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a b s t r a c t

The Multi-Purpose Overload Robot (CMOR) is a key subsystem of China Fusion Engineering Test Reactor
(CFETR) remote handling system. Due to the long cantilever and large loads of the CMOR, it has a large
rigid-flexible coupling deformation that results in a poor position accuracy of the end-effector. In this
study, based on the Levenberg-Marquardt algorithm, the spatial grid, and the linearized variable load
principle, a variable parameter compensation model was designed to identify the parameters of the
CMOR's kinematics models under different loads and at different poses so as to improve the trajectory
tracking accuracy. Finally, through Adams-MATLAB/Simulink, the trajectory tracking accuracy of the
CMOR's rigid-flexible coupling model was analyzed, and the end position error exceeded 0.1 m. After the
variable parameter compensation model, the average position error of the end-effector became less than
0.02 m, which provides a reference for CMOR error compensation.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Multi-purpose Overload Robot (CMOR) is a vital subsystem
of the remote handling system of the China Fusion Engineering Test
Reactor (CFETR) [1], as it can perform various vacuum indoor
maintenance tasks, as shown in Fig. 1. While bearing a super large
load of 2000 kg, the limitation of the device's structure size
regarding the design space of the manipulator should also be
considered. Generally, the CMOR's tasks include dust detection and
removal in the vacuum chamber, vacuum chamber inspection,
tritium retention monitoring, vacuum chamber diagnosis and
maintenance, maintenance of the first wall cladding, and mainte-
nance of the neutral beam casing bushing module [2]. With a long
cantilever and a large load, the deformation error of the rigid and
flexible coupling of the CMOR becomes relatively large [3e5]. In the
static mechanical analysis of the CMOR under the cantilever state,
when the end-effector was fully loaded (2000 kg), the flexible
deformation was 77 mm without considering the control error of
each joint [6]. In addition, due to the influence of themanufacturing
ss@ipp.ac.cn (S. Shi).

by Elsevier Korea LLC. This is an
error, machining error, controller control error, temperature field,
magnetic field, etc., the trajectory tracking error of the CMOR's end-
effector is significant, and the absolute positioning accuracy is low,
which seriously affects the high-precision positioning and trajec-
tory tracking operation of the CMOR. Thus, it would not be able to
satisfy the commercial operation and maintenance efficiency of the
fusion engineering test reactor in the future.

The CMOR's rigid-flexible coupling model is a complex
nonlinear system with many dynamic parameters. Due to the lack
of an accurate dynamicmodel, the artificial closed-loopmechanism
(Man-in-the-loop) is often introduced into control systems to
improve their position accuracy and the stability of their mainte-
nance operations [7,8]. However, in the form of the master-slave
teleoperation, low maintenance efficiency cannot meet the re-
quirements of the future commercial operation of nuclear fusion
power plants. Thus, efficient automatic maintenance is an inevi-
table trend [9].

Considering that the rigid and flexible coupling of the CMOR
causes a large absolute position error to the end-effector, a simply
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Fig. 1. CMOR work environment; (a) CMOR is used for blanket maintenance operations in vacuum chambers; (b) CMOR dual-arm collaborative operation in a vacuum chamber.

Fig. 2. Coordinate diagram of the CMOR's connecting rod.

Table 1
D-H parameters of the CMOR.

Rod (i) Variable (qi) Rotation Angle (�) Distance (m) Range (�)

1 q1 (0, 0, 0) (0, 0, 0) �90~þ90�

2 q2 (0, 0, 0) (1.76, 0, 0) �90~þ90�

3 q3 (0, 90� , 0) (0, 0, 1.33) �180~þ180�

4 q4 (90� , 0, 90�) (-0.375, 0.91, 0) 0~þ180�

5 q5 (�90� , 0, 0) (0.375, 0, 0.94) �180~þ180�
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designed controller cannot realize high-precision trajectory
tracking, and a nonlinear system identification has to be carried out
[10]. The commonly used error identification methods are kine-
matic calibration and non-kinematic calibration methods [11,12].
The DH parameter error (geometric error) in kinematic modeling is
mainly solved by kinematic calibration. However, non-kinematic
calibration mainly solves the robot's non-geometric errors,
including the flexible deformation of the connecting rods and
joints, the variable load at the end, the deformation caused by
external force fields. For the CMOR's large load handling applica-
tions, the non-geometric factors are among the leading factors
affecting the trajectory and positioning accuracy of the robot, so the
identification of the CMOR's non-geometric errors is of great
practical significance.

