...,n,

T

Yo (@.X%Y,2y .0, ):roTro +rBiTrBi Ty Ta
+2roTR31rBi - 2rAiTR)1rBi - 2rOTrAi - qz =G
i=1.6.n

It is assumed that, the geometrical
parameters of the moving plate centre
can be represented as:

T

r=(x y zy qj),
and the legs vectors as:

q=(aq o, Q)" -

Thus the position equation will be
written as:

Yo (qr)=
[Yor(@Xed ) Yor(@Xd ) K Yog(G X )]

Ye(q,r)=0 )
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3. Forces and moments effected on
the moving plate of the
manipulator.

3.1. Gravity force.

It can be considered that G, is the
gravity force vector of the moving
plate in the Global coordinate system,
so its projector on the Global
coordinate is G{” =(0 0 - myg)’
and his projector on the loca
coordinate system isG® = R ,G/”..
There is a moment that caused by the
gravity force, its vector relative to the

beginning of the local coordinate
system can be given as:

I\WOI{Gl} = FCl ’ 6l (2)
3.2. Working force.

It can be assumed that the moving
plate affected under a working force

with a vector P, . This force will be

caused a moment with avector relative
to the beginning of the local coordinate

system I\Wm{ﬁH } :

3.3. Controlled forces(motors for ces).

Every leg of the legs of the
manipulator affected under a controlled
force which effected aong the
prismatic joint (along the leg). This
force causes by the motorQ,

4. |nertia forces and moments
evaluation.

The formulation of the inertiaforce
of the moving plate of the manipulator
can be written as:

F 17" rnlWCl (3)
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where W, is the vector projector of

the acceleration of the moving plate
centre on the local coordinate system
[7]. Inertia moment of the moving
plate relative to the beginning of the
local coordinate system can be
obtained as:

'JCl >Vvl + rCl

LOl

€,

(S]]

= F,

S ®
In the above equation J, - inertia

tenser of the moving plate relative to

its mass centre; W, - moving plate

“VYa - W

angular velocity; €, - moving plate
angular acceleration and r, - radius

vector of the moving plate centre. Thus
the projector of the inertia moment on
the loca coordinate system can be
written as:

L01 =- J01 - \’\\’1‘](:1W1 +'k(:1, F 1°

©)

where

? 0 “Zar Ya 9
r(a :g Zey 0 - Xea :,

8' Yor X 0 B

88 0 -w, w0
vsl :g W, 0 w,_

C +

&w, w, Og4

Similarly the inertia forces and

moments for the legs of the
manipulator can be written as:
F s =" mSWCS’

5249

and,

Los =- Jcs>és' V_Vs Jcsws+rcs Fs

But we assumed that the mass, inertia
forces and moments of the legsis very
little, so we will neglect them in the
evaluations of the present work.

5. Virtual work evaluation.

The moving plate of the
manipulator affected under the total
force which consists of its weight,
working force and inertia force. The
total force vector is
P=G +P, +F,. (6)
The total force causes a total moment
relative to beginning of the loca
coordinate system as follow:

I\WOI = M 01{61}+ I\701{5H }+ E01 (7)

Thus the summation of the virtua
work of the moving plate by any little
transformation and orientation of the
moving plate can be obtained as:

dA = P>, + M, >dg, 8

In the above equationdr ;- a moving

plate centre little trandation, dg, - a

moving plate little rotations and it can
be obtained as fol low:

From Figure 2 it can be assumed

that the moving plate angular
orientation  relative to  Global
coordinate by using Eulers
angles dy ,,dq,,dj , . The angular

orientation can be written as:
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dg, =dy, +dq—1 +d )

o N €)
=kydy, +ndg, +kdj ,

Equation (9) can be written in a
following form:

dg, = GdD, (10)
adly 10
In the above equationdD, = ¢dq, -,
&di, g
asinj ;sing; cosj ; 09
G =c¢sing,cosj ; -snj; O+
& cosq, 0 1
Thus:
dg, =i(dg, cosj , +dy ,sinj ;sing,)

1 =
+ L(' dqlsinj 1 +dy 1SinQ1COSj 1)
+k, (dy , cosq, +4j ,)

Now, the virtual work can be
derived in anew relation as follow:

dA =PR'dr,, +M GdD,  (11)

If we assume that all the forces and
moments effected on the moving plate
can be written as:

F].:(P)d. Py_l. PZL IVIOZIX IVIOly MO]Z)T’
K _akE; 00
"0 qGj

and the geometrical parameters of the
moving plate centre can be represented
as.

