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Abstract: At present, the absolute positioning accuracy and control accuracy of industrial serial
robots need to be improved to meet the accuracy requirements of precision manufacturing and
precise control. An accurate dynamic model is an important theoretical basis for solving this problem,
and precise dynamic parameters are the prerequisite for precise control. The research of dynamics
and parameter identification can greatly promote the application of robots in the field of precision
manufacturing and automation. In this paper, we study the dynamical modeling and dynamic
parameter identification of an industrial robot system with six rotational DOF (6R robot system)
and propose a new method for identifying dynamic parameters. Our aim is to provide an accurate
mathematical description of the dynamics of the 6R robot and to accurately identify its dynamic
parameters. First, we establish an unconstrained dynamic model for the 6R robot system and rewrite
it to obtain the dynamic parameter identification model. Second, we establish the constraint equations
of the 6R robot system. Finally, we establish the dynamic model of the constrained 6R robot system.
Through the ADAMS simulation experiment, we verify the correctness and accuracy of the dynamic
model. The experiments prove that the result of parameter identification has extremely high accuracy
and the dynamic model can accurately describe the 6R robot system mathematically. The dynamic
modeling method proposed in this paper can be used as the theoretical basis for the study of 6R robot
system dynamics and the study of dynamics-based control theory.

Keywords: 6R robot system; dynamical modeling; dynamic model; dynamic parameter identification;
graph theory

1. Introduction

For the manufacturing industry, which uses industrial robots for processing and
production, especially large-scale manufacturing such as aircraft manufacturing, there is a
dilemma whereby the absolute positioning accuracy of industrial robots is low and cannot
meet the accuracy requirements, which at the same time limits the development of robots
and manufacturing. The key to solving this problem is to establish an accurate dynamic
model of the robot, so as to achieve precise control and improve accuracy. Therefore, the
research of robot dynamics is of great significance both in theory and application.

Nowadays, with the development of the robot industry, the mobility, collaboration,
and adaptability of robots have become stronger, and the manufacturing industry, which
is the main application scenario of industrial robots, has shown a trend towards intelli-
gence [1]. As a large-scale manufacturing industry, many processes in the aviation industry
currently rely on manual work by workers [2], and the following problems need to be
resolved: the high labor intensity of workers leads to poor consistency, the limited working
time leads to low efficiency, and the fatigue caused by long-term labor leads to low preci-
sion. To meet the requirements of long life, fast cycle, high precision and low cost of aircraft,
industrial robots are urgently needed to replace workers’ positions [3,4]. The main task of
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the aircraft manufacturing industry is to process and assemble aircraft components. Air-
craft components have the characteristics of complex structure and large size. Accordingly,
the robots require high precision and large working space [5,6]. The accuracy of the robot
can be divided into two categories: absolute positioning accuracy and repeated positioning
accuracy. Industrial robots can be divided into two types: serial robots and parallel robots.
The absolute positioning accuracy and repetitive positioning accuracy of parallel robots
are very high, but the working space is small; the repetitive positioning accuracy of serial
robots is high and the working space is large, but the absolute positioning accuracy is
low [7,8]. The shortcoming of the small working space of the parallel robot cannot be
improved, so it cannot meet the requirements of the aircraft industry. In contrast, serial
robots can meet these requirements by improving their absolute positioning accuracy [9].
Therefore, research into serial robots is of great significance to the manufacturing industry.

To ensure the processing quality of aircraft components, requirements for precise
control and vibration reduction have been put forward for serial robots [10]. An accurate
dynamic model is one of the theoretical foundations for serial robots meeting the above
requirements. On the one hand, control systems based on accurate dynamic models will
have high precision [11], thus improving the absolute positioning accuracy of the robot,
and at the same time, the vibration reduction of the robot can also be achieved by active
control [12]. On the other hand, the dynamic model can be used to identify the dynamic
parameters of the robot system, that is, the mass and principal moment of inertia of each
rigid body. The dynamic parameters and stiffness are the input conditions of the modal
analysis, and the modal analysis is used for the vibration reduction of the robot system.
Therefore, vibration reduction is one of the application prospects of dynamic models.
Therefore, the research on the dynamics of serial industrial robot is very important for the
application prospect of robot in manufacturing industry. Zhang, L et al. [13] proposed
a WOA-GA method to establish a six-degrees-of-freedom (DOF) robot dynamic model,
thereby improving the robot’s motion accuracy. Koopaee, M et al. [14] used Euler-Lagrange
equations to establish a dynamic model of a planar serial robot and adaptively control it
so that the robot can successfully avoid obstacles without knowing the exact location of
the obstacle. Cui et al. [15] established the Hamilton dynamics model of the multi-joint
serial robot and then realized the precise tracking control of the robot. Liu, S et al. [16]
established a dynamic model of a dual-arm robot for capturing objects based on the
Lagrange formula and then studied the structural vibration problem in the capturing
process. Xu, W et al. [17] established the dynamic equations of a 7-DOF robot arm and
realized the vibration reduction of the robot’s elastic structure by the dynamic analysis
of the coupling effect of rigid motion and elastic vibration direction. H. Wu et al. [18]
proposed two methods to reduce the vibration of a serial robot, namely passive control
and active control. Passive vibration control is achieved by designing a parallel mechanism
to increase the stiffness of the robot. Active vibration control is realized by proposing a
hybrid control method of feedforward control and nonlinear feedback control.

Dynamic parameter identification is an important application of the dynamic model.
Generally speaking, dynamic parameters can be measured by physical experiment, that is,
the robot is disassembled into rigid bodies and then the mass is obtained by weighing and
the principal moment of inertia is measured by the pendular motions [19]. However, ob-
taining the dynamic parameters of the serial industrial robot requires the use of a parameter
identification method. The reason is that industrial robots used in large-scale manufactur-
ing industries require high rigidity to ensure the stability and processing quality of their
working process. The high rigidity requirements make industrial robots heavy. Moreover,
as a precision instrument, industrial robots are not easy to disassemble. All this makes it
difficult to obtain the dynamic parameters of industrial robots by measurement methods.
Dynamic parameter identification is a calculation method for obtaining dynamic parame-
ters by measuring the data of variables other than the dynamic parameters in the equations
where the dynamic parameters appear. The equations in which dynamic parameters appear
are mainly momentum conservation equations and dynamic equations. The momentum
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conservation equations are only applicable to free-floating space robots, and ground-fixed
robots need to use dynamic equations [20]. There are many calculation methods, such as
the least squares method, the gradient correction method, the maximum likelihood method
and the prediction error method. The fundamental idea of parameter identification is to
perform “input/output” analysis on the mathematical models where the dynamic param-
eters appear and to estimate the parameter value by minimizing the difference between
the real dynamic parameters and the dynamic parameters of the mathematical model.
The calculated dynamic parameters have high accuracy [21]. The identification process
includes modeling, designing experiments, collecting data, signal processing, parameter
estimation and model verification [11]. Dynamic parameters are very important for control
algorithms based on dynamic models and verification of simulation results [22]. Accurate
dynamic parameters are the premise of accurate dynamic models, and accurate control can
be achieved on the basis of accurate dynamic models [23,24]; precise control determines
the application prospects of robots in the field of automation [25,26]. Therefore, as an
important application of the dynamic model, dynamic parameter identification is of great
significance to the application of industrial robots in manufacturing. Gaz, C et al. [27]
established the Newton-Euler dynamics equations of the Panda robot and used the least
squares method to identify its dynamic parameters. Urrea, C et al. [28] established the
5-DOF Lagrange dynamics model of the industrial SCARA robot and obtained the dynamic
parameters of the SCARA robot by measuring the acceleration, velocity, position, and
voltage using parameter estimation technology. Olsen et al. [29] proposed a maximum like-
lihood method for identifying robot dynamics parameters. Physical experiments proved
that the maximum likelihood method has the same identification effect as the weighted
least squares method. Gautier, M et al. [30] proposed an error method called the DIDIM
method to identify the dynamic parameters of the dynamic equations and the new method
was proved to be effective through an experiment with a 2-DOF rigid body robot.

