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Abstract: Multi-point array flexible tooling based on multilateration is widely used in the processing and manufacturing

of complex curved surface parts. However, during the positioning of workpieces, the force exerted on each flexible

support point is not uniform, and there exists force coupling between the support units. In response to the force coupling

problem in the multi-point array positioning support process, a coordinated control method for the support force of multi-

point array positioning combining correlation coefficient and regression analysis was proposed in this paper. The

Spearman correlation coefficient was adopted in this method to study the force coupling correlation between positioning

points, and a mathematical model of force coupling was established between positioning units through regression

analysis, which can quickly and accurately perform coordinated control of the multilateration support system, and
effectively improve the force interference of the multi-point array positioning support scene.
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0 Introduction

With the rapid development of the aviation
manufacturing industry, flexible tooling characterized
by automation, digitization, and modularization has

been increasingly applied in the manufacture and

[1-3

assembly of aviation parts''™. The control technology

for flexible positioning tooling has also emerged as

popular research in the aviation manufacturing

industry, mainly focusing on optimizing the

machining deformation of workpieces during

machining and developing control
[4-5]

systems that
incorporate digital measurement . Large amounts of

research have been conducted globally on flexible

positioning control to reduce the machining
deformation of workpieces.
The research group of Professor Li*®” introduced

a floating positioning support method, which was
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utilized to monitor the deformation of workpieces in
real time through floating positioning support units,
adjust the positioning based on the processing
conditions of the parts, and release the deformation
and residual stress of workpieces. In addition, the
adjustment of the tool path strategy can process and
eliminate most of the deformation progressively,
which greatly improves the machining accuracy of the
structural parts. On the basis of the floating positioning
support method, Cheng'®' used the genetic algorithm
and the finite element method to optimize the
positioning layout, including research on the
optimization of the position as well as the number of
floating positioning support units, which improved the
dynamic stiffness of the positioning system, and
reduced the machining deformation of parts. Gonzalo

1."”" proposed a new adaptive positioning support

et a
scheme for the geometric deformation caused by the

clamping force and residual stress in the engine tail
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bearing seat during machining, e.g., the workpiece
was clamped with a floating positioning support to
detect the deformation and force of the workpiece in
real time. This scheme can reduce the machining
deformation of the workpiece by controlling the
reaction force of the clamping point on the workpiece,
which significantly lowers the positioning time and the
impact of the fixture on the machining accuracy of the
workpiece. Mohring et al.''®’ placed the carbon fiber
sensor between the impeller and the fixture and
adjusted the fixture to achieve adaptive clamping for
impeller machining by detecting the vibration of the
thin-walled workpiece during machining via a sensor,
thus accommodating the workpiece vibration during
impeller milling.

In this paper, a coordinated control method for

the support force of multi-point array positioning

combining correlation coefficient and regression
analysis was proposed to address the coupling problem
of support force that occurs in the positioning process

of array flexible tooling.

1 Analysis of Coupling of Multi-point Array
Support Force

The research object of this article is a set of self-
designed composite material blade machining and
adjustment fixtures, as shown in Fig. 1. This fixture
adjusts the position and posture of the blades through
multi-point support. Except for the base, the motion
axes of each support point are independent and not
connected to each other. They only make contact with
the supported blade, without rigid connection.

Fig.1 Multi-point array flexible positioning tooling

The multi-point array flexible tooling is based on

multilateration, aiming to use accurate digital
modeling to discretize the overall support surface of
contact support tooling of the traditional curved
surface into multiple groups of flexible support points.
The flexible support array is composed of discrete
points that fit the cross-section of the workpiece
support. The discrete points are equivalent to a single
flexible support unit, which is used to replace the
traditional curved support surface, and the stroke of
each flexible support unit is independently adjustable'""’.

The workpiece is mainly affected by gravity, the
support force of the positioner, and the friction force
in the process of multi-point array positioning ''*'.
Due to the structural complexity of curved thin-walled

[13-14]
b

parts even if a positioning support array is

generated to match the curved surface of the blade
‘2.

during positioning, the support force of each
positioning unit on the workpiece is not uniform,
resulting in deformation because of a worse
distribution of clamping force on the workpiece during
subsequent clamping. Therefore, the coordinated
control of the positioning array should be performed
to avoid excessive local support force on the
workpiece during multilateration. There will be a
force coupling between the positioning units in the
adjustment, e.g., when a positioning unit is extended
or contracted axially, the pose of the blade will be
changed, so that the support force of other positioning
units will accordingly change. For this reason, when
the support force of a positioner is too large, its
contraction cannot be controlled directly, but the force
conditions of the positioners coupled with it should be

evaluated to determine whether the other coupled
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positioners need to be adjusted to even out the support
force. The positioning module is composed of
numerous positioners, so when the support force of
one or some positioners exceeds the limit, it is crucial
to investigate how to quickly locate the positioners
coupled with them to adjust the pose accurately,
while minimizing the impact on the current pose of
the blade.

