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Abstract

Purpose — This paper aims to present a detailed mechanical design of a seven-degrees-of-freedom mobile parallel robot for the tungsten inert gas
(TIG) welding and machining processes in fusion reactor. Detailed mechanical design of the robot is presented and both the kinematic and dynamic
behaviors are studied.

Design/methodology/approach — First, the model of the mobile parallel robot was created in computer-aided design (CAD) software, then the
simulation and optimization of the robot were completed to meet the design requirements. Then the robot was manufactured and assembled.
Finally, the machining and tungsten inert gas (TIG) welding tests were performed for validation.

Findings — Currently, the implementation of the robot system has been successfully carried out in the laboratory. The excellent performance has
indicated that the robot’s mechanical and software designs are suitable for the given tasks. The quality and accuracy of welding and machining has
reached the requirements.

Originality/value — This mobile parallel industrial robot is particularly used in fusion reactor. Furthermore, the structure of the mobile parallel robot
can be optimized for different applications.
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1. Introduction 2 one splice plate in the inner shell is 50-mm thick and

) . ) . ) 200-mm wide.
The China Fusion Engineering Test Reactor (CFETR) is a

tokamak nuclear fusion reactor in China. The CFETR is The distance between the inner and outer shell is unequal
proposed to be built and operated during the gap between the because of the different neutron irradiation on the double-wall
International Thermonuclear Experimental Reactor (ITER) structure (Song ez al., 2014).

and the Demonstration Power Station (DEMO). To meet the The task of the mobile parallel robot is to perform the
demands on effective and safe use of fusion reactor, the remote machining and (tungsten inert gas) TIG welding along an exact
handling technology is inevitably required in assembling and path during the assembly operation. Because of the machining
maintenance. A design of robot for the maintenance of divertor force and the tools’ weights, a normal series robot cannot offer
in the DEMO fusion reactor and a design of mobile parallel sufficient stiffness with the required accuracy. The parallel robot
robot for assembling and machining the fusion reactor’s has relatively higher stiffness and load capability than series robot
vacuum vessel (VV) are discussed by the same research group (Stewart, 1965; Wang ez al., 2001). Moreover, a carriage is

in Liezal (2019,2020).
The CFETR VV shown in Figure 1 (left) consists of eight 1/8
sectors. Each sector is welded and assembled from two 1/16
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Figure 1 Three-dimensional schematic of VV sectors assembly (left) and splice spates locations (right)

integrated into the robot system to provide linear motion along the
track rail for improving mobility. The robot system was designed
and built, the welding and machining tests were performed in the
lab and the results of the tests have met the requirements. Being
compared with the similar ten-DoF mobile parallel robot in Figure
2, developed by the same research group and demonstrated in
ITER (Pessi er al., 2007; Wu et al., 2008), the newly designed
robot machine is more reliable. This newly designed robot is a
seven-DoF robot, and it has relatively less components but can
perform the required tasks. Its simple structure makes the
maintenance of the robot easier and saves space for installing other
components in the VV, such as the track rail.

2. Kinematic model of robot

The mobile parallel robot shown in Figure 3 consists of two
sub-structures, namely, the carriage and the parallel

Figure 2 Ten-DoF parallel robot

Notes: (1) Carriage frame; (2) tracking drive unit;
(3) compensation mechanism; (4) linear drive
unit; (5) rotation drive unit; (6) Penta-WH
parallel mechanism

Source: Wu et al. (2008)

Inner shell
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manipulator. The welding process is carried out continuously
along the track rail mounted on the inner surface of the VV
sector to ensure continuous weld joint. The machining process
is carried out in cycles and the robot can provide high stiffness
and high machining accuracy.

The required workspace is 200 x 200 x 300 mm (x-y-2), but the
real workspace of the robot is bigger than this requirement. The
robot system carries out machining, welding and the non-
destructive testing processes when different tools are mounted on
the movable platform. The dynamic force comes from the milling
process is up to 500 N and in transportation process the robot needs
to carry the splice plate, whose weight is 150kg. Thus, in the
designing consideration, a force of 2,000 N is applied to the movable
platform in the x, y and z directions, and this produces resultant
force of 3.5 kN. Also, the robot should reach the requirements of
working with 0.1-mm movement and milling accuracy.