At present, the research and application of the CMOR are still in
the exploratory stage. The trajectory tracking error of the CMOR's
end-effector is relatively large due to the deformation of the flexible
joint and flexible rod, and other factorsconclusion is drawn in
Section 5. In addition, the CMOR's workspace has a symmetry, and
the end-effector position errors under different spatial poses and
loads are different, so a single parametric error compensation
model cannot be used to compensate for the entire CMOR's moving
space. In order to solve these problems, this paper compensates the
variable parameter error of the CMOR in a multi-field coupled
operating environment based on the principle of the grid-based
workspace and the linearized variable load model so as to
improve the trajectory tracking accuracy of the CMOR's end-
effector.

Considering the above research content, this paper is divided
into five chapters. Section 2 describes the CMOR's structure char-
acteristics and establishes dynamic equation. In Section 3, the
variable parameter error compensation algorithm is established
based on the grid workspace principle and the linearized variable
load model. Section 4 establishes a CMOR rigid-flexible coupling
model based on the finite element software and uses the Adams-
MATLAB/Simulink co-simulation software to conduct a CMOR er-
ror analysis and a variable-parameter compensation algorithm
verification. Finally, a short conclusion is drawn in Section 5.
6 q6 (90� , 90� , 0) (0, 1.3, 0) �90~þ90�

7 q7 (�90� , �90� ,0) (0, 1.19,0) �100~þ100�

8 q8 (90� , 0, 0) (0, 0, 0.46) �90~þ90�

2. The model parameters of CMOR

The CMOR can bear ultra-high loads, and it is used for various
maintenance operations of in-vessel components. The structure
and the coordinate system corresponding to each joint are shown
in Fig. 2, the DH parameters are shown in Table 1. Apart from the
freedom of the end-effector and the translation of the connecting
2709
rod 1, the CMOR has a total of 8� of freedom. Thus, it can flexibly
adjust its attitude in the limited vacuum chamber space, move its
end-effector to any maintenance site, and complete various main-
tenance operations. In order to obtain the spatial trajectory tracking
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performance data of the CMOR's end-effector, it is necessary to
establish a CMOR dynamic equation and design a controller for the
co-simulation of the rigid and flexible coupling. In this paper, the
CMOR's dynamic equation was established using the Lagrange
method, and a neural network adaptive sliding mode controller
(NNASMC) was established based on the literature [13]. Each bar
was processed using the finite element software, and the space
trajectory tracking data of the CMOR's rigid-flexible couplingmodel
end-effector was obtained using the Adams-MATLAB/Simulink co-
simulation platform [14,15].
2.1. The CMOR's dynamic equation

The CMOR is a typical serial multi-joint mechanical arm. The
final dynamic model can be expressed as:

T ¼MðqÞ€qþH
�
q; _q

�
_qþGðqÞþDR

�
q; _q

�þDK
�
q; _q

�þ D (1)

where €q2R8 is the joint angular acceleration vector, _q2 R8is the
joint velocity vector, T2R8 is the input torque vector, MðqÞ2 R8�8

is a nonsingular positive definite inertial force matrix, Hðq; _qÞ _q2
R8�8 is the term of the centrifugal force and Coriolis forces, GðqÞ2
R8 is the gravity moment vector (including the connecting rod,
rotor, and the moment of gravity of the end-effector), DR2
R8 and DK2R8 represent the torque variation caused by the
flexible deformation of the joints and the connecting rods, and D2
R8 represents the bounded unknown disturbance of the unbuilt
dynamic model.