The dynamic model is established based on vector mechanics or analytical mechanics [31].
The modeling methods mainly include the Newton-Euler method [32] and the screw
method [33], which are based on vector mechanics, as well as the Lagrange method [34], the
Hamilton method [35,36], the Udwadia—Kalaba method [37] and the Birkhoff method [38], which
are based on analytical mechanics. There are also some methods that combine the characteristics
of vector mechanics and analytical mechanics, such as the Kane method [39]. Khalil, W et al. [40]
established the dynamic model of the Gough-Stewart parallel robot by using the Newton-Euler
method; Shao, P et al. [41] established the dynamic model of the Helix robot with the screw
method; Mancisidor, A et al. [42] used the Lagrange method to establish a dynamic model of a
multi-purpose upper limb rehabilitation robot; Huang, P et al. [43] used Hamilton method to
establish a dynamic model of a rope-net space robot; Nielsen, M. C, et al. [44] used the Udwadia—
Kalaba method to establish a dynamic model of a modular underwater robot; and Xu, F et al. [45]
used the Kane method to establish a dynamic model of a soft robot.

At present, a large number of scholars have conducted in-depth research on the two-
dimensional dynamics of industrial robots with few DOFs. However, the research on
three-dimensional multi-DOF dynamics is relatively weak and it is very rare to use graph
theory to describe industrial robots to establish dynamic models. Compared with the
two-dimensional dynamics problem with few DOFs, the three-dimensional multi-DOF
dynamics problem has a significant increase in the number of variables and equations,
resulting in a very complicated and long expression, which is difficult to calculate and solve.
Therefore, the traditional method is no longer applicable [46] and needs to be improved.
We consider that the key to solving this problem lies in the expression of the system of
dynamic equations formed by the combination of many dynamic equations in the form
of a matrix. The matrix expression needs to decouple the dynamic parameters of the
rigid bodies that make up the robot system to realize the modularization of the dynamic
equations, which is convenient for computer solving and control. We believe that the use
of graph theory to describe the robot system can meet the requirements well.
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This paper selects the most commonly used industrial robot—an industrial robot with
six rotational DOFs (6R robot system)—as the research object. The 6R robot system is
composed of six rigid bodies and has six rotational DOFs, as shown in Figure 1. In this
paper, a three-dimensional dynamic model of the 6R robot system is established based on
graph theory. On this basis, a new method of dynamic parameter identification is proposed.
A simulation experiment is designed by ADAMS software. The experimental results show
that the result of parameter identification is extremely accurate and the dynamic model
is accurate enough for the mathematical description of the 6R robot system. This proves
the correctness and applicability of the dynamic theory and method used in this article.
The 6R robot dynamics modeling theory and method proposed in this paper can realize
the accurate 3D dynamic modeling of the 6R robot system. At present, there are very few
studies in this area, so our exploratory research is very meaningful. At the same time,
we propose for the first time a 6R robot dynamic parameter identification algorithm. The
dynamic parameters obtained by this algorithm have extremely high precision, which is a
meaningful innovation. The 6R robot dynamics modeling theory and method proposed
in this paper can be used as the theoretical basis for precision manufacturing and precise
control and it is of great significance to improve the automation and production efficiency
of the manufacturing industry.

Figure 1. 6R robot system [47].

The rest of this paper is organized as follows. Section 2 introduces the dynamic mod-
eling method and dynamic parameter identification method of the 6R robot system. In
Section 3, an ADAMS simulation experiment is designed. The dynamic parameters and La-
grange multipliers of the 6R robot system are obtained by the calculation and identification
of the experimental data and the calculation results are analyzed and discussed. Section 4
gives conclusions.

2. Dynamic Modeling of 6R Robot System

The 6R robot system consists of six rigid bodies (including the end effector) and six
revolute joints, each rigid body has six DOF when it is unconstrained, that is, three DOF
for movement and three DOF for rotation. The inside joint of a rigid body imposes five
constraints on the rigid body, including three movement constraints and two rotation
constraints and the constrained single rigid body has one rotational DOF. By extension, the
unconstrained 6R robot system has a total of 36 DOF for the six rigid bodies and a total of
30 constraints provided by the six revolute joints, so that the constrained 6R robot system
has a total of six rotational DOFs. That is, the number of DOF of the unconstrained 6R
robot system minus the number of constraints on the system is equal to the number of DOF
of the system.

First, the mathematical description of the 6R robot is defined based on graph theory
and then the dynamic equations of the unconstrained 6R robot system are established.
Taking a single rigid body as the object of study, the active force of the joint is regarded
as the joint force element and the joint force element and gravity are the external forces
on the rigid body. The virtual power principle is used to establish the kinetic equations
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for a single rigid body. The dynamic equations of the six rigid bodies are combined into a
matrix form, that is, the dynamic equations of the unconstrained 6R robot system. Here, by
rewriting the dynamic equation of the unconstrained 6R robot system, the mass and the
principal moment of inertias of the rigid body are separated as the dynamic parameters to
be identified, and we identified the dynamical parameters of the 6R robot system by using
least squares method.

Second, the revolute joints provide five scleronomic and holonomic constraints (A
constraint that restricts only the pose and does not contain time is called a scleronomic and
holonomic constraint) on the outside connecting body, thereby the constraint equations
of a single rigid body are established. The constraint equations of the six rigid bodies are
combined to form the constraint equations of the 6R robot system.

Finally, the constrained equations of the 6R robot system are twice derived with respect
to time and changed into the second-order derivative form in generalized coordinates, The
Lagrange multiplier method is then used to combine the constraint equations with the
dynamics equation of the unconstrained 6R robot system to become the dynamics equation
of the constrained 6R robot system.

2.1. Graphical Description of the 6R Robot System

The six rigid bodies that make up the 6R robot system are simply represented as
homogeneous cylinders, denoted as B; (i = 1,2, - - ,6), the length of B; is denoted as /;
and the radius is denoted as R;, the center of mass of each rigid body is its geometric center,
denoted as O(i = 1,2,---,6). Establish the body-fixed base of each rigid body at the
center of mass of each rigid body, denoted as (O;, e 0Y(i=1,2,---,6) (The underscore -
indicates the matrix form), the three vectors egi), egi) and egi) are the base vectors for each
coordinate axis, the base vectors point to the direction of the central principal inertia axes.
The body-fixed bases of the 6R robot system are shown in Figure 2, with the pose shown as
the initial pose, the egl) axis points from the inside to the outside along the length of the
rigid body, the eg) axis direction is perpendicular to the paper surface inwards and the eél)
axis direction is determined by the right-hand rule.