2.1 Carriage

The carriage moves along the track rail mounted on the VV to
any position inside the VV by means of rack and pinions from
the lower port. The curvatures of track rail under the front and
rear wheels of the carriage are different when the carriage enters
the curve path, so two motors control the front and rear wheels
independently. The carriage has adopted the non-clearance
double-gear output transmission mechanism (Pessi ez al.,
2007). The clearance compensation mechanism and the
fastening wheels contribute to the smooth movement for

Figure 3 Mobile parallel robot
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avoiding vibration when the carriage moves. The positioning of
the carriage is decided by an independent rack mounted in the
middle of the track rail. The encoder is integrated into the
carriage. The simulation of the robot motion path on the track
rail is shown in Figure 4 (left). Once the robot reaches the
designated position, the parallel manipulator starts its task. The
limited space can be seen in Figure 4 (right). The carriage is
mounted on the track rail and is close to the side surface of the
VV. When there are cables connected, the space will be even
narrower. To avoid collision in the structure and components,
we leave clearance so that the parallel manipulator has enough
workspace.

The main body of carriage is composed of several welded steel
plates, so that it has enough stiffness to stand the payload within
the limited deflection and offer enough space for maintaining
the mechanism. One side of the carriage is connected to the
parallel manipulator by bolting and the other side of the carriage
has space for wheel units. Other machine, such as series robot,
can be mounted on the carriage if task requires. The encoder
part is mounted in the middle of the carriage; while the belt-
pulley structure is adopted to enable the encoder gear reach the
rack in such a limited space. The gas spring allows the encoder
gear to move in the curved track rail. In the clearance
compensation system, i.e. the spring shown in Figure 5, the
extension gas spring pushes the two-wheeled unit to both ends.
In this way, the wheels are always clamped on to the track rail
during the movement, even in the vertical position.

The track rail shown in Figure 6 is a guide rail mounted on
the inner surface of the VV so that the robot can move inside
the VV. There are four sub-rails on the track rail: the two sub-
rails at both sides are V-shaped rail and flat rail, the thinner rack
in the middle is for encoder gear, and the thicker rack in the
middle is for the main motion driven gear, i.e. the transmission
gear. This configuration eliminates the robot movement in the
horizontal direction thanks to the V-shaped rail.

2.2 Parallel manipulator

The parallel manipulator in Figure 3 is designed based on the
Stewart platform. The rotations and translations along the x, y
and z directions contribute to six DOFs. It is bolted with the
carriage, while the movable platform is linked to the base
platform by six servo electrical actuators. There are six
universal joints on the base and movable platforms,
respectively, providing the flexibility for the robot. Different
tools, such as spindle, the welding equipment and the

Figure 4 Robot movement simulation on the track rail

Notes: (1) Carriage (left); (2) parallel manipulator (right)
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visualization equipment, can be installed in the flange to
perform different tasks.

3. Kinematic model

In the kinematic model, both the carriage and the parallel
manipulator are sub-assemblies. The carriage provides one
degrees of freedom (DoF) along the track rail and the parallel
manipulator contributes six degrees of freedom DoFs. The
kinematic model of the parallel manipulator is shown in Figure 7.

According to the geometry of the platforms in Figure 7, the
distance vector of each limb and the rotation matrix are
obtained as in equations (1) and (2):

Li=rgap+trpotros (1=1,2,3,4,506) 9]
cacB  casBsy —sacy casBcy+sasy
R = |sacB sasBsy+cacy sasBcy—casy 2)
—sp cBsy cBey

Where R is the rotation matrix with respect to frame P-X,Y,2,;
a, B and vy are the yaw, pitch and roll angles around the x, y
and z axis in frame P-X,Y,Z5; 7 4 p is the distance vector of
joint of the ith limb on the mobile platform with respect to
frame P-X,Y,Z,; 1 0y, is the vector of joint of the ith cylinder
with respect to frame O-X;Y;Z;; and r po is the distance vector

Figure 5 Carriage
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Figure 7 Kinematic model of the parallel manipulator

Base
platform {B}

Movable

platform {A}
s

Fa

as

a

in global frame. The length of each limb defined with respect to
frame P-X,Y,Z, is in determined in equation (2):

T
I = \/( Rr a.P +7r ro Tt r O,b,’) (R; a;.P +7r ro t r O,b,>
3

With the above equations and given geometry information, it is
possible to calculate: the platform location and orientation; and
the stroke of each actuator.

