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ABSTRACT

The paper deals with the shaking force balancing of the
DELTA robot. The balancing of the shaking force of the DELTA
robot is carried out through the center of mass acceleration
minimization. The trajectories of the total mass center of
moving links are defined as straight lines between the initial
and final positions of the platform. Then, the motion between
these positions are parameterized with “bang-bang” motion
profiles. Such a motion generation allows the reduction of the
maximal value of the center of mass acceleration and,
consequently, leads to the reduction in the shaking force. A
main advantage of this method is its simplicity and versatility. It
is carried out without any modification of mass redistribution
of the initial robot structure, i.e. without adding
counterweights. In the case of changing trajectories or
payloads, it is just necessary to provide the initial and final
positions of the platform, calculate the input parameters
according to the proposed method and implemented them in the
robot control system. Numerical simulations illustrate the
efficiency of the suggested approach.

1. INTRODUCTION

The DELTA robot (Fig. 1) has been developed by Prof.
Reymond Clavel [1], [2] as a three-degree-of-freedom parallel
robot, dedicated to high-speed applications of lightweight
objects in the microengineering, electronic, food and
pharmaceutical industries. By adding a supplementary
independent rotation, it has been transformed to a robot for
pick-and-place applications. The basic idea behind the Delta

robot design is the use of parallelograms. A parallelogram
allows an output link to remain at a fixed orientation with
respect to an input link. The use of three such parallelograms
restrains completely the orientation of the mobile platform,
which remains only with three purely translational degrees of
freedom.

The main benefit of Delta robots is that the heavy motors
are fixed on the frame, allowing the moving parts of the robot
to be very light. In the modern design of Delta robots, the
motion is being translated down through carbon fiber arms,
where there is far less mass being moved.

Many researchers have extensively studied the workspace
[3], [4], kinematics [5]-[8], statics [9], [10], dynamics [11],
[12], control [14]-[16], calibration [17], [18] of the DELTA
robot.

The optimal balancing of gravitational forces of the
DELTA robot has also been investigated. In [19], [20], the
elastic elements have been used for gravity compensation. In
[21], the gravity compensation has been involved by connecting
an actuated balancing system to the initial DELTA structure,
which generates a vertical force applied to the robot platform.

However due to large accelerations, the dynamic loads of
the moving links and platform are the source of vibrations,
which can degrade robot performance. To reduce these
vibrations, mostly the Delta robot is mounted on a large and
massive frame.
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FIGURE 1: THE BASIC VERSION OF THE DELTA ROBOT

It should be noted that the shaking force and shaking
moment balancing of parallel robots is a complicated problem
because it can only be achieved either by an unavoidable
increase of the total mass of moving links or by a considerably
more complicated design of the initial parallel mechanism [22].
In [23], it has been shown that fully shaking force balancing of
the DELTA robot can be achieved by adding three counter-
masses with two additional links and the complete shaking
moment balancing can be achieved by active actuation of three
additional rotating links.

In [24] has been developed a new balancing approach
based on the optimal trajectory planning of the common center
of mass of the manipulator. The aim of the developed balancing
method consists in the fact that the manipulator is controlled
not by applying end-effector trajectories but by planning the
displacements of the total mass center of moving links. The
trajectories of the total mass center of the manipulator are sated
as a straight line between the initial and final positions of the
end-effector. Then, the motion between these positions is
parameterized with “bang-bang” motion profile. It allows the
reduction of the maximal value of the center of mass
acceleration and, consequently, leads to the reduction in the
shaking force. This method found further development in [25]-
[31].

The present paper deals with the shaking force balancing of
the DELTA robot via optimal acceleration control of the
common center of mass taking into account the payload. Note
that during such balancing, the counterweights are not added to
the robot links, and the reduction of inertial forces is carried out
by optimal trajectory and acceleration generation of the
common center of mass of the DELTA robot.

2. PROBLEM FORMULATION

The kinematic architecture of the Delta robot is shown in
Figure 1. The platform is linked with the base by three
identical kinematic chains, each of which consists of two links.
The Cartesian coordinate system Oxyz is located in the mass

center of the base O with the y-axis normal to OA, and the z-

axis vertical to the surface A A,A,. The joints that connect the
base to the three chains are denoted as A (i=1,2,3), A are

evenly distributed on the circle with O as the center and R as
the radius (see in Figure 2); the joints between the moving
platform and the three legs are denoted as C,(i=1,2,3), C, are

evenly distributed on the circle with P as the center and r as
the radius. It should be noted that OA || PC;(i=1,2,3). The

angles between OA, (i =1,2,3) and x-axis are denoted as 6, (see
in Figure 3).

FIGURE 3: ANGLES 6,(i =1,2,3) IN THE DELTA ROBOT

For each chain, the two links are connected by joints
B.(i=12,3). The output axis P(x,y,z)is the axis of the
platform. The lengths of links are denoted as
a=AB(i=1,2,3), b=B,C,(i=1,2,3) . The masses of the link
AB,(i=1,2,3) is denoted as m,; The masses of the link
B.C.(i=1,2,3) is denoted as m, ; The masses of the platform is
denoted as m,, .

