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Abstract: The CFETR multi-purpose overload robot (CMOR) is a key subsystem of the remote
handling system of the China fusion engineering test reactor (CFETR). This paper first establishes
the kinematic and dynamic models of CMOR and analyzes the working process in the vacuum
chamber. Based on the uncertainty of rigid-flexible coupling, a CMOR adaptive robust sliding mode
controller (ARSMC) is designed based on the Hamilton-Jacobi equation to enhance the robustness of
the control system. In addition, to compensate the influence of non-geometric factors on position
accuracy, an error compensation method is designed. Based on the matrix differentiation method,
the CMOR coupling parameter errors are decoupled, and then the gridded workspace principle is
used to identify the parameter errors and improve the motion control accuracy. Finally, the CMOR
rigid-flexible coupling simulation system is established by ADAMS-MATLAB/Simulink to analyze
the dynamic control effect of ARSMC. The simulation results show that the CMOR end position
error exceeds 0.1 m for single joint motion. The average value of CMOR end position error is less
than 0.025 m after compensation, and the absolute error value is reduced by 4 times, improves the
dynamic control accuracy of CMOR.

Keywords: CFETR; multi-purpose overload robot; sliding mode controller; error compensation;
rigid-flexible control

1. Introduction

Nuclear fusion energy is recognized as a clean energy source and is expected to
solve the energy shortage crisis for mankind once and for all [1,2]. Since China joined
ITER in 2003, Chinese scientists have been at the forefront of research on tokamak nuclear
fusion devices in the world [3]. The China fusion engineering test reactor (CFETR) is a
large scientific experimental device designed and developed independently by Chinese
researchers [4]. It is a complex electrophysical device where the high-temperature plasma
exposes the core components to a harsh environment of thermal loads, electromagnetic
forces, dust contamination, and neutron irradiation during operation. Due to this extreme
environment, maintenance tasks can only be performed with the help of remote handling
(RH) technology [5,6]. To perform maintenance tasks in the confined environment of the
fusion reactor, Oxford UK has designed a multi-purpose deployer (MPD) based on the
remote handling tasks of the ITER vacuum chamber [7-9]. The remote handling robot team
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at the Institute of Plasma Physics, CAS, has designed a CFETR multi-purpose overload
robot (CMOR) based on the MPD to address the need for refined maintenance of CFETR
core components. CMOR adopts a long cantilever hinged structure, the long robot arm
with 9 degrees of freedom end load 2 tons, the short robot arm with 7 degrees of freedom
end load 2.5 tons, position accuracy + 10 mm, maximum speed 100 mm/s. The CMOR
redundant degree of freedom design can circumvent the physical limits of joints [10]
surrounding obstacles [11] and motion singularities [12] to meet the requirement of full
coverage of the vacuum chamber with “D” shaped cross section. Due to the rigid-flexible
coupling deformation, the static deformation error of CMOR reaches 77 mm [13,14], which
makes accurate dynamic control very difficult.

CMOR is a typical multi-body dynamical system, and the most commonly used
dynamical modelling methods are the Lagrange equation, Newton-Euler equation, graph
theory method, Kane method and variational method [15]. CMOR belongs to the flexible
multi-body system with small deformation, mainly joint flexibility and link flexibility
causing the structural deformation of the robot arm. The main methods for modelling
CMOR flexible links are the finite element method, the hypothetical modal method and
the centralized parameter method [16,17]. Al-Bedoor et al. used the finite element method
to model the flexibility of a robot with moving joints [18,19]. Subudhi et al. used the
hypothetical modal method to model the flexibility of the robotic arm linkage to achieve
accurate control of the robotic arm [20]. Zhu et al. used a centralized parametric method
to model flexible links and achieve real-time control of the end trajectory of the robot
arm [21]. Braganza et al. designed a robot controller using a neural network feedforward
to compensate for kinetic uncertainty [22]. To optimize the kinematic constraints of the
robot, Racioppo et al. designed a robot control scheme combining obstacle interaction and
path tracking [23]. Goldman et al. proposed a motion control algorithm for a robot in
an unknown contact environment and analyzed the mapping relationship of the spatial
torques of the robot joints [24]. Ider et al. modelled the flexible joint of a robotic arm
equivalent to a torsion spring, damped system [25]. Khalil et al. described the flexible
joint by second-order time-varying equations and used the input and output parameters
of the system to build an equivalent model of the flexible system [26]. For the problem of
controller design for nonlinear, parameter uncertain systems, scholars have proposed a
variety of advanced control techniques, including robust control techniques, sliding mode
control techniques, adaptive control and neural network techniques [27]. Sliding mode
control and adaptive control have outstanding advantages and are robust against system
uncertainty and external disturbances [28]. Roy et al. designed a new adaptive sliding
mode controller to reduce the sliding mode surface oscillations and improve the robustness
of the robot under various practical uncertainty conditions [29]. For the parameter error
compensation problem, Li et al. used a genetic particle swarm algorithm to optimize a
neural network prediction error model to achieve the compensation of target points in the
whole workspace of the robot [30]. Le et al. constructed an artificial neural network that
can simultaneously identify the robot’s kinematic and flexibility parameters to compensate
for the unmodeled error [31-33]. Zhou et al. compensated the joint flexibility error by
modeling the geometric and flexibility errors [34].

