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a b s t r a c t

The motion control of the divertor maintenance system of the China Fusion Engineering Test Reactor
(CFETR) was studied in this paper, in which CFETR Multi-Functional Maintenance Platform (MFMP) was
simplified as a parallel robot for the convenience of theoretical analysis. In order to design the motion
controller of parallel robot, the kinematics analysis of parallel robot was carried out. After that, the
dynamic modeling of the hydraulic system was built. As the large variation of heavy payload on MFMP
and highly nonlinearity of the system, A Fuzzy-PID controller was built for self-tuning PID controller
parameters by using Fuzzy system to achieve better performance. In order to test the feasibility of the
Fuzzy-PID controller, the simulation model of the system was built in Simulink. The results have showed
that Fuzzy-PID controller can significantly reduce the angular error of the moving platform and provide
the stable motion for transferring the divertor.
© 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 China Fusion Engineering Test Reactor is a new Tokamak
proposed by China to lay the foundation for the establishment of
the China's commercial fusion reactors in the future. As an impor-
tant component of the CFETR, the divertor needs to be maintained
by the Multi-Function Maintenance Platform (Fig. 1). The moving
platform of MFMP is controlled by the oil highly airtight hydraulic
cylinders. The requirement of the position accuracy of the moving
platform is 10% of the whole stroke. In order to transfer the divertor
smoothly, the position of the moving platform of the MFMP is
needed to control precisely, and this is the focus of this article.

With the simplified design, the moving platform can be regar-
ded as a 3-RPS parallel robot as shown in Fig. 2 [1]. The motion
control methods of parallel robot can be divided into two cate-
gories: motion control in motion space and joint space [2e4].
Compared with the motion control in motion space, the motion
s, Hefei Institutes of Physical

by Elsevier Korea LLC. This is an
control in joint space is easier to implement in practice. Based on
the parameters of each joint and the reverse kinematics model of
parallel robot, the expected joint data qd is calculated according to
the expected trajectory cd of the robot, and the motion error eq in
the joint space is obtained by measuring the driving joints’ data q
(Fig. 3).

Although the traditional PID control method is widely used in
engineering, it had limitations. In order to achieve better control,
the PID control parameters need to be modified in real time ac-
cording to the actual control situation. The Fuzzy control is based
on the fuzzy set theory and fuzzy logic inference. The fuzzy
reasoning mechanism is based on the expert knowledge and the
operator's actual experience, and is accurate to some extent and has
the characteristics of autonomous learning in application. The fuzzy
control does not need accurate mathematical model of the system,
and it is suitable for complex nonlinear control system [5,6].
Therefore, an incremental PID control method based on the fuzzy
control to reduce the control error and improve the control accu-
racy by adjusting the values of Kp, Ki and Kd during the system
operation was studied [7e15].
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Fig. 1. Diagram of divertor MFMP.

Fig. 2. Simplification process of moving platform of MFMP.
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2. Kinematics analysis of 3-RPS parallel robot

2.1. Inverse kinematics

In order to solve the length L ¼ ½l1; l2; l3�T of each drive rod, the
closed loop equation of each branch chain is written as:

li
Absi ¼ AP þ Abi � Aai ¼ AP þ ARB

Bbi � Aai (1)

where,

i¼1;2;3;
Fig. 3. Motion contro
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bsiddUnit vector from point ai in fixed platform to point bi in
moving platform;
APddThe position vector of themoving platform center point B
in the reference coordinate system {A} (Fig. 4) [1];
AaiddThe position vector of joint points ai on fixed platform
respect to the reference coordinate system {A};
AbiddThe position vector of joint points bi on the moving
platform respect to the reference coordinate system {A};
ARBddThe rotation matrix of the moving coordinate system
{B} relative to the reference coordinate system {A}.

From Eq. (1), we can obtain this:

li ¼
�
AP

TAP þ Bb
T
i
Bbi þ Aa

T
i
Aai � 2AP

TAai þ 2AP
ThARB

Bbi
i
� 2

h
ARB

Bbi
iTAai�1=2 (2)

2.2. Forward kinematics

Given the length of each branch chain L ¼ ½l1; l2; l3�T , we can

obtain the position vector AP ¼ ½px; py;pz�Tand the rotation angle

parameters of the moving platform q ¼ ½a; b;g�T .
Numerical solutions can be obtained by the following nonlinear

equations using nonlinear least squares method (FðAP;qÞ ¼ 0).

8>>>>>>><>>>>>>>:

Fi
�
AP; q

�
¼ �l2i þ

h
AP þ ARB

Bbi � Aai
iThAP þ ARB

Bbi � Aai
i

F4
�
AP; q

�
¼ px

F5
�
AP; q

�
¼ py

F6
�
AP; q

�
¼ a

where, i ¼ 1;2;3.