This paper studies the decoupling method of
multi-point support forces for machining blade using
the designed multi-point support fixture. The force
given to each support point is calculated through this
method, then distributed to each support axis. Each
support axis then independently controls the force

Force sensor

Ball screw

based on the given instructions. As shown in Fig. 2,
for the single force application axis, it is only a
general motor + screw drive mechanism, whose
stability is obvious, and this paper will not elaborate
on it further. Additionally, the experimental force
data curve shows that the force control did not exhibit
oscillation, which verifies that the system is stable.
The proposed algorithm is applied to independent
motion modules of each axis that applies force, and
their movements are independent of each other.
However, each axis is just a universal motor +screw
transmission mechanism, and its kinematics and
dynamics are routine work, which will not be further
described in this article.

Ball screw nut Reducer

Servo-motor

Fig. 2 Positioner structure of single point

2 Research on Coordinated Control Method
for Support Force of Multi-point Array
Positioning

2.1 Calculation of Spearman Rank Correlation
Coefficient of Positioning Multi-point Array
Support Force
In statistics, correlation analysis techniques have

been applied in different fields, and the calculation

of the Spearman rank correlation coefficient is a

common method to measure the correlation between

two variables 7%

The Spearman correlation
coefficient was used to calculate and evaluate the
correlation of support force between positioning units.
As shown in Fig. 3, it is assumed that there are
flexible support units ¢ and b, when controlling « for a
certain distance of axial extension motion, the force
data sets of a and b are collected as X = { X, ,X,, -,

X tandY=1YY,,

n

,Y |, which are sorted in the
ascending or descending order to obtain two sorted
sets of elements x = {x,,x,,---,x,| and y = {vy,,

¥55**,%, |- The position of each element X, in the set

X is denoted as q, in the setx, and that of each element
Y, in the set Y denoted as b, in the set y to obtain the
ranking sets a and b corresponding to X and Y. Each
element in the sets ¢ and b was correspondingly
subtracted to obtain the ranking difference set d,
where d; = a, - b, The Spearman correlation
coefficient between X and Y can be obtained from d, as
17]

shown in Eq. (1) !

6 d
B 1
" ne(n*-1) (D)

The value range of r_is [ — 1,1], and the closer
the absolute value of r, is to 1, the closer the data
sample sets X and Y are to complete monotonic
correlation. r, < 0 means that X and Y are negatively
correlated,i.e., when r, > 0, X and Y are positively
correlated, and whenr, =0, X and Y are not correlated
at all. When the support force of a positioning unit is
too large, select a positioning unit that is negatively
correlated with its force, that is, the Spearman
correlation coefficient is less than 0O, to adjust and
reduce the support force of that positioning unit.

. 3.
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Fig. 3 Coupling of support force of multi-point

array support

2.2 Force Coupling Modeling Based on

Ordinary Least Squares (OLS)

There are many ways to optimize the solution,
and the latest research hotspot is to use machine
machine learning
and the

computation is complex. Ordinary Least Squares

learning methods. However,

requires a large dataset to support it,

(OLS) method is a commonly used optimization
method, which is simple to compute and easy to
implement. What’s more, it can meet the needs of the
calculation in this paper, so OLS method is adopted
in this paper. OLS is a commonly used method for
solving curve fitting problems to minimize the square
sum of errors and calculate the polynomial regression
model with the best fitting degree to the sample
data""*’
arbitrary nonlinearly

. It can be used to approximate the fit of an
related function model by
increasing the polynomial order numbers.

It is assumed that there is a sample data set («;,,
y;) (i =0,1,---,m) whose fitting function is set as
follows .

f(xi,)ZGU+01xi+02x?+"'+0nx? (2)
where n is the maximum order of the fitting function,
0( = 0,1,--,n) is
polynomial, and the square sum of errors of the fitting

each coefficient of the

function can be obtained as follows:

m

0= [fx) -y1> (3)

i=0
Since each coefficient 0, results in the minimum

5(6,,6,, -

value of the square sum of errors S, the partial
derivatives of S with respect to each polynomial
coefficient 6, should satisfy Egs. (4) and (5).

m

38 .
%0, - ; [2(6, +0,x, + - +0,x] —

nvi

y)a] =0 (4)

()

(xiyi>J

i=1

Each coefficient 6; of the fitting function f can be
solved from Eq. (5), and the fitting calculation is
completed.

