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Abstract: The problem of shaking force balancing of robotic manipulators, which allows the elimination
or substantial reduction of the variable force transmitted to the fixed frame, has been traditionally
solved by optimal mass redistribution of the moving links. The resulting configurations have been
achieved by adding counterweights, by adding auxiliary structures or, by modifying the form of the links
from the early design phase. This leads to an increase in the mass of the elements of the mechanism,
which in turn leads to an increment of the torque transmitted to the base (the shaking moment) and of
the driving torque. Thus, a balancing method that avoids the increment in mass is very desirable. In this
article, the reduction of the shaking force of robotic manipulators is proposed by the optimal trajectory
planning of the common center of mass of the system, which is carried out by “bang-bang” profile. This
allows a considerable reduction in shaking forces without requiring counterweights, additional structures,
or changes in form. The method, already presented in the literature, is resumed in this case using
a direct and easy to automate modeling technique based on fully Cartesian coordinates. This permits
to express the common center of mass, the shaking force, and the shaking moment of the manipulator as
simple analytic expressions. The suggested modeling procedure and balancing technique are illustrated
through the balancing of the 3RRR planar parallel manipulator (PPM). Results from computer simulations
are reported.

Keywords: dynamic balancing; shaking force balancing; acceleration control of the center of mass;
fully Cartesian coordinates; natural coordinates; parallel manipulators

1. Introduction

One important problem in the operation of many industrial manipulators is the transmission
of vibrations to the fixed frame during their high-speed motion. These vibrations are produced by
the unbalanced inertia forces that increase the shaking force and shaking moment. Thus, a traditional
and still very important research topic in robot design is finding new methods to remove or
decrease these alternating dynamic loads transmitted to the base And, in this way, to reduce wear,
allowing to increase the operating velocities.

The shaking force balancing, i.e., the reduction or, in the best case, elimination of the variation
in the force transmitted to the base, is a problem that has been solved in different ways.
One of the most popular and effective is mass redistribution. This method proposed by different
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authors was successfully introduced in Reference [1] using the “linear independent vectors” method.
In general terms, the objective is to find the appropriate location of the center of mass of the links
of the mechanisms in order to make the general Center of Mass (CoM) stationary for any motion
of the manipulator.

Practical ways to move the CoM of the system and to make it stationary have been to add a set
of counterweights [2-5], to add auxiliary structures [6-9], or to modify the form of the links from
the early design phase [10-12]. A comprehensive review of the methods with illustrative examples can
be seen in Reference [13]. Specific applications to robotics can be seen in Reference [14-20], and a review
of these kinds of applications is in Reference [21].

However, all these methods imply a considerable increment in the mass of the system, causing
the shaking moment and, hence, the driving torque to grow; see Reference [22]. An additional
drawback of these methods is that they also imply modification of the original system, making its
application somehow hard or complicated, leading to relatively complex mechanical systems increasing
their size.

Recently, a new approach has been proposed. It is based on the optimal control of the manipulator
global CoM [23,24]. The method is based on planning the displacements of the total CoM of the moving
links. Its trajectory is defined as a straight line with “bang-bang” motion profile, ensuring solely
the initial and final positions of the end-effector. This approach allows the reduction of the maximum
value of the acceleration of the CoM, leading to a reduction in the shaking force.

In this work, this approach is resumed and presented using fully Cartesian coordinates, also
known as natural coordinates [25]. The application of natural coordinates to the dynamic balancing
of mechanisms in the plane has been explained in Reference [26]. An application to obtain the balancing
conditions of planar mechanisms is described in Reference [27]. A specific application to the dynamic
balancing of the four-bar mechanism, explaining the way to obtain the dynamic reactions to be used
in an optimization procedure, can be found in Reference [28]. Initial efforts to use this approach
to obtain the balancing conditions in spatial mechanisms can be seen in Reference [29].

The methods presented in References [23,24] use reference-point coordinates to calculate
the position of the global CoM. Then, this position has to be expressed in terms of the degrees
of freedom and some convenient relative coordinates. In this process, the kinematic constraints (vector
closed-loop equations) that relate the reference-point coordinates and the selected relative coordinates
are used. The process becomes somehow cumbersome when dealing with closed-loop mechanisms,
especially in three-dimensional space.