3. Hydraulic system model

As the models of hydraulic components are nonlinear, in order
to simplify the analysis, the zero-opening four-way slide valve was
adopted to control the hydraulic cylinder (Fig. 5), the nonlinear
equations were linearized [16e18]. The following assumptions
were given: (1) the valve is an ideal zero-opening slide valve, and
the hydraulic cylinder is symmetrical; (2) the pump pressure is
constant.

3.1. Electromagnetic valve model

The response of spool of the electromagnetic valve to the input
voltage can be described as a first-order transfer function:
l in joint space.



Fig. 4. Diagram of parameters of parallel mechanism.

Fig. 5. Schematic diagram of symmetrical hydraulic cylinder controlled by electromagnetic valve.
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GðsÞ¼Xv

Ui
¼ kv

1þ tvs
(3)

where,

XvddThe spool displacement;
uiddThe input voltage signal;
tvddThe time constant, which can be measured through the
frequency response of the valve;
kvddThe gain.
3.2. Mathematical model of servo hydraulic cylinder system

3.2.1. Linearized flow equation
Let the value of xv (Fig. 5) be positive, Eqs. (4) and (5) represent

the flow at orifices 1 and 3 respectively.

Q1 ¼Cduxv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
r
ðPs � P1Þ

s
(4)

Q3 ¼Cduxv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
r
ðP2 � P0Þ

s
(5)

PL ¼ P1 � P2 (6)
where,
uddThe perimeter of the orifice;
P0ddReturn pressure, usually, P0z0;
PLddThe load pressure.

Under the ideal conditions:

Q1 ¼Q3 ¼ QL (7)

That is:

Ps¼ P1 þ P2 (8)

From Eqs. (4), (6) and (8), we obtained:

QL ¼Cduxv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
r
ðPs � PLÞ

s
(9)

Eq. (9) is a nonlinear equation representing the flow rate of the
servo hydraulic cylinder, but the right hand side of the equation can
be linearized by a Tylor series expansion, using only the first two
terms:

DQL ¼
vQL

vxv
Dxv þ vQL

vPL
DPL (10)

Or:

DQL ¼KqDxv � KcDPL (11)

where,

KqddThe flow gain, which is the flow increment caused by
small displacement of spool when load pressure is constant;
KcddThe pressure flow coefficient, which represents the rela-
tionship between the load pressure increment and the load flow
when the spool displacement is constant.

Since the system is usually at zero point, i.e., QL ¼ xv ¼ PL ¼ 0,
2254
the coefficient of the valve at zero point is obtained as following:

Kq0 ¼Cdu

ffiffiffiffiffiffiffiffi
1
r
Ps

s
(12)

Kc0 ¼0 (13)

Since the initial state of the zero-opening valve was set at zero,
increments DQL ¼ QL, Dxv ¼ xv, DPL ¼ PL, and Eq. (11) can be
written as follows:

QL ¼Kq0xv � Kc0PL (14)
3.2.2. Flow rate continuation equation
In the actual situation, Q1sQ3sQL due to the oil compression,

the gap leakage and other factors, and now the load flow QL is
redefined as follow:

QL ¼
1
2
ðQ1 þQ3Þ (15)

Definition:

DP¼ be
DV
V

(16)

That is:

Q ¼dV
dt

¼ V
be

dP
dt

(17)

where,

DPddThe increment of pressure in the container;
DVddThe liquid compression;
VddThe initial volume of the liquid in the container;
beddThe liquid equivalent volume modulus of elasticity.

Considering that the liquid flowing into the hydraulic cylinder
will be affected by compression, leakage and other factors, the flow
rate into the left chamber of the hydraulic cylinder piston is
obtained:

Q1 ¼Ap
dxp
dt

þV1

be

dP1
dt

þCiðP1 � P2Þ þ CeP1 (18)

where,

ApddThe piston area;
xpddThe piston displacement;
P1ddThe pressure of the piston's left hand chamber;
V1ddThe total volume of liquid at pressure P1;
CiddThe coefficient of internal leakage;
CeddThe coefficient of external leakage.

