DYNAMICSMODELLING OF A PARALLEL FLIGHT
SIMULATOR

STEFAN STAICU , CONSTANTIN OCNARESCU, LIVIU UNGUREANU

Abstract. Recursive matrix relations for dynamics analysis of a parallel manipulator,
namely the spatial flight simulator, is established in this paper. Knowing the general
motion of the platform, the inverse dynamics problem is solved using an approach
based on explicit equations of parallel robots dynamics. Finally, some simulation
graphs for the input forces and powers are obtained.
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1. INTRODUCTION

Parallel robots are closed-loop structures presenting very good potential in
terms of accuracy, stiffness and ability to manipulate large loads. One of the main
bodies of the mechanism is fixed and is called the base, while the other is regarded
as movable and hence is called the moving platform of the manipulator. The links
of the robot are connected one to the other by spherical joints, universal joints,
revolute joints or prismatic joints. Generally, the number of actuators is typically
equal to the number of degrees of freedom and each leg is controlled at or near the
fixed base [1-3].

These mechanisms can be found in practical applications, in which it is
desired to orient a rigid body in space of high speed, such as flight simulators [4—6]
and positional trackers [7,8]. A first spatial robot used in the amusement parks was
built in 1928 by James E. Gwinnett [9] and was patented as a simulator by
Galanov and Diaciun [10].

In the present paper, a recursive matrix method is applied to the inverse
dynamics analysis of a spatial 3-DOF parallel mechanism, to prove that the number
of equations and computational operations reduces significantly by using a set of
matrices for dynamics modelling.
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2. KINEMATICSANALYSIS

With a closed-loop structure, the parallel manipulator has a spatial
construction and is used as a flying simulator in the amusement parks.
Additionally, a closed cab with two doors is placed on the moving platform (Fig. 1).

The architecture of the robot consists of a fixed triangular base AB,C, and

an upper moving platform A,GB,C, that is a rectangle with b and h the lengths of
the geometric characteristics, two passive legs and three active extensible legs. The
first active leg A is typically contained within the OX,Yy, median vertical plane of

the cab platform, whereas the remaining active legs B, C are starting from a
perpendicular vertical plane, symmetrically placed relatively to the median plane.
Provided with identical kinematical structure, these last active limbs connect the
fixed base to the moving platform by two universal (U) joints interconnected
through a prismatic (P) joint made up of a cylinder and a piston. Hydraulic or
pneumatic systems can be used to vary the lengths of the prismatic joints and to
control the location of the platform. There are three active prismatic joints

A, B,, C,, four passive universal joints B, B,, C,, C,, seven passive revolute
joints A, A, A,,D,, D,, E, E, and one internal passive prismatic pair jointed at
the point E,.

Fig. 1 — Parallel flight simulator.
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For the purpose of analysis, we assign a fixed Cartesian coordinate system
O%,Y0Z(Ty) at the point O of the fixed base platform and a mobile frame
GXgYeZ; attached on the mobile platform at its characteristic point G. Griibler
mobility equation predicts that the device has certainly three degrees of freedom.

The moving platform is initially located at a central configuration, where the
platform is not rotated with respect to the fixed base and the point G is located at
an elevation h;. We also consider that the three sliders A, By, C; are initially
starting from the positions AA, =S, B,B; =s5, C,C; =5 (Fig. 2).

To simplify the graphical image of the kinematical scheme of the mechanism,
in what follows we will represent the intermediate reference systems by only two
axes, so as is used in most of robotics papers [1,2,11]. It is noted that the relative
rotation with angle @\, or the relative translation of the body T, with the

displacement A, ; must always be pointed along the direction of the z, axis.

Fig. 2 — Kinematical scheme of parallel mechanism.

The leg A consists of a fixed revolute joint, a moving cylinder of length |,
mass mA and tensor of inertia le, which has a rotation about ZIA axis with the

angle (plp(‘) , the angular velocity (D]AO = ('plp(‘) and the angular acceleration sﬁ‘) = ('p')lAO .
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A prismatic joint is as well as a piston linked at the Agsz y2A Zf frame, having a
relative motion with the displacement %';1 , the velocity VzAl = XZAI and the
acceleration y?l = 2Al. It has the length |, , mass mzA and tensor of inertia jf‘. A
new revolute joint is introduced at a homogenous rod of length h, mass n13A and
tensor of inertia j3A, linked at the A3X3Ay3AZ3A frame, having a perpendicular
rotation about Zf‘ axis with the angle (pf‘z, the angular velocity 03;‘2 = (pf‘z and the
angular acceleration 8?‘2 = (p§°‘2 . Finally, the median axis of the moving platform of

mass m4A and tensor of inertia J f‘ rotates around the rod AG with the angle (p4A3 ,

the angular velocity cofg = ('pff3 and the angular acceleration 83A2 = ('[33A2 .