The research and application of CMOR are still in the exploration stage, and its precise
operation control problem is an urgent challenge to be solved. The structural characteristics
of CMOR with a large slenderness ratio and large load working conditions make the
deformation error and control error of CMOR flexible joint and flexible link larger. In
this paper, the kinematic and dynamic models of CMOR are first established and the
working process of CMOR is analyzed. For the CMOR model uncertainty and external
disturbance problems, an adaptive robust sliding mode controller (ARSMC) is designed for
dynamic control of CMOR by combining the sliding mode control and Hamilton Jacobi
equation. Then a position error compensation method is designed to further improve the
CMOR position accuracy through workspace gridding. Finally, a co-simulation system
of CMOR is established using ADAMS 2013 and MATLAB 2017b/Simulink software to
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verify the effectiveness of the dynamic control accuracy. Considering the above study, this
paper is divided into 5 sections. Section 2 analyzes the working process of CMOR in the
vacuum chamber and establishes the kinematic and dynamic models. Section 3 designs the
ARSMC controller and proposes a gridded variable parameter error compensation method.
Section 4 develops a CMOR simulation model and analyzes the control effects. Finally,
conclusions are given in Section 5.

2. CMOR Modelling
2.1. Kinematic Modelling

CMOR is a multi-degree-of-freedom robotic system for the maintenance of internal
components of CFETR vacuum chambers [35]. It consists of CASK parts transfer vehicle,
CMOR robot arm body, multifunctional toolbox, and CMOR end-effectors as shown in
Figure 1. To describe the motion of the CMOR, the first step requires accurate modelling of
the kinematics of the CMOR. In this paper, the improved DH parameter method is used
to model the forward kinematics of CMOR, and the range of DH parameters and joint
variables of each link are taken as shown in Table 1. The kinematic relationship between
two adjacent links of CMOR is

cd; —sbjca; sOjsa;  ajch;
i1 |88 cOica;  —cOisw; ajch;
i = 0 cx; c; d; M
0 0 0 1

where ¢ denotes cos, s denotes sin, a; is the linkage length, «; is the joint torsion angle
deviation, d; is the linkage deflection, and 6; is the joint rotation angle. To eliminate the
singularity problem arising from the mutual parallelism between the two axes of CMOR
joint 1 joint 2, the rotation R; is introduced to modify the DH model as follows:

i 0 spi O

0 1 0 o0
Ri=1_s8 0 g 0 @)

0 0 o0 1

The CMOR kinematic model is established using the modified DH parameters, and
the homogeneous coordinate transformation matrix between adjacent links is

iiliT = Rot(X, «;_1)Trans(X, a;_1)Rot(Z, 0;_1 ) Trans(Z,d;)Rot(Y, B;) =
c0icB; — sO;swisP;  —sbica;  cBicB; — sbisaisP;  a;ch;

sOicB; + cOiswisB;  cbico;  cOicB; —sbisaisB;  ajch; 3)
—cw;sp; Si; caicBi d;
0 0 0 1

where 0;,a;, a;, d;, B; are the DH parameters of the CMOR joint coordinate system.
Then the position relationship of the CMOR end-effector concerning the base coordi-
nate system can be expressed as

0T = 9TRITAT - - -STIT 4)

where 3T denotes the position of the CMOR end-effector with respect to the base coordinate
system and R; denotes the rotation matrix around the Y-axis introduced by avoiding
singularities when joints [; and ], are parallel.
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AGV and CASK

End-Effector box CMOR (a) (b)

Figure 1. Composition of CFETR multipurpose overload robot system (a) Components of the CMOR
remote handling system (b) Coordinate system of CMOR.

