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The inverse dynamics method is applied to the investigation of dynamical behavior of a
parallel manipulator. The substructure technique is used for creating a differential-algebraic
system of equations that describes motion of the Stewart-Gough platform. The system of
equations is modified into a set of linear differential equations for the determination of
the solution of the inverse dynamics problem. A computational algorithm is developed to
solve the inverse dynamics of the manipulator. Several trajectories of the moving platform
are simulated as a result of the inverse dynamics problem of the Stewart-Gough platform
according to the substructure technique.
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1. Introduction

A parallel manipulator is a mechanical system using several serial chains to support a single
platform or an end-effector. This type of structure provides several benefits to the system, such
as higher load capacity, higher stiffness and a more precise execution of complex end-effector
motion. For this reason, it is applied in various applications in precise manufacturing, medi-
cal science and in space exploration equipment. One of the best-known parallel manipulators,
which consist of six linear actuators, is known as the Stewart-Gough platform. The dynamical
analysis of parallel manipulators is complicated because of the existence of multiple closed-loop
chains. Lots of approaches have already been proposed, including the Newton-Euler formulation
(Do and Yang, 1988; Guglielmetti and Longchamp, 1994; Tsai and Kohli, 1990), Lagrangian
formulation (Lebret et al., 1993; Miller and Clavel, 1992; Pang and Shahingpoor, 1994), and
the principle of virtual work (Angeles, 1997; Codourey and Burdet, 1997; Zanganeh et al., 1997;
Miller, 1995; Zhang and Song, 1993). The task presented in this article is similar to the simula-
tion result of Tsai (2000). However, instead of using the concept of linking Jacobian matrices,
this study focuses on the substructure technique. The Stewart-Gough platform is then divided
into substructures for kinematic and dynamic analyses of the mechanism. A system of linear dif-
ferential equations describing motion and mechanical connections of the substructures is created
and synthesized into a matrix form. An algorithm for determining the solution to the system
of equations is presented. Numerical simulations are performed using Maple software with the
input data obtained by Tsai (2000).
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2. System of equations describing motion of the Stewart-Gough platform

Following Tsai (2000), the Stewart-Gough platform comprises a circular moving platform con-
nected to a fixed base using six extensible limbs A;B; (i = 1,2,...,6). Each limb is made up of
a cylinder (link 1) and piston (link 2), which are connected by a prismatic joint. Link 1 of each
limb is connected to the moving platform by a spherical joint at B;, while link 2 is connected to
the fixed base by a universal joint at A;. Each prismatic joint is driven by a hydraulic actuator
or DC motor via a linear ball screw. For analysis, we use two coordinate systems as illustrated
in Fig. 1. The global coordinate system (O, g, yo, 20) is attached to the fixed base and another
local coordinate system (P, u,v,w) is attached to the moving platform. Let d; be the length of
each limb, a; be the distance from the center of the universal joint A; to the center of mass O
of the fixed base and b; be the distance from the center of the spherical joint B; to the center
of mass P of the moving platform. For each limb, the masses of the cylinder and piston are
represented by m; and meo, respectively.

Fig. 1. Schematic of the Stewart-Gough platform

For the sake of convenience, the origin P of the local coordinate system (P, u, v, w) is located
in the center of mass of the moving platform. So the position of the moving platform is described
in the global coordinate system (O, g, y0, 20) by the vector rp = OP. Tt can be expressed in
the form of an algebraic vector as r 19 = [zp,yp, zp]". The orientation of the moving platform
is defined by the orientation of the local coordinate system (P, u,v,w) in the global coordinate
system (O, z0,%0,20) and is described by the roll-pitch-yaw angles (¢4, ¢y, ¢.), and can be
expressed by a rotational transformation matrix Ap (see Khang, 2007)