Concerning other two active kinematical chains, the architecture of the leg B,
for example, consists of the cross of a fixed Hooke joint characterised by a

negligible mass, linked at the frame lelBlele , which has the angle of rotation

(plBO , the absolute angular velocity oalBo = (i)FO and the angular acceleration
sﬁ) = (';SIBO. This is connected at a moving cylinder BZXE’ y? ZZB of length |5, mass
m? and tensor of inertia J2, having a relative rotation around B,ZP axis with the
angle (sz1 , so that oazBl = ('sz] , szBl = ('[')251. An actuated prismatic joint is as well as a

piston of length |, , mass m38 and tensor of inertia 538, linked to the B3X3B y3B Z3B

frame, having a relative displacement 7»382, the velocity V3Bz =7L3Bz and the

acceleration yf‘z =X3|,32. Finally, a second universal joint B, is introduced at the

apex of the rectangular moving platform.

Additionally, two rigid cranks of lengths s, I, masses mlD, mlE and tensors
of inertia le, le, respectively, jointed at two fixed revolute pairs D, E;, execute
oscillating rotations with the angles (plDO,(plEO, the angular velocities mPO,oalEo and

the angular accelerations coPO,(DlEO. Finally, the internal prismatic pair E, of

negligible mass starts from an initial position D,E, =s and has the relative

displacement A , the velocity v= A and the acceleration Y= A

Starting from the reference origin O and pursuing along five independent legs
OA A AA,,0BB,B;,0C,C,C;,0D,,0F,;, we obtain following transformation
matrices
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Ao =38, & =0, &) =a5,a0, a3 = afseT )
Cio = Clp» 021=C§p1a§xeT» C, =0, dy=djay, g,=€4a, (1)

where we denote the matrices:
a” =rot(z,a;), 0= rot(y,%), Pk =1ot(Z o) (P=ab.cd.e. (2)

A complete description of the absolute position and orientation of the
platform requires four variables: the coordinates X(()3 , y(? of the point G and two
Euler’s angles v, ¢ associated with two successive orthogonal rotations. Since all

rotations take place successively about the moving coordinate axes, the general
rotation matrix R=Ry;R, is obtained by multiplying two known transformation
matrices

Ro =rot(zy + oy —a,), Ry =rot(X,9). )

Here, XJ,ySand ¢ are chosen as the independent variables and vy is a

parameter of a parasitic motion. The parasitic motion from the four motions of the
moving platform is permanently dependent on the independent variables.

The conditions concerning the absolute orientation of the moving platform
are given by the following matrix identity

eTa40 = R, (4)

from which we obtain significant relations between the angles of rotation

A A A
V=010~ 03, $=043. )
In the inverse geometric problem, the position of the mechanism is

completely given through three variables X(? , y(()3 , ¢ . For the parallel simulator, the

rotation angle ¢ is the only completely independent variable with other three pose
parameters.

Consider, for example, that during three seconds the rotation of the moving
platform around its median axis and the motion of the characteristic point G along
a rectilinear trajectory are expressed in the fixed frame OX,Y,Z, through the

following analytical functions

G G _
0 (g +d) Yo he _ ¢ ~1-cos . (6)
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where the values ZXS; " 2y(()3 *,2¢" denote the final position and orientation of the
moving platform.