One advantage of using fully Cartesian coordinates is that, in complex multibody systems,
points and vectors can be chosen at the joints usually shared by contiguous bodies, contributing
to a definition of joints with few or no constraint equations while keeping moderate the number
of variables. Thus, the expressions necessary to calculate the general CoM, the shaking force, and the
shaking moment of the system can be obtained in a direct and automated way. Another advantage
is that the force balancing conditions, directly expressed in terms of the local coordinates of the CoM
of the bodies, are obtained directly from the terms in the mass matrix. In the authors’ perspective,
this contributes to making the method based on the optimal control of the robot-manipulator center
of mass faster and easy to perform.

In this article, the natural coordinates are used to obtain the analytical expressions to calculate
the position of the general CoM, the shaking force, and the shaking moment of the 3RRR planar parallel
manipulators (PPM).

The expressions to calculate the shaking force are used for the force balancing of the mechanisms
applying the method based on the optimal control of the global CoM of the manipulator, as presented
previously in References [23,30,31]. As a first approach, the acceleration of the global CoM is reduced
using “bang-bang” law, proposing to partially balance the the manipulator without any addition
of supplementary masses. As a second approach, a two-stage method is proposed. The first stage
consists of the optimal redistribution of the driving links” masses using counterweights, securing
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convergence of the end-effector trajectory and the CoM of the manipulator. This mass redistribution
is done without increasing the total mass of the original system, keeping the masses of the driving
links the same value. In a second stage, the optimal control of the end-effector acceleration according
to the “bang-bang” law is developed. The expressions for the shaking moment are used to verify
the behavior of the mechanism before and after the force balancing.

The rest of the article is organized as follows: in Section two, a description of the modeling
using fully Cartesian coordinates (natural coordinates), stressing the importance of the mass matrix
of the body, is presented. Special attention is given to the mass of a link represented with two and three
“basic points”. Additionally, a general and easy to automate method to calculate the global CoM,
the shaking force, and the shaking moment is introduced. In Section three, the method described
in Section two is applied to calculate the shaking force balancing conditions of the 3RRR PPM and the
partial force balancing following the approaches described in the previous paragraph. In Section four,
all analytical expressions developed in Section three are used in a numerical example for an specific
manipulator. Comparative results from computer simulations are presented. Finally, conclusions are
given in Section five.

2. Modeling Using Fully Cartesian Coordinates

The idea behind the fully Cartesian coordinates, also known as natural coordinates, is to use
the Cartesian coordinates of a set of appropriate points, the “basic points”, to define the position
of a solid in the plane or in the three-dimensional space. These coordinates are dependent, related
by the rigid body conditions that keep constant distances and angles. The kinematic constraint
equations can be formulated using the scalar product (dot product) of vectors, leading to quadratic
constraint equations and linear terms in the Jacobian matrix.

The core application of this kind of coordinates is that, in a complex system, points can be shared
between contiguous bodies. This contributes to the definition of joints with few or no additional
constraint equations. Thus, a single set of variables define the position and the geometry of the bodies,
directly in the global reference frame [32].

From the dynamics point of view, the mass of the bodies can be distributed among the points used
for the model. These punctual masses are then related by the general mass matrix that holds implicitly
the kinematic relations when properly assembled. This allows to treat the system as a cloud of moving
points, avoiding the use of angular coordinates and consequently the direct use of the moment of inertia.
Thus, the key point of the modeling technique is the assembly of the mass matrix of the system.

2.1. Mass Matrix of a Body in the Plane

When dealing with mechanical systems in the plain, natural coordinates introduce a set of points
to define a body, two “basic points”; see [25] for a detailed explanation. These points concentrate
the mass of all the bodies in the mechanical system in accordance to their relation among each
other, expressed though the mass matrix. To calculate or assemble the mass matrix of the system,
it is necessary to calculate the mass matrix of the elements first.

In planar systems, the standard model of a body is made with a pair of points, for example, A
and B, as seen in Figure 1. In this figure, it can be noted an inertial fixed reference frame XY and a local
reference frame xy attached to the moving body at the basic point A, its origin. It is also noted that
the second basic point B has its position in local coordinates at (I, 0) and that the CoM of the body,
point g;, has local coordinates (xy, yp).

Considering that the body b has its mass concentrated at g, equal to m, and that its polar moment
of inertia with respect to the origin of the local reference frame (point A) is Jp, it is possible to distribute
the whole mass into the basic points A and B to form the constant mass matrix of a body as follows:

M;, My,
M, = )
’ lMSb My,
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Figure 1. A general model of a body in fully Cartesian Coordinates using two basic points, A and B.

Note that [, can be expressed in terms of the mass m,; thus, the mass matrix can be expressed
solely in terms of the mass of the body. This matrix has been obtained by applying the virtual power
method, leading to a direct formulation of the inertia forces [25].

