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Abstract

In recent years, a great number of studies have been conducted around the
dynamic analysis of parallel robots. In these studies, kinetic equations are
established by Lagrange formula, the principle of virtual work and other methods,
among which Newton-Euler formula is rarely employed. Featured by clear
physical process and available intermediate quantity, Newton-Euler formula was
applied in this paper to model a 3-RRR parallel robot. First of all, a kinematic
equation of the system was established based on the closed vector correlation,
and the singularity was analysed. Subsequently, the Newton-Euler recurrence
formula of a single branch chain was established, and three branch chains were
closed in the end effector by virtue of the constraints, so as to obtain the closed
chain kinetic equation. The modular structure is conducive to programming
calculation and its popularization to other models. Then, numerical simulation
was carried out on three driving torque distribution modes, and the results were
compared and analysed. It is found that different driving torque distribution
modes have their respective characteristics and advantages. Finally, forward
dynamics verification of the model was carried out by MSC.ADAMS®.

Keywords: Dynamics, Kinematics, Newton-Euler formula, Parallel robot, Redundant
actuation.
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1. Introduction

Recently, with the rapid industrial development, serial robots have been applied to
spraying, machining, welding, assembly and other fields more widely and maturely.
But the open chain topological structure leads to the increase in error accumulation,
poor accuracy and insufficient rigidity. In contrast, parallel robots are characterized
by strong carrying capacity, high mechanical rigidity, high accuracy, fast response,
strong positioning capacity, etc. and have been widely applied to aviation
manufacturing, motion simulation, medicine, etc. at present [1-11]. However, due to
small workspace, complex singularities in the space and dynamic coupling, the
development of parallel robots has been restricted to some extent.

As everyone knows, the complex singularity problem is a characteristic of
parallel robots. How to expand the workspace and avoid singularities in the
workspace has always been an important research content in the studies on parallel
robots. In general, singularities can be divided into the first kind of singularity and
the second kind of singularity [12]. For the second kind of singularity, Jacobian
matrix method, screw theory and exponential product method can be adopted for
analysis, among which Jacobian matrix method is a common analysis method.

Near the singular configuration, the driver will be unable to bear the force or
torque applied on the end effector. The rigidity, accuracy and other performance of
the mechanism will get worse, and the mechanism will acquire uncontrollable
degrees of freedom (DOF). In such case, the mechanism is extremely prone to getting
out of control. Therefore, during the design and application of parallel robots, the
singular configuration should be avoided, mainly the second kind of singularity.

The common methods for avoiding the second kind of singularity mainly
include structure design method, path planning method and redundancy method
[13-15]. Among them, redundancy method is proved to be an extremely effective
way to avoid the second kind of singularity. The said method includes kinematical
redundancy and actuation redundancy [16, 17]. Contrarily speaking, the actuation
redundancy method can avoid the second kind of singularity without introducing
new DOF, and also improve the dynamic performance of the mechanism [18, 19].
Thus, it is a highly effective method to avoid singularity.

There are numerous research methods for dynamic modelling of parallel robots,
including Newton-Euler formula, Kane formula, Lagrange formula, etc. However, in
order to obtain the kinetic equation of the system, many researchers choose Lagrange
formula and the principle of virtual [20, 21], while only a few researchers adopt
Newton-Euler formula for dynamic modelling of parallel robots [22]. Newton-Euler
formula has some unique advantages in modelling, such as clear physical process, the
availability of intermediate quantity, etc. These characteristics are of great significance
for optimizing the torque distribution, improving the dynamic performance of parallel
robots and reducing the acting force of robot joints in operation.