@) () ) (6)
e’ e e
TV /eg") 04 3/44) 0, 3 /55) Os /ei("
O, TG ; o7 ~
ON =" ON =" ONI =" ONWL="50
1 e? 3 ()f‘i 0('5 Oc(x
(2) /:
“=T0
& End effector
r
02\_“)
é (1)
e
) j/, i
e’'~—10,
ﬂio 0)
3 | o
-0
1
0O, 0,

Figure 2. Schematic diagram of the 6R robot system body-fixed bases.

Since By is firmly connected to the ground, in order to simplify the model and facilitate
calculations, its volume and mass are both considered to be 0, its body-fixed base is
(O, e (0) ), which is located at Oy, (O, e(o)) is used as a fixed reference base and Oy is used

as a fixed reference point for this paper, the position of each center of mass is expressed
relative to Op and the posture of each rigid body is expressed relative to (Op, e(?)). The

remaining rigid bodies are By, By, - - - , Bg in the direction from By to the end-effector, the
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body-fixed bases are (O, gm), (Os, 9(2)),- -+, (Og, f<6))’ the joint points are O1, 03, - - - , Og

and the center of mass is O.1, O, - - - , O in that order.
The generalized coordinates of B; are determined by the Cartesian coordinates x;, y;, z;
of O, with respect to Oy and the Cardano angles «;, B;,y; of (O;, e(’)) with respect to

(Oo, E (O) ) .
The pose of B; is recorded in the form of a coordinate matrix as:

ro=(xyi Zz‘)TfQi = (i Bi i) (1)

q=(r 0)" = (xiyiziai Bimi) - 2

where 7 is the position coordinate of B;, 6 is the angular coordinate of B; and the combi-

1 1
nation of the two, ¢ , is the generalized coordinate of B;. The generalized velocity column

i
matrix and the generalized acceleration column matrix of B; are obtained by deriving:

. .. . \T o T
r= (xi y; 2i) /Qi = (@i B; 7i) - (3)
r= (X; y; zi) ’Qi = (a; B; 7i) - 4)
z = (% y; zi & Bi ’Yi)T- 5)
q =(r Qi)T = (xiyizia Bivi)- (6)

i 1

The generalized coordinate column matrix of the multibody 6R robot system is com-
posed of the coordinate column matrix of each single rigid body B; and expressed as a
36-dimensional coordinate column matrix:

7=(0"q g ") = (qa 0" @)
- 71 72 ~6

Some basic concepts of 6R robotics are defined according to graph theory:

The relationship between a joint and a rigid body is called an incidence. A rigid body
B; reaches B; via a series of rigid bodies and joints without repetition and the rigid bodies
and joints B; passes through are called the path from B to B;. A system with only a unique
path between any two joint points is called a system with tree structure. The system with
tree structure and the structure diagram of the system with tree structure of the 6R robot
system are shown in Figure 3.

0, 0, 0 End efizctor
lg2 B; B 4 B S B 6
0, 0, O. O,
End effector o,
B,
0,
Bo
(a) (b)

Figure 3. The system with the tree structure and the structure diagram of the system with the tree structure of the 6R robot
system. (a) The system with the tree structure of the 6R robot system; (b) the structure diagram of the system with the tree
structure of the 6R robot system.
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If B; is on the path from By to B;, then B, is called the inside body of B; and B, is called
the outside body of B;. In particular, if the inside rigid body B, has incidence with B;, then
B; is called the inside connecting body of B; and the O; connecting B; and B, is called the
inside joint of B;. For B;, B, is called the outside connecting body of B; and O; is called the
outside joint of B;.

Based on the above basic concepts, we established the incidence matrix, the matrix of
body—joint vector, the path matrix of force element and the vector matrix of force element
of the 6R robot system by graph theory, and deduced the resultant force and the resultant
moment of the force element received by the rigid body.

First, the incidence matrix S of the 6R robot system is established.

Assuming that the robot system has # rigid bodies, define an element:
1 O; has incidence with B; and starts with B;
Sij=4 —1 O;hasincidence with B; and ends with B; (i,j=1,2,---,n). (8)
0 O; has no incidence with B;

The n x n square matrix composed of S;; is called the incidence matrix of the system,
denoted as S.

S11 Sin
s=|: - ©)
Snl Snn
For the 6R robot system,
-1 1 0 0 0 0
0o -1 1 0 0 0
0 0o -1 1 0 0
=10 0 0 -1 1 o0 (10)
0 0 0 0o -1 1
0 0 0 0 0o -1

Second, the matrix of body—joint vector C of the 6R robot system is established.

The vector pointing from O,; to any joint O; that has incidence with B;B; is called the
body—joint vector, denoted as c;;. The multiplication of ¢;; and S;; is called the weighted
body-joint vector, denoted as C;;. The direction of C;; is away from By and points to the
outside. In particular, cp; = Cpy = 0. The n X n square matrix composed of C;; is called the
matrix of the body—joint vector of the system, denoted as C. C reflects the distribution of
joints that has incidence with the rigid bodies of the system.

For the 6R robot system,

(LM LM o 0 0 0 ]
0 2 B 0 0 0
co| 0o 0 Y LY 0 o "
=l o 0 0 LV LW n
271 271
0o 0 0 Lol Ll
0 0 0 0 0 kelo]

The body-joint vector is shown in Figure 4.
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Figure 4. The body-joint vector.

The distribution of body-joint vectors of the 6R robot system is shown in Figure 5.

End effector

Figure 5. The distribution of body-joint vectors of the 6R robot system.

Third, the path matrix of force element for the 6R robot system is established and the
resultant force of the force elements on the rigid body are derived.

The force element is the internal force doing work in the system, noted as Ey.

The force elements in this paper are only the joint force elements, that is, the active
forces of the inside joint and the outside joint on the rigid body.

The k-th joint force element, Ej, has incidence with a pair of rigid bodies, the inside
connecting body of the hinge is also called the inside connecting body of the force element
and is denoted as B,+ ). The outside connecting body of the joint is also called the
outside connecting body of the force element and is denoted as B,- (). The points of
action of Ej on the outside connecting body and outside connecting body are noted as
P and P, , respectively. As shown in Figure 6. The force of E; on a body is denoted as
F; (k=1,2,--- ,n). The force F; of B,+ ) on B, ) points from P to P and the force
—F} of B,- (1) on B,+ () points from P~ to P’
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e (k)

Figure 6. Force element vector.