Table 1. CMOR improved DH parameters.

Link i Variable 0; Rotation Angle (°) Distance (m) Range (°)
1 01 (0,0,0) 0,0,0) —90~+90°
2 6 (0,0,0) (1.76,0, 0) —90~+90°
3 05 (0,90°, 0) (1.33,0,0) —180~+180°
4 04 (90°, 0, 90°) (—0.38,0,0.91) 0~+180°
5 05 (—90°,0,0) (0.38,0.94, 0) —180~+180°
6 06 (0, —90°, 0) (0,0,1.3) —90~+90°
7 07 (0, 90°, 0) (1.19,0,0) —100~+100°
8 g (90°,0,0) (0,0, 0.46) —90~+90°

2.2. CMOR Work Process Analysis

The CMOR is first mounted and stored in a folded position on the mobile platform of
the CASK parts transfer vehicle during shutdown as shown Figure 2a. During operation,
the CMOR and the end-effectors are transported together in a CASK parts transfer vehicle
to the maintenance port of the fusion reactor vacuum chamber as shown in Figure 2b. The
CMOR transporter will be connected to the middle part of the vacuum chamber and locked
by a locking mechanism, as shown in Figure 2c. Then, the shield door is opened and the
CMOR is transported together with the end-effector through the moving platform to the
inside of the vacuum chamber as shown in Figure 2d,e The CMOR is controlled by trajectory
planning, trajectory tracking, and master-slave remote operation to reach the precise target
location in the vacuum chamber to complete the work task as shown in Figure 2f. Finally,
the CMOR exits the vacuum chamber maintenance port through the CASK component
transfer vehicle and closes the shield door to complete the entire operation.

CMOR mainly adopts the working mode of the macro-micro robotic arm, i.e., CMOR
and end-effectors. Different maintenance tools are installed at the end of the CMOR to
complete the specified maintenance tasks. The CMOR multifunctional toolbox generally
contains: end dual arms, endoscopic inspection equipment, cutting tools, grinding tools,
etc. CMOR selects specific tools in the multifunctional toolbox to perform different mainte-
nance tasks on the core components such as quick removal and replacement of modular
components of the blankets and divertors, first wall dust detection and removal, vacuum
chamber inspection observation and other tasks, as shown in Figure 3.
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Figure 2. The working process of the CMOR system (a) CMOR installed in CASK transport vehicle
(b) CMOR transport to the middle port of the vacuum chamber (¢) CMOR is locked with the middle
port (d) Open the screen doors (e) CMOR transport to vacuum chamber via the mobile platform
(f) CMOR completes maintenance tasks on top and bottom of the vacuum chamber.

(d

Figure 3. CMOR remote handling maintenance tasks (a) Dual arm end-effector (b) First wall target
plate removal tool (c) Multi-joint endoscopic robotic arm (d) Vacuum chamber pipe cutting (e) First
wall target plate removal (f) Endoscopic inspection of the bottom of the divertor.

2.3. CMOR Dynamics Model

CMOR can withstand high loads for the maintenance of vacuum chamber components.
The CMOR structure with 8 degrees of freedom as shown in Figure 1b can flexibly adjust its
attitude in a limited space to transport the end-effector to any maintenance location within
the vacuum chamber. The end-effector has multiple degrees of freedom and is capable
of performing a variety of maintenance operations. The CMOR dynamics equations are
established by the Lagrangian method. The first step is to calculate the CMOR kinetic
energy including the link dynamic energy K, the drive motor rotor kinetic energy K;, and
the load kinetic energy K. Therefore, the total CMOR kinetic energy is

K=K, +K +Kp+AT ()

where AT is the calculated error under unknown disturbance.