Parallel robots suffer from singularities during movement, which can affect
their dynamic performance and even lead to failure. This paper aims to address this
issue by introducing redundant drives to eliminate the singularities and adopting
the Newton-Euler method to build the model, followed by optimization of the
torque distribution to enhance the dynamic performance of the parallel robot and
reduce the force on its joints during operation, which is of great significance for the
reliability and safety of the robot.
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In this paper, a planar 3-RRR redundant robot was studied, with the specific
contents as follows: In Part I, a brief description of the model was made. In Part I,
kinematic and singularity analysis of the mechanism was carried out, a kinematic
model was established based on the closed vector correlation, and its workspace
was analysed. Besides, singularity analysis of the mechanism was made by
Jacobian matrix method. In Part Ill, dynamic modelling was conducted, and
Newton-Euler formula was employed to establish the kinetic equation of open
chain system. Three branch chains were made to converge on the end effector
according to the closed chain constraints, and a complete kinetic equation of the
system was established. In Part 1V, numerical analysis was conducted under non-
redundant drive and redundant drive modes respectively, and the kinematic
performance under the two modes was compared and analysed.

In addition, numerical simulation and analysis were carried out on the following
three driving torque distribution modes: (a) non-redundant driving torque; (b) driving
torque under the minimum norm of internal force of the passive joint B_i in the
redundant drive mode; (c) driving torque under the minimum power of active joint in
the redundant drive mode. In Part V, the forward rigid body dynamics simulation was
verified based on Adams software. In Part V1, the conclusion was drawn.

2. Model Description

Let A; represent the active joint position of the ith branch chain and record its
coordinate as (x4;, y,4;) and its angle as a;. Then let B; represent the joint position
at the end of driven link of the ith branch chain and record its coordinate as
(xpi, ygi) and its angle as B;. The end effector position is marked as P, with its
coordinate recorded as (xp,yp), and it is expressed in the vector form as X, =
[xp ¥p]". Select a set of coordinates as the active joint position, i.e.,
A,(0,289),4,(250,—144) and A;(—250,—144). Figure 1 shows the 3-RRR
redundant parallel robot.

@ activejoints Q)  Passivejoint () End effector

Fig. 1. 3-RRR redundant parallel robot.

When A,,A,,A5 are selected as driving joints, a 3-RRR (R denotes the passive
revolute joint and R denotes the active revolute joint ) redundant parallel robot will
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be formed. As the robot is of rotational symmetry, any two active joints can be
selected as driving joints to form a 3-RRR non-redundant parallel robot.
3. Kinematic Analysis and Singularity Analysis

As shown in Fig. 1, the closed chain geometric equation of branch chain i can be
written as

OP = 0A; + A;B; + B;P i=123 1)

Set out its scalar relations and process them to obtain

l,cos B; = xp — x4; — l; cos ; 2

LysinB; =yp —yai — Ly sina; 3)
where, |1 is the length of the driving rod, and I, is the length of the passive arm.

Square both sides at the same time to eliminate; and obtain
(xp — x4 — ly cos @;)* + (Yp — yai — Ly sina;)? = 122 (4)
The expression of active joint angle can be acquired according to Eq.(4).

Lai

a; =atan2 (Yp — Vai, Xp — Xa;) + arccos (%) )
where,
Liip = Ctp — x20)% + p + Yai)?

Similarly, the expression of driven joint angle can be acquired.

Bi=atan2 (yp — ya — Ly sin(a;), xp — x4; — ly cos(a;)), =123 (6)
When the initial position of the end effector P is at the origin of coordinates,

there are 6 possible initial configurations, and one of them is selected as the initial

configuration for follow-up study.

3.1. Velocity and acceleration analysis:

For a parallel robot, to make its end effector move according to the planned
trajectory, the input motion of active joints will have a quantitative relationship
with the output motion of end effector, that is, inverse velocity Jacobian between
the input and the output. Derive the closed chain equation (1) for time t to obtain:

XP = l1d1Eli1 + lzBiEliz (7)

where, X, = [%, ¥p]” represents the velocity vector of the end effector.¢; and g;
represent the angular velocity of active joint and driven joint respectively.

E= [0 _01] is the planar cross operator of 2x2. l; = [cosa; sina;]"

and l;, = [cos B; sin 3;]T represent the unit direction vector of driving link and
driven link of the ith branch chain respectively.