Special Case of a Body with Three “Basic Points”

A model of a body with a greater number of points could be also useful. In this case, to complete
the model of the 3RRR PPM, it was required to develop the mass matrix of a body with three
“basic points”; see Figure 2.

Considering that the body b in Figure 2 has its mass concentrated at g;, equal to m; and that its
polar moment of inertia with respect to the origin of the local reference frame (point A) is Jp, its moment
of inertia with respect to the x axis is ], and its moment of inertia with respect to the y axis is ;.
It is possible to distribute the whole mass into the basic points A, B, and C to form the constant mass
matrix of a body as follows:

My, My, Mg,
M, = My, My, Ms, (6)
M3, Ms, Mg,
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Figure 2. A model of a body in fully Cartesian Coordinates using three basic points: A, B, and C.

Note that [, can be expressed in terms of the mass m;; thus, the mass matrix can be expressed
solely in terms of the mass of the body. In the same way as for the mass matrix in the model with two
“basic points”, this mass matrix has been obtained by applying the virtual power method [25].

2.2. Calculation of the Global Center of Mass of the System

When the model of a body is made with a pair of “basic points”, a vector of four coordinates q,
representing the positions vector of body b is introduced and can be expressed as follows:
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dp = |XA Ya XB ]/B}TE[QAT CIBT}T (15)

where qa and qp are the position vectors of points A and B, respectively.
In this way, the position g; of the CoM of body b with respect to the global reference frame
can be calculated by the following;:

mpgp = (Myp +May) qa + (Mo, +My,) q5 (16)

In matrix form, it can be expressed as follows:

mpgy = ByMypqyp (17)

where the matrix By, is introduced here to arrange the terms of the matrix multiplication to obtain
the result in Equation (16). This matrix is composed by a set of (2 x 2) identity matrices, I, that
in number are equal to the number of basic points involved in the multiplication. In this case, matrix
B, is as follows:

B, = {12 12} (18)

As aforementioned, the system can be seen as a cloud of points coming from the corresponding
model of each body. Thus, for a system with n bodies, the general position of the CoM, g, can be
calculated by the following:

n

n
mg =Y myg, =) B,M;qp (19)
b=1 b=1

where the total mass of the system, m, is:
n
m=Y m (20)
b=1

Using the points shared among bodies and following a proper assemblage procedure, the global
CoM of the system can be calculated in a simple and easy to automated matrix multiplication as follows:

mg = BMq (21)

The terms in Equation (21) will be exemplified in following sections by examples. The assembling
procedure will be clear then.

2.3. Calculation of the Shaking Force of the System

Once the location of the global CoM of the system in Equation (21) is defined, its linear momentum
can be calculated as its time derivative in a straightforward way:

1= mg = BMq (22)

noting that B and M are constant matrices. The vector q represents the time derivatives
of the coordinates in q, meaning the velocities vector. The vector g represents the velocity of the CoM
of the system.

The shaking force of the system is in turn the time derivative of the linear momentum. Thus, in this
case, the shaking force, fg,, can be calculated in a direct form as follows:

f;, = mg = BMg (23)
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where ( is the vector of accelerations of the coordinates of the points in the system, the accelerations
vector, and where g is the acceleration of its CoM. It is important to note that some points are fixed;
thus, its acceleration is zero. This simplifies the calculation in Equation (23).

2.4. Calculation of the Shaking Moment of the System

The shaking moment can be calculated as the time derivative of the angular momentum
of the system. The angular momentum can be calculated straightforward, noting that the system
is composed solely of a cloud of points. Thus, the angular momentum, h, can be calculated by
the following:

p p
h=)" [qi x Z(Mijqj)] (24)
i= i

where p is the total number of points in the system, q; is the position vector of point i, q; is the velocity
vector of point j, and M;; is the corresponding element of the mass matrix of the system at row i
and column j. Note that the mass matrix is symmetric.

The angular momentum in Equation (24) can be expressed in matrix form as follows:

h = qMg (25)
where § is a row vector representing all the vector products in Equation (24) and has the following form:
a=|a @ - a 26)

where q; = [—y,- xl} .

The shaking moment, Ty, can be obtained by the time derivative of Equation (25) and can be
expressed as follows:

Ty = QM4 + Mg (27)

where
a=|a @ .. & 8)
and §; = [—y’i xl] It is important to note that some points are fixed; thus, their velocities

and accelerations are zero, simplifying the calculation in Equation (27). This advantage will be
illustrated in the following sections with the application to a PPM.