Assuming that the robot system has 7, force elements, define an element:

1 Pk+ has incidence with B; =12 ... n
¢=1< -1 P, has incidence with B; ( P _ 1’2'_ N /n > (12)
0  B;has noincidence with P or P, S

The n X n, square matrix composed of S} is called the path matrix of force element of
the system, denoted as S°. For the 6R robot system,

-1 1 0O 0 0 0
0 -1 1 0O 0 O
0 0 -1 1 0 0
e __
5= 0O 0 0 -1 1 0 (13)
o o0 o0 o0 -1 1
o o0 o0 0 0 -1

The resultant force of all the joint elements on B; is denoted as (i =1,2,--- ,n).
A I

F=-YSF (i=12--,n). (14)
k=1

The ne-order vector column matrix F* formed by Fi (k=1,2,---,n,) and the n-order
vector column matrix F* formed by F; (i =1,2,---,n) have the following relationship:

F = -SF. (15)
For the 6R robot system,
F F-F
t— | 3| = | 3 4
TR | T R-R 1o
Fy Fs — K
K, F;

Finally, the vector matrix of force element of the 6R robot system is established and
the resultant moment of the force elements on the rigid body are derived.
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The vectors pointing from the centers of mass of rigid bodies B+ ) and B,- ;) to
the action points P, and P, of Ey, respectively, are called force element vectors and are
denoted as ¢, (i =e* (k) or e~ (k)).

The weighted force element vector is defined as:

i=1,2,--,n
Cix = SiCix ( k=12 n, ) 17)

C¢, that has incidence with B; is directed from the inside to the outside, and Cj; that
has no incidence with B; is zero.

The 1 x n, square matrix composed of Cj; is called the vector matrix of force element
of the system, denoted as C°. C° is used to describe the distribution of force elements in
each rigid body of the system. For the 6R robot system,

1)

[ he e 90 0 0 0 ]
0 %P L 0 0 0
c_| 00 eV he? 0 as)
- 0 0 0 4 LM g
0 0 0 0 ke L
0 0 0 0 lel®) |

Therefore, the moment Mf (i=1,2,---,n) of the force element that has incidence
with B; to the center of mass O, is expressed as:

Zc,kx (i=1,2--,n). (19)
For the 6R robot system,
- L)
(Fj +F3) x ey’
(F; + F5) x ey
M= _cexpe— | BHE)X 1736’%4) (20)
z - = (F§ + F2) x 1748%5)
7+ x e
[ (B x e
M = [M{ M, M{ M, M M ]T is the column matrix composed of

2.2. Dynamical Modeling of Unconstrained 6R Robot System
The vector of O; relative to Oy is denoted as r;, the angular velocity of B; relative to
(O, e (0)) is denoted as w;, the mass and central inertia tensor of B; are denoted as m; and

() @) )

i, respectively, and each component e;’, e5’, e’ of (O;, (1)) is the central principal inertia
p Y p 167,63 p p

axes of B; . Equating each rigid body to a homogeneous cylinder, the central inertia tensor
of each rigid body is expressed as:

‘ I 0 0 Im;R2 0 0
JO9=1 0 J2 o |=| 0 LmER+?) 0 L@

2!
o o JW 0 0 15m;(3R? +12)

133
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The right-hand superscript () indicates an expression in (O, g(i)) and no right-hand

() 16 50

. . . . O
superscript is an expression in (O, e ©). 1 o Jiss

il are the three principal moments of
11

inertia.
The Newton-Euler equations are derived by the principle of virtual power as follows:

mit; =F (i=1,2,---,6). (22)
Ilwl+wlx(11wl):Ml (121/2//6) (23)
Here,
Me
Fi=F —F=F-) SiF. (24)
k=1
e
M; =M; +M] = —)_ (Cj x F, + Sy x My). (25)
k=1

Plg is the gravity of B;, M is the active moment of O; on B;, Mf = =5, x M;Mf =

ne
— ¥ S X M} is the active resultant moment of the joints that has incidence with B; on B;.

k=1
For the 6R robot system,
Mg - M;z’
iy
Ma:_gxz\!a: ﬁg:ﬁg (26)
Mé - Mé
Mg

M = | M] M; M, M; M. M ]T is the column matrix composed of

M} (i=1,2,---,6).
Therefore, for the 6R robotics system,

[ (F+F) x eV ]
O M —M;
(F3 + F5) % 78%3) M — M
s 2 F+F)x% M: — M°
M= p = | (BERGGe T MM @)
(Fy+F5) x 3¢ 470
(B +F)x 5o || Mo Mo
(7)< el o
L 21 _

M= [M, M, M;q M, M; M, }T is the column matrix composed of
M (i=12---,6).

1
We call Equation (22) the center of mass motion equation and Equation (23) the posture
motion equation. Both equations need to be expressed in the form of a matrix of generalized
coordinates.

First, the center of mass motion equation, Equation (22), is written in matrix form:

mii = AWF) =F (i=1,2,--,6). (28)

i i i
A is the coordinate transformation matrix expressed by Cardano angles.
cBicyi —cBisi spi

{“00: coisyi + saispicyi  cwicyp —saispisyi  —saicBi |- (29)
sa;sy; — caispicyi  swicy; +caispisyi  caicp;
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Then, the posture motion equation, Equation (23), is expressed in matrix form relative
to (0;, e(!)) as:

](i)w(i) + @V 0 = MO (1=1,2,---,6). (30)
- i —i o= i i
Here, the matrix symbol 4 with tilde denotes the following three-order antisymmetric
matrix:
0 —as ar
a= as 0 —ar |. (31)
B —ap a1 0
Express posture motion equation, Equation (30), by generalized angular coordinates
as follows: -
J9D6 + (YD +D6JID )6 =MD (i=12,--,6). (32)
i i i i i i i
Here,

D =

1

—cBisyi c¢vi O i=1,2,---,6). (33)
S‘Bi 0 1

cBicyi 87 0]
(i

. —BisBicyi — YicBisyi  Yicvi 0
b = BisBisvi — vicpicvi  —wisvi 0 | (i=12---,6). (34)
ﬁic,Bi 0 1
The dynamic equation of the rigid body expressed by generalized coordinates is
obtained by combining Equations (28) and (32) as follows:

mE 0 r 0 A ()
o JOp |4 |~ _g9p +pejpye | T M0 (i=12--,6). (35)
i i R I AR A i
Equation (35) is abbreviated as:
Ag =B (i=12---,6). (36)
71—1' 1
Here,
miE 0
Ai = 0 ](i)D'
i i
i=1,2---,6). 37
A0 (D) ( ) (37)
B = N — i . )
i | =U9D +D 00D )8 + MO
i i [ i i

The dynamic equation for the unconstrained 6R robot system is derived as:

Aj =B. (38)

Here,

A=diag(A A,--- A), B=(BT BT ... BD)". (39)
- -1 - —6 - -1 —2 —6

A is a 36-order square matrix and B is a 36-order column matrix.
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2.3. Dynamic Parameter Identification of 6R Robot System
The dynamic parameters of the 6R robot include the mass m; of each rigid body and

the three principal moments of inertia | i(111)’ ]l.(zlz), ] 1(3’3)

The force element F;(?) exerted by each joint and the moment M;(?) of the force element
F;() to the center of mass and the angular velocity and angular acceleration of each rigid
body and the acceleration of the center of mass of each rigid body are regarded as known
quantities, dynamic parameters are regarded to be unknown quantities. We rewrote the
dynamic equation into parameter identification form and identified it by using the least
squares method.

First, the center of mass motion equation Equation (22) is rewritten.