Premultiply Eq.(7) by I;,” to obtain
l1dili2TEli1 = lizTXP (t=123) (8
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Further process Eq.(8) to obtain
@; = JaiXp ©)
where J,; = (I11;, El;;)™'1;," is defined as the inverse velocity Jacobian matrix of
active joint a;;

The 3 branch chains can be uniformly expressed as the following matrix
relation:
@ = J, Xp (10)
where, @ = [d; &, as3]T represents the angular velocity vector of active
joint, Xp = [%p ¥p]T refers to the velocity vector of the end effector, and J, =

Uarm Jaz'  Jas'1" is defined as the inverse angular velocity Jacobian matrix of
active joint.

Solve the reciprocal of time based on Eq.(10) to obtain

a =jaXP +]aXP (11)

where,@ = [d; &, 023]T represents the angular acceleration vector of active
joint,and X, = [%, |7 refers to the acceleration vector of the end effector.

Similarly, in order to acquire the relation between the angular velocity of driven
joint and the end operating platform, premultiply Eq.(7) by I;;” to obtain

l1dili1TEli1 = liITXP - lzﬁililTEliz (12)
Process Eq.(12) to acquire
Bi = JpiXp (13)

where, /g = (I, lilTEliz)_llilT is defined as the inverse angular velocity Jacobian
matrix of driven joint.

The 3 branch chains can be uniformly expressed as the following matrix
relation:

B = ]BXP (14)
B=1B B, Ps]"representsthe angular velocity vector of driven joint,
Jg=Up" Js" Jga"]"is defined as the inverse angular velocity Jacobian
matrix of driven joint.

Solve the reciprocal of time based on Eq. (14) to obtain
B =jﬁ)§P +JpXp (15)
where, 8 = [, S, [5]" represents the angular acceleration vector of driven
joint,and X, = [%, |7 refers to the acceleration vector of the end effector.

The angular accelerations of the active and passive links are determined by the
planned angular speed and acceleration of the terminal executor P, and they are
quantitatively related through the Jacobian matrix.
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3.2. Analysis of center-of-mass velocity:

For branch chain i,
1
Teai = Tai + §l1li1 (16)
1
Tepi = Tai + Ll + glzliz (17)

where, r,; represents the position vector of active joint support. rq,; and r¢;
respectively represent the center of mass position vector of driving link and driven
link of the ith branch chain.

Derive Egs. (16) and (17) for time t respectively to obtain
1 I
Veai = 5 LidiEly (18)
- 1, 5=
Vepi = LidiEly + LB EL, (19)
where, v.,; and v¢,,; respectively represent the centre of mass velocity vector of
driving link and driven link on the ith branch chain.

Solve the first order derivative of time based on formulas (18) and (19) to
acquire the centre-of-mass acceleration expressions of driving link and driven link
respectively, as shown below

. 1 s 1 A

Veai = EllaiElil + EllaiElil (20)
. — T 1, 5 1, 5 =i

Vepi = LdiEly + LdiEly + LB El, + 5 LBiEL, 1)
where, v.,; and v¢,,; respectively represent the centre of mass acceleration vector
of driving link and driven link on the i"" branch chain.

Solve the first order derivative of time based on Eq.(1) and process it to obtain:

-, i

—licos(a;) —l,cos(p;
Process Eq.(22) to obtain
[di] _ [—ral- cosfB -1y sinf [J'cp] (23)

ﬂi Tp; COS @ Ty Sina

where, r,; =

Y

and ry,; =

_r _r
11 sin(B-a) I sin(f-a)

3.3. Singularity analysis

Robot singularity refers to a specific point in the robot's workspace where the robot
loses one or more degrees of freedom. In practice, when the tool centre of the robot
enters or approaches a singular point, the robot may stop moving or move in an
unexpected manner. Singularity occurs when the rank of the Jacobian matrix is less
than the maximum rank that it can achieve in some configurations. When the
determinant of the Jacobian matrix is zero, there exists a specific robot
configuration that is singular.
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As the singularity of parallel robot has a great influence on its working
performance, the singularity under non-redundant drive and redundant drive modes
is analysed respectively by matrix analysis below.