4. Dynamic model

The dynamic analysis focuses on the parallel manipulator. It
calculates the actuator force to choose suitable actuator.
Moreover, by tuning the parameters, such as the geometries of
base and movable platform, the multi-objective optimization of the
parallel manipulator can be carried out and a new structure can be
designed for specific task. The closed-form dynamic formulation is
adopted in our dynamic analysis (Ting ez al., 2004; Merlet, 2006).
The actuator force is calculated by using equation (4):

T:j_T*(M(X)*X +C(x)*x +G()()) (4)

Where:

7: actuator force;

¥: Jacobian matrix;

M: mass matrix;

C: Coriolis and centrifugal matrix; and

G: gravity vector.
x denotes a set of generalized coordinates for the position and
orientation of point P in the movable platform. The position,
velocity and acceleration of point P in x, y and z directions are
denoted in a 3 x 1 matrix as x,, v, and a,, while the angular
position, angular velocity and angular acceleration of point Pin
X, y and z directions are denoted in a 3 X 1 matrix as 0, w, o.

Therefore, equations (5)—(7) are time derivative
representations of y.
_ | %
X = {9} 3)
_ | %%
X = { w} ©)
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X = ["‘”} ©)

w

4.1 Jacobian matrix

The Jacobian matrix reveals the relation between the joints of
the parallel manipulator to the movable platform and
constructs the transformation to calculate the actuator forces
from the forces and moments applied on the movable platform.
Two coordinate frames {4} and {B} are movable and base
platform, respectively, shown in Figure 7, and their origins are
located at centroids {P,O} of the platforms; the vectors “a
and b describe the position of the reference points locations,
which is shown in equation (8):

A1y A1y A1z blx bly blz
@2y A2y A2z b2x b2y b22
A, _ |®x @y x| g _ b3 b3y b3 )
Qay A4y A4z b4x b4y b4z
A5y A5y A5z be bSy sz
Aox Aoy Aoz b6x béy bﬁz

The position of the movable platform in relation to time ¢ is
denoted in equation (9), where variables xy, yo, 2o are the
initial positions of P relative to the point O, and Ax(z), Ay(z)
and Az(r) are the displacements of point P relative to point O in
time .

xo + Ax(z)
P(t) = | yo + Ay(z) O)
20+ AZ(I)

The unit vector in the direction of limb 7 is calculated in
equation (10), where R refers to the rotation matrix in
equation (2), while «, B8 and vy are variables that change with
time z.

P(t) + R¥a; —Bb,

.= 10
5 . (10)
Then Jacobian matrix can be denoted as equation (11):
T (b x §1);
§2T (b2 X §2)T
~T ~
53 (b3 x33)
J=13 A (11)
SZ (b4 X 54);
sT (b5 x 55)
|57 (be x 56)" |
Where:
b=R:Pb +P(2) (12)

After Jacobian matrix is calculated, several symbols are used to
represent the physical parameters of the parallel robot; related
terms of limbs can also be seen in Figure 8.

m: mass of the movable platform;

m;;: mass of cylinder;

my,: mass of piston;
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¢;1- half-length of cylinder; and
¢ half-length of piston.
Matrix transformations are denoted as equation (13):

A1 = R«BI «RT (13)
Where:
I, 0 0
By =10 I, O (14)
0 0 I.

Kinematic analysis of each joint and limb are presented below.
First, the linear velocity of point P is denoted in equation (15),
then the velocity and linear acceleration of point b; is denoted in
equations (16) and (17). The angular velocity and acceleration
of limb is denoted in equations (18) and (19). The linear
velocity and acceleration of the mass center of each limb are
denoted in equations (20)—(23).

v, =P (15)

Vpi = Vp + @ X b; (16)

api=ap+ ® X bt wx(wxb) an
§,‘><‘Ub,'

= 18

w =" 18)

. S X ap — 2%lixw;

i 19
o 7 (19)

Vi1 = c,-l*(w,- X 3‘,) (20)
Vip = (ll - cl-g)*(a),- X §i) + [;*S; 21

Figure 8 Free-body diagram of the limbs

m;;g
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a;1 = C,‘l*(a),' X 3‘1' + w; X (a),‘ X 31)) (22)

ap = (l,' — c,-z)*(a)i X §,‘ — (a),- . wl)*§l) + Z*Ii*(wi X 31) + l,'*gi
(23)

4.2 Mass matrix
The mass matrix is defined from the kinetic energy of system and
derived by substituting equations (25)—(28) into equation (24):

=6

M(x)=M,+ > M (24)
i=1
mxlz.3  03x3
M, = 25
? |: 03><3 AI :|6><6 ( )
My = M, (26)

-2
LSy,
T 2

L

aun 2
M; = mp*5;%S — Mee*S7, 27

2 2
_mypxcy + myzkcy,

e = . (28)

Where:
M,: mass matrix of movable platform; and
M;;: mass matrix of limbs ¢ = 1,2,3,4,5,6).