A variety of controllers can be designed for motion control based
on CMOR dynamic equation (Literature [13] NNASMC controller
was adopted in this paper), but the deformation error caused by
external interference such as non-geometric factors cannot be
directly compensated by the controller, and parameter identifica-
tion is needed.
3. CMOR parameter identification

3.1. CMOR matrix differential error modeling

The parameter error of the robot in the joint space is not evenly
distributed due to factors such as the connecting rod flexibility,
joint flexibility, dead weight, variable loads, and motor control. For
the CMOR, due to the errors in the parameters of each joint, the

actual position PR2R3 of the center point of the CMOR end effector
can be expressed as:

PR ¼ FðqþDq;aþDa;dþDd;aþDa;bþDbÞ (2)

where Dq is the joint angular deviation, Da is the joint twist angle
deviation, Dd is the connecting rod offset,Da is the length deviation
of the connecting rod. In order to avoid the singular problem caused
by two adjacent axes being parallel to each other, the rotation angle
b around the y axis is introduced to modify the DH parameter, Db is
the deviation of the parameter b [16].

DP¼PR �PN

¼ FðqþDq;aþDa;dþDd;aþDa;bþDbÞ� Fðq;a;d;a;bÞ
(3)

where PN2R3 is the theoretical end position, and DP2 R3 is the
end position error value. After dropping the high-order perturba-
tion term from the above equation, and introducing multiple
sampling points, we can get:
2710
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where n is the number of sampling points, J2Rn�5 is the parameter
error Jacobian matrix, h2R5 is the parameter error matrix.

The parameter error of the CMOR in the joint space varies with
the connecting rod flexibility, joint flexibility, control error of the
controller, dead weight, and variable loads. With the change in the
joint rotation angle in the CMOR's joint space, the joint rotation
angle leads to some errors, which are also accompanied by the
connecting rod flexibility error and the controller control error.
Other parameters will also result in some changes. Therefore, each
parameter error of the CMOR can be expressed as a function of the
joint angle in the joint space:

h¼ ½Dq Da Da Dd Db �T ¼ f ðq1; q2/; q8Þ; (5)

where h represents the set of parameter errors, f represents the
function set after all parameter errors ½Dq Da Da Dd Db � are
all equivalent to the joint angle errors. Since the CMOR joint angles
q1; q2/; q8 are coupled to each other, it is difficult to establish an
error model in the joint space. Therefore, the determined spatial
pose in the CMOR joint space can be converted to the working
space for a solution as follows.

h¼ ½Dq Da Da Dd Db �T ¼ gðx; y; zÞ: (6)

where g represents the function set formed by transforming the
error function f ðq1; q2/; q8Þ of all joint angles into the working
space under the condition of determining the robot's spatial pose.
3.2. CMOR variable parameter error compensation

According to Eq. (5) and Eq. (6), a set of pose parameters in a
given workspace can be obtained, and the CMOR's parameter error
h under that pose can be determined. Due to the large variation in
the CMOR's pose in the workspace, the non-geometric factors, such
as the connecting rod flexibility, joint flexibility, controller control
error, and dead weight under each spatial pose, cause the uneven
distribution of the position error space of the end-effector. In
addition, the CMOR's terminal is subject to a variable load of
0e2000 kg, which also has a great influence on the position ac-
curacy of the end-effector. Therefore, the ability to improve the
absolute position accuracy of the CMOR's end-effector by using a
single fixed parameter to compensate for the position error in the
whole workspace is limited. In this paper, a CMOR workspace
meshed variable parameter error compensation method is pro-
posed, as shown in Fig. 3. Through the grid partition of the work-
space, the parameter error dhi in each grid was successively
identified, so the absolute positioning accuracy of the CMOR's end-
effector was improved in the entire workspace.

For a single grid in the CMOR workspace, when the end load is
constant, the smaller the grid, the smaller the variation of various
parameter errors ½Dq Da Da Dd Db �. Therefore, in the small
range of a single grid, under the premise of sacrificing certain
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position accuracy, the constant parameter error set hi ¼
½Dqi Dai Dai Ddi Dbi � of the center point of the grid can be
used to compensate the entire grid. When the load changes, in a
single grid, the CMOR can be simplified into a linear elastic canti-
lever structure (ignoring the impact of random errors), so the po-
sition error at the end can be equivalent to:

Dp¼kmg þ Dp0; (7)

where Dp is the spatial position error, k is the load position error
coefficient, and Dp0 is the spatial position error under zero load.