Premultiply Eq.(7) by 1,,” to obtain
l1dili2TE'li1 = lizTXP (i=123) (24)

Equation (24) can be utilized to obtain the mapping relationship between input
and output:

]in(?active = ]outXP (25)

where, §ctive represents the angular velocity array of active joint; J;, and J,,,. are
defined as the direct Jacobian matrix and indirect Jacobian matrix respectively.
There are two drive modes in this paper, i.e., non-redundant drive and redundant
drive, and the singularity under the two modes will be analysed respectively below.

3.3.1. Non-redundant drive

Due to the rotational symmetry of 3-RRR parallel robot, when A,,4, are selected
as driving joints, in Eq.(25),
Jactive = [@1 d2]"
Jin = diag(l1l12TEl11' lllzzTElu)
Jour = [l," 1,17
In this case, both the direct Jacobian matrix J;,, and the indirect Jacobian matrix

Jour are 2x2 square matrices. When the condition outlined below is met:
det(Jin) = 0, Where det( -) represents the determinant of the matrix.

That is, when the condition g;—a;=kr (i=1,2;k=-1,0,1) is
satisfied, the first kind of singularity will occur, and the end operating platform will
reach the boundary of the theoretically reachable workspace.

When the condition outlined below is met: det(J,,;) = 0, that is, when the
condition B, — B, =knm (k=-1,0,1) is satisfied, the second kind of
singularity will occur, and these singularities will exist inside the workspace.

3.3.2 Redundant drive

When A,,A,,A; are selected as driving joints to form the redundant drive mode, in
Eq. (25),
Gactive = [d1 @2 d3]T
Jin = diag(l1l12TE~'l11' l1lzzTElz1» 11132TE131)
Jout = [l1zT lzzT l32T]T

In this case, the direct Jacobian matrix J;, is a 3x3 square matrix, and the
indirect Jacobian matrix J,,. iS a 3%2 non-square matrix. Similar to the
aforementioned method, if the first kind of singularity occurs, it is required to
satisfy the condition det(J;,) = 0, which is the same as the result of non-redundant

drive, i.e., the end operating platform reaches the boundary of the theoretically
reachable workspace. If the second kind of singularity occurs, it is required to
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satisfy the condition rank(J,,;) < 2, that is, the rank of indirect Jacobian matrix
Jour 1S reduced. But due to geometric constraints, J,,. is always full-rank.
Therefore, the second kind of singularity will not occur in redundant drive mode,
and its workspace is as shown in the shaded area of Fig. 1, where there is no
singularity.

4.Dynamic Modelling and Driving Torque Optimization

At present, there are a great number of dynamic modelling methods, including
Lagrange equation method, Kane method, Newton-Euler method, etc. Most of them
have ignored the intermediate process in order to facilitate the solution, thus simplifying
the solution process of the kinetic equation of parallel robots to some extent. Therefore,
many researchers choose energy method for solution, and only a few researchers adopt
Newton-Euler formula. But Newton-Euler formula has some unique advantages, such
as clear physical process, the availability of intermediate process quantity, etc. which
are of great significance for the research on parallel robots.

Therefore, in this paper, Newton-Euler method was employed for dynamic
analysis of 3-RRR parallel robot. As a total of 3 branch chains of the model
converged to the central end effector, to facilitate the recursive analysis of internal
force of the whole mechanism by Newton-Euler method, the whole parallel robot
was firstly cut open along the passive joint and end effector, and applied with
constraining force, as shown in Fig. 2. Then, recursive analysis was carried out on
branch chains, and the recurrence formula of a branch chain was established.
Finally, a complete dynamic model of the 3-RRR parallel robot was established on
the basis of the closed chain constraint relationship.

Meanwhile, in order to simplify the model, it is assumed that all links and the
end effector are made of the materials with uniform texture, and all joints are
lightweight ideal bearings, i.e., with no mass, no friction, no clearance, etc.