3. Generic Model of the 3RRR PPM

In this case, the model of a 3RRR PPM manipulator, represented in Figure 3, is presented
using fully Cartesian coordinates (natural coordinates), taking full advantage of this technique
to obtain the global CoM position, the shaking force, and the shaking moment, as explained
in Section 2. These equations in conjunction with the kinematic equations—positions, velocities,
and accelerations—are used to develop a new and general procedure to solve this kind of problem
either for planar or spatial mechanisms.

3.1. Kinematic Model of the 3RRR PPM in Fully Cartesian Coordinates

The fixed platform is an equilateral triangle defined by three points: A1, Ay, and A3z. The mobile
platform is also an equilateral triangle defined by points: C;, C;, and Cs. The three limbs, with two
links each, are defined by points A1, By, C1; A, By, Cp; and A3, B3, C3, respectively. As it can be seen,
all “basic points” in the model—A1, A, A3, By, By, B3, C1, C3, and Cs—are shared among the bodies.
Point H represents the end-effector and is not part of the “basic points”.
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These points introduce a vector, q, of 18 Cartesian coordinates:

T
9= {q};l a1 & 9 9k 90 94 9k 96 (29)

where q, = [x, yp]T, p = {Aj, Az, A3, By, By, B3, C1,C2, C3}. Note the way that the coordinates are
organized. This is very important in the assemblage procedure of the mass matrix of the system.
Any order is possible, but once selected, it must be maintained throughout all the calculation. Vector q
constitutes a set of dependent Cartesian coordinates related by a set of constraint equations.

Figure 3. A model in fully Cartesian coordinates of a 3RRR PPM with nine “basic points”:
A1,A,A3,B1,By,B3,C1,Cy, and C3.  Points Ay, Ay, and Az are fixed. Point H represents
the end-effector and is not part of the “basic points”.

3.1.1. Constraint Equations and Solution to the Positions Problem

The manipulator has three degrees of freedom; thus, the dependent coordinates in q are related by
a set of 15 constraint equations, obtained from the constant distant condition among bodies. The vector
of constraint equations, ®(q) = 0, is presented in Equation (30).

Note that the equations in Equation (30) are nonlinear but quadratic, very simple, and easy
to differentiate to get the a linear Jacobian matrix. Thus, the solution of the positions problem though
numerical iterative procedures could be faster with the aid of symbolic computing software.

(xB1 — xa1)* + (yB1 — Ya1)* —
(xc1 —x1)* + (ye1 — ys1)* —
(xB2 — x2)* + (VB2 — Ya2)* — 12
(xc2 — xB2)? + (ye2 — yB2)* — 12
(x3 — x43)* + (yB3 — Ya3)* — 12
(xc3 — x83)? + (yc3 — yp3)? — 12
(xc1 — xc2)? + (ye1 — Ye2)? — 12
®(q) = | (xc2 —xp3)* + (yc2 — ycs)z - 12 =0 (30)
(xc3 — xc1)* + (yes — ye1)* — 12
xa1— 3l
ya + 5.5k
XaA2 + %lo
yaz+ 550
XA3
i Yas — \%lo |
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3.1.2. Solution to the Velocities Problem

The velocities problem can be solved differentiating Equations (30) with respect to time as follows:

d _oddq _ .
E[‘I’(q)] = oqdt q=0 (31)

where g—‘g = J is the Jacobian matrix and where q is the vector of velocities of the Cartesian coordinates:

T
a=|ah ah ab ab af % dh abh el (32)

where q, = [ y,,}T, and p = {A, Ay, As, By, By, B3, C1, Cy, C3}. The equations in Equation (31) are
linear simultaneous and lead to the solution of the velocities problem.

3.1.3. Solution to the Accelerations Problem

The accelerations problem can be solved differentiating Equation (31) with respect to time
as follows:

Ja+Jg=0 (33)

where J is time derivative of the Jacobian matrix and where § is the vector of accelerations of the
Cartesian coordinates:

T
9= ["151 g A6 Gn dp Gl Gas Gk A6 (34)

where q, = [xp y,,]T and p = {A1, Ay, A3, By, By, B3, Cq,Cy, C3}. The equations in Equation (33) are
linear simultaneous and lead to the solution of the accelerations problem once positions and velocities
are known.

