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Abstract. The dynamics of hexapods (Stewart platforms) has been extensively studied for
several decades. In this problem, the equations of motion are usually constructed using the
basic theorems of mechanics. Lagrange equations of the second kind are often constructed for
the same purpose. In the present paper, a new form of dynamic equations is considered. These
equations are a special form of equations of motion of a system of rigid bodies (equations of
dynamics in redundant coordinates). This approach is used to obtain the differential equations
of motion of a hexapod in redundant coordinates. In this case, the loaded Stewart platform
is considered as a rigid body, whose position is determined by setting the radius vector of the
center of mass and the unit vectors of the body-axes system. From the vector form of the
Lagrange equations of the first kind scalar differential equations of motion of the mechanical
system under consideration are obtained. The obtained equations for some standard motions
of the hexapod are numerically integrated. It is noted that the stable motion of the mechanical
system under consideration can be obtained only with the introduction of feedbacks.

1. Differential equations of motion of a rigid body in redundant coordinates
Consider the fixed coordinate system O&n¢ and the movable coordinate system Czyz, whose
axes are directed along the main central axes of inertia of the body; the point C' is the center of
mass of the rigid body. Let p = (ﬁ (see Figure. 1). Following [1], the position of a rigid body
in the space will be determined from the radius vector of its center of mass and the unit basis
vectors of the system Czyz:

p, i, j, k. (1.1)

In the process of motion of the body, its vector coordinates (1.1) are subject to the holonomic
constraints

fl=i?-1=0, f2=3-1=0, fP=kK*-1=0,

1.2
fAoij=0, fFf=j-k=0, fS—k-i=0. (1.2)

The elementary work of the forces F,, applied to the body at the points (x,,¥,,2,) can be
written as

SA =Y "F,-(0p+z,0i+ y,0j + 2,0k) =

=Q,-6p+Qi-di+Q;-dj+ Q- k,
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where
Qp:Zqu Qi = Z%/ v

Zyll vV Qk_z

Y

g Figure 1. Coordinate systems.

The kinetic energy is as follows:
T:AMQ @9+@f+gw7
2 2 2 2

here M is the mass of the body, x—fa: wdr, I —fy wdr, I, —fz pwdr.

Now using [1, 2] the vector Lagrange equations of the first kind can be written in the form

dor or
—_—— = = ]_
iiop  op - *=15,
dor or of”
4O O Qi AT = Qi a4 Auj Aok,
dor oT of” '
——— = =Qi+ A, = 2A Ask+ A
dt aj aj QJ + aJ Q_] + 2.] + 5 + 41
dor oT #
—— - = A,—— = 2Ask + Agi + Asj .
di ok Ok Qi +As - = Qi+ 2A3k + Mgl + Asj
Next, we use the constraint equations (1.2) to exclude the Lagrange multipliers from (1.3).
The resulting vector equations
Mp = Z F,. (1.4)
. . 2I, . . 2 .. L L
. 22 Y AN z : Z . Y
= —ii— “3)i- k-ik - k
P= i Gl - o e ke g = ke
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J=-J7 Iy+IZ(J ) Iz+ly(1 i L+ LS L+l (1.5)
. 21 - 2L, . - L L
k:—k2k— T k-ii— Y LK) y s T
[ A Ll eyt AL Rl Sl ey



ISCM 2021 IOP Publishing
Journal of Physics: Conference Series 1959 (2021) 012036  doi:10.1088/1742-6596/1959/1/012036

where L;, L,, L. are the projections of the main moment of external forces relative to the center
of mass
L= (zi+yj+2ak) xF,, (1.6)
v

are known as the differential equations of motion of a rigid body in redundant coordinates,
because they define 12 projections of the vectors from (1.1), which is twice the number of
degrees of freedom of the rigid body.

Using the system of differential equations (1.4), (1.5), we solve the direct and inverse problems
of dynamics for the study of the motion of the hexapod.

