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ABSTRACT

Purpose: To develop mathematical model of the kinematic parameters of motion rods of hexapod
at the maneuver of type “pitch”.

Methodology: The motion of hexapod platform was generated based on the pole translational
equation of motion and rotational motion via angles of Euler-Krylov. Modelling the platform’s
trajectory of type "pitch" was done based on control of coordinate positions. The movement of each
rods of hexapod around a motionless axis was presented by two angles of Euler.

Results: Are obtained the mathematically models of kinematic parameters of rods the hexapod,
when performing by a platform of any complex maneuver. Angular velocity and angular
acceleration is attached as projections on the fixed coordinate system and on the coordinate
system is attached to the moving rods. Was presented the algorithm for research of kinematics the
rods of a hexapod. Calculations for design of the standard avia-exercise machine of firm “ANTK
Antonov” have confirmed a possibility of obtaining kinematic parameters of the rods of hexapod
when performing maneuver like "pitch". Has been set the maximum of accelerations load on the
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been necessary for dynamics problems.

crew at the maximum admissible angles of maneuver types "pitch" of the simulator-hexapod.
Conclusion: Was confirmed possibility of modelling a complex maneuver of simulator-hexapod at
permissible acceleration load on the crew. The process of obtaining kinematic parameters has

Keywords: Motion; matrixes; mechanism of parallel structure; maneuver; training.

1. INTRODUCTION

The control of mobile transports objects is highly
complex and dangerous operation, requiring
taking fast decisions on change of a course and
instant reactions drivers for motion changes.
Technologies of training have gained the
greatest distribution where mistakes when
training at real objects lead to extraordinary
consequences, and their elimination — to big
financial expenses: in aircraft and space, in
military science, in medicine, at natural disaster
response, in nuclear power, hi-tech production.
The perfection of simulators of modern mobile
machine (MM) is highly dependent on the degree
of reliability of kinematic simulation. For studying
dynamic loads of simulator it is necessary to do
comprehensive research about the kinematic
parameters legs of hexapod. Therefore, the
problem of research kinematics of legs of
simulator-hexapod, simulation of control process
of the driving system, performing motion of the
simulator’s cockpit, is an actual problem.

In modern researches besides the fact that it
combines the new formulae for mobility
connectivity, redundancy and over constraints,
and the evolutionary morphology in a unified
approach  of structural synthesis giving
interesting innovative solutions for parallel
mechanisms [1]. The most effective is design of
parallel structure machines (PSM), researches of
forward and inverse kinematic problem,
workspace and singularity, done by Merlet J,
Bonev |, Liu XJ, Wang J. [2-4]. Matrix method
calculation of PSM represented in Reza N. Jazar
[5]. Deserve attention of achievement in
researches of designing of PSM of Yu. N.
Kuznetsov DA. Dmitriyev [6,7]. Questions of
kinematics of PSM as a part of industrial
platforms was considered in works of Lenarces J,
Bajd T, Stanisic M. [8]. In kinematics field and of
improving the mobility of the combined model of
simulator-hexapod are known works, in which
was obtained results the level of acceleration
effects on the crew [9,10].

However, in a well-known kinematic researches
PSM was not considered the kinematic motion of

rods hexapod and is completely missing the
methodology for studying their kinematic
parameters. Comprehensive investigation
kinematic parameters of the hexapods are
necessary not only for determining their
orientation, but for dynamic problem solution for
studying the loads on the simulator. The solution
of the problem of comprehensive preparation of
crews of mobile equipment for action in
emergency situations demands creation and
improvement of systems of modeling of the
movement MM at various maneuvering
conditions.