3.2. Calculation of the Global CoM Location

To calculate the global CoM location, Equation (21) can be used. It is necessary to calculate
or assembe the global mass matrix first. Thus, it is important to note that point B; is shared by
bodies 1 and 2, point B, is shared by bodies 3 and 4, point Bj is shared by bodies 5 and 6, point
C; is shared by bodies 2 and 7, point C; is shared by bodies 4 and 7, and point C3 is shared by
bodies 6 and 7. In this case, following the same order specified in the positions vector, Equation (29),
the (18 x 18) mass matrix is assembled as follows:

My My 0 0 0 0 0 0 0]
Ms My +Mp M2 0 0 0 0 0 0
0 M3, My, +Myy 0 0 My, 0 0 Y EV4
0 0 0 M3 Mos 0 0 0 0
M= 0 0 0 Mjz; My + My My, 0 0 0 (35)
0 0 Myy 0 M3y My + Myy 0 0 Ms;
0 0 0 0 0 0 M;s Mas 0
0 0 0 0 0 0 Mz Mys+Mjg My
| 0 0 M3, 0 0 Ms; 0 Mag Mg |
In this case, matrix B has nine (2 x 2) identity matrices:
B— {Iz L L L L L L I 12} (36)

Multiplying the terms in Equation (21) and simplifying, the final expression to calculate the global
CoM position is as follows:

mg = Ca1q941 +Cpi19qp1 + Cc1qc1 + Ca2q42 + Cp2qp2 + Cc2qc2 + Cazqas + Cpaqpz + Cczqes (37)
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where
[(1- —]) m Lim
- I 1 A 1
Cu = ) ay, (38)
i L I 1
[x _n V2 N
cp = B (LB (fme = fim) (39)
T (- tmp+ (1—32)m
i L M2 L' L' I 2
kyyz _ x7 ﬂ) X2 _n
P + (h717 iy~ hy ) M7 M2 1, M2 (40)
“l L my+ (2 _ 3z V) g 4 22y
i L "2 hol; — hy; by 7T T, M2
[((1_ v
Cpp = ( I3 ) "3 ;M3 (41)
i L3 I 3
(1 x x3 Vi, V3
Crr — (1= )matoms (foma — foms) (42)
p —(Lmy—Lm 1- 7 )mg+ 2m
L4 I 4T ;M3
[(x7 _ ks X4 _h
Con — (17 h7l7) my + 7, M I, M4 (43)
@ Ym 37 YR gy 4 Y
L 14 4 17 ]’1717 14 4
(1 _ s ys
Cps = ( I5 ) ms ;5 M5 (44)
i I 5 I5 5
i X,
( - T6> me + 72Ms (7—27% - %m5)
Cas = Ye Y5 X6 5 (45)
| (oo —ms) (15 ) o+ ims
(Y7 1y _ X6 _Ye
Ces = Em; I "6 ” Ig an (46)
6 _ 26
L T Iy M7 = 76 M6

As it can be seen, the matrices in Equations (38)—(46) are constant and depend solely on the masses
of the bodies. Thus, the global CoM changes with the change in position of the Cartesian coordinates
in the model.

3.3. Calculation of the Shaking Force

Deriving Equation (37) once with respect to time, it is possible to calculate the linear momentum
of the manipulator. Noting that 41 = qa2 = qa3 = 0, the linear momentum is expressed as follows:

I =mg = Cp1qp1 + Cc1qc1 + Cr2qn2 + Cc2qc2 + Cpzdps + Cczqcs (47)

where 1is the linear momentum and g is the velocity vector of the global CoM. This equation, along with
Equation (31), is very useful to solve the velocities problem.

To calculate the shaking force of the system, it is necessary to simply derive Equation (37) twice
with respect to time. In this process, we have to note that 41 = qa» = a3 = 0; thus, the shaking
force can be expressed by the following;:

fo, = mg = Cp1dp1 + Cc1dc1 + Cp2dp2 + Ceordca + Cpadps + Ceadics (48)

where £, is the shaking force and g is the acceleration vector of the global CoM.
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3.4. Calculation of the Shaking Moment

To calculate the shaking moment of the manipulator, it is possible to use Equation (27).
It is important to take into account that the velocities and accelerations of points A;, Az, and A3
are zero. Multiplying and simplifying the terms in Equation (27), it is possible to write the following:

My 0 0 0 0 0
My + My, My, 0 0 0 0 N
M3, My, + Myy 0 My 0 M3y ds1
0 0 My; 0 0 0 | [da
Tw=q| 0 0 Mg +My My 0 0 gii
0 My M3y Myy + My 0 Msy| | .
0 0 0 0 Ms 0 233
0 0 0 0 Mys + My Myg| — €2 (49)
L 0 Ms; 0 Ms; M3, Mgy |
My + My, My, 0 0 0 0 qB1
M3, My, +Myy 0 Mpy; 0 M7 | |9c1
+§ 0 0 Myz + My My, 0 0 982
0 My May My + Myy 0 Ms7| [qe2
0 0 0 0 Mys +Mig M| | 483
0 M3y 0 Ms; M3 Mgzl Lqcs
where, in this case,
q= [flm ds1 qc1 qa2 92 Gc2 943 9s3 %3} (50)
and
q= {5131 dc1 92 G2 am3 flcs} (51)