2. The direct and inverse problems of dynamics
Let us find the loads in the rods (F,, v =1,6) from the given motion law of the platform, that
is, we solve the direct dynamics problem.

We will assume that the forces F,, v = 1,6, act along the directions of the vectors
£,, v =1,6, which define the upper endpoints of the rods A,, v = 1,6 (Figure. 2).

Ul Y, y
ik C/
n— J
2,0/ i
X
0, Ay R
(/ 01 Z ) \\
\ ) 3
~N < _ 7
ST Figure 2. Mathematical model of
Q B, a loaded Stewart platform.

The forces F,,, v = 1,6, can be written as

FV:“ZEVEU,,@, =6, v=T08, (2.1)

where u,, v = 1,6,, are the control parameters securing the required motion of the hexapod.
Equation (1.4) for the hexapod can be written in the form

6
F=> F,=Mp— Mg. (2.2)
v=1

From the vector function p(t) one can determine the time variation of the principal vector F of
the system of forces F,,, v = 1,6. Rewriting equation (2.2) in the scalar form, we have

Fo(t) = M(p—g)-i(t) =

= ME(t)Bua(t) + ii(t) Bra(t) + ([t )513( ) — gPi3(t)], (2.3)
Fy(t) = M[E(t)Bar (1) + ii(t) Baa(t) + C(t) Bas(t) — ghas(t)] .
F.(t) = ME(t)Ba1(t) + i(t) Baa(t) + C(t)Bas(t) — gBs3(t)]
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where ,,(t), 0,7 = 1,3, are the cosines of the direction angles of the unit vectors of the body-
axes coordinate system. For a given motion of the hexapod, the cosines 3., (t), o,7 = 1,3, are
unknown functions (see [1]).

Projecting equations (1.5) to the axes of Czyz, we get

o 2Iz s 71 Lx

k=— -k) + ,

J @+LO ) L+ 1
2I, - . L

= k-i)+ —%—, 2.4
Isz( ) 1L (2.4)

. . 2Iy L

I'J—_

L+ VT3

Let us now determine the moment of forces relative to the center of mass L. By (2.1), the
projections F,, have the form

Fot) =) Ulye, Fyt)=> Uy, F.(t)=> Uly.. (2.5)

By definition of the principal moment of the forces of the rods (1.6) and using (2.5), we get

6 6 | i i K
L= 2(331/1 + Y+ Zuk) xF, = Z Ty Yv Zy =
v=1 v=1 Ul//gyl‘ Uygl/y quuz
0 T z Yy
Z <‘ Ut vy U, EI/Z e Ulye Uly. J + U, gum Uuéyy k) -
6 6 6
- Z Uu(yueuz - Zl/£1/y>i + Z UV(ZVZVJ) - xugl/z)j + Z Ul/<37l/‘€uy - yugl/a:)k
v=1 v=1 v=1
This gives us the projections of L:
6
L, = Z U, (yzxguz - Zugl/y) y
v=1
6
Ly =Y Us(zlys — 2002), (2.6)

6
L, = Z UII(J"VEZ/y - ylzgum) 5

v=1

where

Ly = &(t)B11(t) + n(t) Br2(t) + C(t)B13(t) + 2 — P11 (t) — GP3(t),
Ly = &(t)Bar (t) +n(t)Baa(t) + ((t)Bas(t) +yu — & P21(t) — G P23(t),
&(t

181(1) + 1(8)Bsa(t) + C(1)B33(8) + 20 — €01 (t) — CuBas(t) 27)

Euz =

v=16.

Considering the formulas (2.5) and (2.6) as a system of linear algebraic equations with respect
to Uy, v = 1,6, we find the control parameters u, (t) = £, (¢t)U,(t), v = 1,6, which control the
given motion of the hexapod.
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Let us now solve the inverse problem of dynamics, that is, we determine the law of motion of
the hexapod from the given forces created in the rods. To this end, we need to find 3 projections
of the radius vector p and 9 cosines of the direction angles 3, (t), o,7 = 1,3, of the basis vectors
i, j, k.