The expansion of F; in Equation (22) is written as:

Ne
- £ ik,
e e
FeK-Ysip=| -Lsig | (o)
k=1 =

ne
mig — Y. Sk
k=1
Here, F,, F, and F,f3 are the components of Pﬁ on ego), ego) and eéo) respectively.
The expansion of Equation (22) is written as:

e
e
B Z SikF?{l
k=1

ne
; yz B = _kgl Sz?kPiZ (i =12 /6)- (41)
Zj “n

mig — ; SicFls

Since gravity Fig is a function of the unknown quantity m; to be identified, move it to
the left. Equation (41) is rewritten in parameter identification form as follows:

ne
-1 s
X; m; ”:e
i mi | = | X SiF, | (=12:,6) ®2)
zi—§ m; e
- ¥ sy,

Equation (42) is written in matrix form as follows:

@R M, = FR = AOVFRG) (j=1,2,... ,6). (43)
~i - —i
Here,
ne
i - Y SiFa
id o id i R 0
“Ri = vi , Mmip= | mp |, FT=| — L SiF, |- (44)
zi+g m; ' e
*kil SicFes

Second, the posture motion equation, Equation (30), is rewritten. The expansion of
Equation (30) is written as:
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00 @y 0~ W 1[0 wy
0y 0 f @y [ el 0 el 0 0wy | = MO=1,2,,6) (45)
i - (i i i i i ol
o o JY Ly —wf w0 o 0 JO Loy
Here, wl(l), wi(zi) and wl.( i) are the components of () on e( 0 ( ) and eéi) respectively.

Equation (45) is rewritten in parameter identification form as follows:

) Dl) ol 1
w( )“’1(3) wg) —wz.(li)wi(;) 2 = ]\_4@ (i=12,---,6). (46)
W) @l ol Jiy

Equation (46) is abbreviated as the following form:

id o (1) id 7 (i) _ aq(i) (i —
UMW = MY (=12, 6). (47)
1
Here,
o[ o bl e 7
a0 | WPl el el |, - (i=12--,6. (48)
—olol) o o0 i 53
2 i1 72 i3 133

Finally, the rewritten center of mass motion equation, Equation (43), and the rewritten posture
motion equation, Equation (47), are combined and expressed as the following form, that is, a dynamic
equation with parameter identification form.

B 'idmai) =
idg 1(1) id L. =

Equation (49) is abbreviated as the following form:

A(00) ER(i)
Y (i=1,2--,6). (49)

idXi id&i :id Zi' (50)

idR. idm,- A(0]) pR(i)
R idy _ | o dy _ | =5
idg() ] X = [ id 1 () ] Zi= [ M ] (51)

2 1

Here,

idY' _
1; =

1

This is the dynamic equation with the parameter identification form of B; and X; is the
dynamic parameter to be identified. #Y; and ¥ Z; are known parameters obtained by sampling the
system, sampling at multiple times to obtain multiple sets of data. The dynamic parameter “X; of
the 6R robot system is identified by using the least squares method.

For time ¢;, the dynamic equation with parameter identification form is expressed as:

;-dli = “X; j’dZi- (52)

Assuming that there are n sets of data, thatis, 1 < j < n, corresponding to times t (j =
1,2, -, n) respectively, then the following equation is formed.
1d Y id Zi
ml Y' y 12471 Zi
. X; = ) . (53)

id id
wY A



Appl. Sci. 2021, 11, 10988 15 of 27
Equation (53) is abbreviated as the following form:
“K; X = ML (54)
Here, ‘
o iz,
1 Y 1 Z
K= | B L) g : "l (55)
zrzdxi lndzz
Then the least squares solution of Equation (54) is:
UX = (KT KGR L (56)

ile

This means that the dynamic parameters of the rigid body can be identified by using least
squares method by sampling the acceleration of the center of mass and the angular velocity and
angular acceleration and the data of the joint force element of the rigid body at multiple times.

The above is our method for identifying the dynamic parameters of a single rigid body, from
which we can further derive a method for identifying the dynamic parameters of the 6R robot system.

The 6R robot system is a combination of rigid bodies, therefore the dynamic equation with
parameter identification form is written as:

idyl idX 1 idzl
oy, iy idg,
O idy idx idy
13 43 _ £3
idXzL idX " - id;4 (57)
idXS idy 5 idZS
iy, iy idgz,
Equation (57) is abbreviated as the following form:
idX — id& idZ- (58)
Here,
T i idX 1 T i ile T
ldXZ de 9 zdzz
idy, id X 3 id “Zs
- , X = idv , Z=| ;> 59
iy, - X 4 - 7, 9)
ZdXS de 5 leS
ldX6 | I ldXé | I de6 |

Among them, idX is the dynamic parameter to be identified, idY and Z are the known
data obtained by sampling the system. Sampling at multiple times to obtain multiple sets
of data, the dynamic parameter X of the 6R robot system is identified by the least square
method.

For time t;, the dynamic equation with parameter identification form is expressed as:

id id id
iy — iy iz (60)

Assuming that there are n sets of data, thatis, 1 < i < n, corresponding to times
t; (i=1,2,---,n), respectively, the following equation is formed.

éjX éjZ
wy | | uy
Ty = | 27 (61)
Y W
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Equation (61) is abbreviated as the following form:
idK idX — idL- (62)
Here,
id id
1Y 12
. 7Y . LA
iK=| 27|, fL=1|7" | (63)
i iz
Then the least square solution of Equation (62) is as follows:
idy — (KT idK)*l dgT idp (64)

This means that the dynamic parameter of the 6R robot system can be identified by
using the least squares method by sampling the data of the center of mass acceleration and
the angular velocity and the angular acceleration and the data of the joint force elements of
rigid bodies at multiple times.

2.4. Constraint Equations for 6R Robotic Systems

Each joint of the 6R robot is a single DOF revolute joint and each revolute joint provides
five holonomic kinematic constraints. The revolute joints O; (j=1,2,---,6) that links
rigid body B; to its inside connecting body B;(;) has a base vector p; of shaft axis, as shown
in Figure 7, the arrows represent the directions of the vectors and the circles represent the
joint points in Figure 7.

Figure 7. Constraints of revolute joint.

Then the kinematic constraints imposed by the joint O; acting on the 6R robot system
are embodied as follows:

(1)  The joint point on rigid body B; coincides with the joint point on its inside connecting
body B; ;) as a point.

(2) The base vector of shaft axis of rigid body B; coincides with the base vector of shaft
axis of its inside connecting body B;(;) as the same vector p;.

Constraint condition (1) is expressed as follows:

ri + Cij —1j —Cjj = 0. (65)
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Equation (65) is written in matrix form as follows:

1@) + {X(Oi)c@ — E(O) - é(of)c(f) =0. (66)

i i i i
Equation (66) projecting to (O, e (9)) produces three scalar equations, namely three

constraints as follows:

li lj
b =x;i + Elcﬁic'yi — X+ chﬁjc'yj =0. (67)
L .
P2 = yi + 5 (caisyi + swisPicyi) — yj+ EJ(C‘X]'S%' + sajsBjcy;)- (68)
li lj
¢z =z + E’(szxis'y,» — ca;spicyi) — zj + Ej(szxjsyj — ca;sBicy;)- (69)

Constraint condition (2) is expressed as follows:
A0 ,(0) A0 ,() — 0. 7
ATp - AT =0 (70)

The basis vector p; is projected in three directions to obtain three projection equations
as follows:

Pja = P%)Cﬁic%' - P]('é)cﬁis%‘ + P](';)Sﬁi - P]('{)CﬁjC'Yj + P,(é) cBjsyj — P](é)sﬁj =0. (71

Pjs = P(? (cajsyi + sajsPicy;) + PJ(-;) (cavjeyi — saisPisyi) — PZ(;;)SDCiCﬁi 72
—p](.{ (cajsyj +sajsBicy;) — p](é)(czxjcyj — sajspBjsy;) + p](-é)sucjcﬁj =0.