1.7 . 1 . . 1 .
K = 56 16 = > (N) (N@) = 5377 NG L ©
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where I;; is the equivalent rotational inertia of the i-th joint actuator. g; is the velocity of
joint i. Assume that the mass of any mass point P on joint i is dm, then its kinetic energy is
oT; ! T,

1
dk; = fv 2dm = 5 Trace| 2] 12k 19g; (”p) (aqk)%%} @)

where T; is the i-th joint transformation matrix, including rotation and translation transfor-
mations, and r}, is the position vector of the local coordinate system (relative to joint 7). The
kinetic energy of joint 7 can be obtained by integrating the kinetic energy of the mass points
on joint

aT;

aT; .
/lznk P( p)Tdm)(T%)q]qk] (8)

K; = - dk; = Trace Z] 1Zk ) aq

Thus, the total kinetic energy of each link in the CMOR can be written as follows

8 18 i i dT; ,oT;.. .
K= K= 521':1 Trace[) ) ey af%[i(af%)%‘h] ©)
where I denotes the pseudo-inertia matrix expressed as follows

) x2dm ffxl}z/ldm }; x;zidm }; x;dm

o ioNT g | Jixiyidm o [iyrdm yizidm [ yidm

li = /ynk ri(r') dm = fll.xl-zidm [:yizidm lfiz%dm filzidm (10)
[ixidm  [ydm Jizidm  [.dm

The CMOR load is the self-weight of the end-effector and load weight. It is assumed
that all external loads are concentrated at one point on the end joint of the CMOR, so that
the end load has only translational energy and no rotational energy

E)T aT
Kp mpTrace ZJ 12,( . =8, aqs)q]qk] (11)

where m,, is the mass of the end-effector and the load.

The second step calculates the CMOR potential energy. CMOR potential energy is
mainly the link gravitational potential energy P, joint rotor gravitational potential energy
Pg, and end-effector and load gravitational potential energy Pgy,

P = Py + Py + Py + AP (12)

where AP is the potential energy calculation error. The gravitational potential energy at
position #* on any link i of the CMOR is

T = 9TRITET - - - STILT (13)

where g7 = [0 0 981 1 ]T. Integrating Equation (13), the total potential energy of
each link of CMOR is obtained as

8 T
Py=), 8T

where mg; is the mass of joint i and ! is the centre of gravity of joint i concerning the front
joint coordinate system. CMOR rotor gravitational potential energy of any joint i

. 8 .
link, rldm = =Y mgg" Tir; (14)

8 .
Py =Yy —myg' Tir, (15)
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where m,; is the joint i rotor mass and 7. denotes the rotor centre of mass concerning the
joint i coordinates. The gravitational potential energy of the loaded mass of the CMOR
end-effector is

Pyp = —mgpg" Tgr} (16)

where mg) is the total mass of the end-effector and the load, and r‘g represents the coor-
dinates of the load position relative to the end joint. The third step derives the CMOR
dynamic equations. CMOR is a typical serial multi-joint robotic arm and the final dynamics
model can be expressed as

T = M(q)§+H(q,9)9+G(q) +D (17)

where § € R8 is the acceleration vector, g € R is the velocity vector, T € R8 is the torque
vector, M(gq) € R¥*8 is the inertial force matrix, H(q,4)q € R®*® is the centrifugal and
Gauchy force matrix, G(q) € R® is the gravity vector, and D denotes the bounded unknown
perturbation. The torque of any joint p in Equation (17) is calculated using the Lagrangian
equation as

i aT; ; OTT
T, :di% # NZIanp—i—Z Z}c_lTrace( T’Izaq )q

P
i Zl JdTg .8
+Z'— ;1 Y1 Tmce(aq aqkll aqp>‘7]‘7k+mp2] pTrace{aq p
8 9T; 9T .8 (.8 9T, (18)
(rp) (aqﬁ)}q1+mp21 p Tk mece[aqiﬁa rp(@) (aqi)}qﬂk
aT; i oT; i aT,
E’ p i gTaqprpk Zl p Mi gTaq " _mpgTaqs 8
_Kp(qp qp)

where the Lagrangian function L is

L=K—P
=1y NI+ A Y Y Trace(2EL 90 )
3 i NPG L+ 510 j=1Lik=1 1race aq i35 )%

+lmmeC€[E] 1 Xk aqgrS(YS) (quf)‘Wk} aXi Ki(q; — 4:)?
+Y0 mgg T Tirt + Y2 myigTTirl +mpgTTgr

(19)

3. CMOR Dynamic Control Method
3.1. CMOR Closed-Loop Control Strategy

From Equation (17) the dynamics equation of the 8-joint robotic arm of CMOR can be
expressed as