Similarly, a set of parameter error matrices under variable loads
in the joint space can be obtained as

hm
i ¼k0mg þ h0

i (8)

where hm
i is the angular parameter error matrices in the joint space

under variable loads, k0 is the load joint angle error coefficient, and
h0
i is the angle parameter error under zero load.
According to the above analysis, the smaller the single CMOR

grid, the less it is affected by the non-geometric factors, such as the
connecting rod flexibility, joint flexibility, controller control error,
and dead weight. Also, the higher the structural similarity of the
CMOR's linear elastic cantilever beam in a single grid, the higher
the compensation accuracy of the variable parameters in the whole
workspace.

3.3. CMOR parameter error solving process

In this paper, the Levenberg-Marquardt (LM) algorithm of the
nonlinear damped least-squares algorithm is used to solve the
CMOR parameter error. The LM algorithm is one of the most widely
used optimization algorithms, and its ultimate goal is to find a set of
parameters that make the function have the minimum parameter
vector. In comparison with the Gaussian Newton method and the
gradient descent method, the LM algorithm not only has global
search and fast optimization abilities in comparison with the
gradient descentmethod, but it also has a faster convergence ability
than the Gaussian Newton method in reaching the optimal solu-
tion. In addition, it has a unique advantage in dealing with
redundant parameters, as it can effectively avoid falling into local
optima when solving parameters, and it is also highly efficient in
dealing with complex problems [17].

The iterative formula of the Gauss-Newton method is:

xkþ1 ¼ xk þ hgn; (9)
Fig. 3. Principle of the CMO

2711
xkþ1 ¼ xk � H�1Vf ; (10)

where Vf is the Jacobian matrix, H is the Hesse matrix, and the
iterative step length is obtained after the simplification:

hgn ¼ �
�
JTr Jr

��1
JTr Jr (11)

Mainly, the LM algorithm is an improvement of the Gauss-
Newton method, with a slight difference in iterative step length:

hgn ¼ �
�
JTr Jr þ mI

��1
JTr Jr (12)

According to the specific structure of the CMOR, the Jacobian
matrix and the other parameters are initialized: Set iteration
termination condition: ε ¼ 0:0001, set the initial coefficient of the
LM iteration algorithm as:
a1 ¼ 500; m ¼ 0:01; p0 ¼ 0:05; p1 ¼ 0:5; p2 ¼ 0:9; l0 ¼ 0:05
and k ¼ 1.

Set the objective function of LM algorithm iteration as:

Dhk ¼ �
�
JT ðhkÞJðhkÞ þ lkI

��1
JT ðhkÞDPðhkÞ; (13)

where k is the number of iterations, Dhk is the parameter error
change value at the k-th iteration, hk is the parameter error at the k-
th iteration, and lk is the damping factor at the k-th iteration.

The iteration termination condition is: the number of iterations
is greater than 50 or the parameter error change value at the k-th
iteration kDhkk< ε.

Each iteration of the LM algorithm includes 5 steps.

Step 1. Establish the deviation function according to DP ¼ PR �
PN ¼ Jh, where DP is the deviation of the terminal space posi-
tion, PR is the actual position, PN is the calculated position, J is the
Jacobian matrix, and h is the parameter error vector to be solved.

Step 2. Initialize the Jacobian matrix and the other parameters
according to the specific CMOR structure, determine the optimal
initial value h, and terminate the control constant ε � 0. Then, ac-
cording to the initial value h, calculate the current spatial position
error DP at the k-th iteration.