4. Shaking Force Reduction of the 3RRR PPM

In this section, the partial shaking force balancing of the 3RRR PPM is presented. The solution
is proposed with two different approaches:

1.  The first one is based on the optimal trajectory planning of the common CoM of the manipulator,
which is carried out by “bang-bang” profile. This approach was introduced in Reference [13]
and applied to a 3RRR PPM in Reference [31].

2. The second one is implemented in two stages: the first stage consists of the optimal redistribution
of the driving links” masses using counterweights, reaching the convergence of the end-effector’s
trajectory and the global CoM of the manipulator. The second stage consists of the development
of an optimal control of the end-effector’s acceleration according to the “bang-bang” law.
A solution using this approach has been presented in Reference [30].

Unlike the solutions presented in References [30,31], in this case, the equations derived
in the previous section were used, pointing out the calculation procedure as well as the advantages.

The application of the method developed in the previous section is illustrated
with an specific 3RRR PPM, with the mass and length parameters specified in Table 1.
The fixed points of the manipulator are located according to the following values:
Ay = (0.21651, —0.125), A, = (—0.21651, —0.125), and Az = (0.0,0.25); see Figure 3.
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Table 1. Parameters of an specific 3RRR planar parallel manipulator (PPM).

I; m; Ji Jx Iy xj Yi

Body n) kg (gm?) (kgm?) (kgm?) m m

0 0.433 - - - - - -

1 0.18 1.0 0.0028 - - 0.09 0.0

2 0.18 1.0 0.0028 - - 0.09 0.0

3 0.18 1.0 0.0028 - - 0.09 0.0

4 0.18 1.0 0.0028 - - 0.09 0.0

5 0.18 1.0 0.0028 - - 0.09 0.0

6 0.18 1.0 0.0028 - - 0.09 0.0

7 0.15 3.0 0.0056 0.0028 0.0028 0.075 0.05592

4.1. Optimal Trajectory Planning of the Common CoM

A common problem in robotics is to impose a trajectory to the end-effector in order to comply
with a specific task. In a simple way, without regarding the obstacle avoidance and the singular
positions, this is done by defining the initial point and the final point of the tool’s trajectory and then
by applying a feasible law of motion between them. Usually a straight line imposes the appropriate
velocity and acceleration conditions at the beginning and at the end.

If a cycloidal motion is imposed, assuring zero velocity and zero acceleration at the beginning
and at the end of the trajectory, the motion law completed in a total time T and traveling a total
distance L can be expressed as follows:

S(t)=1L [; — % sin <2;[t)] (52)

where S is the distance traveled in function of time.

In this case, a manipulator with the parameters defined in Table 1 is moved from the initial
position of the end-effector, H; = (—0.1, —0.05) m, to the final position, H = (0.1,0.05) m, in a total
travel time T = 0.1 s. The straight line trajectory of the end-effector is represented in Figure 4.
The trajectory followed by the CoM is also presented. Note that there is a nonlinear relation between
the motion of the manipulator’s tool and its CoM.

Note also that, for the initial position of the end-effector, point H;, the corresponding position
of the manipulator’s global CoM is (—0.0669, —0.0386) m, while for the final position of the end-effector,
point Hy, the corresponding position of the manipulator’s global CoM is (0.0565,0.0511) m.

To calculate the global location of the CoM corresponding to a specific point of the tool, it
is necessary to solve the initial position problem. This consists of determining the position of all
the “basic points” in the system by knowing the positions of the fixed and input points, which can also
be called guided or driven points, in this case, point H. Mathematically, the initial position problem
in this case is reduced to calculate the position of the CoM corresponding to the input coordinates
of the end-effector by solving the set of nonlinear Equations (30) and (37) simultaneously.

Conversely, now, it is desired to guide or drive the CoM of the manipulator to generate
a corresponding trajectory for the end-effector. In this case, the trajectory imposed to the global
CoM from its initial position to its final position follows a “bang-bang” profile as presented in Figure 5.