To solve this problem, we will use 6 scalar differential equations of motion in redundant
coordinates (2.3), (2.4) and 6 constraint equations (1.2). When working with the equations, the
formulas (2.5)—(2.7) should be taken into account.

For numerical solution, we need to set the initial conditions

(2.8)

and so the inverse problem of dynamics can be solved.

3. Numerical examples. Necessity of feedbacks

For numerical integration of the resulting system of differential equations, this system was
written in the dimensionless form, where as the unit of length measurement we take the radius
Ry of the circle drawn through the lower hinges of the rods controlling the platform motion,
and all the masses were related to the total mass of the mechanical system. The dimensionless
time was obtained by multiplying the real time by the value \/g/R;, where g is the gravity
acceleration. We denote the dimensionless time by ¢.

Consider the vertical oscillations of the hexapod by the law

n(t) = 0.2 (sint)(1 — e~ /%)%, (3.1)

Using the Wolfram Mathematica software system, we found the forces F'(¢) in hydraulic cylinders
that provide the simplest given vertical oscillatory movement of a symmetrically loaded platform
by law (3.1). The graph of this force is given Figure. 3.

F

0.24

0.22¢

0.18} \/

0.16! Figure 3. The graph of the force

in the rod.

Note that when solving the inverse problem by applying the found forces F(t) to the loaded
platform, we obtain the required vertical oscillations of the platform by the law (3.1).

However, in real situations, it is not possible to specify the exact program force F'(t) providing
the necessary motion of the hexapod. Consider the case of a small perturbation of the control
F(t). We denote by 7,(t) the motion of the platform corresponding to the small perturbation of
the control F(t) given in the form 0.0001 (sin 2t)(1 — e~*/?) obtained as a result of the solution
of the direct problem.
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So, let
F(t) = F(t) + 0.0001 (sin 2¢) (1 — e /%) .

The graph of the function 7,(t) is shown in Figure. 4.

s
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3 {0 15 50 55 b Figure 4. Platfqrm motion unfier
a small perturbation of the vertical
-0.2 force.

The graph shows that during the initial period of time the introduced disturbance has little
effect, while in the future there is an intense upward motion of the platform, despite the fact
that F(t) differs insignificantly from F'(t).

To obtain stable vertical vibrations of the platform according to the law (3.1), we follow [3, 4]
and introduce the feedbacks by specifying the forces F(t), k¥ = 1,6 in the form

Fi(t) = F(t) + G(I(t) = k(1)) , k=1,6,

where F{(t) are the programmed control forces, I} (t) are the programmed lengths of the
hydraulic cylinders [ (t) are the measured actual lengths of hydraulic cylinders, and G is the
feedback coefficient.

In [3], it was shown by numerical experiments that by a certain choice of G it is always
possible to achieve a deviation of the true motion from the programmed one with a given
accuracy. Moreover, for a sufficiently large feedback coefficient G, it is possible to implement
the programmed motion even for F}(t) = 0.

References

[1] Polyakhov N N, Zegzhda S A and Yushkov M P 1989 Special equation form of the dynamics of solid system
Doklady AN SSSR 309 805-7

[2] Zegzhda S A and Yushkov M P 1996 Application of the new form of dynamics equations for motion control
of a robotic bench platform using legs of variable length Vestnik St. Petersburg University 3 112—4

[3] Leonov G A, Zegzhda S A, Kuznetsov N V, Tovstik P E, Tovstik T P and Yushkov M P 2014 Motion of a
solid driven by six rods of variable Length Doklady Physics 59 153-7

[4] Leonov G A, Zegzhda S A, Zuev S M, Ershov B A, Kazunin D V, Kostygova D M, Kuznetsov N V, Tovstik
P E, Tovstik T P and Yushkov M P 2014 Dynamics and control of the Stewart platform Doklady Physics
59 405-10