CPzCPy  —SPCPx + CPZ8PYSPr  SP25Px + CPZSPyCPL
Ap = PzCPy CPCPx + SP80ySPy  —CYPSPx + SP50yCP, (2.1)
—SPy CPySPx COYCPg

where cp; = cos p;, s; = sinp;, with ¢ = z,y, 2.
In the local coordinate system (P, u, v, w), the position of the universal joint B; is determined
—
by the vector b; = PB;, b{") = [biy, biy, biw]T.
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Each limb is connected to the fixed base by the universal joint A;. The i-th limb is represented
by the local coordinate system (A;, x;, y;, 2; ), and its orientation concerning the fixed base can be
described by two Euler angles (¢;, 6;). As illustrated in Fig. 2a, the orientation of the coordinate
system (A;, x;, i, z;) can be considered as a result of the coordinate system (A;, z(), yj, z(,) which
is parallel to the coordinate system (O, x¢, yo, z0) and undergoes rotation ¢; about the axis z,
resulting in the (A;, 4, ), 2) system followed by another rotation by 6; about the rotary axis /.
In this manner, the rotation matrix of the i-th limb is given by

cpich;  —sdi  cPist;
Ai = sgbl-cHi Cqbl' sgbisﬂl- (22)
—SHZ‘ 0 C@i

where c¢; = cos ¢;, s¢; = sin ¢;, c; = cosb;, sO; =sinf; (i =1,...,6).

(2 L (v)
20

Yo

T

Fig. 2. (a) Two Euler angles of the limb. (b) Free body diagram of a typical limb

The position of the universal joint A; in the global coordinate system (O, xg,yo, z0) can be
i
ey is the distance between A; and the center of mass of the i-th cylinder G;;, while es is the
distance between B; and the center of mass of the i-th piston. In the local coordinate system
(A;, x;,yi, 2;), the algebraic vectors ngi) and cg? represent the positions of the center of mass of
the i-th cylinder and i-th piston, respectively

described by the algebraic vector a® — [aix,aiy,aiz]T. As illustrated in Fig. 2b, assume that

c(lii) =10,0,e1]" cg) = [0,0,d; — e2]" (2.3)

i
Then, the centers of mass of the cylinder and piston are given by
rg, = a; +cj rg, = a; + C;p2
Thus, in the coordinate system (O, xo, yo, 20), they are given by the following form

A [a;r + chishier
I‘(C?i)l = ago) + Alcgzl) = |Gy + s¢;sb;eq
| aiz +clie 2.4)
A @iy + coist(d; — ea) @
I‘(C?BQ = ago) + Alcg) = |Qiy + S¢;80; (dz - 62)
a;, + c0i(d; — e2)
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Referring to Fig. 1, the vector loop equation can be written for each limb

_ = —_—  —— - = R

OA; + A;Bi=0OP+ PB; <= a; +d; =rp+ b (2.5)
in the form of an algebraic matrix equation

al” 4 A,d" =19 4 AppT) (2.6)

Following substitution, we obtain

Qig cpict;  —spi cpist;| |0 zp bin
Gy | + soicl;  co;  soish; 0| = |yp| +Ap | b 1=1,2,...,6 (27)
Qg —S@i 0 CHZ‘ dz‘ zZp biw

Thus, the position of the i-th limb can be determined by a vector of generalized coordinates
q" = [0, ¢, di]” (2.8)

By using the substructure technique, the Stewart-Gough platform can be separated into seven
substructures consisting of six limbs and a moving platform. Reaction forces act on the i-th
limb, as illustrated in Fig. 3, where Xp;, YpB;,Zp; are the reaction forces at the position of the
joint B; (1 =1,...,6) and 7; is the input force exerted on the i-th actuated joint (i =1,...,6).