2. METHODOLOGY

Nowadays all well-known high level simulators
are dynamic platforms based on PSM of type
«hexapod» (Stewart platform) [1,2]. Modern
simulator of mobile machines based Stewart
platform for drivers has 6-degree of freedom and
are consist of mobile platform (MP) 1 and fixed
base 2 (Fig. 1). Six universal joints A; 4 on the
base and six spherical joints B; 5 of the moving

platform are connected with six legs 3 which can
change its length AB; . Motion platforms of

simulator-hexapod relatively the fixed base
OXyYoZ, was defined with six independent

parameters: Translational movement with pole P
of platform (coordinates — Xxp,Yp,Zp ) and

rotation (angles Euler-Krylov — y,0,¢ ) [9].
Coordinates of the universal joints A; in the fixed
base OX,Y,Z, and coordinates of spherical
joints B; in moving platform PXpYpZp, don't
change, when the platform moves (Fig. 2) [10]:

OAiz(XAi Yai ZAi)'PBiz(Bxi Byi BZi)'
i=1.6. (1)

From the geometry of the location of the joints
A, determined this formula for angles

[ AgA 2
=2arcsin =4 | andy, =—-y,; R, and
Y1 [ 2R, j Y2 3 Y1 A
Rg - radii of joints center A; and B;
respectively. In accordance with Euler theorem
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about the final displacement of a rigid body with  the line of nodes PX; on the angle 6 degree

one fixed point on the platform 1 from start . L= N 1o
position PX'YZ' to the final one PXpYpZp can and with angular velocity W from PX;Y,Z, to

be represented by three rotations (Fig. 1). First the p95|t|on leYPZ?' Third rotation is around
rotation is around axis PZ' on the angle |y and the axis PYp of moving platform’s on the angle

with angular velocity @, from PX'YZ' to the ¢ and with angular velocity W, from PXYpZ)
position ¢ PX;Y,Z;. Second rotation is around to the final provision of a platform PXpYp Zp .
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Fig. 1. Scheme rotation of platform around pole P and rotation the rod A;B; around joint A;

Considering the matrix of transformations, was obtained the coordinates of the center of joint B, in
the fixed system OX,Y,Z, as [9]:

Xgi B, (cwcq) - swses¢)+ Byi (— SyCe )+ B, (Cw5¢ + swsec¢)+ Xp
Yei |=| BxilSyCo +CySeSy )+ ByiCyCe +B,ilSySy —CySeCo)+Yr | (2)
Zp; Byi(=CeSy )t ByiSe +B,iCoCy +2p

i=1...6,

where ¢, =COsy, S, =siny, cg =C0B, Sy =sinB, ¢y =COSP, Sy =Ssind.
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When the simulator is moving, the rod is rotates
around the fixed center of joint A; . The motion of

the i-th rods is obtained in its own coordinate
system A X;Y;Z; . Orientation of system A X;Y;Z;
is determined with the coordinates of the joint
Ai(xAi,yAi,zAi) and with the angle 6, of line

OA (axis A; X;) as (Figs. 1, 2):

8; =0,5y,; 0, =05y, +yy; 65 =15y, +yy;
8, =1,5y, +2yq; 85 =2,5y, +2y,; 6 =2,5y, +3y;

©)

Fig. 2. Scheme of the position of cardan
joints A; and of spherical joints B;

Auxiliary  intermediate  system  coordinate
A X{Y{Z] is located in parallel with the fixed
reference coordinate system OX,Y,Z, . By, is
the projection of the center of joint B; on plan
OX,Yy . With every of i-th rod AB; has been
attached coordinate system A;g;n;¢; , which is
rotating around the fixed joint A; together with
the rod. Orientation of the moving axes A;§;n;¢;
is obtained relative to the fixed axes A X;Y;Z; at
the angles o; and B;. A; is cardan joint, so the
leg rotation around its longitudinal axis An; is
impossible. At initial position (a; =0 andf; =0)
the axes of system AyneiGe and of A XY;Z
are coincide, so the legs are in horizontal
position ABy (on the plan OX,Y, ) as a
perpendicular to OA . First rotation is around
joint A; about fixed axis AZ; on precession

angle g; and with angular velocity wy; . After the

first rotation is disposed the axis A;g; in the final
position, axis An; and rod AB; in the
intermediate positions. The second rotation is
around line of nodes (axis A;¢;) by angle ; and
with angular velocity w,; . After second rotation

coordinate system A;§;n;¢; and rod AB; are
disposed in the final positions.