A set of 12 independent variables (pl’a(‘), k’;‘l, (pf‘z,(pFO, (szl, k382,
(pfo, (pgl, k%, (pﬁ’), (pFO, A will be determined by vector-loop equations

3 2

oA T A T.G_ =B T B T B, T »GB

Mo +zak0rk+l,k +ayly =T +Zh<ork+1,k +byly ™ —agly” " =
k=1 k=1

2
~C T C T+C, T #GC, D , 4T#D, , .T »D,G
=Ty +ch0 kitk +Col3 " —ayely "t =T Tl +agfy 7 =
k=1
_2E | . T»E , T #EG _ =G
=ho 6o = +30l3° =TIy (7
where
SA 2 oA Ava oA N N S c R
Mo =0, By =(Sa+A)l;, By =hLu;, F3=0, Iy =h
. T B 7 =B B.- B _  _.GB I, .
fo =[dy+d;+d, 0 ds]', B =0, By =(Sg+A3)U, B =140, 7,7 :_Ebul

i 2C 2o L .C . .cc, 1,
R =[dy+ds+d, 0 —ds]', Py =0, Bg =(+AH)0, K =10, :Ebul

— — —»DZG

— — D —
rl() = (d2 + d3)u]9 r1 *= |5u1; r3 = (dl - h)ul

~E . E . _EG _

g =0 0 01", G;=[0 0 1]". (8)

From the vector equations (7) we obtain 12 analytical equations for the
inverse geometric solution, giving the expressions of all 12 above independent
variables.

The motions of the component elements of the manipulator are characterized
by the relative velocities of the joints

Vik-1 =Mk kb 9
or by the relative angular velocities and their associated skew-symmetric matrices

O ko1 = Prk-1lss O kg = Py k105 - (10)
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Deriving the relations (5) and the geometrical constraints (7), we obtain first
the angular velocity cofg = ¢ and 12 matrix conditions of connectivity [12]:

V=[QI''P, (11)

where followings nonzero terms determines the contents of 12x12 invertible square
matrix [Q] and the column matrix P:

A_ T T wA, ToA, T T T G A_oT. T A_oT . Te TG
Gy =U aoUz{n) + &y 15, + &y 185843l |, G =U Uy, G5 = U 39033431,
B_ _gTalg T »GB, qTal g.al. 78
Qj; =—Uj ajoUsay 85,8437, , q13 Uj a3pUzagh,

B _ TRT « T 4B B B _ —~TWT ~ (#B , WT »B B _ TWT
djs =Uj by Osby {135 + ols s djs =Uj by Uy {l3; +bpi3 ™}, Qjg =Uj byl

Qfl :_UjTalTo%alea;zaIﬂGC“ , q]C =—U; Fagotsag i,
Q% =UjT01T0 003, (T +Chfy ), Q?s Cyo Us T3 +Cfy ) q19 IFC;FO_'I
qf =0 a0a),a5n %, o3 =L7iTa3ToGs?3.DZG’ a5 =0 digts >
qf =0"ajayahn =, o5 =0"a,0R"C, of, =G"e\ni™, qf, =0 aj
QA:qTﬁ)Ga P —UJTFOG +¢UJTaZoU3AGB > Pj _UTFE)G+¢U] ‘5‘4005GC
p° =a'r®, pF=ad'r’ (i=1,2;j=123). (12)

Finally, the expressions of relative velocities are obtained from the column
matrix

+~ A A A B B ,B C C . C D E AT
V=[] Vo) 03 O 0 Vi O O Vi O Op V] . (13)

Considering some independent virtual motions of the spatial mechanism,
virtual displacements and velocities should be compatible with the virtual motions
imposed by all kinematical constraints and joints at a given instant in time. Let us
assume that the robot has successively three virtual motions determined by
following sets of velocities:

AV Cv
Voja =1, V32a 0,3, =0

V21b =0 V32b =1 V32b =0

Ve =0,V =0,V =1. (14)
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The characteristic virtual velocities are expressed as functions of the pose of
the mechanism by the general kinematical equations (11).
Expressions of relative accelerations are obtained from the column matrix

-~ A A A B B BC.C C D E
I'=T[ejp v21 €32 €10 €21 Y32 €0 €21 Y32 €10 €10 V] - (15)

using new conditions of connectivity:
r=[Qr's, (16)

where following terms determine the contents of column matrix S=P- [Q]\7 :
ST5G A AST T @A, TeA | T T T =G A AT T ~
§ =U Ty — ool 8olls{hy + 8y 13 + 8y 858530y | — 03030 85000say31, " -

A AT T ~ A AT Te TT~ T »G
=200V U 849Ul — 2mjm3,U; Uz s 35058431 |

B_ ~TSG , 7T AT  »GB A AT T o 2T T T =GB
S; = UjTy” +Ujaylsy * + 0oyl 8500ty @583, +
A TT i AT #OB, , ;2T T  ~ »GB
+05 03U 83000say3 7 + ¢7Uj 84003057 +