_Fs,«

4,(0.25.-0.144)

@ Active joints {3 Disconnect the hinge ®  Center of mass

Fig. 2. Equivalent open chain system of 3-RRR parallel robot.
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4.1. Newton-Euler recurrence formula on branch chain i

Newton-Euler method is a method used to build dynamic models, which is based
on Newton's laws of motion and Euler's dynamics of rotation.

Set out Newton formula on the driven link:
Fgi = Fi+ myvey  i=123 (26)
where,Fg; is the acting force of driving link 4; on the driven link B;, and F; is the
acting force of driven link B; on the end effector.

List the Euler formula on the driven link:
CpiBi X F; + CpiP X (=F) = LB + By X (I,B)  i=123 (27)

Substitute Newton recurrence Eq. (26) into Eq. (27) and eliminate Fg; to acquire

GiFi = Li l = 1,2,3 (28)
where,

Li = —CpiB; X myVep; + P + B X I,B)  i=123 (29)
Gi = (CbiBi X) - (CbiP X) i = 1,2,3 (30)

Carry out recurrence further to the active joint to obtain the Euler formula on
driving link:

AiBi X (_FBi) + Mi = Iadi + a; X (Iaai) i = 1,2,3 (31)

Similarly, substitute Newton Eq.(26) into Eg. (31) and carry out processing to
obtain:

Mi = AiBi X Fi + Ui i= 1,2,3 (32)
where,
Ui = AiBi X mzﬁcm + Iadi + a; X (Iaai) i= 1,2,3 (33)

M; =0 0 7;]7is the torque acting on the active joint 4;.

4.2. Kinetic equation of closed chain system

Set out the specific forms of Eq.(28) in three branch chains
GIF]. = L11G2F2 = Lz,G3F3 = L3 (34)

Draw out the third line of the three formulas in (34) respectively and carry out
processing to get

BF =C (35)

where, B = diag(B; B, B3);F =[F, F, F;]"is the resultant acting force
of driven link on the end effector; C = [C; C, C5]T.

Set out the specific forms of Eq.(32) in three branch chains:
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M, = (A1By X)F; + Uy

MZ = (AZBZ X)FZ + U2 (36)

M3 = (A3B3 X)F5 + Us

As the parallel manipulator undergoes motion within the x-y plane, the third

line of Eq.(36) is drawn out and the three branch chains are processed to get
T=DF+G (37)
where, T = [Ty Tz T3]7 isthe driving torque; D = diag(D; D, Ds).
Combine formulas (35) and (37) and write them as follows:

BY .. _ [0351 C
ol =15+ 5] (38)
Since [g] is a 6x6 square matrix, Eq.(38) can be written as follows:
_[BY ([0sxa] o [ €
F=lpl (515D (39)
Supplement the intermediate constraint relationship
F1+F2+F3:m3Xp (40)

For the convenience of processing, Eq.(39) is written as follows

ZF = m3Xp (41)
where, Z = [E;, E, E,], and E, is a 2x2 identity matrix.

Substitute Eq.(39) into Eq. (41) to obtain
z [g]_l (2] + [55]) = moke 42)

where, H = Z [g]_l.

03><1 — v c
H| T | =mke—n G] (43)
Process the above formula to obtain
_ - I
Nt = msfp HH [_ ﬁ] ) (44)
where, N = [ 14 15 16].
H24— HZS H26

When the system is under non-redundant drive mode, that is, the third line in
equation (44) is zero, the equation is still applicable.

In order to facilitate the follow-up optimization and the solution of internal forces,
the expressions of internal forces of the end effector and driven joint are set out as
follows:

Foc= [B]7 (%] + [ 5]) + maven (45)

4.3. Optimal distribution of driving torque

There are a number of ways to optimize the driving force. Considering the energy
consumption of the robot, the minimum energy criterion is selected as the optimal
criterion for distributing driving torques; considering the lifespan of various
components, the minimum joint force criterion is chosen as the optimal criterion
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for distributing driving torques. In this paper, the minimum joint internal force and
active joint power consumption were selected for optimization analysis of the
driving force [23].