The coordinates of the common center of mass of the
DELTA robot can be written as:

X

_ z,:lixs;‘ (1
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where, m, is mass of the leg i, xg, Y,z are the coordinates

of its center mass, m is the total mass of moving links.
Thus, S(t) with coordinates x,,y,z, presents the

trajectory of the common center of mass of the DELTA robot.
Now let us determine the shaking force of the robot:

2
P 30 g
dt

“

where, s is the acceleration of the common center of mass.

The shaking force balancing via mass redistribution
consists in adding counterweights [22] in order to keep the total
mass center of moving links stationary. In this case, § =0 for
any configuration of the robot. As a result, the shaking force is
cancelled. It is obvious that the adding of supplementary
masses as counterweights is not desirable because it leads to the
increase of the total mass, of the overall size of the robot and
the shaking moment. Therefore, it is proposed to minimize the
shaking force via reduction of the total mass center
acceleration:

max|§] > min 5)

i.e. to apply an optimal control of the total mass center of
moving links that allows one to reduce the maximal value of its
acceleration.

For this purpose, let us consider the control of the Delta
robot through of its common center of mass. To ensure it, let us
assume that the center of mass moves along a straight line
between its initial and final positions. Thus, the motion profile
used on this path will define the variations of shaking forces.
For the similar displacement of the total center of mass S(t)

with the same initial and final positions, the maximal value of
the acceleration changes following the motion profile [32]: for

~10S//3* and for “bang-
=4S / ¢ . It means the application of bang-

quartic polynomial profile |amaX

bang” profile |a

max
bang law theoretically brings about a reduction of 31% of the
maximal value of the acceleration. Hence, to minimize the
maximum value of the acceleration of the total mass center and,
consequently, shaking forces, the “bang-bang” profile should be
used. Thus, by reducing the acceleration of the common center
of mass of the Delta robot, a decrease in its shaking forces
should be achieved.

To accomplish the shaking force balancing through the
above described technique, it is necessary to consider the

relationship between the input parameters and the center of
mass position of the Delta robot.

3. SHAKING FORCE BALANCING OF THE DELTA
ROBOT
In order to control the robot according to the method
described above, it is necessary to establish the relationship
between the displacement of the total center of mass S(t) and
the input parameters o, (i =1,2,3) (see in Figure 2), i.e. for the

given position and the law of motion of the common center of
mass of the robot determine its input displacements. Then, by
means of the obtained input parameters via forward kinematics
determine the position of the platform P(x,y,z) .

For this purpose, let us establish the relationship between
the common center of mass of the robot and its input
parameters. Let us start this issue with the initial and final
positions P(x,y,z) of the platform P(x,y,,z) and

P (xf,yf,zf). So, by inverse kinematics, the input angles
corresponding to these positions will be determined: ¢; and
a, . The corresponding values of the common center of mass of

the robot can also be found: S, (x;,y,,z5) and S, (xSf,ySf , sz)

The displacement of the total center of mass S(t) moving
through a straight line can be expressed via D (dx,d),,dz) [32].

Subsequently, the trajectory planning by “bang-bang” profile
with the time interval 7, can be established:

t
s, +2(1)D,0<1 < é)
t

f

S(t) = (6)

S; +{—1+4(L) - Z(L)Q}D, (O<z<
tf [.f

Let us now consider the relationship between S(t) and the

input displacements o, (i = 1,2,3) .

Ai(m; )

Bi(mptm,p)
P(mp)

Ci(mse)

FIGURE 4: THE DELTA ROBOT WITH SUBSTITUTED POINT
MASSES AND ITS COMMON CENTER OF MASS
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Firstly, the masses of links will be substituted by point
masses located at joint centers A, B,,C, (Figure 4) [22].

For leg i (i=1,2,3), the coordinates of the corresponding
joints can be expressed as following: A, (Rcos 6,,Rsinb,, 0) s
B.[(R+acosa,)cosB,,(R+acosa,)sinf,—asine, ],
C,(x+rcos@,y+rsing,,z).

So, the coordinates of the common canter of mass of the
DELTA robot can be written as:

3
Z(mm +m,; )(R+acosa;)cos 8, +m,.(x+rcosb,)+m,x

i=1

Xg =
3(my; +m,)+m,
N
3
Z(m13+m28)(R+acosai)sin¢9i +m,.(y+rsing,)+m,y
_ =l
Vs 3(myz +m,)+m,
®)
3
Z—asinai(mm+m23)+(mzc+m,,)z
ZS — =1
3(my, +my)+m,
)

where, m, = m,, is the mass of the platform.

Then, three equations should be added to these equations,
which present relations between input angles «.(i =1,2,3) and

output coordinates P(x, y,z):
2acosa;(Q, —A)+2asina;z+C, + 210, =0 (10)

where i=1,2,3, Cizbz—xz—yz—zz—lz—f, A=R-r,
Q, =xcosf, + ysind,.

Thus, from the resulting system of nonlinear equations (7),
(8), (9), (10), the input angles o, (i =1,2,3) will be determined.