Step 3. Calculate the Jacobian matrix JðhkÞ for the k-th iteration
according to the k-th estimate and then use the damped least-
square method to solve the parameter error change matrix:
R's meshed workspace.
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Dhk ¼ �
�
JTðhkÞJðhkÞ þ lkI

��1
JT ðhkÞDPðhkÞ; (14)

where k is the number of iterations, Dhk is the parameter error
change value at the k-th iteration, hk is the parameter error at the k-
th iteration, and lk is the damping factor at the k-th iteration.

lk¼ak

�
rkDPkkþ ð1� rÞ

���JTkDPk

���; (15)

The CMOR's current space position error in the ðkþ1Þ-th itera-
tion after updating the parameter error matrix is calculated as:

DPðhk þDhkÞ¼PR � PNðhk þDhkÞ (16)

The ratio qk of the actual drop quantity DFK and the estimated
drop quantity DLK at the k-th iteration is calculated to monitor the
quality of the step length:

DFK ¼kDPkk2 � kDPðhk þ DhkÞk2; (17)

DLK ¼kDPkk2 �
���DPk þ JTkDhk

���2; (15)

qk¼
DFK
DLK

: (18)

Step 4. Update the iteration parameters.
The estimated drop amount DLK >0 is artificially constructed, so

if qk is small or negative, it indicates the failure of the iteration. At
this point, hk þ Dhk cannot be used as the next iteration point. The
damping factor lk must be increased and the step size hkþ Dhk
must be decreased. The solution is resolved so that the next itera-
tion is closer to the gradient descent method and that the global
search is realized. If qk is large, the iteration is effective. Then, the
damping factor lk can be reduced and the step size hkþ Dhk can be
increased so that the algorithm is closer to the Gauss-Newton al-
gorithm, which is necessary to achieve a rapid convergence to the
optimal solution in the next iteration. In the other cases, the
damping factor lk and the iteration step size remain the same. Thus,
the k-th iteration parameter update rule can be obtained.
2712
The ðkþ1Þ-th parameter error matrix update is

hkþ1 ¼
�
hk þ Dhk
hk

if rk > p0
else

(19)

The ðkþ1Þ-th damping factor update rule is

akþ1 ¼

8>>><
>>>:

4ak if qk < p1

ak if p1 < qk <p2:

max
nak
4
;m

o
else

(20)

k¼ kþ 1: (21)

Step 5. When
���JTkDPk < ε

��� (generally taking ε ¼ 0:0001, the error
norm is very close and has already converged) or when the number
of iterations reaches 50, the loop is completed, and the parameter
error is calculated.

4. Co-simulation results and discussion

In order to verify the trajectory tracking accuracy of the CMOR's
rigid-flexible coupling model and the effect of the LM variable
parameter error compensation algorithm, the neural network
adaptive sliding mode controller (NNASMC) in literature [13] was
modeled using MATLAB/Simulink. The CMOR's 3D dynamic model
was established using ADAMS software, and the finite element
software was used to carry out the flexible processing of the
CMOR's connecting rod to realize the co-simulation of the rigid and
flexible coupling [18]. The first two connecting rods of the CMOR
were made of steel with small deformation, while the rest of the
connecting rods were made of aluminum alloy with large defor-
mation. The elastic modulus and Poisson's ratio of all the aluminum
alloy connecting rods were set at 70 Gpa and 0.3, respectively, and
the flexible processing results are shown in Fig. 4.

4.1. CMOR joint 4 limit pose experiment

In this section, the maximum load under the forward and
backward motion of the CMOR and the rigid-flexible coupling
deformation error under the limit poses are analyzed. The



Fig. 5. CMOR flexible model simulation results of the NNASMC controller (Joint 4); (a) Joint angular displacement; (b) Joint angular displacement error; (c) Joint driving torque; (d)
Terminal space curve; (e) Terminal Z-axis position error; (f) Terminal space position error.

Table 2
Compensation value of joint 4 at different spatial positions (rad).