Bjo = Py (saisi — carsPiers) + ply (swicy; + caisBisi) + ply caicpy 73
—p]({ (sajsyj — cajsBicyj) — p]%) (sajcyj + cajsBisyi) — p]%)coc]-cﬁj =0.
Since the relationship between the projection components p i1 Pjor Pj3 ofp jis as follows:

Ph+ PRt s =1 (74)

Therefore, only two of the three projection formulas ¢j4, ¢;5, ¢j6 are independent. We
only take ¢;4 and ¢;5 as the constraint equations.
Thus, we established the constraint equations of the 6R robot system as follows:

1
(Pll = —X1 + Elc‘Blc’)/l =0. (75)
[
P10 = —y1 + El(cals’h + sagspicyr) = 0. (76)
1
P13 =—21+ %(SMS% —cagspiey) = 0. (77)
P14 = C‘31C’)/1 =0. (78)
$15 = caysy1 + sayspicyr = 0. 79)
l l
¢ = x1+ 516/51071 — X2+ §2C52C72 =0. (80)
1 l
¢ =1 + 51(6061571 +saisBiey) —ya2 + 52(0062572 + sazsPacyz) = 0. (81)

I I
¢z =21+ %(sles'yl —cuysPrcy1) — 2z + Ez(szxzs'yz — capsPacyr) = 0. (82)
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¢4 = cf1871 — cPasy2 = 0. (83)

(o5 = ca1cy1 — Sa15B15Y1 — CapCy2 + sapsPasyr = 0. (84)
I I

$31 = x2+ 526132672 — X3+ 536/33073 =0. (85)

l I
¢ =1y + EZ(CDQS’YZ + sapsPacy2) —y3 + §3(C0é3$’)/3 + sagsPscys) = 0. (86)

l l
¢33 =20+ Ez(soczs')q — capsPacyr) — z3 + g(sogs'yg, — cagsPscys) = 0. (87)
¢34 = cB2sy2 — cB3syz = 0. (88)
¢35 = canCys — SaSPr5Y2 — cazcys + sazsPzsys = 0. (89)
l l
¢a1 = x3+ ;C‘B?,C"yg — X4 + E4C‘B4C’)/4 =0. (90)
l I
P4 = y3 + g(Cng,S’)’:s + sa3sP3cys) — ya + 54(60(4574 + saysBacyy) = 0. (91)
| l
Pa3 =23+ 53(5043573 — ca3sPacys) — z4 + 54(5“4574 — caysPycyy) = 0. (92)
$aa = cBacys — cfacyy = 0. (93)
a5 = cu3sy3 + sa3sP3cys — cagSys — sasPacys = 0. (94)
l l
¢51 = x4 + 546,34074 — X5+ 556[55075 =0. (95)
| l
P52 =ys+ §4(c044s'y4 + sa48Bacys) — Y5 + Es(coc5s'y5 + sassBscys) = 0. (96)
l l
P53 = z4 + 54(50(4574 — C0gSPacys) — 25 + 55(51)(55')/5 — cassPscys) = 0. (97)
¢54 = cPasys — cBssys = 0. (98)
P55 = cagCys — SagSPasys — cascys + sassPssys = 0. (99)
l l
Pe1 = X5+ 550135675 — Xe + §6C[%C’Ye =0. (100)
l I
P2 = Y5 + Es(coc5s'y5 + sa5SB5CY5) — Yo + Eé(cu%s% + sa5BeCY6)- (101)
l l
Pe3 = 25 + 55(5065575 — cassPscys) — 26 + 56(5“6576 — co6SP6CY6)- (102)
$es = cBscys — cBecye = 0. (103)
Pe5 = cass7ys + sas55P5Cys5 — cesYe — SeSPeCre = 0. (104)

The 6R robot system consists of six rigid bodies, if each rigid body is not constrained,
the 6R robot system has 36 DOFs. After being constrained by six revolute joints, the number
of DOF of the constrained 6R robot system is six.

2.5. Dynamic Modeling of Constrained 6R Robot System

The constraint equation for the robot system are as follows:

o)=0" o7 o7 o7 o7 ¢ (105)
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There are 30 constraint equations in Equation (105) and its derivative is calculated
twice with respect to time to obtain the following equation:

¢ i+ q)q=0. (106)

Here, the 30 x 36 matrix ?q is the Jacobi matrix of ¢ (9), which is defined as:

9% . 9u

991 936
=1+ - . (107)
o s . Ies

991 936

(¢ q) is theJacobi matrix of ¢ g,
=, S
Then, the constraint equation in the form of the generalized acceleration coordinate is
obtained as follows:
¢ g=_g. (108)

q
The 30-order column matrix  is defined as:

I=—(q. (109)

1 q

Introduce 30 Lagrange multipliers Ay, (k = 1,2,---,30) and write them in column
matrix form A = (A1, Ay, - - ,)\30)T.
Then the Lagrange equation of first kind of the unconstrained dynamic equation is
obtained as follows:
Aj—B+¢ TA=0. (110)
S
Equation (110) is combined with the constraint equation, Equation (108), and then
write them in a unified form as follows:

A (PT .
= ¢ {

¢ 0

q

(111)

> 1
[
|
| —
I N RS
[ I

This is the dynamic equation of the 6R robot system with complete constraints ex-
pressed in generalized coordinates. The expression of this equation is compact and unified.
The ideal constraint force of the 6R robot system is re-added by Lagrange multipliers.

There are 66 equations included in Equation (111), which can solve up to 66 unknown
variables.

On the basis of Equation (111), the control of the 6R robot system can be realized. The
force control of the system can be realized by planning the trajectory curve of g and the

drive control of the system can be realized by planning the trajectory curve of A. This is the
work to be carried out in the future.
3. ADAMS Simulation Verification and Calculation Example of 6R Robot System

Dynamics Model

A simulation model of the 6R robot was established using ADAMS software. After
the measurement and calculation of the parameters, the results show that the identified
dynamic parameters have extremely high accuracy, which verifies the correctness and
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accuracy of the dynamic model and then the ideal constraint force of the 6R robot at a
certain moment is analyzed qualitatively.

The simulation model was established based on the rigid body length parameters of
the typical 6R robot KUKA KR500 and then the simulation model was used to verify the
dynamic model.

First, the simulation model is established with ADAMS software; second, the required
linkages and drivers are set, and the dynamic simulation is performed; third, the required
parameters of the simulation process are measured; finally, the dynamic parameter identifi-
cation model and the dynamic model are verified based on the measured parameters.

The structure parameters of the KR500 robot are shown in Figure 8.

Dimensions: mm

1025 290

3371
1300
3798

1045

Gl

1362 1210

2826

Figure 8. The structure parameters of the KR500 robot [47].