4. SHAKING FORCE BALANCING OF THE DELTA
ROBOT TAKING INPUT THE VARYING PAYLOAD
A significant advantage of this method is that it facilitates
the shaking force balancing of robots taking into account the
varying payload. It is obvious that the DELTA robot cycles are
carried out with payload and without it. Therefore, dynamic
loads will be different for these two types of cycle. Due to the
high payload to moving mass ratio of the DELTA robot, the
influence of the payload on the balance of the shaking force
should be stronger. Thus, it is desirable that the varying payload
will be included in the state of the DELTA robot balancing.
However, an adapting shaking force balancing is a rather
difficult task [33]. It can be accomplished by reconfiguration of
mass position [34]-[37], by reconfiguration of joint position

[38], by changing the counterweigh value [38] or by adding
additional degrees of freedom [39], [40].

In our case, this is quite simple: it is enough to include the
mass of the payload in eq. (7)-(9) together with the mass of the
platform, i.e. in this case: m, =m, +m,,,,,, - Obviously, this

will change the values of the coordinates of the common center
of mass, consequently, the input parameters o, (i =1,2,3). Thus,

the input parameters with payload or without it will be
different. In the same way, one can determine the input
parameters when the payload changes.

5. NUMERICAL ILLUSTRATIVE EXAMPLE WITH
SIMULATION RESULTS
For CAD simulations, the following parameters of the
Delta robot are applied: a=AB =0.75m (i=12,3),

b=BC, =0.95m (i=1,2,3), m, =2.3kg , m, =5.2kg ,
m, =3kg . The trajectory of the platform is given by initial and
final positions P, (0,0,-1) and P, (0.3,0.2,—0.9), from which
the position of the common center mass S, (0, 0, —0.789),
S, (0.191, 0.179, —0.707) and the input angles
0;(-0.912,-0.912,-0.912), a, (-0.730,-1.336,-0.667) are
determined.

2100

1800 ,/ﬁ B / ,\\
1500 ;/ \\l ,/ \
1200 : \
900 / \
o | \ 1/ \
oo \l/ \

0 0.0316 0.0632 0.0948 0.1264
Time/'s

Shaking force /N

FIGURE 5: VARIATIONS OF SHAKING FORCES FOR TWO
STUDIED CASES

2100
) /ﬁ' N\ A

1800 /
] |
Z 1500 ;/ \ _ AR\
é 1200 I < ?l\
=0
Z 600 l \ / \
% 0 | \Y \

! vV \
0 0.0316  0.0632 00948  0.1264
Time's
FIGURE 6: VARIATIONS OF SHAKING MOMENTS FOR TWO
STUDIED CASES

4 Copyright © 2020 by ASME



The simulation results have been carried out for
t, =0.1264s . Figures - 6 show the variations of shaking forces

and the shaking moments for two studied cases: 1) the
displacement of the platform of the DELTA robot by the
straight line with fifth order polynomial profile and 2) the
generation of the motion via the displacement of the robot
center mass by “bang-bang” profile. The obtained results show
that the shaking force has been reduced up to 30.5% (Figure 5).
The comparison of two studied cases shows that the shaking
moment of the “bang-bang” profile has a reduction of 27.2%
(Figure 6).

2700

2400 //ﬂ \\(1 /f /\\
2100
1800 \ /

£ s y el g \
E‘" 1200 / \
% o0 | \ [/

\
w00 I \ [/ |
\l/ |

V .|‘2()—l

0 0.0316 0.0632 0.0948 0.126
Tune/s

FIGURE 7: VARIATIONS OF SHAKING FORCES OF THE
DELTA ROBOT WITH PAYLOAD FOR TWO STUDIED CASES

Now, let us consider that the same trajectory should be
carried out with a payload of 4kg. Considering the shaking
force minimization with payload as described above, the
shaking force has been reduced up to 30.5% (Figure 7).

6. CONCLUSIONS

In this paper, the shaking force balancing of the DELTA
robot has been discussed. The aim of this technique consists in
the fact that the DELTA robot is controlled not by applying
platform trajectories but by planning the displacements of the
total mass centre of the moving links. The trajectory of the total
mass centre of moving links is defined as a straight line. Then,
it is parameterized with “bang-bang” profile. It allows the
reduction of the maximum value of the centre of mass
acceleration and, consequently, the reduction in the shaking
force. It has also been shown that it is easy to take into account
the varying payload with such balancing technique. Although
such balancing does not lead to a complete cancellation of the
shaking force, but it allows one to significantly reduce it
without changing the basic design of the robot.

The suggested technique has been illustrated through CAD
simulations. The results obtained via ADAMS simulations
showed that a reduction in the maximum value of the shaking
force of 30.5% has been obtained. It has also been shown that
ignorance of the payload leads to the deterioration of the

balancing. Taking payload into account allowed increasing the
efficiency of balancing.

It appears that the suggested solution of shaking force
balancing of the DELTA robot can be attractive for industrial
robot applications because it can easily be implemented in
practice.
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