T = M(q)§+ V(q,9)q9+ G(q) + A(q,q) +dt (20)

where A(g, q) is the modeling uncertainty part and dt is the bounded unknown perturbation.
The ideal position command is g, the tracking error is e = g — g4, and the design control
law is

T =u+M(9)j+V(q,9)q+G(q) (21)

where u is the feedback control law. Taking Equation (20) into the CMOR dynamics model
Equation (20) gives
u=M(q)e+V(qq)e+d (22)

where ¢ = § — 4, = 4 — q,,d = A(g,q) + dt. Define the sliding mode function as

s=e¢e+ce (23)
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where ¢ > 0. Bringing Equation (23) into Equation (22) gives

e=35—ce
{<Mé——V&+w—d+u @4

The sliding mode allows the feedback control law u to be designed according to
demand, and the sliding mode motion of the system is independent of the parameter
changes of the control object and the external disturbances of the system. Therefore, the
robustness of the sliding mode variable structure control system is stronger than that of the
general conventional continuous system. However, the sliding-mode variable-structure
control is by nature discontinuous switching characteristics, which makes the variable-
structure control generate high-frequency vibration in the sliding mode, affecting the
accuracy of control, increasing energy consumption, generating oscillation or instability,
and damaging controller components.

Adaptive control is a control method that can modify its characteristics to adapt
to changes in the dynamic characteristics of objects and disturbances. The combination
of adaptive control and sliding mode variable structure control can solve the parameter
uncertainty and time-varying parameter system control problems, increase the system
robustness and achieve a very good control system performance.

To improve the robustness of the CMOR control system and enhance the stability of
the control system under uncertainty random error parameter uptake, this paper designs
an adaptive robust sliding mode controller (ARSMC) for CMOR based on the Hamilton
Jacobi equation to enhance the immunity to disturbances, as shown in Figure 4. Consider
the following system model

External
l disturbancesld(t)
c
94(1) e(”) | sM surface s u(® CMOR ()
. ARSMC >
_ s=ce+e Robot
+
o HJE j
Principle

Figure 4. CMOR adaptive robust sliding mode control principle.

x= f(x)+ g(x)d
(1=l rs

where d is the disturbance and z is the evaluation signal of the system. To achieve the
adaptive robust control requirement of the CMOR system, the evaluation signal of the
sliding mode function is defined as

z=s=¢e+ce (26)

where ¢ > 0. Define the 2-Norm for modelling uncertainty and position perturbation d as

Il ={ [ dedt}% @)

To express the robustness of the system against interference, the following performance

indicators are defined

J = sup m (28)

2o l4ll2
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where | is the gain of the system |/d||,, and the smaller the value of ], the better the
robust performance of the system. The Hamilton Jacobi equation [36-38] can be described
as follows: for any given positive real number v, if there exists a positive definite and
differentiable function L(x) > 0 and for any interfering signal d satisfying

L< o {21 - [zl 29)

Then we can obtain | < 7. To take advantage of the Hamilton Jacobi equation
principle, Equation (24) is rewritten in the following form

{ 3= 40 st 40

z=¢e+ce

s—ce
A (Vs +w+u)
namical system satisfying the restriction | < v, the following control law can be obtained

where f(x) = ] and g(x) = { 01 ] For the CMOR closed-loop dy-
M

1 1
WS — ES (31)

The stability of the control law is proved as follows, defining the Lyapunov function as

U=—-w-—

l
L= TMs (32)
Then ) _ .
L=sTMs+ 3sTMs =sT(—Vs+w—d+u)+ 3sTMs
= sT( d— 2,1y2s — %s) +1sT(M—2V)s (33)
= —sTd — 5y 15T — %STS
Define . ,
L o2 2
Q=1 27l + 5e] (34
Then , 1 1
Q= —sTd— o 5sTs — 3sTs PP+ S ) (35)
Since
Td o ?|alf? = i 36)
—s d——s 5—77 Hs—O—’y <0 36
272
Tro 1o 2_
—58 s+§||z|| =0 (37)
Therefore Q < 0, i.e.,
. 1 1
L< 222014112 — 211212
< 2P = 3 38)

From the Hamilton Jacobi equation, the control law designed for the CMOR satisfies
the robustness condition that | < < and the control system is stable.