Fig. 3. Free body diagram of substructures

2.1. System of differential-algebraic equations for motion of each limb

According to Khang (2007), for each limb, the angular velocity of links 1 and 2, denoted by
w;1 and wjo, respectively, can be calculated using the tilde operator

) . . 0 _Ceiéi 9@'
Wy =wl = ATA; = |c4,6; 0 sbig; (2.9)
—0; —s0i¢; 0
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Then we get

, ‘ —s0;;
0 _wi — | 4

wi) = w® = (2.10)
c; p;

From (2.4), the Jacobian matrices of translation for the links of the i-th limb are given by

-0 [cpicOier —spishier O
JT. = G?1 = sgbl-cHiel cgbisHiel 0
q L —Sez‘el 0 0
or® [epicOi(d; — e2) —spishi(d; — e2) ceish;
G
JT.2 = —?1 = sgbchZ(dz — 62) cgbzsﬂl(dl — 62) sgbisﬁi
L —Sez‘(di — 62) 0 C@i

(2.11)

From (2.10), the Jacobian matrices of rotation for the links of the i-th limb are given by

(4) (4) 0 —s#; 0O
G _ g0 _ 0wy 0wy
TR = Ik, = 0q® — aq® (1) Cg' 8 (2.12)

The moment of inertia of the cylinder and piston regarding the coordinate system, with the
origin at the center of mass G;; and Gjo, respectively, are presented by

L. 0 0  [La 0 0
=10 1, 0 1=10 I, o0 (2.13)
0 0 Izl 0 0 IzQ

According to Khang (2007), the mass matrix of the i-th limb is written in the following form
M(Z) (q(l)) = J%-lmlJTu + J%ng‘]TiQ + J;%)I%zl‘jgzl + ng2 1%22.]%22 (214)

Substituting (2.11), (2.12) and (2.13) into (2.14), we calculate and get

R o
M@ (q?) = mgl) mg;) mgg (2.15)
nly) ml] )

where

2

mi) = Iy + Ly + muef +mo(d; — )
M3 = (Lo, + Lpy +maed +ma(d; — €2)2)5%0; + (L, + L,)%0;
) — (2.16)
) = ) =) =) =] = ] =0
The centrifugal and Coriolis matrices (Khang, 2010) of the i-th limb are given by
cV(q, ) = P 1y 40y - LD 40 5 1) (217)
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Substituting the matrix M®(q®) from (2.15) into (2.17) and using Maple for calculation, we

obtain
I [
COqD. ¢y =10 & o (2.18)
& &) o
where

C(lll) = ng(di — eg)di
C%) = —s@iCQi[mle% + mz(dl — 62)2 + le + IxQ — Izl — I@]éi
oSy = 280;c0;[mae? + ma(d; — €2)? + Ly, + Loy — Ly — L,)0; + 2ma(d; — e2)s*0;d;

i ; (2.19)
c:(Sl) = —mg(dz‘ — 62)(91‘
e = —ma(d; — e2)5%0:;
&) ) = ) = ) =0
The potential energy of the i-th limb is expressed by
H(l) = mlgTrGil + ngTrGiQ - mlg(aiz + elcei) + mQQ[aiz + (dl - eQ)CHi] (2'20)
and
; — — mad; + maez)gsh;
o a1 |(Fmaer —mad; + maeq)gso;
g®(q?) = (a (i)) — 0 (2.21)
qa

magcl;

Based on the principle of virtual work, the calculation of the virtual work of non-conservative
forces is expressed by

> OAY =7i6d; — Xp,0wp, — Yp,0yp, — Zp,0zp, (2.22)

The position of the joint B; can be determined by rp, = a; + d;. In the coordinate system
(O, z0, Y0, 20), we have

] Qo Cgbicei —qui C(ﬁz‘sez‘ 0 Qip + cqbis«%di
I'(BS]Z) = al(o) + Azdz(z) = |Gy | + soicl;  co;  soist; 0 = iy + so;s0;d;
Ay —sb; 0 ch; d; ai, + c0;d;

Thus, the virtual displacement of the joint B; is given by
5:631, = dZCgf)ZCQZéQZ — dlsqblsez&bz + Cgbzsﬂlédl
52Bi = —dzsé?léﬁl + CHZ(SdZ

Substituting the components of (2.23) into (2.22), we get

Z 5A;Lp = (—dz‘C(ﬁZ‘C(gZ‘XBi — dis¢iceiYBi + dz‘SHZ‘ZBi)(SHZ‘ (2 24)
+ (dis¢iSHiXBi — dZC(ﬁZSHZYBZ)(S(ﬁZ + (Ti — XBiC(ﬁZ‘SHZ‘ — YBiSQbZ'SHZ‘ — ZBlc«%)édi .