In the process of fine-tuning the positioning
array, there is a nonlinear relationship between the
support force of a positioning unit and the
displacement of its coupling positioning unit, which
can be expressed as Eq. (6) :

Fy = fr(x0) (6)
where F, refers to the support force of the target
positioning unit to be adjusted, and x, represents the
displacement of the coupling positioning unit of the
target positioning unit. In this paper, OLS was used to
establish a mathematical model of force coupling
between positioning units, with the displacement of
the coupling positioning unit as the input and the force
of the target positioning unit as the output.

2.3 Coordinated Control Process for Support
Force of Multi-point Array Positioning

Based on the characteristics of multi-point array
flexible positioning support, a coordinated control
method for force combining correlation coefficient and
regression analysis was introduced in this paper. When
the support force of a positioning unit of the
positioning multi-point array exceeds the limit, the
target positioning unit coupled with it can be located
quickly and accurately for adaptive fine-tuning, thus
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coordinating the control of support force on the
workpiece. The process of the coordinated control
method for support force of multi-point array
positioning is as follows:

Step 1: Motion data acquisition of multi-point
array positioning. In the dynamics software, the
positioning process of the workpiece on the tooling
was simulated as follows: Firstly, each positioning
unit was controlled in turn for axial fine-tuning, with
the fine-tuning distance determined by the tooling
structure, and the relative stability of the workpiece
could not be destroyed, while the other positioning
units remained stationary during fine-tuning. After
that, the displacement of the positioning unit, the
support force, and the spatial motion of the workpiece
centroid during fine-tuning were recorded.

Step 2. Motion data processing. Firstly, the
Spearman correlation coefficient between each
positioning unit and other positioning units was
calculated based on the support force data recorded in
Step 1. Secondly, the pose influence coefficient was
calculated according to the centroid motion data of the
workpiece. Finally, OLS was used to establish the
mathematical model of force coupling between the
support force of the positioning unit and negatively-
correlated force-coupling axis displacement. The pose
influence coefficient of the positioning unit on the
workpiece was calculated according to Eq. (7).

I Ax |+l Ayl +] Azl ()
Ad
where Ax refers to the displacement of the workpiece

on the axis x (mm), Ay denotes the displacement of
the workpiece on the axis y (mm), Az represents the
displacement of the workpiece on the axis z (mm)
and Ad means the fine-tuning distance of the
positioning unit.

Step 3: Current force information acquisition of
the positioning array. The force on each positioning
unit in the current positioning process was obtained
through the force sensor to identify the positioning
unit that needed force compliance control ( hereinafter
referred to as the overload axis) and the positioning
unit that was close to the maximum force critical
value (hereinafter referred to as the overload warning
axis).

Step 4. Coordinated control of support force.
First, the optimal adjustment axis was determined
through three rounds of screening of the coupling axis
array recorded in Step 2. The overload warning axis

was located in the coupling axis array to exclude these
units in round 1. In round 2, the positioning units in
the coupling axis array that were positively correlated
with the overload warning axis were located to
exclude these units in case new overload axes were
round 3, the
displacement of the positioning unit in the coupling

added during adjustment. In

axis array was calculated according to the
mathematical model of the force coupling established
in Step 2. To minimize the influences on the
with the

smallest product of displacements and pose influence

workpiece pose, the positioning units
coefficients were selected as the optimal adjustment
axes before the optimal adjustment axis was controlled
to move axially according to the displacement
calculated by the mathematical model. After each
coordinated control of force, the overload axis of the
positioning array was detected. If the overload axis
was not cleared, the overload axis and warning axis
were updated according to the force state of the
current  positioning another

array to perform

coordinated control of force.

3 Experimental Verification of Coordinated
Control of Support Force of Multi-point
Array Positioning

Due to budget constraints, the tooling for blade
processing was not manufactured, to verify the
coordinated control method for the support force of
multi-point array positioning, an array-assisted
support experimental system in Fig.4 was built, which

was composed of four three-axis positioners.