A AT T AT AT ¢ AT »GB AGcT T« AT AT AT =GB
+201003,U; 89038y 183038431, + 279U 8908y @830 +

j

+205 00 adyUsag; 05T — COF()UJF()UijlTo G050y, {735 + by, iy ) —

_(’)ZBI(DZBlUijZTO U3 U3 {%E + Tzr}B“}— zmﬁ)szlaijlTo l]3b2T1 Us {ﬁg +b3T2F3 ‘-

_2®1EE)V;BzuijlTo Usby, Uy — 203281V;BzaijzTo Us 0y
SjC = ljjT;;)G +$UjTaJOU3QGC4 + (Dl/?)mlA()UjTalT<ﬁ3a3aleaszaI3ﬂGC4 +
JFCO3A2°03A2UjTa3T()L~‘3Uﬁlsrite‘c4 + d’zUjTanususﬂeq +
+2031A00°?26jTalT003alea;rza3af3ﬂGC4 + 2(’)1A0‘1>UjT<"‘1T0l]3azT1""3T2a;¢r3l]3rfc4 +
+2m?2(i)aiTasTou3azsusﬂGc4 - mﬁ)mﬁ)UchlTO ‘]3030;1{@3 +C3T2F3C4}—
_mglwglachzTO 0,05 + Cioly ) — Z(Dﬁ)wglajTClTo 05y U {5 +03Tzr304}—
_20°§:()V§:2UjTClTo 05y, 0 — 2@§1V302UjTC2To Us 0y
§ = UjTﬁ)G — ofpofyl ayitay a3 ¢ —oh ol alui R -

D DaTqT~ ~ =D A A=T. T~ T.T~ »DG
—opwiol; digUsUsl — 20700350 ayliay 85,051
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E_ oT3G A _AoT JEG A A-T.T« ~ -EG
§ =UjTy — o004 a10u3u3a21a32r3 —03,030; 3303051

E _EaT ~E, STT ~EG
— 07O e10u3u3r1 2‘9100332U a10u3a21a32u3r3 -

_20)10VUi aiOl]3a21a32u1 - _20)32VUi a3ol]3u1

(i=1,2;]=123). (17)

3. INVERSE DYNAMICS MODEL

The dynamics analysis of parallel robots is complicated because the existence
of a spatial kinematical structure, which possesses a large number of passive
degrees of freedom, dominance of the inertial forces, frictional and gravitational
components and by the problem linked to real-time control in the inverse
dynamics. Considering all gravitational effects and neglecting the frictions forces,
the relevant objective of the inverse dynamics is to determine the input torques or
forces, which must be exerted by the actuators in order to produce a given
trajectory of the end-effector.

A lot of works have focused on the dynamics of Stewart platform. Dasgupta
and Mruthyunjaya [13] used the Newton-Euler approach to develop closed-form
dynamic equations of Stewart platform, considering all dynamic and gravity effects
as well as viscous friction at joints. Tsai and Stamper [14] presented an algorithm
to solve the inverse dynamics for the Delta translational robot, using Newton-Euler
equations and Lagrange formalism.

Three independent pneumatic or hydraulic systems A, B, C that generate three

input forces le = £,10;., f32 = f50;, 1?3% = f50,, which are oriented along the

axes AQZZ , B323 ,C323 , control the motion of three moving pistons of the legs.
The parallel robot can artificially be transformed in a set of three open

chains G (i = A, B, C)subject to the constraints. This is possible by cutting each

joint for moving platform and taking its effect into account by introducing the
corresponding constraint conditions.
The force of inertia and the resulting moment of inertia forces of a rigid