The length of each rigid body B; (i =1,2,---,6) is known. To simplify the dynamic
model, each B; is regarded as a homogeneous cylinder and the radius of each B; is given,
among them, the rigid body Bg is the end effector and its size parameters are set to 0.3 m in
length and 0.3 m in radius.

Then the material type of all rigid bodies B; is set to steel and the mass m; (i =
1,2,---,6) and the principal moment of inertias ]i(lzl)'](Z) ].(Z) (i=1,2,---,6) of each

inp” Vi3

rigid body are generated, then the ADAMS simulation model of the KR500 robot is es-
tablished, as shown in Figure 9. The establishment and direction of each body-fixed base
(O;, e(l>) (i=1,2,---,n) of the model is shown in Figure 2.

-
L)

Figure 9. The ADAMS simulation model of the KR500 robot.
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To quantify each parameter, set the unit of each physical quantity. The unit of each
physical quantity is shown in Table 1. The value of gravitational acceleration is set to

9.80665 and the direction is the —eéo) direction.

Table 1. The unit of each physical quantity.

Physical Quantity Length Mass Force Time Angle Frequency
Unit m kg N s 1 (rad) Hz

The parameters of each rigid body in the ADAMS simulation model obtained from
the units of each physical quantity are shown in Table 2 The rigid body sequence is from

inside to outside. The principal moment of inertia ] ] (0 b () s the expression of each

m’ip’ 133
, , (1) 70)
rigid body B; in its own body-fixed base (O;, f( )). m; and ]le ]122 ]1.33 retain 4 decimal
places.
Table 2. Physical parameters of each rigid body B;.
ngld BOdy Bi Bl BZ B3 B4 B5 Bé
Length (m) 1.045 1.245 1.21 0.315 0.29 0.3
Radius (m) 0.5 0.3 0.2 0.2 0.2 0.3
ml(kg) 6402.6012 2746.0726 1186.1661 308.7953 284.2877  661.7042
(kg m?) 800.3251 123.5733 23.7233 6.1759 5.6858 29.7767
(l)(kg -m?2 982.8126 416.4934 156.5838 5.6413 4.8353 19.8511
67) (kg m? 982.8126 416.4934 156.5838 5.6413 4.8353 19.8511

133

3.1. Simulation Verification of Dynamic Parameter Identification Model
According to the rigid body dynamics model Equation (49), in order to identify the
] (i) I @ of a single rigid body B;, the

mass m; and the principal moment of inertia ] i Ty Tins
following parameters of the rigid body must be known.

The three components of the Cardano angles of (O, e (1)) relative to (Oy, e(©)),

The three components of F; in (Op, e ©0)y,
The three components of M; in (O, e 0)),

1

2

3

4. The three components of the acceleration of rigid body’s center of mass in (O, e 0)),
5. The three components of the angular velocity of rigid body in (O, e ©)y,

6

The three components of the angular acceleration of rigid body in (O, e ©).

To simultaneously identify the dynamic parameters of all rigid bodies with one
simulation (only one movement), that is, the parameters collected in this movement can be
used to identify each single rigid body, it is necessary for each rigid body to generate the
above parameters at the same time in this movement to ensure that the data corresponding
to each discrete time is real-time for each rigid body. This is the premise that the measured
parameters can be used to identify the dynamic parameters of each rigid body at the
same time.

To achieve the above purpose, the simulation is set to make the rigid body B; move
along the ego) direction (that is, the guide rail direction) with an acceleration of 2 m/ s2,
while the joint O; and the joint O; rotate around the joint axis at the angular acceleration of
9.5493 rad /s? (that is, 30°/ sz), all other joints are locked so that they do not rotate around
the joint axis.

Set the initial state to the static state, and the posture is shown in Figure 9, which is
the posture shown in Figure 2. The simulation termination time is 2 s and the number of
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steps is 100. When the simulation is terminated, the robot posture is shown in Figure 10.
The motion process generates various required parameters, and the ADAMS software is
used to measure various parameters.

D

Figure 10. The termination posture of the KR500 robot ADAMS simulation.

The 6R robot system will inevitably be disturbed during the movement, which will
cause errors between the measured data and the true value. To reduce the identification
accuracy error caused by data error when a single set of data is used for identification, mul-
tiple sets of data can be used to identify dynamic parameters according to the mathematical
model of Equation (56) to improve the accuracy and stability of the obtained parameters.
Theoretically, the more data is taken, the better the identification effects, but too much data
will increase the complexity and time-consuming of calculation. In this experiment, five
sets of parameters are selected, respectively, taking the parameters at the five times of 0.3 s,
0.6,09s,1.2sand 1.5 s (other arbitrary times can also be randomly selected).

The dynamic parameters of the 6R robot system are identified, as shown in Table 3.

Table 3. Identified 6R robot system dynamic parameters.

Rigid Body B; B B, B; B, Bs Bs
mie¥)(kg) ~ 6402.6000 27460720  1186.1658  308.7958  284.2875  661.7041
mi(e]@))(kg) — 2746.0723  1186.1661  308.7955 2842875  661.7043
mi(ezo))(kg) 6402.5942  2746.0723  1186.1660  308.7955  284.2877  661.7042
JV(kg-m?) ~ 800.3252 1236157 23.7206 6.1761 56856  29.7769
]l,(% (kg -m?) 9828120 4164683  156.5821 5.6412 48348  19.8511
]i) (kg-m?) 9828120 4165109  156.5722 5.4619 48353  19.8514

Among them, mi(ego)),mi(eéo)),mi(ego)) are the mass parameters of a rigid body B;

identified in the ego),ego),eéo) directions, respectively. Since rigid body B; does not have

(0)

acceleration in the e, ’ direction, the mass cannot be identified in this direction.
The absolute error between the dynamic parameters obtained by identifying rigid
body Bg, Bs, - - - , B1 from outside to inside and its true value is shown in Table 4.
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Table 4. The absolute error between the dynamic parameters of rigid body Bg, Bs, - - - , By and its real

value.
Absolute Error
RigidBody ) mel”)  mitel) I 1 I

(kg) (kg) (kg) (kg-m?) (kg-m?) (kg-m?)
Bg —0.0001 0.0001 0 0.0002 0 0.0003
Bs —0.0002 —0.0002 0 —0.0002 —0.0005 0
By 0.0005 0.0002 0.0002 0.0002 —0.0001 0.0006
Bs —0.0002 0 —0.0001 —0.0027 —0.0017 —0.0116
By —0.0006 —0.0003 —0.0003 0.0424 —0.0251 0.0175
By —0.0012 — —0.0070 0.0001 —0.0006 —0.0006

There are two reasons for the error: 1. The dynamics identification model is a complex
system. To obtain the final result, many calculations are required. The result of each
calculation will cause absolute errors due to only taking part of the significant digits.
Therefore, the greater the number of calculations, the bigger the absolute error accumulated.
2. Since the data measured by ADAMS software retains seven significant digits and the
counting rules cannot be changed, the larger the measured number, the more digits of the
integer and the fewer digits of the decimals, then the greater the absolute error produced.