4.3 Coriolis and centrifugal matrix

The Coriolis and centrifugal matrix includes all the inertial forces
caused by the Coriolis and centrifugal accelerations, and the mass
matrix components are differentiated with respect to the motion
variable y. Therefore, the Coriolis and centrifugal matrix is
derived by substituting equations (30)—(33) into equation (29):

=6
C(X) = CP + Z Cli (29)
=1
03x3 033
Cr= 30
? |:03><3 w xAI Lxé (30)
Ci = I+ My + 7T +CinFi 31
C = — Z*mc;*l,-*ﬁx _ ml‘z*ciz*fi*xl?‘*glzx 32

1 1

2
— Mipp*cin Lo + xme,
co — - 2
14 [

(33)

Where:
C,: mass matrix of movable platform; and
Cj;: mass matrix of limbs 7 (= 1,2,3,4,5,6).
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4.4 Gravity vector
The gravity vector is derived by substituting equations (35)—(38)
into equation (34):

1=6
G(X) = Gp + Z Gy (34)

=1

—mxg

G, = 35
? [ 0353 :|6><1 ( )
Gi = J!+Gi (36)
G = (mge*f:fx — mi2*§,~*§iT) *g 37
_omypxe t mipk (L — ciz)) (38)

Mo, =
ge
li

Where:
G,: mass matrix of movable platform; and

Figure 9 Dynamic simulation with PID control
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Gy mass matrix of limbs ¢ (= 1,2,3,4,5,6).

5. Dynamic and finite element analysis

The dynamic analysis is carried out in MATLAB software, and
the finite element analysis is carried out to verify the structure’s
total deformation and equivalent stress.

5.1 Dynamic analysis

Dynamic model of the mobile parallel robot is built in
MATLAB Simulink as shown in Figure 9. The coordinates of
points a; (1=1,2,3,4,5,6) and b; (1=1,2,3,4,5,6) refer to point
O in Figure 7 are shown in Table 1. The mass properties of
each component and load are shown in Table 2.

The inputs are the rotation (R,, R, R,) and linear (D,, D,, D,)
movements of the movable platform in x, y and z directions, as
expressed in equations (39) and (40). The coefficient 0.1 is the
amplitude of the rotation angle and displacement of the movable
platform and constant 3 is related to the period of the sine wave.
The parameters chosen are for illustration convenience.

Desired actuator stoke length (m) =
0.35 f
I Desired actuator stoke length (m):1
03 Desired actuator stoke length (m):2 [
S e, R Desired actuator stoke length (m):3
0.25 — Desired actuator stoke length (m):4|_|
Desired actuator stoke length (m):5
———— Desired actuator stoke length (m):6
_»‘/-
™ —
Actual actuator stroke length (m)
T
0.6 ——— Actual actuator stroke length (m):1| ]|
. — Actual actuator stroke length (m):2
0.5 Actual actuator stroke length (m):3 ||
— Actual actuator stroke length (m):4
04 ———— Actual actuator stroke length (m):5| ]
03 ——— — Actual actuator stroke length (m):6
0
Errors (m)
Errors (m):1
04 Errors (m):2 |
Errors (m):3
Errors (m):4 ||
03 Errors (m):5
Errors (m).6
02
0.1
0 \
0 05 1 1.5 2 25 3
Ready Sample based T=3.000
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R, = —0.1xsin(3%z) (39)

R, =R, = D, = Dy = D, = 0.1xsin(3x*1) (40)
In the original position, the movable platform with 200 kg load
is 0.4-m below the base platform without any rotation in
equilibrium position. After setting the movement of the
movable platform, Figure 9 shows the length of each of the six
actuators changes during the period of 3 s. The desired actuator
length is shown on the top of the figure, while the actual
actuator length with the proportional-integral-derivative (PID)
control is shown in the middle of the figure. The proportional-
integral-derivative (PID) parameters were selected to meet the
required overshot (<5%) and the static response error (<2%).
The differences between the desired and actual actuator stroke
lengths are shown at the bottom of Figure 9.