By the known coordinates (2) of the center of
joint B; in system OXgYyZ, are defined
coordinates of this center in the (local)
motionless system of coordinates A;X;Y;Z; with

the matrixes of transformation of coordinates:
translational motion from point O in the position

A, and the rotation around axis A;Z; on the
angle ©; . After transformation was denoted
coordinates of the joint B; on system A X,Y;Z;

as Bi(xi Wi ,zi). As a result, was obtained:

X EX Bi _XAiESinei +(y Bi ~YAi )Cosei
Yi |=| Xgi =X aj JcOsB; ‘(y Bi ~ Y Ai )Sinei (4)
Zi Zpgj

From right triangles ABB;,, and ABB,
(Fig. 1.) was obtained:
BB, . BB, ,
tga; = ———2 :_ﬁ; g8 = ———% :i, (5)
AB; Yi ABixy h;

where h, — horizontal projection of rod AB; and
x; Oy; (Fig. 1.).

h = AB;,, =V;/cosq; . (6)
The equations (5) can be written as:

yitga; =-x;; hitgB; =z;. (5,a)

After differentiation on time both parts of
equalities (5, a) was received:
yitga +yi—(21i =-%;; hitgB, +% =
COS” a; cos“ B
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The angular velocity of the i-th rod:

Wy =0 =_i_(xi +Yitga; Jeos®a;;
o1 )
Wy =B :h_(ii _hithi)COSZBi

Dots on the angles means differentiating with
respect to time.

After multiplying both sides of equation (7) on the
denominators and after differentiation on time are
obtained the expressions for components of
angular accelerations of the i-th rod as:

&; :yi[— (% +Yi;tga; +2y;a Jcos?q; +)'<idisin20(il,

i
+ (8)
i = \& Thitgp; —2hib; i ~Zibi [
B - [(z htgB. —2hpB )cosZB z Bsm2{3]
1
Where
h :(yi +hidisinai)/cosqi ,
h, =V, /cosq; +(2hié(i +hit:'(i)tgo(i +ha?|
Vector of the angular velocity of i-th rod is
Wy =Wy Uy 9)

After projection of the both sides of equation on
the fixed A X;Y,Z; (Fig. 1) it was found:

wy; =Pcosa;; wy; = Bising;; w, =a;.

@, =Bcosa; i, +B;sina; j; +aKk; . (10)
After differentiation on time was obtained the
vector of the angular acceleration as:

g = (Bicosoxi —diBisinai)ﬂ+(ﬁisinai +diBiCOSGi)ji +ak:
(11)

Modules of the angular velocity and of angular
acceleration was found as:

o=l il <l eaip el a2

For problems of the dynamics are of the required
projection of the angular velocity and angular
acceleration in the moving axes AgnG .

associated with the i-th rod. Projecting (10) and
(11) on these axes was obtained:

wg =Bi; wy =&;SinB;; wg =a;cosB; . (13)

€5 = £,COSQ; +E;sing;;

€ni = —€,SING;COSP; +€,;C0S0;COSPB; +€,SiNB;; (14)

€5 =€, SiNg;sin; —ey;cosa;sin; +¢,,cosB;

Algorithm for research of kinematics of the
rods of simulator-hexapod

1. Set the geometry of the arrangement of the
universal joints of the base and spherical
joints of the platform (Fig. 2). For the
known radii R, and Ry determine the

coordinates of the centers of the joints (1)
and angles of orientation (3).

2. It is necessary to form the equations
translational ( Xp,Yp,zp ) and rotational

(angular — y,0,¢ ) of the motions of

simulator-platform.