Location 1 2 3 4 5 6 7 8

Load(2000 kg) �1.18 � 10�2 �1.85 � 10�2 �2.16 � 10�2 �1.89 � 10�2 8.7 � 10�3 1.66 � 10�2 1.96 � 10�2 1.57 � 10�2

Load(1000 kg) �6.2 � 10�3 �1.10 � 10�2 �1.41 � 10�2 �1.33 � 10�2 3.7 � 10�3 9.5 � 10�3 1.25 � 10�2 1.07 � 10�2

Load(500 kg) �3.4 � 10�3 �7.2 � 10�3 �1.03 � 10�2 �1.05 � 10�2 1.3 � 10�3 5.9 � 10�3 8.9 � 10�3 8.2 � 10�3

No load �7.08 � 10�4 �3.6 � 10�3 �6.7 � 10�3 �7.8 � 10�3 �1.1 � 10�3 2.5 � 10�3 5.4 � 10�3 5.8 � 10�3
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sinusoidal movement driving signal of joint 4 was set as shown in
Fig. 5a so that the CMOR could rotate forward and backward to the
limit poses, and the simulation results are shown in Fig. 5.
2713
(1) CMOR rigid-Flexible coupling control effect

Given the sinusoidal control signal of joint 4, different loads of
the end-effector were set (0e2000 kg) to simulate the control



Fig. 6. CMOR trajectory tracking error compensation results based on the LM space grid and the linearized variable load algorithm (Joint 4); (a) Terminal Z-axis position error; (b)
Terminal space position error.

Fig. 7. Linearized compensation parameters of joint 4 under variable loads.
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performance of the NNASMC controller, and the results are shown
in Fig. 7. The analysis results show that the maximum tracking error
of the angular displacement of the joint was about 0.01 rad and that
the maximum position error of the end-effector along the Z-axis
was about 0.1 m. Also, the spatial position error of the end-effector
was similar to the Z-axis position error. It can be seen that the
position error of the end-effector was mainly caused by the Z-axis
position error caused by the gravity of the CMOR's flexible con-
necting rod and the end load. Overall, the proposed NNASMC
controller has better control performance and less end position
error.

(2) Variable parameter position error compensation

The CMOR's workspace was evenly divided into 8 parts along
the Y-axis of the base coordinate system, and the LM algorithm
space grid and the linearized variable load model were used for the
variable parameter error compensation. The compensation pa-
rameters in each grid joint space under different end loads are
shown in Table 2. The compensation parameters were brought into
the NNASMC controller for re-simulation, and the results are shown
in Fig. 6. After the compensation, the CMOR position error along the
Z end was less than 0.017 m, and the mean value of the space po-
sition error was less than 0.02 m. Thus, the end position error was
reduced bymore than 5 times. In Fig. 6b, the large position errors of
0 s and 20 s were mainly caused by the large variation of the error
value in this region and the relatively sparse grid workspace, which
can further refine the grid and improve the position accuracy.
2714
4.2. CMOR linearized variable load variable parameter
compensation

The parameter error compensation values of the different loads
in the same spatial grid were plotted as curves, as shown in Fig. 7.
The parameter error compensation values of the same space grid
under different loads are linearly related to the loads, and the po-
sition error compensation value under various load values can be
obtained by calculating the slope.

5. Conclusion

In this paper, by using ADAMS and MATLAB/Simulink, the tra-
jectory tracking error of the CMOR's rigid-flexible coupling model
was analyzed. The results showed that the position error of the
CMOR's rigid-flexible coupling model exceeded 0.1 m in the
extreme posture. In order to compensate for the position error, this
paper proposed a variable parameter error compensation algorithm
for the CMOR workspace based on the LM nonlinear damped least-
square method, the spatial grid, and the linearized variable load
principle. The effect of the trajectory tracking error compensation
was verified by joint simulation, and the results showed that the
variable parameter error compensation algorithm significantly
reduced the trajectory tracking error under the CMOR limit posi-
tion, where the position error was less than 0.02 m. Overall, the
proposedmethod in this study provides a reference for the research
of the position error compensation of rigid-flexible coupling
models.

In the future, combined with the existing trajectory tracking
position error compensation algorithm, we aim to explore and
investigate an adaptive mesh density compensation algorithmwith
variable mesh sizes so as to improve the regional compensation
effect due to which the CMOR error value greatly varies. The
developed error compensation algorithm can also be used in other
fields.
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