Thus, the generalized force corresponding to the conservative force acting on the i-th limb is
—dngf)iC@Z’XBi — dis¢iC9iYBi + dZSGZZBZ

finp = dis¢iSHiXBi — dz‘C(ﬁZ‘S(gZ‘YBi (2.25)
T — XBiCqbZ'SHZ' — YBngf)isei — ZB1 CHZ'
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The system of differential equations describing motion of the i-th limb is given in a matrix form
M@ (q(i))q(i) + C(i)(q(i)’q(i))q(i) + g(i)(q(i)) = /"7 (2.26)

We obtain 3 differential equations which are components of equation (2.26) with one value of i

(1 =1,...,6). So we have 18 differential equations in total.

2.2. System of equations for motion of the moving platform

The mass of the moving platform (in Fig. 3) is denoted by mp. The position and ori-
entation of the moving platform are determined by the vector of generalized coordinates

X = [‘TP’ Yyp,z2p, Pz, Spy’ SOZ]T-
The forces acting on the moving platform consist of the reaction forces F; (i = 1,...,6) at

the joint B; and the gravity force mpg, where

F" = (X5, Y5, Z5]" i=1....6
g=1[0,0—g" g=9.8m/s’

The moment of inertia of the moving platform in the coordinate system (P, u,v,w) is given by

Ls 0 0
V=10 Iz 0
0 0 Is

According to Khang (2007), the differential equations of motion are presented in the form of
Newton-Euler equations as below

6
mpap = ZFZ + mpg (2.27)
i=1
and
Ipwp +wp x (Ipwp):Mp (228)

The angular velocity of the moving platform using the tilde operator is

(P) . 0 Sspzsby - Csoxcsoy@z C¢x¢y + Cgbzsﬁbysz
@p’ = ApA} = | —spupy + CpuCoyP. 0 G + 8Oyps
—CPx Py — CPLSPy P2 Px — SPyPz 0
then we get
P) Pr — SPyPz
Wp ' = | CPzpy + CPaspyp; (2.29)

S ‘py + CprCpy Dz

and the angular acceleration is

d (P) P — S‘Py@z - C@y‘py@z

(py _awp ' . . L Lo . 2.30

QAp = T T | CPaPy — SPxCpyPe = 8PaPapy + CPaCoyPapz = SPaSPy Py Pz (2.30)
—SPzPy T CPLCPyPr — C‘Pw‘ﬁmﬁpy - S‘Pm“ﬁy‘ﬁm‘ﬁz - C‘PmS‘Py‘pysz

The velocity and acceleration of the point P are given by

(0)
dr L.
vﬁi” = df = [&p,yp, ip

dv .
" ag) = —df = [ip, iip, 2P| (2.31)
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The moment of reaction forces about point P on the moving platform is presented by
6
Mp => b; x F; (2.32)
i=1
and in the coordinate system (P, u,v,w), it can be written in the algebraic matrix form
M) =S pIE") (2.33)
i=1

where bgp) = [biu, biv, biw] T, FZ(P) = A};FEO) and leads to the tilde matrix

_ 0 _biw biv
b = b 0 —bu
_biv bw 0

We can rewrite equation (2.27) in the global coordinate system (O, xo, yo, z0) and equation (2.28)
in the local coordinate system (P, u,v,w) as below

6
mpay) =S F\” — mpg (2.34)
=1
and
1Pa® + 5P AP w0y = M) (2.35)