To calculate the trajectory of point H, corresponding to the defined trajectory of the CoM,
it is necessary to solve the set of nonlinear equations in Equations (30) and (37) simultaneously
for the known positions of the CoM. In this case, the resulting trajectory is presented in Figure 6.
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A, = (-0.2165, -0.125)

Figure 4. Trajectory of the end-effector, point H, going from the initial position in dashed lines
to the final position in solid lines: Blue trace corresponds to the trajectory followed by the tool, while
the red trace corresponds to the trajectory followed by the manipulator’s Center of Mass (CoM).
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Figure 5. The “bang-bang” profile imposed to the global CoM of the manipulator.

As it can be seen in Figure 6, the trajectory of the CoM is a straight line. The corresponding
trajectory of the end-effector of the manipulator is not straight; there is no linear relation between both
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trajectories. Note that, doing this, it can only be assured the initial and the final position of the original

trajectory of the tool.

Once the positions of the manipulator are solved using Equations (30) and (37), it is possible
to solve velocities and linear momentum, using Equations (31) and (47) simultaneously. Note that
this new set of equations is linear; no iterative solution is required. Once the positions and velocities
are known, it is possible to calculate the accelerations and the shaking force solving simultaneously

Equations (33) and (48). Note again that this set of equations is linear.

Y coodinate [m]

Figure 6. The tool trajectory (point H) after guiding the global CoM with a “bang-bang” profile.

The result from guiding the CoM with a “bang-bang” profile, assuring a constant acceleration
during its motion, is an elimination of the variation of the shaking force and a reduction in its
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magnitude as it can be seen in Figure 7.
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Figure 7. Comparison of the shaking force: The blue curve is the magnitude of the shaking force when
the tool is guided with a cycloidal profile. The red line is the magnitude of the shaking force when

Shaking Force Comparison, CoM guided with bang-bang profile.
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the global CoM of the manipulator is guided with a “bang-bang” profile.
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Once the positions, velocities, and accelerations of the “basic points” are solved, it is possible
to calculate the shaking moment using Equation (49). Although guiding the CoM, assuring a constant
acceleration, is focused on the elimination of the variation of the shaking force, it can also contribute
to the reduction of the shaking moment and its variation. A shaking moment comparison is presented
in Figure 8. The moment is calculated with respect to the origin of the global reference frame
shown in Figure 3.

Shaking Moment Comparison, CoM guided with bang-bang profile.

80 | S'haking Moment guidi'ngthe tool —e—
Shaking Moment guiding the CoM ——

60 .

40 + .

Torgue [MN.m]
[l
(]

0 002 0.04 0.06 0.08 01

Time (s)

Figure 8. Shaking moment comparison: The blue curve is the shaking moment when the tool is guided
with a cycloidal profile. The red curve is the shaking moment when the global CoM is guided with
a “bang-bang” profile.

4.2. Redistribution of the Driving Links” Masses

A second strategy is to eliminate the variation of the shaking force of the manipulator following
a two-stage procedure. The first stage is to redistribute the mass of the driving links in order to get
a linear relation between the motion of the end-effector and the motion of the global CoM.

This can be done by eliminating all the terms (making them equal to zero) in
the matrices—Cp1, Cpr and Cp3—described in Equations (39), (42) and (45); thus, Equation (48) can be
changed to calculate the shaking force as follows:

fs, = mg = Cc14c1 + Ceadcz + Ceabics (53)

Note that, in Equation (53), the terms in matrices Cc1,Ccp, and Ces are constant.
Additionally the motion of points Cq, C;, and C3 can be expressed in terms of the motion of point H
and the rotation of the mobile platform (body 7). In this way, a linear relation between the motion
of the end-effector and the motion of the CoM is achieved. Thus, assigning a “bang-bang” profile
to the trajectory of the the tool and solving the corresponding inverse kinematics problem, it is possible
to determine the motion of the driving motors, a very common problem in robotics.

As an advantage of using fully Cartesian coordinates modeling, it can be pointed out that
the necessary conditions to redistribute the mass among the driving links are expressed directly
in terms of the mass and the location of the CoM of the links 1 through 6. The conditions related
to limb 1 are as follows:
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1- 2 )y + My =0 (54)
I I
iy~ Loy ) = (55)
12 I

The conditions related to limb 2 are as follows:

1—B m4+§m3:0 (56)
Iy s
Y —Bms) =0 (57)
Iy Iy

Finally, the conditions related to limb 3 are as follows:

l—ﬁ m(,—l—ﬁmg,:O (58)
lg I5
Loy —Loms ) = (59)
le Is

The easiest way to comply with the conditions of Equations (55), (57) and (59) is having the CoM
of links 2, 4, and 6 inline between their respective joints. This is the case of the manipulator illustrated
in this example; see the parameters in Table 1.