3.2. CMOR Position Error Compensation Method

The parameter errors of CMOR are not uniformly distributed in the joint space due
to the influence of linkage flexibility, joint flexibility, self-weight, load and motor control.
For the error of each joint parameter of CMOR, the full differentiation of the coordinate
transformation between adjacent links according to the differential transformation method
can be obtained

T T T T olT

-1 _ i i i i _i—1 .
AT = e A0+ A+ o A e Aa + 5 AB="1TAi (39)
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where A¥; is the joint rotation angle deviation, Ax; joint torsion angle deviation, Ad; linkage
offset deviation, Ag; link length deviation, AB; is the deviation of parameter 5, Af_l T is the
homogeneous transformation error of adjacent links, Ai is the differential transformation
error between adjacent linkage coordinate systems.

Due to the errors in the CMOR joint parameters, the homogeneous transformation
matrix of the end coordinate system with respect to the base coordinate system is

T +dTy = (0T + A7) (AT + 4T ) - (13T + AL3T) ("AT + A"T)  (40)

where T! is the positional matrix of the CMOR end-effector coordinates to the base coordi-
nate system, and d T} is the error matrix of the end coordinate system with respect to the
base coordinate system. The above equation is rounded off by the higher-order regression
term [39], and the linearized CMOR end space position error model is obtained as

419 = x, 0721 (T ) T ]

RN B (41)
=Y 9—1Td<; 1T)§+1T o 1T}
From Equation (41), the CMOR end space position deviation AP is
AP = PR — PN = BAy (42)

where AP = (Ax, Ay, Az)" is the CMOR end flange position error vector, PR is the actual
end flange position, PN is the calculated end flange position, B is the parameter error
identification Jacobi matrix, and Ay is the parameter error vector of each joint, where

B=[Jo Ju Jo Ja Jp)Aq=[00 Ac Ba Ad Ap T

The CMOR varies its parameter errors in the joint space due to the flexibility of the
link, the flexibility of the joint, the controller control error, the self-weight, and the load.
With the change of the rotation angle in the joint space of the CMOR, the joint rotation
angle produces a certain degree of error, but it is also accompanied by the link flexibility
error, controller control error, and other parameters [40]. Therefore, each parameter error of
CMOR can be expressed as a function of the joint angle

Ap= (N0 Aa Aa Ad AB ) =f(61,6,--,65) (43)

where A denotes the set of parameter errors. It is difficult to model the errors in the joint
space because the CMOR joints turning angles 61,60, - - - , g are coupled with each other.
Therefore, the determined spatial poses in the CMOR joint space can be converted to the
working space for solving

f(61,02---,08) = g(x,y,2) (44)

From Equations (43) and (44), it is known that given a set of positional parame-
ters in joint space or workspace, the CMOR parameter error Ay at that positional can
be determined.

Due to the large variation of the CMOR end-effector position in the working space,
the end-effector position error caused by non-geometric factors such as link flexibility,
joint flexibility, controller control error, and self-weight in each spatial position is unevenly
distributed. In addition, the end of the CMOR is under variable load from 0 to 2000 kg,
which also has a large impact on the position accuracy of the end-effector. Therefore,
the ability to compensate for the position error over the entire working space of the
CMOR using a single fixed parameter error set Ay is limited. In this paper, the variable
parameter error compensation method using gridding of the CMOR workspace is shown
in Figure 5. The smaller the individual meshes are divided the closer the CMOR is affected
by non-geometric factors such as link flexibility, joint flexibility, controller control error,
and self-weight. As a result, the absolute positioning accuracy of the end-effector in the
whole working space is higher. By meshing the workspace and using the Levenberg-
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Marquardt algorithm to sequentially identify the parameter error Ay; within each mesh,
the absolute positioning accuracy of the CMOR end-effector in the entire workspace can be
improved [41,42].

.".
i

NN N ANAT

.“'?

Figure 5. CMOR workspace gridding principle.

4. Simulation Validation
4.1. CMOR Rigid-Flexible Coupling Simulation System

To verify the accuracy of the ARSMC controller for the trajectory control of the CMOR
rigid-flexible coupling model, the dynamics parameters of each joint and link are calculated
based on the CMOR 3D model as shown in Table 2. Then the CMOR control system is
built in MATLAB/Simulink environment. To realize the rigid-flexible coupling calculation,
the CMOR 3D dynamics model is established in ADAMS software, and the CMOR rigid
link is flexible using finite element software [43,44]. The co-simulation model is shown in
Figure 6. Since the first two links of CMOR are made of stainless steel with less deformation,
and the rest of the links are made of aluminium alloy with more deformation, only the
aluminium alloy links are processed for rigid-flexible coupling. The modulus of elasticity
of all aluminium alloy links is set to 70 Gpa and Poisson’s ratio is 0.3.