Considering components of equations (2.34) and (2.35), we obtain six differential equations for
motion of the moving platform

mPiEP == XBI +XBQ +XBg +XB4 +XB5 +XBG
mpijp =Yg, +Yp, + Y, +Yp, + Yp, + Yp, (2.36)
mpip = Zp, + 4B, + Zp, + Zp, + ZBs + Zps — mpyg

and

IzB(SOa: - S‘Py@z - C@y‘py(pz) + IyB(S‘Pbey - C‘PzC‘Py‘pz)(C‘Pszy + C‘PmS‘PySbZ)

+ Iz3(CSOx§by + C@zswy@z)(_s@z@y + CSOzCSOysz)
6
[_biw(_SSOzCSOz + CSOZSSOySSO:v) - bw(—SsﬁstOz - C@zs@ycwx)]XBi

s
Il
—

+
-

s
Il
—

[—biw(cpzcps + S@zs@ys@x) — biv(Cp8pr — SSOZSSOyCSO:v)]YBi

-

@
Il
-

+ [—bingOySSOz + bivC@yC@I]ZBi

IzB(Sba: - S‘Py‘pz)(_S‘Pm‘py + C‘PzC‘Pysz) + IzB(_SSOszy + C‘Pm“ﬂy@z)(‘pz + S‘Py@z)
+ IyB(C‘Pz@y - S‘PxCSOysz - S‘Pm@z‘py + C‘PzC‘Pbea:sz - S‘Pw&?y@y‘ﬁz)

biwCWZCWy — by (S‘st@x + C‘PZS‘PyCQOJ:)]XBi (2-37)
6

6
=>
i=1
6
D biwszcpr — biu(—cp.500 + 50.50yc0a)[YB, + Y _[—biwsey — biucepycps] Zp,
i=1 i=1
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IzB(Sba: - S%%)(—C%% - C‘PmS‘Pbez) + Iy3(¢m - S‘Py‘ﬁz)@@z‘?y + C‘PmS‘PySbZ)
+ IzB(_SSOszy + C‘Pm¢¢y¢z - C‘Pm@x‘py - S‘Pw¢¢y¢x¢z - CiPzSQOySbysz)

6
- Z[_bz‘vapzc@y - bz‘u(s@zc@m - C‘PZS‘PySQOJ:)]XBi
=1
6 6
+ Z[_bivs@zcwy + biu(c@zc@z + SSOZSSOySSO:v)]YBi + Z[bivswy + biuCSOySSOx]ZBi
i=1 i=1

where i =1,2,...,6.

Thus, we obtain 18 differential equations from (2.26) for motion of six limbs, 6 differential
equations (2.36) and (2.37) for the moving platform, and 18 constraint equations taken from
(2.7). In total, we obtain a system of 42 differential-algebraic equations to describe the overall
Stewart-Gough platform motion.

Briefly, the 24 differential equations, which are taken from (2.26), (2.36) and (2.37), can be
abbreviated in a matrix form

M(s)$ + v(ss$) +g(s) =7 — JL(s)A (2.38)
and the 18 constraint equations can be abbreviated in the form

f(s)=0 (2.39)
where A\ is a vector of constraint forces acting on the moving platform

X=[Xp1,YB1,ZB1,- .., XB6, Y56, ZB6) (2.40)
T is the vector of input forces exerted on the actuated joints

=[50 T e R" (2.41)

s is a vector of minimum generalized coordinates used for determining the position and orienta-
tion of the Stewart-Gough platform

s=[q., q;f,xT]T = [ql, 21" ,s € R"s Ng = Ng + N (2.42)

Ta = |T1, 72,73, 74,75, 76] ', Ta € R is a vector of input forces exerted on the actuated joints,
7. = [0,0,...,0]T, 7, € R", q, = [d1,da,d3,dy,ds,ds]T is a vector of generalized coordinates
of the length of limbs, q, = [0, 0a, 03,04, 05, 05, P1, h2, P3, b4, P5, P6] T is a vector of generalized
coordinates of the limb rotation, x = [zp,yp, 2P, ¥z, Py, ©.]T is a six-dimensional vector used
for specification of the global position and orientation of the moving platform in the coordinate
system (O, xg, yo, 20), Z = [q;f,xT]T, z € R":] and

M(s) € R"*™s feR" JT(s) e RXT AER’
£ (2.43)
Js = % g(s) € R v(s,8) € R™

This system of equations contains 42 equations with 42 variables (including 18 constraint forces
in (2.40) and 24 generalized coordinates in (2.42)), so it is possible to solve and find the solution.