5.2 Finite element analysis

The finite element analysis was carried out with the ANSYS
workbench software. The idea was to verify the structure’s total
deformation and equivalent stress when the milling force is applied
to the movable platform. Because of the smooth mesh
consideration, the model is simplified without the loss of accuracy,
for example, bolts are modeled using the software internal feature
without any real geometry modelling, and the fillets of the
structure benefits to the assembly are removed in some locations.
The welded components are bonded. The fixed supports are set
on the locations of bearings’ and motors’ shown in Figure 10 after

Volume 48 - Number 4 - 2021 - 523-531

considering the force transmission in the wheels. A resultant force
of 2,000 N in the x, y and z directions is applied in the frame of
parallel robot. The material is S355 and the gravity force is applied
(Li et al., 2020). The results of total deformation and equivalent
stresses are shown in Figure 10. The highest equivalent stress is
18.088 MPa, and this is acceptable for the S355 material. The
maximum of total deformation is 0.0515 mm, and it occurs at the
edge of the parallel robot frame.

6. Experiment

In this experiment, the control system consists of the motion
control system and the task-based control system. The
hardware is based on the industrial PC (IPC) control system.
The EtherCAT with standard protocol connects all the I/O
drivers, which is beneficial to editing and adding new functions.
In addition, other hardware systems (milling, narrow gap
welding and the non-singular terminal sliding mode (NTSM))
and computer (simulator, computer-aided design (CAD)/
computer-aided manufacturing (CAM) system) can be linked
online (Feng ez al., 2002; Liez al., 2013).

The carriage and the parallel robot can be controlled by
either software or handwheel to ensure the system’s reliability.
Figure 11 shows the hardware of the control system and
Figure 12 shows the control system, the milling process
simulation and the real robot machine.

In the experiments, the tungsten inert gas (TIG) welding and
machining are verified so that the results meet the
requirements. It is observed that the carriage can move along

Table 1 Coordinates of base platform and movable platform at initial position (x, y and z coordinates)

Point Point 1 (mm) Point 2 (mm) Point 3 (mm) Point 4 (mm) Point 5 (mm) Point 6 (mm)
b; (=151, —185, 0) (151, —185,0) (236, —38,0) (85, 233,0) (—85,233,0) (—236, —38,0)
a; (—34, —93, —500) (34, —93, —500) (—64, 76, —500) (64, 76, —500) (98, 17, —500) (—98, 17, —500)
Table 2 Mass properties of components

Parameter Base platform (kg) Movable platform (kg) External load (kg) Actuator (kg/per)
Mass 100 10 200 10

Figure 10 FE analysis of structure

Notes: (1) Total deformation (left); (2) equivalent stresses (right)
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Figure 11 Control system hardware

Volume 48 - Number 4 - 2021 - 523-531

controlled in one interface. The on-site debugging and the
tungsten inert gas (TIG) welding test can be seen in Figure 13
(left). The test was to weld two pieces of stainless steel of
10mm, and the related results shown in Figure 13 (right)
reached the requirements.

6.2 Machining experiment

The milling process and its result can be seen in Figure 14.
Several materials were tested, such as plastic and aluminum
alloy. The milling spindle in this robot combines the spindle
motor and the machine tool spindle mounted on a multi-
function flange. It can carry different tasks, such as machining,
deburring, drilling and polishing. In our work, the milling task
was done with small feed in specific location of the VV; the

Control System

‘ Internet ‘

Digital Twins

the track rail from horizontal position to vertical position with
0.1-mm movement accuracy. As for the parallel manipulator,
the movable platform can reach any position in the box of
200 x 200 x 300 mm (x-y-2).

6.1 Welding experiment
The ESAB welding software is integrated with the robot control
software, and the feeding system and welding system can be

Figure 13 Welding test: welding process (left) and welding result
(right)

530

Robot Machine

Figure 14 Milling test: milling test set up (left) and milling test
accuracy check (right)
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maximum rated power selected for the spindle motor was
2 kW. During the milling process, the robot was stable with 0.1-
mm milling accuracy.

7. Conclusion

A mobile parallel robot with seven degrees of freedom driven by
the electrical motor and actuators was designed and
manufactured for the assembling tasks of fusion reactor. The
control system was debugged and tested, and the welding and
machining processes were implemented in the laboratory. This
robot can carry out tasks with the required accuracy. The
kinematics, dynamics and the finite element analysis of this
mobile parallel robot were introduced. The compact size of
robot is suitable for the maintaining and assembling the fusion
reactors of different sizes, such as the DEMO and the CFETR.
Our future work is to focus on the multi-objective design of
parallel robot by means of the kinematics model, the dynamic
model and the workspace volume, while the design variables
will be the geometry of the parallel robot, such as the diameters
of the platforms and the location of the actuators. The goal is to
develop an algorithm as a tool to design the parallel
manipulator in a systematic and reliable way.
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