To comply with the conditions in Equations (54), (56) and (58), it is proposed to leave links 2, 4,
and 6 as they are and to relocate the CoM of the driving links 1, 3, and 5 by adding counterweights or by
changing their form (redistribution of mass). In this case, all links are equal; thus relocation of the CoM
of the driving links can be done alike for the driving links. In this case, the relocation of the CoM
in these links is achieved just by moving them in the x direction, keeping the following relation:

Xj
xin; = _li 1-— T m] (60)
j
wherei =1,3,5and j = 2,4,6.

To keep the explanation of the method simple and to not distract attention from its application,
the mass of the driving links are maintained in the same value: m; = m3 = ms = 1 kg. Thus, the new
location of the CoM of the driving links can be calculated by substituting values in Equation (60)
as follows:

0.18 ( 0.09
X1 = X3 = X5 =

o 1) 1.0=—0.09 m (61)

0.18

With these new parameters, a “bang-bang” motion profile to the straight line trajectory
of the end-effector is imposed from its initial point H; to its final point Hy. Figure 9 shows
the trajectories generated for the tool and for the CoM. Note the linear relation between them;
the trajectory of the CoM is exactly over the trajectory imposed to the end-effector.

Once the positions of the manipulator are solved using Equations (30) and (37) as in the previous
case, it is possible to solve velocities and linear momentum. Then, it is possible to calculate
the accelerations and the shaking force solving simultaneously Equations (33) and (53). Note that
this set of equations is linear. The corresponding calculated shaking force is presented and compared
to the original case in Figure 10.
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Trajectories when the Tool is guided with Bang-Bang
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Figure 9. Trajectory imposed to the end-effector in blue and the corresponding generated trajectory
of the CoM in red.

Once the positions, velocities, and accelerations are solved, it is possible to calculate the shaking
moment using Equation (49). The shaking moment comparison is presented in Figure 11. The moment
is calculated with respect to the origin of the global reference frame shown in Figure 3.

Shaking Force Comparison, Tool guided with bang-bang profile,

| Sﬁaking Force Origmall —

1000 Shaking Force Mass Redistribution

g00 r :

600 r f .
400
W

Torgue [MW.m]

O i 1 1 1
0 002 0.04 0.06 0.08 0.1

Time (s)

Figure 10. Comparison of the shaking force. The blue curve is the magnitude of the shaking force
in the original manipulator. The red line is the magnitude of the shaking force when the mass
of the driving links are redistributed and the tool is guided with a “bang-bang” profile.
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Shaking Moment Comparison, Tool guided with bang-bang profile.

g0 L ' Shaﬁqing Moment Originall —
Shaking Moment Mass Redistribution

Torgue [M.m]

0 0.02 0.04 0.06 0.08 0.1
Time (s)

Figure 11. Shaking moment comparison: The blue curve is the shaking moment in the original
manipulator. The red curve is the shaking moment when the mass of the driving links are redistributed
and the tool is guided with a “bang-bang” profile.

5. Discussion

This paper has presented an alternative method, based on fully Cartesian coordinates for
the modeling and generation of the shaking force and shaking moment reactions of mechanical
systems in general. No angular variables were used at all. Different advantages with respect to previous
modeling techniques have been pointed out, such as the ease to be automated and the direct way to get
the dynamic reactions in analytical form. It has been also clear that the balancing conditions can be
identified directly from the generated mathematical expressions. All these expressions are written
in terms solely of the mass and of the local coordinates of the CoM of each body, making the them
more clear.

The application to a 3RRR PPM is illustrated, and some interesting results have been presented.
It is worth to mention that the nonlinear relation between the trajectory of the end-effector and the
trajectory of the CoM of the manipulator is clearly shown. The advantages of guiding the CoM
to minimize the shaking force are presented in a clear way, and the effects on the shaking moment
are pointed out. Finally, the alternative of a mixed technique, combining balancing by redistributing
the mass and the kinematic guidance of the end-effector using a proper motion profile, bang-bang
in this case, is presented and its advantages are also shown.

This research will continue for applications in spatial parallel manipulators and mechanical
systems in general. Special attention will be paid additionally to the reduction or elimination
of the shaking moment, following an alternative techniques different from the redistribution of mass.
Kinematic redundancy combined with actuation redundancy could be a promising direction.
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Abbreviations

The following abbreviations are used in this manuscript:

CoM  Center of Mass
PPM  Planar Parallel Manipulator
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