Table 2. The linkage dynamics parameters of CMOR.

Link Mass Main Inertia Centre of Mass
i (kg) (kg m?) (m)
1 2739 3582 (0.895, 0, 0)
2 420 163 (0.37,0,0.074)
3 237 46 (—0.138, —0.064, 0.67)
4 181 77 (0.33, 0.308, 0.07)
5 168 16 (0,0,0.78)
6 331 99 (0, 0.426, 0.144)
7 61 4 (0, —0.089, 0.353)
8 167 19 (0.09, 0.211, 0.019)
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Figure 6. CMOR co-simulation program.

The static and dynamic friction coefficients of the CMOR joint are set to 0.5 and 0.3,
respectively. CMOR joint 3 and later connecting rod are aluminium alloy material with a
relatively small modulus of elasticity and large deformation, more prone to deformation
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oscillation and other characteristics. And joints 3 and 4 are under the alternating torque,
so given the target signal of joints 3 and 4 the rest of the joints remain stationary for
dynamic characteristics and position accuracy analysis. The simulation takes into account
the uncertainty of the model and external disturbance and sets the initial angle, angular

velocity and angular acceleration of each joint to zero. The CMOR target trajectory is shown
in Figure 7 for dynamic control and position error analysis.
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Figure 7. CMOR target trajectory (a) Joint Displacement (b) End Displacement.
4.2. CMOR Dynamic Control Effects

The load of the CMOR end-effector is set to 0 kg, 500 kg, 1000 kg and 2000 kg
respectively, and the dynamic control of CMOR rigid-flexible model is carried out by
ARSMC controller, and the control effect is shown in Figures 8-10. Simulation video and

programmes are available in the Supplementary Materials. The dynamic response and
position accuracy of CMOR under ARSMC controller in no-load condition are ideal. Under

the no-load condition, the joint and link flexibility of CMOR has little influence on the
position accuracy, and the sum of joint tracking error and flexible joint deformation error is
around 0.01 rad with high tracking accuracy, and the maximum position error is less than
0.03 m.

I \ O
‘J o R

(@

/
= (o =

o

(b)

Figure 8. CMOR co-simulation motion timing diagram (a) Initial position of CMOR (b) Position of
CMOR at 7 s (c) Position of CMOR at 15 s (d) Final position of CMOR.

When the load increases, both the joint angle error and the position error of the end-
effector increase significantly. As the load increases the CMOR produces large oscillations
in the starting phase, and after 4 s the CMOR reaches a steady state. The maximum angular
error of CMOR in steady state is 0.023 rad and the maximum end position error is 0.3 m.
This is mainly caused by the combined effect of rigid-flexible coupling deformation and
control error of CMOR. At 5s, 11 s and 17 s moments of the given joint drive signal, the
CMOR moves to the cantilever state, and the end load tracking error and joint tracking
error are in extreme values at these three points, which shows that the flexible deformation
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of the cantilever state is the main reason for the end position accuracy. In general, the
controller has good robustness with short convergence time and small tracking error, and
high adaptability in the presence of external disturbances and uncertainties.
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Figure 9. Position errors of [3 joint and 4 joint under different loads (a) Position errors of J3 joint
under different loads (b) Position errors of J4 joint under different loads.
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Figure 10. Position errors of CMOR end-effectors under different loads (a) Position error of X-axis
under different loads (b) Position error of Y-axis under different loads (c) Position error of Z-axis
under different loads (d) Absolute position error of CMOR under different loads.