3. Determine the coordinates (2) and (4) of
the centers B; joints of a simulators in
fixed systems of base OX,Y,Z, and in
local A; X,Y;Z; .

4. Set the level of acceleration load on the
crew for a given maneuver of the platform.

5. Compute the angles of rotation of the legs
(5) and the values components of the
angular velocities (7) and of angular
accelerations (8).

6. Determine the projection of the absolute
angular velocity and angular acceleration
(12) on the stationary axes.

7. It is necessary to form the values for the
projections of the angular velocities (10)
and angular accelerations (11) of rods on
the stationary axes.

8. It is necessary to form the values for the
projections of the angular velocities (13)
and angular accelerations (14) of rods on
the mobile axes.

9. Determine the absolute angular velocities
and accelerations of the rods (12) when
performing a given maneuver.

3. RESULTS AND DISCUSSION

The trajectory of the type "pitch" of the simulator
in the plane OX,Z, is modeled as circular arcs

with maximum pitch angle ¢, =30° (Fig. 3).
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Along the horizontal axis OX, the movement of
the platform is simulated as the positional
control: set the start and end positions of a pole
of platform ( Xpg=-2m ; zpy;=3,2m ),
(Xp1=2m; zp; =3,2m ), the maximum values
of velocity (maxx, =5m/s) , acceleration
(maxkp =15 m/sz) and snatch (pX =¥po =30 m/s3)
[9]. Coordinate 2z, determined from the
geometry of the trajectory of the pole P of the
platform:

1
z, =hg +R—(R2 —XS)E : h, — the minimum
height of the pole; R — radius of the trajectory
type "pitch".

The vertical axis PZp of the platform should
deviate at an angle ¢ from the vertical when

performing trajectory type “pitch". From the
geometry of the trajectory: sindg =xp /R .

Zy
Oy
g
R P1
£ P
Xp
Zp
0 Xy

Fig. 3. The trajectory of the maneuver type
"pitch"

For calculations taken source data model design
of flight simulators of firm "ANTK Antonov": R,

=2,7 m; Rg =2,45 m; h, =1,3 m; R=8,0 m.
Replacing in (2) the coordinates of the joint at B;
on the coordinates of the center C of gravity
PC:(CX C, CZ):(O 0 1,4) of the operator

of mobile machines and differentiating twice in
time, found the absolute acceleration of the
center C. The calculations revealed that when a
platform performs maneuver of type "pitch" with
the given parameters of its trajectory, then the
level of acceleration load on the crew is exceed
23 g (g — acceleration of free fall). The
regulatory limit value of the acceleration load for
pilots correspond to the level of 6 g. With

calculations by the proposed algorithm
determined that the maximum value of the
angular accelerations of the rods exceed 5 s
(Fig. 4). Graphs of the accelerations give an idea
of the distribution of moments of inertia forces on
the rods of hexapod.

EZEJ 52

0 ; | i
0 0.5 1 1.5 i, s

(b)

Fig. 4. Graphs of the projections of the
angular accelerations of rods hexapod
on axis Ai§; (a) and on the axis A/ (b)
(The numbers indicate on the order number of leg
hexapod)

Confirmed the possibility of modelling complex
maneuver of the platform of the simulator with a
permissible load on the rod hexapod.

4. CONCLUSION

It is developed the mathematical models of the
kinematic parameters of rods hexapod when the
arbitrary complex maneuver of platform. Installed
the formulas of the angular velocities and angular
accelerations of the rods in the form of
projections on a fixed axes and on the axes
associated with mobile legs. Presents the
algorithm of research of kinematics of the rods
hexapod. Calculations for the typical design of
flight simulators of firm "ANTK Antonov"
confirmed the possibility of obtaining the limit
value of the acceleration load for pilots when
performing the maneuver type "pitch". Developed
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the process of determining the kinematic
parameters of the rods hexapod, which are
necessary for problems of the dynamics of the
hexapod as a whole.
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