Minimum Joint Internal Force: The driving torque is distributed based on the

minimum Euclidean norm of joint internal forces Fg,, Fz, and Fg; on three driven
joints B; B, and Bs, i.e.,

T; = min ’ ?:1||F3i||2-

Minimum Power Consumption: Considering the power utilization rate of the
system, the working condition with the minimum energy consumption of the
driving force of active joint is taken as the optimal criterion for driving torque
distribution, that is,

T, = min

5. Dynamic Analysis and Numerical Simulation

Dynamics simulation analysis of 3-RRR parallel robot was carried out based on the
dynamic model established in this paper. First of all, the moving trajectory of the
end effector P was given. Subsequently, the kinematic and dynamic performance
in non-redundant drive and redundant drive modes were analysed under this
trajectory. Finally, the following three driving torque distribution modes of the end
effector under this trajectory were solved, compared and analysed: (a) non-
redundant driving torque; (b) driving torque under the minimum norm of internal
force of the passive joint B; in the redundant drive mode; (c) driving torque under
the minimum power of active joint in the redundant drive mode.

In this simulation, for the planned path, the point P of the end operating platform
should move from point (0,0) to point (—14.42 mm, 36.15 mm) in a spiral path
within 0-0.5s. The graphical representations of Figs. 3 and 4 depict the
corresponding trajectory, velocity, and acceleration profiles of point P.

Y direction [mm]
L - o W
(=] (=] (=] < (=3 (=]

&
1S

-60 -40 -20 0
X direction [mm]

Fig. 3. Motion trajectory of Point P.
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1500

- - - Velocity of x direction

KaN - - = Acceleration of x direction
— Velocity of y direction ;o | 4+

—— Acceleration of y direction!

1000
500

0F~

Velocity [mm/s]

-500 -

. 2:
Acceleration [mm/s”]

-1000

0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 03 0.4 0.5
Time [s] Time [s]

(@) (b)

Fig. 4. (a) Velocity of the end effector P,
(b) Acceleration of the end effector P.

The parameters of a group of 3-RRR parallel robots are given as shown in
Table 1. It is assumed that all links and the end operating platform are made of
aluminium materials with uniform texture, and all joints are lightweight ideal
bearings, i.e., with no mass, no friction, no clearance, etc.

Table 1. Parameters of 3-RRR parallel robot (Unit: mm).

I1 12 Crosssection A (mm?) Link thicknessh p (g/mm3)
244 244 40 5 0.0027

As the 3-RRR robot is of rotational symmetry, A; and A, were selected as
driving joints to form the non-redundant drive mode, and A, A, and A5 were
selected as driving joints to form the redundant drive mode.

According to the kinematic equation, numerical simulation was carried out
to acquire the angular velocity and angular acceleration relationship of the
active angle and driven angle under the redundant drive mode, as shown in Figs.
5 and 6.

Angular velocity [rad/s]

Time [s] Time [s]

@) (b)

Fig. 5. Under the redundant drive mode: (a) Angular
velocity of active angle; (b) Angular velocity of driven angle.
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—— Angle acceleration of AT

—— Angle acceleration of A2
200} L= ~Angle acceleration of A3

=

Angular acceleration [rad/s’]

=)
3

-200

Angular acceleration [rad/s’]

Time [s]
(@)

Fig. 6. Under the redundant drive mode: (a) Angular
acceleration of active angle; (b) Angular acceleration of driven angle.