4.3. CMOR Error Compensation Effects

To calculate the CMOR position error compensation effect, CMOR joint 3 is set to
do sinusoidal motion as shown in Figure 11a, and CMOR can rotate left and right to the
limit position. Set the end-effector with different loads (0-2000 kg) for ARSMC controller
control performance simulation, and the results are shown in Figure 11b—d. The results
show that the trajectory of joint angular error and position error in the simulation process
is smooth and there is only damping oscillation at the beginning stage. The maximum
tracking error of the joint angular displacement is less than 0.01 rad, and the maximum
position error of the end-effector along the Z-axis is about 0.1 m. The absolute position
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error of the end-effector is similar to the Z-axis position error, which shows that the position
error of the end-effector mainly comes from the position error along the Z-axis caused by

the self-weight of the CMOR flexible linkage and the end load.
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Figure 11. Dynamic response of J3 joint motion under different loads (a) /3 joint target trajectories
(b) Rotation angle errors (c) Z-axis position errors (d) Absolute position errors.

The CMOR workspace is uniformly divided into 8 parts along the Y-axis of the base
coordinate system, and the CMOR position error compensation method is used for variable
parameter error compensation. The compensation parameters in each gridded workspace
under different end loads are calculated by the parameter identification method as shown
in Table 3. The compensation parameters are brought into the ARMRC controller and
recalculated, and the results are shown in Figure 12. After compensation, the end position
error of CMOR along the Z-axis is less than 0.02 m, and the mean value of absolute position
error is less than 0.025 m, which reduces the end position error by more than 4 times with
obvious compensation effect. Figure 12b in the 0 s and 20 s position error is large, mainly
due to the large variation of error values in this region and the sparse gridded workspace.
The grid can be further refined to improve the position accuracy.

Table 3. Compensation value at the corresponding spatial position of J3 joint (rad).
Location 1 2 3 4 5 6 7 8
Load —1.278 x —1.845 x —1.989 x —1.601 x 1.2377 x 1.824 x 1.9677 x 1.5654 x
(2000 kg) 102 102 102 102 102 102 102 102
Load —7.5639 x —1.1553 x —1.2997 x —1.0945 x 7.1556 x 1.1316 x 1.2758 x 1.0448 x
(1000 kg) 1073 1072 1072 1072 1073 1072 1072 102
Load —5.1178 x —8.1092 x —9.5541 x —8.4212 x 4.5582 x 7.8585 x 9.3027 x 7.8615 x
(500 kg) 1073 1073 1073 1073 1073 1073 1073 1073
No load —2.6475 x —4.7373 x —6.1861 x —5.9613 x 2.0227 x 4.4708 x 59173 x 5.3341 x
1073 1073 1073 1073 1073 1073 1073 1073
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Figure 12. CMOR position error compensation results (a) Z-axis end position error of CMOR (b) End
space position error of CMOR.

5. Conclusions

This paper establishes the kinematic and dynamic models based on the structural
characteristics of CMOR using the improved DH parameter method and Lagrangian
method, respectively, and analyzes the working process in the vacuum chamber. The
influence of non-geometric factors such as long cantilevers (9 m), large loads (2.5 tons),
and flexibility between joints and links makes CMOR dynamic control very difficult. To
address the complex nonlinearity and rigid-flexible coupling uncertainty of the CMOR
dynamics model, a CMOR adaptive robust sliding mode controller (ARSMC) is designed
based on the Hamilton-Jacobi equation for dynamic control to improve the robustness
of the control system. an error compensation method is proposed to compensate for the
effects of non-geometric factors such as the flexibility between the CMOR joints and the
links on the position accuracy. Based on the matrix differentiation method and gridded
workspace principle, the CMOR coupling parameter errors are decoupled to realize the
error compensation of the whole workspace and improve the motion control accuracy.
Since CMOR is still under development, so the prototype test results of CMOR are not
available at this time. Therefore, the CMOR rigid-flexible coupling simulation system
is established by ADAMS-MATLAB/Simulink to analyze the dynamic control effect of
ARSMC. The simulation results show that the maximum position error of the CMOR end-
effector under the composite motion process is more than 0.3 m, and the end position error
of single joint motion is also more than 0.1 m. Parameter identification and compensation
can be performed by matrix differentiation method and gridded workspace principle, and
the average position error after compensation is less than 0.025 m, and the absolute error
value is reduced by 4 times. The large position errors at 0 s and 20 s are mainly caused by
the large variation of error values in this region and the sparse gridded workspace. The
position accuracy can be further improved by increasing the grid density.

In the future, we will continue to develop CMOR control strategies and prototype
manufacturing work. The effectiveness of the precise control strategy is further verified by
designing the CMOR motion planning method for motion planning and dynamic control
of specific tasks in the vacuum chamber.
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