3. Solving the system of abbreviated differential equations for the inverse
dynamics problem

The problem of inverse dynamics can be described as follows: given the desired trajectory of
the moving platform motion x = x(t), x € R and constraint equations f(x,q) = 0, the task is
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to determine the vector of input forces 7 exerted on the actuated joints. An idea proposed to
solve the problem is based on the elimination of the generalized coordinates s and the vector of
constraint forces A, transforming differential /algebraic equations (2.38) and (2.39) into ordinary
differential equations with variables representing the components of the vector q,. The number
of equations is equal to the number of degrees of freedom of the Stewart-Gough platform (see
Khang, 2013).

It is possible to rewrite (2.39) in the following form

f(s) = f(da,2) = 0 feR" z € R™ qq € R™ (3.1)

Supposing that the number of generalized coordinates is equal to the number of additional
constraint equations r = n,. From equation (3.1) we have

of
of = %58 =Js(s)os =0 (3.2)

which results in

Js(s)ds = Ju(s)oqy + J.(s)oz =0 (3.3)
Rewriting equation (2.38), we obtain

JT(s)A = M(s)8 + v(s,8) +g(s) — T (3.4)
Transposing both sides of equation (3.4) and multiplying by ds, we obtain

AT 65 = [M(s)§ + v(s,$) + g(s) — 7] " ds (3.5)
Considering equation (3.3), we have

[M(s)8 + v(s,$) + g(s) — 7]Tos = 0T (3.6)

Moreover, from equation (3.3), we obtain

6z = —J;1(s)J4(s)dqq (3.7
5 a Ena
ds = [(?z = [—J;l(s)Ja(s)] 0qq (3.8)

where E,, is the identity matrix.
Denoting

R(s) = l—J;%sta(s)} (39)
equation (3.8) can be expressed as

ds = R(s)dq, (3.10)
We divided both sides of equation (3.10) by dt and then get

S~ R(s) (3.11)
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Substituting (3.11) into (3.6), we get

[M(s)§ + v(s$) + g(s) — 7] R(s)dq, = 0T (3.12)
Considering the vector dq = [0, 645, . .. ,5q%a]T is not a zero vector in general, from (3.12), we
can write

R (s)[M(s)8 + v(s,8) +g(s) — 7] =0 (3.13)

Equation (3.13) can be presented in the form
RT(s)r = RT(5)[M(5)$ + v(5.5) + &(s)] (3.14)

Substituting (2.41) and (3.9) into the left-hand side of equation (3.14), we get
] =T4— [J;l(s)Ja(s)]TTZ (3.15)

Substituting (3.15) into (3.14), we arrive at
7o = RT(8)[M(8)5 + v(5,5) + g(5)] + [32 (5)J(s)] "7 (3.16)

In brief, the solution of the inverse dynamics problem based on the system of abbreviated
differential equations with minimum generalized coordinates can be achieved by following the
steps below.

Step 1: Given x(t) and f(xq) = 0, determine s(t), $(¢), §(¢), solving the problem of inverse
kinematics.

Step 2: Determine the matrices J.(s), Jo(s), J;1(s), R(s), M(s), v(s,$), g(s).

Step 3: Determine the vector of input forces 7, using equation (3.16).