The following formula is obtained in the same way:

Q3 ¼Ap
dxp
dt

�V2

be

dP2
dt

þCiðP1 � P2Þ � CeP2 (19)

where,

V2ddThe total volume of liquid at pressure P2;
P2ddThe pressure of the piston's right hand chamber.
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Based on Eqs. (15), (18) and (19), the flow continuation equation
is obtained:

QL ¼Ap
dxp
dt

þ Vt

4be

dPL
dt

þ CtPL (20)

where,

VtddThe equivalent gross volume of hydraulic cylinder, Vt ¼
V1 þ V2;

CtddThe total leakage coefficient, Ct ¼ Ci þ Ce
2 .
3.2.3. Force equilibrium equation
The thrust generated by the hydraulic cylinder is balanced with

the inertia force, the viscous friction force, the elastic load force and
the external load. It can be written as follows:

ApPL ¼M
d2xp
dt2

þ B
dxp
dt

þ kxp þ FL (21)

where,

MddThe piston mass and the total mass converted from the
load to the piston;
BddThe coefficient of viscous friction of piston and load;
kddThe elastic load stiffness;
FLddOther loads acting on the piston.
3.2.4. Transfer function
By applying the Laplace Transformation to Eqs. (14), (20) and

(21), the following equations can be obtained:

QL ¼Kq0Xv � Kc0PL (22)

QL ¼ApsXp þ Vt

4be
sPL þ CtPL (23)

ApPL ¼Ms2Xp þ BsXp þ kXp þ FL (24)

From Eqs. (22)e(24), the transfer function is obtained:

Xp ¼
Kq0

Ap
Xv � Kce

A2
p

�
Vt

4beKce
sþ 1

�
FL

VtM
4beA2

p
s3 þ

 
KceM
A2
p

þ VtB
4beA2

p

!
s2 þ

 
Vtk

4beA2
p
þ KceB

A2
p
þ 1

!
sþ Kcek

A2
p

(25)

Uo ¼ kgXp (26)

where,
UoddThe output voltage signal;
KceddThe total pressure flow coefficient, Kce ¼ Kc0þ Ct;
kgddThe displacement-pressure conversion coefficient

By combining Eqs. (3), (25) and (26), the relationship between
the input Ui and the output Uo is obtained. After obtaining the
transfer function of Ui � Xp, a PID controller can be applied to a
position control system.
2255
uðtÞ¼ kpeðtÞ þ ki

ðt
0

eðtÞdt þ kd
deðtÞ
dt

(27)

where,

uðtÞddThe output of controller;
eðtÞddThe error in control system;
kp;ki and kdddThe PID parameters.

From Eq. (27), proportion part decreases system errors propor-
tionally; integration part decreases the system cumulative errors;
differentiation part represents the change ratio of system error and
speeds up the decrease of the system errors.

4. Fuzzy-PID controller design

4.1. Tuning PID parameters

After the transfer function of the servo-valve controlled hy-
draulic cylinder is obtained, the parameters of the PID controller
can be adjusted through the transfer function, (Fig. 6). The pa-
rameters’ setting in the hydraulic system is shown in Table 1.

The parameters of the PID controller can also be obtained by
using the PID Tuner application of MATLAB (Fig. 7). After serval
experimental adjustments in PID Tuner, the optimal PID parame-
ters were found. Then, these PID parameters are set as the initial
PID parameters Kp0;Ki0 and Kd0 in the Fuzzy-PID controller.

4.2. Fuzzy-PID controller design

In this article, a two-dimensional fuzzy controller was adopted,
having its input variables as error E and the error variation Ec and
its output variables as DKp, DKi and DKd. All variables in this system
were classified into seven fuzzy subsets, and the corresponding
language values of the Fuzzy method is fPB;PM;PS;Z;NS;NM;NBg.
The fuzzy field of E and DKp is [-6,6]; The fuzzy field of Ec, DKi and
DKd is [-3,3]. In this work, the membership functions of E and Ec
were selected as the Gaussian type; the membership functions of
DKp, DKi and DKd were selected as the triangular type; and the
fuzzy rules were determined based on the technical knowledge and
operation experience of technicians. Finally, with the Fuzzy module
of MATLAB, the output of the Fuzzy controller (DKp, DKi and DKd) is
obtained.

Kp ¼Kp0 þ DKp (28)

Ki ¼Ki0 þ DKi (29)

Kd ¼Kd0 þ DKd (30)

By combining the fuzzy control and PID control, the incremental
PID controller was built (Fig. 8 and Eqs. (28)e(30)). DKp, DKi and
DKd can be gained from the Fuzzy controller. Moreover, DKp, DKi
and DKd can also be adjusted by altering their respective gains.

5. Hydraulic system simulation in simulink

5.1. The parameters of simulation

According to the actual situation, the key hydraulic system pa-
rameters were shown in Table 2. With the parameters shown in
Ref. [1] and Table 3, the actual length parameters of hydraulic cyl-
inders were calculated through the inverse kinematics in Section



Fig. 6. PID controller in hydraulic system.