200

=)
3

Time [s]

(b)

According to different drive modes and optimization contents, the following
three torque distribution modes were calculated respectively: (1) torque distribution
in the non-redundant drive mode; (2) driving torque distribution under the
minimum norm of internal force Fg; of the passive joint B; in the redundant drive
mode; (3) driving torque distribution under the minimum norm of power
consumption of the active joint in the redundant drive mode. The corresponding
torque distribution conditions are as shown in Fig. 7:

x108

o 10*
—— Actuating torque of joint A1
----- Actuating torque of joint A2

Actuating torque [uN*mm]

Actuating torque [uN*mm]

t- [~ Actuating torque of joint A1 LR e Y |

||~ - ~Actuating torque of joint A3

----- Actuating torque of joint A2

0 0.1 0.2

0.3 0.4 0.5

Time [s]

(@)

IS

S

Actuating torque [uN*mm)]
)

IS

o
T

T T
—— Actuating torque of joint A1
Lf==-= Actuating torque of joint A2
- - - Actuating torque of joint A3

Fig. 7. (a) Non-redundant driving torque; (b) Driving torque distribution
under the minimum norm of internal force of the passive joint B; in the
redundant drive mode; (c) Driving torque distribution under the
minimum power of active joint in the redundant drive mode.
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It can be seen from the comparison of Fig. 7 that the peak value of driving
torque in distribution mode 1 is the greatest, about 6 x 108uN - mm, while the
driving torque in distribution mode 2 is the smallest, with its peak value of
about 3 x 108uN - mm, which is only half of that in the non-redundant drive
mode. The driving torque in distribution mode 3 is between the values in above
two modes. Compared with the first two modes, its operation fluctuates to a
certain extent and is not smooth enough. But the power of the active joint is the
lowest in this distribution mode.

The internal force of passive joint B; in driving torque distribution mode 2
is as shown in Fig. 8. The force on the passive joint is relatively balanced in
this distribution mode, the interaction at the passive joint is small, and the peak
values at the three joints are all about 1 x 10°uN The internal force of passive
joint B; indriving torque distribution mode 3 is as shown in Fig. 9, and the peak
values at three joints are all about 2 x 10°uN, which is about twice the internal
force of passive joint B; in driving torque distribution mode 2.

x10° x10

- - -Force in x direction of joint B2
[[——Force in y direction of joint B2

Force [uN]

Force [uN]

- - -Force in x direction of joint Bl
——Force in y direction of joint B1

L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Time [s] Time [s]
(@ (b)
x10°

Force [uN]
(=]

- - -Force in x direction of joint B3
——Force in y direction of joint B3

0 0.1 0.2 0.3 0.4 0.5
Time [s]

(©

Fig. 8. Driving torque distribution mode under the minimum norm
of internal force Fg; of the passive joint in the redundant drive mode:
(a) Internal force Fg, at the passive joint By; (b) Internal force Fg, at the
passive joint B, (c) Internal force Fg4 at the passive joint B;.
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Fig. 9. Driving torque distribution under the minimum
power consumption in the redundant drive mode: (a) Internal
force Fg, at the passive joint By; (b) Internal force Fg, at the
passive joint B,; (c) Internal force Fgs at the passive joint Bs.

6. Forward Rigid Body Dynamics Simulation Based on Adams Software

Adams holds the top position as the most extensively utilized software for
simulating mechanical systems globally [24]. By utilizing Adams, users have the
ability to construct and evaluate a computer-based virtual prototype, thus realizing
real-time online simulation and learning about the motion performance of complex
mechanical system design. Firstly, a three-dimensional model of 3-RRR parallel
robot was established in SolidWorks software, saved in the format of Parasolid and
imported into Adams software. The gravitational force was set to zero, and various
units were set as the established units to obtain the Adams software simulation
model of virtual prototype.

Subsequently, the torque of 3 active joints under redundant drive obtained by
numerical calculation was entered into Adams software in the form of test data as
the feed-forward input of virtual prototype. Finally, the time was set as 0-0.5s, the
number of steps as 1,000, and the analysis type as dynamic analysis. The simulation
was started, and the simulation results were processed and sorted out.