4. Numerical example

According to Tsai (2000), the value of parameters used for simulations was obtained by Wang
and Gosselin (1998). The positions of joints A; (i = 1,...,6) in the global coordinate system
(O, 0, yo, 20) can be determined by the algebraic vectors a; [m]| and b; [m]

2.120,1.374,0]T

= [~ 2.380,1.224,0]F
[—2.380, —1.224,0]"
=

2.120, —1.374,0]"

-
-
0,—0.15,0]* = [-2.380, —1.224,0]"
= [0.170,0.595, —0.4] T :[ 0.6,0.15, —0.4]T
:[ 0.6, —0.15, —0.4]T = [0.170, —0.595, —0.4] T
= [0.43, —0.445, —0.4]T b6 = [0.43,0.445, —0.4]T

The mass of the moving platform is mp = 1.5 kg.
The mass and dimension of links 1 and 2 for each limb are given as follows: m; = 0.1 kg,
e1 = 0.5m and mo = 0.1kg, es = 0.5m.
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The moments of inertia of the moving platform and links are (in [kg/m?])

008 0 0 ~ Joo0625 0 0
=10 008 o0 I9=| 0 000625 0

0 0 008 0 0 0
~ Joo0625 0 0
9= 0 000625 0

0 0 0

The equations and graphs for the desired trajectory describing motion of the center of mass of
the moving platform and the simulation results of the input forces for several cases are presented
in Table 1. The simulation was performed using Maple software.

The simulation results for cases 1 and 2 matches the results by Tsai (2000).

Table 1. The simulation (rp = [zp,yp,zp|* in [m], w in [rad/s])

Equation of motion Desired traj]ectory Input forces
of motion
Case 1: Linear motion
FIN]
p—
—1.540.2sinwt T
rp = 0.2sin wt .
1+ 0.2sinwt -ty
w=3, 0<wt2r .
bz =y =0¢.=0 —T
the axis z
FN] o]
—1.5 o -
rp = O i Ty
1 74 --T3
w=3, 0<wt2r o Ty
Gz = ¢y =0, =75
¢, = 0.35sin wt 51 o

01 02 03 0.4

Case 3: A circle parallel to the plane Ozy

F[Nll

—1.5+0.2sin wt

r= | 0.2—0.2coswt
1

w=3, 0<wt<21

¢m:¢y:¢z:0

Y ehgeIeL
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Case 4: A circle parallel to the plane Ozz

FN]
1.0
—1.5+ 0.2sinwt oo
rp = 0 0.8
0.8 + 0.2 cos wt
w=3, 0<wt2r

0.7

¢$ g ¢y g ¢Z = 0 y 0.1 02 o 13_1'47 R
Case 5: A circle parallel to the plane Oyz
PN —
_1.5 e Ty
rp = 0.2sin wt -

Ty

0.8 + 0.2 coswt
w=3, 0<wt<2r

¢x:¢y:¢zzo

Case 6: An ellipse

—7

1.0

—1.540.2sinwt ?
rp=| 0.2 —0.2coswt
0.8 + 0.2 cos wt
w=3, 0<wt<2r o

¢x:¢y:¢z:0 00

0.9

0.8

0

y 002 g3 e

Case 7: A part of a spiral

—1.540.2sinwt
rp=| 0.2 —-0.2coswt

1+ 0.2wt
w=3, 0<wt<<2r
¢x:¢y:¢zzo

5. Conclusion

The Stewart-Gough platform is used extensively in mechanical engineering and medical biology
practice. Therefore, studying the dynamics and control of the Stewart-Gough platform is very
important. In this article, the substructure technique method and a matrix of Lagrange equa-
tions were used to establish the system of equations of motion of the Stewart-Gough platform,
and the inverse dynamics problem of the Stewart-Gough platform was solved. The simulation
results for cases 1 and 2, which match with the results by Tsai (2000), verify the correctness
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of the method used in this article. With the use of the substructure technique, the problem of
determining the equations of motion for a complex spatial structure becomes clear and realiz-
able. The computational method for the Stewart-Gough platform can be applied to modeling of
other parallel platforms.
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