It can be seen from Table 4 that the absolute error of the identified mass m ; is very
small. This is because the number of calculations for the identified mass is less. The
absolute error of m; is larger than that of other m; (i = 2,3,---,6). This is because the
force and moment of rigid body B is larger than that of other B; (i =2,3,---,6). The
reduction in the number of decimal places of relevant data increases the absolute error.

The absolute error of the principal moment of inertia | i(]?, J i(zlz), J i(13) of rigid body
Bg, Bs, - - -, By is larger than that of mass m;. This is because the principal moment of
inertia | i(111)’ ]i(zlz), ]l.(;) is identified in the rigid body joint base (O;, e (). The calculation pro-
cess involves the coordinate transformation of parameters such as angular velocity w; and
angular acceleration w;, and more calculation times cause the accumulation of absolute

errors. The absolute error of the principal moment of inertia ]1(}1), ]1(;2), ]1(;3) of Bj is smaller

than that of ](i), ](i) ].(i) (i=2,3,---,6). This is because although the force and moment of

iy’ i’ Jiz3
Bj are larger than those of other B; (i =2,3,---,6), the simplification of the identification
model of By (only the equation in the egl) direction is retained) reduces the number of
calculations.
In addition, the dynamic equation with parameter identification form is obtained by
deforming the unconstrained dynamic equation, which is essentially the same equation, so

the unconstrained dynamic equation is verified at the same time.

3.2. A simulation Example of the Dynamic Equation of the Constrained 6R Robot System

There are 66 equations in the constraint dynamic equation of the robot system, which
can solve up to 66 unknowns, usually corresponding to 36 generalized coordinates and 30
Lagrange multipliers. Since the generalized coordinates were measured in the simulation
motion, 30 Lagrange multipliers can be solved as unknowns.

Lagrange multipliers A;(i = 1,2, - - ,30) are written as a Lagrange multiplier matrix
A(i=1,2,---,6), which corresponds to rigid body B;(i =1,2,---,6). Each multiplier

1
matrix is a five-order column matrix. For ease of description, it is recorded as:

A=[An A A Mg A (112)
1
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A= { 1.356146 x 104
-5

A= { 5.154353 x 104

A [ —3.836233 x 104

A= { 2.941508 x 104
A= { 1.797760 x 103

A= { 4197760 x 103

Aij(j =1,2,---,5) denotes the five elements of B and each element has its physical
meaning. Among them, Aj1, Ajp, Aj3 is proportional to the ideal constraint force of the rigid
body in the ego), ego), ego) direction and corresponds one to one. Aj4, Aj5 is the function of the
three Cardan angles «;, 8;, v; of B;, which is proportional to the ideal constraint moment
represented by the Cardano angle «;, i, ;.

The data at 1.5 s time is taken, and the Lagrange multipliers are calculated.

The result is calculated by Formula (111) as follows (the result retains seven signifi-

cant digits):

T
3.870958 x 1074 —6.489101 x 10° © 1211238 x 103 8.093237 x 102 } : (113)
T
2726663 x 1074 1 9277012 x 10° ©  —1.631801 x 1010 —2.442163 x 1010 } - (114
T
30.072190 x 1074 © —1.230526 x 10 © 8285916 x 10> © 5.536472 x 10° ] - (115
T
3263078 x 1074 2393758 x 104 © —1431100 x 101 —2.141792 x 101 } - (116)
T
1664961 x 1074 —5.086735 x 10* © —1.233380 x 10'1 © —1.845883 x 101! } - (117)
T
1664961 x 1074 © 1136554 x 10° ° —5868432 x 10° © —1.877410 x 104 } - (118)

Qualitative analysis of the data of i\(z =1,2,---,6) at 1.5 s time shows that:

To counteract the effect of gravit}lf, the ideal constraint force of the rigid body
Bi(i=1,2,---,6) in the ego) direction in this pose is much greater than in the e%o) ,eéo)
directions, so Aj3(i = 1,2,---,6) is much greater than Aj1,Ajp(i =1,2,---,6). The rigid
body B;(i = 1,2,-- - ,6) needs to bear all the gravity of B;(j > i) and the ideal constraint

(0)

force of the rigid body in the e; " direction from the outside to the inside increases, so
Ai3(i=1,2,---,6) increases with decreasing i number. The ideal constraint force of
Bi(i=1,2,---,6) in the ego),eéo) direction does not bear gravity; therefore, its values
are all small and basically the same order of magnitude.
The shaft axes of the inside joints O,, O3, Os of the rigid bodies By, B3, Bs are in the
(i)

e, direction and need to bear the moment generated by the gravity of the outside body,
so the ideal constraint moment Oy, O3, O5 bear is large. The shaft axes of the inside joints
01,07, 0¢ of By, B4, Bg are not in the direction eg) and do not need to bear the moment
generated by the gravity of the outside body, so the ideal restraining moment of O1, Oy, O¢
is small. Therefore, the value of Ajy, Aj5(i = 2,3,5) is much greater than Ay, Aj5(i = 1,4,6).

02, O3 has more outside bodies than Os and the moment generated by the gravity of
the outside bodies is larger, so Ajg, Aj5(i = 2,3) is greater than Ajy, Aj5(i = 5), the posture
of the robot system at 1.5 s is shown in Figure 11. At this moment, the direction of the
moment generated by the gravity of B; received by O; is opposite to the moment generated
by the gravity of B;(i = 3,4,5,6) received by O,, which cancels part of the moment that
B;(i = 3,4,5,6) enacts on O,. Therefore, the ideal constraint moment of O; is less than O3,
S0 Aig, Ais(i = 2) is less than Ay, A5 (i = 3).

This qualitative analysis evaluates ideal constraint force and moment. It not only
intuitively describes the force situation of the ideal constraint force and moment of each
joint, but also accurately describes the magnitude relationship of each the ideal constraint
force and moment by the value of the Lagrange multiplier. This provides a theoretical basis
for the analysis of the structural strength and reliability of 6R robot systems.
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Figure 11. Posture of 6R robot system at 1.5 s.

4. Conclusions

6R robot dynamics research is of great significance to the application of robots in the
manufacturing industry. Motivated by this, this article systematically studied the 6R robot
dynamic model in three respects: modeling, experiment and solution.

First, we established the unconstrained dynamics equation of 6-DOF industrial robots
based on graph theory. On this basis, we proposed a new method of dynamic parameter
identification. The results of the ADAMS simulation experiment showed that the identified
dynamic parameters have extremely high accuracy, with a maximum absolute error of
0.0424, verifying the correctness and accuracy of the dynamic equation.

Second, we established the system of constraint equations for the robot system, con-
sisting of 30 constraint equations.

Finally, we used the Lagrange multiplier method to establish the constrained dynamics
equation of the 6-DOF industrial robot and pointed out that the Lagrange multiplier was
proportional to the ideal constraint force and moment.

By calculating the constraint dynamics equation at the time of 1.5 s, the values of
the Lagrange multipliers were calculated, and from this, the ideal constraint force and
moment of the 6R robot system was qualitatively analyzed. A method to evaluate the ideal
constraint force and moment was proposed.

The results of experimental research and numerical calculation show that the modeling
theory and method proposed in this paper are correct and effective, and the dynamic model
has high accuracy.

In future work, we will realize force control and drive control based on the constrained
dynamic equation of 6-DOF industrial robots.
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