In Adams software simulation, the motion trajectory of centre point P of the end
operating platform is almost consistent with the trajectory planned in numerical
simulation. Figure 10(a) shows the trajectory comparison results of point P in
Adams simulation and numerical simulation. Compared with the planned trajectory
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of point P, the displacement error in x direction is as shown in Fig. 10(b), with the
maximum error of 0.4mm. The displacement error in y direction is as shown in Fig.
10(c), with the maximum error of 0.9mm. In Adams, the joints of virtual prototype
model cannot be completely connected to the edge between links and the edge
between the platform and links. Therefore, there is an error to some extent, and it
is within the acceptable range. As such, it is verified that the rigid body dynamic
model of 3-RRR parallel robot is of high accuracy and can provide theoretical
support for rigid body dynamic modelling of parallel robots.

- - -Desire trajectory
—— Adams trajectory| ===

y [mm]

-80 -60 20

X [mm]

(@)

Error [mm]

0 0.1 0.2 0.3 0.4 0.5
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Fig. 10. Under the redundant drive mode:

(a) Expected trajectory of the end effector P and the
trajectory in Adams simulation; (b) Error between the expected
trajectory of the end effector P and the trajectory in Adams simulation
in x direction; (c) Error between the expected trajectory of the end
effector P and the trajectory in Adams simulation in y direction.
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7. Conclusion

In this paper, configurations of 3-RRR parallel robot are determined at first, and
one set of the six possible initial configurations is selected as the initial
configuration. Then, a complete dynamic model is established by kinematic and
dynamic analysis of the model. On this basis, numerical analysis and driving force
optimization are carried out. Finally, the model is verified in Adams. The specific
work and conclusion are presented as follows:

e The model was subjected to a kinematic analysis, and a dynamic model of the
system was established using the Newton-Euler method, which also yielded
the internal forces at each joint for easy optimization of the force distribution.

e It is assumed that the constraints at the end effector and passive joint are
removed, then the Newton-Euler recurrence formula of the ith branch chain is
established. The internal forces of each joint, along with the angular speeds
and angular accelerations of the links, are obtained through derivation, and
these parameters are significant for the control and improvement of the
dynamic performance of parallel robots. Subsequently, a complete closed
kinetic equation is established in combination with the constraint equation.
Modular structure is adopted in the whole modelling process, which is not only
conducive to programming calculation, but also helpful for its popularization
to other models.

e For solving the inverse kinetic equation, three driving torque distribution
modes are employed, that is, (1) driving torque distribution mode in the non-
redundant drive mode; (2) driving torque distribution mode under the
minimum norm of internal force Fg; of the passive joint B; in the redundant
drive mode; (3) driving torque distribution mode under the minimum norm of
driving power of the active joint in the redundant drive mode. By comparing
the numerical simulation results, it is found that the peak value of driving
torque in mode 2 is half of that in mode 1. In addition, the ratio of three driving
torques is more uniform, and the torque also changes with time more smoothly
than that in mode 3. As such, the parallel robot moves more smoothly and has
better dynamic characteristics. Moreover, this mode is subject to redundant
drive design, which can help the parallel robot to successfully overcome the
singularities. Furthermore, it is found through comparison that the peak value
of internal force of driven joint in mode 2 is only about half of that in mode 3,
and changes more stably. Therefore, through comprehensive consideration,
mode 2 has a better dynamic performance, and in this mode, the internal force
of driven joint changes more stably and is also smaller. However, in mode 3,
under the minimum driving power of active joint, although the joint internal
force increases, it does not increase significantly. Thus, this mode is of special
advantages in controlling the input power and improving the power utilization
rate. In addition to this, based on the internal forces already calculated for each
link, the mode of force distribution can be optimized according to various
needs, which is an advantage of modelling with the Newton-Euler method.

o Finally, by forward rigid body dynamics simulation through Adams software,
the correctness and high accuracy of rigid body dynamic modelling of the
parallel robot are verified, thereby providing theoretical support for rigid body
dynamic modelling of parallel robots.
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o The potential application fields of the parallel robot including fast packaging,
fast sorting, high-speed motion simulation, etc. Future research plans will
replace all rigid links with flexible ones to more realistically account for the
flexibility of the robot's links and optimize accordingly.
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