bodkaA, for example,

nA Al A CA
=—Mk |:Yk0 (‘Dko@ko +8ko)rk J

Mo = —[MPRi e + J0ek + Bk Jedry 1 (18)
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are determined with respect to the centre of joint A,. On the other hand, the
wrench of two vectors Ifk* A and M;A evaluates the influence of the action of the
weight rn(AQ and of other external and internal forces applied to the same element
TkA of the manipulator, for example:
A_ A = JFA_ A CAL =
=M g3, Mk =Mcarc ol (k:1:253:4)' (19)
Pursuing the first leg A, two recursive relations generate the vectors
2A_2A T EA FA_NGA LT A LA T E2A
Fe’ = Feo + kP Mic =My + a1k Mic + A k@i kFeer,— (20)
where one denoted
A SiA ZxA A SinA oA
Foo=-F" =R, Mgg=-M" =M " 21
As example, starting from (20), we develop a set of recursive relations:
2A_PA PRA_PRA, TEA RA_pRA, . TRA BA_pPRA TEA
Fp'=Fy, B =Fo+agk, R =Fo+a,F, =Ry +aF
FA_ WA A_NA L AT GA, AT 2A
My =My, M3 =M +a,My +iza5F
FA_ WA L AT NFA L FATRA A A | Ty A, A TEA
M =My +a, M +ihai B, M =M[G +ay M)+ phay B (22)
The fundamental principle of the virtual work states that a mechanism is
under dynamic equilibrium if and only if the total virtual work developed by all
external, internal and inertia forces vanish during any general virtual displacement,
which is compatible with the constraints imposed on the mechanism.

Applying the explicit form of equations of the parallel robots dynamics [15],
compact matrix relations result for the input force of three prismatic actuators

fﬁ:ﬁ?{ﬁz +C°10aM1 +(’)32aM3 +(’)43aM4 ch010aM1
+(921aM2 +0310aM1 +C°21aM2 +C°10aM1 +0310a 1 }
f3% =U3T{|£3B +0310bM1 +0321sz +0310le +0321sz
+@10bM1 +@32aM3 +0343bM4 +°’10le +0310aM1 §
fsg =UT{|33€ +03108/cmlc +03§ch2 +C°10cM1 +C°21cM2

(23)
+0310ch +o 32cM3 +(’343cM4 10cM1 10cM1 )

The relations (20)—(23) represent the inverse dynamics model of the parallel
flight simulator. The various dynamical effects, including the Coriolis and
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centrifugal forces coupling and the gravitational actions are considered in this
explicit equation.

As an application let us consider a parallel simulator which has the following
geometrical and architectural characteristics

XX =0.05m, y$ =0.1m, ¢*=n/12
AD,=d, =04m, AE =d,=0.95m, ED,=d;=0.65m
D/F =d, =0.25m, B,F =C,F =d; =1.35m
DD, =ls=13m, EE,=l¢=12m, B,C,=b=12m
AG=h=14m, FG=hg=1.1m, At=3s

sn=0.29m, S3=5 =033m
l}=0.65m, |,=085m, [;=0.75m, |,=1m

m*=1kg, m'=12kg, m=15kg, m;'=5kg

me =m$ =1kg, mP =m$ =12kg, m° =1.5kg, mF =1.4kg.

Using MATLAB software, a computer program was developed to solve the
dynamics of the parallel simulator. To develop the algorithm, it is assumed that the
platform starts at rest from a central configuration and moves pursuing
successively some evolutions.

Three examples are solved to illustrate the algorithm. In a first example, the
platform’s point G moves along the vertical direction Oy, with variable

acceleration while all the other positional parameters are held equal to zero. As can
be seen from Fig.3 and Fig.4 it is proved to be true that the active forces and
powers of the actuators B and C are permanently equal to one another.

For the case when the point G moves along a rectilinear trajectory without a
rotation of the platform around its median axis, the graphs are illustrated in Fig.5
and Fig.6.
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Fig. 3 — Input forces of three actuators. Fig. 4 — Powers of three actuators.
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Further on, we shall consider a general evolution of the platform, combining
a rectilinear displacement of the point G and a rotation of the platform around its
median axis. The input forces and powers of three prismatic actuators are

graphically sketched in Fig.7 and Fig.8.
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4. CONCLUSIONS

Some exact relations that give in real-time the position, velocity and
acceleration of each element of a flight parallel simulator have been established in
the present paper. The dynamics models take into consideration the masses and
forces of inertia introduced by all component elements of the parallel mechanism.
Based on explicit equations of parallel robots dynamics, the approach can eliminate
all forces of internal joints and establishes a direct determination of the time-
history evolution of active forces and powers required by the actuators.
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The simulation certifies that one of the major advantages of the current
matrix recursive formulation is the accuracy and a smaller processing time for the
numerical computation. Choosing the appropriate serial kinematical circuits
connecting many moving platforms, the present method can be easily applied in
forward and inverse mechanics of various types of parallel mechanisms, complex
manipulators of higher degrees of freedom and particularly hybrid structures, with
increased number of components of the mechanisms.

Received on December 2, 2013
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