Fig. 4 Multi-point array support experimental system

The top of each positioner is a custom-designed
ball socket mechanism, which forms an S shape with
the ball head mechanism at the bottom of the
workpiece, which enables the motion in the three
directions of x,y, and z, and completes the spatial six-
degree-of-freedom positioning and pose adjustment of

. 5.
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the workpiece through the motion control of the
positioner. The four positioners worked together to
support the workpiece at multiple points, which might
generate large internal forces between each other due
to the manufacturing accuracy of the workpiece model
and the motion errors of the positioners, and the
excessive internal forces would cause the workpiece to
be subjected to large pulling forces at the ball
head' "™’ | thus damaging the workpiece. A three-
dimensional (3D ) force sensor was installed under
the ball socket of the positioner, which can monitor
the contact force between the ball socket support and
the ball head in real time. An absolute encoder was
installed at the end of the ball screw to feed back the
linear displacement of each axis in real time.

The x,y, and z directions of the array-assisted
support experimental system were set, and the x,y,
and z axes of the four positioners were numbered, as
shown in Fig. 5.

Fig. 5 Serial number of multi-point array support

experimental system

The experimental steps of the coordinated control
experiment for support force of multi-point array
positioning are as follows:

1) The overload force and overload warning
force were set according to the current force on each
axis.

2) Based on the Spearman correlation coefficient
and the mathematical model of force coupling, the
optimal adjustment axis was screened out, and the
adjustment displacement was fitted.

3) The optimal adjustment axis was controlled
for displacement and the result was recorded.

Three groups of coordinated control experiments
of forces were carried out under three different
working conditions.

1) The overload force was set to 20 N and the
overload warning force to 15 N. Fig. 6 shows the
experimental

.6 -

results of  coordinated  control

experiments of forces in Group 1.

According to Fig. 6, there are overload axes No.
2 and No. 11 and overload warning axis No. 1 under
the current working condition. After the coordinated
control of force, the forces on overload axes No. 2
and No. 11 were reduced to below the overload
critical force of 20 N, and the force on overload
warning axis No. 1 was reduced synchronously.

19
18 T
17 |
16 1
15 |
14 |
e T D
Time(s)
(a) Changes in force on overload warning axis No. 1

.10 | S

-15 ¢
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Force(N)

)
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30 pre—"

ol . . . |

o1 2 3 4 s
Time(s)
(b) Changes in force on overload axis No. 2

Force(N)

0 1 2 3 4 S 6
Time(s)
(c) Changes in force on overload axis No. 11

Fig. 6 Changes in force on the overload axis and
overload warning axis (Group 1)

2) The overload force was set to 15 N and the
overload warning force to 10 N. The experimental
results of coordinated control experiments of forces in
Group 2 are shown in Fig. 7.

According to Fig. 7, there are overload axes No.
2 and No. 4 and overload warning axes No. 8 and
No.10 under the current working condition. After the
coordinated control of force, the forces on overload
axes No. 2 and No. 4 were reduced to below the
overload critical force of 15 N, and the forces on
overload warning axes No. 8 and No. 10 were reduced
synchronously.

3) The overload force was set to 10 N and the
overload warning force to 6 N. The experimental
results of coordinated control experiments of forces in
Group 3 are shown in Figure 8.
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Fig. 7 Changes in forces on overload axis and

overload warning axis (Group 2)

According to Fig. 8, there are overload axis No.
5 and overload warning axis No. 11 under the current
working condition. After the coordinated control of
force, the force on overload axis No. 5 was reduced
to below the overload critical force of 10 N, and the
force on overload warning axis No. 11 was reduced
synchronously.

According to the above experimental results, it
can be concluded that the coordinated control method
for support force of multi-point array positioning can
reduce the number of overloaded axes, as well as the
forces of the existing overload warning axes, and
improve the force interference of the multi-point array
positioning support scene quickly and effectively.

0 1 2 3 4
Time(s)

(a) Changes in force on overload axis No. 5
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|
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Time(s)
(b) Changes in force on overload warning axis No. 11

Fig. 8 Changes in forces on overload axis and

overload warning axis ( Group 3)

4 Conclusions

In response to the force coupling problem in the
multi-point array positioning support process, a
coordinated control method for multi-point array
positioning support force combining correlation
coefficient and regression analysis was proposed in
this paper. Firstly, the force coupling correlation
between the positioning points was evaluated based on
the Spearman rank correlation coefficient. Secondly,
OLS was used to establish the mathematical model of
force coupling between the positioning units. Finally,
the optimal adjustment axis was selected by combining
the Spearman correlation coefficient and regression
analysis for coordinated control of force. This method
can select the optimal adjustment axis quickly and
accurately for coordinated control according to the
force condition of the current positioning array, so as
to avoid local deformation or even overall scrapping
of the workpiece resulting from the excessive local

support force on it during multilateration.
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