T

I’:(Xcl Ya Za Y1 Qg 11)

the virtual work will be written as;

dA =FK.dr (12)

6. The controlled for ces evaluation.

In the static equilibrium condition
the virtual work represented in
equation (12) equa to virtual work
which causes by the controlled forces
which can given in the following form

[9:
dA =Q'dq (13)
Thus:

=y KkIF, (4
aq

From equation (1) we can derive the
following relation:

e dq+.”YP dr =0 ,
[ qr
WU ¥ )
q Ir g &79 g
Where
a-[YPl ﬂYPlQ
g —_—
ﬂYP _g ﬂql ﬂqG :
1 Sov, Vel
Ta, M9 &
= diag{2q,}
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and,
@Ypl ﬂYPlQ
X |, =
U S
T el
fix i, 5

Thus the controlled forces (14) can be
formulated as follows:
. 1 T
Yo O Y, ¢4
Q=M= 0 Ao G kIF ay)
g'ﬂr g & 79 &

From the above equation can evaluate
all the controlled forces which effected
on the prismatic joints of the
manipulator.

7. Example of analysis:

In this example a manipulator with
the following parameters is considered:
a. Coordinates of points A of the

base (in the Global coordinates
system) are asin the matrix

8 14140 -1414-2 -1414 0 1414
r =¢Co 14142 1414 0 -1414-2 -1414

® 000 O O 0 0}

b. Coordinates of points B, in the

platform coordinates systems
are asin the matrix:

46 145 -0278- 0917-1575 -131 Q278 0017
rBFgO 676 1575 131 -0278- 0917-1575-131

S0 0 0 0 0 0 O
c. It can be assumed that the platform

0%
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moves from the point 1 to the point 6
throw the track points 2,34,5. The
coordinates of the center of the

platform P (rO) and Euler angles of its

v.ai)

orientation are as shown in

Tablel.

d. At any point of the track it can
be found that:

q =Tlo+ Agilg - Iy:i=12,..,6

The results for al points are as
explained in Table 2.
e. The platform massis m = 15K g,
tenser of platform Inertiais

@1 0 09
J 28 0 01 0-=Kgm
S0 0 0.1

and the forces and moments
vector which applied to the
platformis:

P=(05N 023N - 075N 05Nm INm 125Nn)'

f. The movement of the platform
throw the track  points
(1,2,3/4,5,6) with acceleration
and angular velocity of point P
asarefollow:

€ 01/s? U
u

M

€001/ & 3

=
11
D D D
o
5
“
N

15deg/s”
0.1dey/s? 4

G
:0.01deg/s”

D D

PP
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60.8deg/ s ()
é ¥
And  w = &0.16dey/ s

é u
€0.01deg/ sy

.Theresults of the motorized forces are
asshowninthe Table 3. In thistableit
can be found that there isa singularity
position in the point 4, it can be seen
that, the forces are very high in this
position.

8. Conclusions

In this paper, an approach for the
dynamic analysis of the Gough-Stewart
platform manipulator is proposed
based on the virtua work. The
mathematical simulation for the robot
arms in this paper is a novel method
and it has been derive by the authors.
The stiffness of the arms caused by the
motion of the platform was neglected.
The joints of the manipulators arms
have been assumed as idea joints
(without friction forces). It has been
proved that al the controlled forces
can be evaluated without using the
reactions in the kinematic joints
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Table (1) Platform center coordinates and its angles of orientation

point
o 1 2 3 4 5 6
X (m) 0.25 0.5 0.85 1 1.2 1.4
Y (m) -0.2 -0.45 -0.8 -1 -1.3 -15
Z (m) 2.2 2.35 2.7 3 3.2 35
Wy -10 -20 -30 -30 -40 -45
0° 12 18 35 30 35 40
o° 8 15 26 31.95832 35 40
Table (2) Legslength
poi nt
Ginm 1 2 3 4 5 6
ql 2.2664 |25530 |3.2884 |36198 |4.1003 |4.6117
02 2.6035 |3.0504 |3.9605 |4.2101 |4.7743 |5.2914
o3 25986 | 2.9654 |3.7631 |3.9677 |4.3756 | 4.7763
g4 2.5846 |2.9322 |35634 |3.7983 |4.1697 |4.5303
a5 2.2393 |2.3956 |2.6738 |3.1315 |3.3431 |3.6687
q6 2.0335 |2.0585 |2.1544 |26063 |27686 |3.0855
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Table (3) Controlled forces
poi nt

Forc 1 2 3 4 5 6

In (N)
Q -1.832 | -2.760 | 12.306 | 458E7 | 10507 | 5.258
Q2 0.057 | 1.082 | -13461 | -4.26E7 | -12.351 | -7.239
Qs 3943 | 4478 | -4.062 | -249E7 | -0546 | 2.234
Qs -3.822 | -4945 | 9763 | 385E7 | 4538 | -0.069
Qs -0.867 | -0.874 | 3.758 | 2.34E7 | 6.022 | 3.860
Qs 1.640 | 2133 | -9.906 | -4.09E7 | -9.394 | -5.173

YO (\p) 36.974 | 58.619 | 556.73 | 8.25E15 | 408.367 | 126.723

Figure (1) Position of therabot joints
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Figure (2) Therotation of the axis
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