Table 1
Parameters’ setting in hydraulic system.

Parameters Values Units

Ap 1:256� 10�3 m3

Ci 5� 10�13 m5=ðN $SÞ
Cp 0 m5=ðN $SÞ
Kc0 0 m3=ðS $PaÞ
Cd 0.61
M 227.7 Kg

B 628
k 0 N=M
be 7� 108 Pa
Ps 1:4� 107 Pa
r 880 Kg=m3

u 0.157 m
t 0.02
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2.1, and the input signal of each hydraulic cylinder was set and
shown in Fig. 9. The load disturbances FL1, FL2 and FL3 were ob-
tained through the dynamic analysis of parallel robot [1], and the
force distributionwas carried out according to the actual number of
hydraulic cylinders (Fig. 10). And the forward kinematics equations
of the parallel robot in Section 2.2 was used to solve the position
and pose parameters (X and Yaxes angle) of the moving platform in
MATLAB.
Fig. 7. Tuning PID parameter in PID tuner (The dash line is for the
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5.2. Simulation and results analysis

The simulation block diagram [19e23] was established in
Simulink (Fig.11). After the simulation, it was found that each of the
PID parameters was stabilized around a certain value. Then, we
changed the initial parameters according to the stabilized values of
Kp, Ki and Kd. After several adjustments, the appropriate initial
parameters were found.

Finally, the comparison between the designed angles in
different axes (i.e., the X- and Y axis) and the actual angles under
the PID control were shown in Fig. 12. Similarly, the comparison
between the designed angles in the X- and Y-axis and the real
angles under Fuzzy-PID control were shown in Fig. 13. The angular
errors in the X-axis and the Y-axis by the two control methods were
shown in Fig. 14.

It can be seen from the simulation results that the maximum
angular error of rotation around the X-axis reached 7.115% of the
maximum stroke; while the maximum angular error of rotation
about the Y-axis reached 5.893% of the maximum stroke. The
maximum angular error of the moving platform around the X-axis
was about 1:5514� 10�3�, reaching 2.221% of the maximum
stroke; while the maximum angular error of the moving platform
around the Y-axis was about 1:5514� 10�3�, reaching 2.586% of
the maximum stroke.

By comparing the performances of the PID controller and the
Fuzzy-PID controller, it is clear that the Fuzzy-PID controller
original response and the solid line for the tuned response).



Fig. 8. Fuzzy-PID controller.

Table 2
The key parameters of hydraulic system.

Parameters Values Units

Hydraulic cylinder stroke 0.15 m
Hydraulic cylinder internal diameter 50 mm
Diameter of piston rod 30 mm
Servo valve natural frequency 50 Hz
Pump flow 35 L=min
Rated Load 15 ton
Seismic load 3 level

Table 3
The trajectory of the moving platform.

Coordinates Value

x= m 0
y= m 0
z= m 0:516
a= rad 0
b= rad 0:03 sinðtþp =2Þ
g= rad 0:03 cosðtþp =2Þ

Fig. 9. Hydraulic cylinder displacement input signal.

Fig. 10. Loads for hydraulic cylinders.
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reduced the angular error of rotation around the X-axis and Y-axis
by approximately half.
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6. Conclusion

In this work, Fuzzy-PID algorithm was used to control the mo-
tion of the divertor MFMP moving platform. Firstly, the transfer
function of the servo valve and hydraulic cylinder was built. Based
on the transfer function, the initial PID parameters that meet the
stability and accuracy were found. Because the parameters of the
PID controller were fixed, the angular error cannot be eliminated in
real time after the external force FL was added, yet the error did not
converge. In order to reduce the error, the Fuzzy-PID controller was
built. By the errors and values of parameters of all PID controllers,
the parameters of the PID controllers were modified repeatedly.
After serval adjustments, the appropriate parameters for the Fuzzy-
PID controller were found. Because the fuzzy control can adjust
parameters in real time, the control error will not be affected by FL
after adding the external force. Finally, the good control effect has
been obtained, and the achieved results have indicated that the
Fuzzy-PID controller is relatively more stable and accurate in the
maintenance of the divertor.

The fuzzy-PID control method will be adapted in the synchro-
nization control of divertor MFMP in the future work.



Fig. 11. Simulation diagram in Simulink
1-Displacement signal input 2-Fuzzy-PID controller 3-Force input.

Fig. 12. Comparison rotation angle in PID controller.
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Fig. 13. Comparison of rotation angle in Fuzzy-PID controller.

Fig. 14. Angle error comparison under different control methods.
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