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Abstract: The precise acquisition of the quality characteristic parameters of large aircraft directly affects its performance characteristics.

For large aircrafts such as missiles and rockets with internal fillings, traditional measurement methods involving large-angle tilting or

rotation may pose safety risks. In light of the characteristics of large aircraft and in combination with existing measurement methods, we

design a mass and centroid measurement method based on four-point support and small-angle tilting, and develop a set of mass and

centroid testing system. This method obtains the intersection point of the gravity action line in the product coordinate system through

coordinate transformation in two postures, thereby obtaining the three-dimensional centroid of the aircraft. We first elaborate on the

principle of this method in detail, then introduce the composition of the equipment, and analyze the structural stress of key components.

Finally, experimental verification and uncertainty analysis are carried out. Experimental verification shows that the maximum deviation of

the mass measurement accuracy is less than 0.02% , the centroid measurement accuracy in the X direction is +0.15 mm, in the Y direction

itis =20.21 mm, and in the Z direction itis =£0.19 mm.

Key words: large aircraft; centroid measurement; coordinate transformation; multi-point weighing method; gravity line

0 Introduction

The precise acquisition of the quality characteristic
parameters of large aircraft is of vital importance for its

12 The design of core algorithms in the

performance
flight control system as well as the force distribution of
the propulsion system all requires the use of precise
centroid coordinates as the calculation basis” ™,

In practical engineering applications, due to the influence
of processing tolerances of components, cumulative errors
during assembly, etc., it is difficult to precisely obtain the
quality distribution characteristics of the aircraft solely
through numerical simulation®. Therefore, physical
measurement methods must be employed for verification.
centroid measurement

Currently, the mainstream

technologies mainly include multi-point weighing
method”, torque balance method, compound pendulum
measurement method, and suspension measurement
method"”'. Among them, the multi-point weighing
system, with its advantages of high structural reliability,
stable measurement accuracy, safe and convenient

operation, can simultaneously obtain the quality and

centroid coordinate data. Thus, it has been widely applied
in the field of measuring the quality characteristic
parameters of large aircraft"?,

The multi-point weighing system constructs a
measurement platform by installing multiple force sensors.
Based on the principle of static torque balance, the
projection position of the centroid of the measured object in
the platform coordinate system can be determined. By
rotating or tilting the object to be measured at a certain
angle, the projection coordinates of the centroid under
different postures can be obtained. By means of the
coordinate transformation relationship, the three-
dimensional spatial coordinates of the centroid of the object
can be accurately calculated.

Currently, the main methods for changing the posture of

13,14 15,16] I in et al [17]

an object are rotation*'"and inclination'
designed a rotation angle measurement method based on
three points, and used the response surface method to
analyze the influence of random errors on measurement

accuracy. Gu et al."*

proposed a three-point weighing
method based on the principle of torque balance, and

measured the centroid of the aircraft by rotating the aircraft
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90°. Wu et al."” used multiples of 90° of the sliding table
rotation to change the posture and then calculated the
centroid of the large-mass aircraft.

When traditional measurement methods encounter
large-sized aircraft such as missiles and rockets that have
fillings inside, large-angle tilting or rotation may pose
safety risks. Therefore, this study combines existing
measurement methods and proposes a centroid
measurement method based on four-point support and
small-angle tilting. By coordinate transformation, the
gravity lines in two attitude product coordinate systems
are obtained, and then the midpoint of the midline of the
gravity action line is calculated, which is the product’s
centroid. Compared with traditional measurement
methods, this method has a smaller tilt angle, improving
overall safety. It does not have strict requirements for the
initial position of the object to be measured, avoiding the
influence of positioning errors on the measurement
results. At the same time, this method introduces an
intermediate coordinate system during measurement,
reducing the number of product scans and key point
coordinate calibration times, and improving the overall

measurement efficiency.

No-load measurement Horizontal measurement

1 Mass
methods

and centroid measurement

Under ideal conditions, it can be assumed that the
gravitational field at which the object is located is
uniform, and the centroid of the measured object
coincides with the centroid. Therefore, by measuring the
centroid of the object, its centroid can be determined.
The main idea of this method is to separately measure
the two gravity lines L, and L, passing through the
centroid and in the same direction as it, under the two
postures of the measured object, and to represent them
in the measurement coordinate system. Then, by
measuring the transformation relationship between the
the

coordinate system, L, and L, are represented in the

measurement coordinate system and product
product coordinate system. Finally, the intersection
point of the two gravity lines is obtained, which can
measure the centroid of the measured aircraft.

The specific flowchart is shown in Fig. 1. The
establishment of each coordinate system and the
mathematical model for calculating the centroid are

elaborated below.
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1.1 Establishment of coordinate systems

The key to centroid measurement lies in obtaining the
intersection point of the gravity lines of the product to be
different

coordinate system transformation. To determine the

measured under two postures  through
relative position relationship between the large aircraft
and the measuring instrument, here the coordinate
measurement of key points is carried out using a laser
tracker, as shown in Table 1.

Table 1 Key point parameters

Parameter
SX,. Y Z,) (i=1,2,3,4)
T(X,.Y,

ri> i ri

KX Y0 2,) 1=1,2,3) after loading the product
M, (j=1,2,3,4) Indicated values of each sensor when unloaded

M, (i=1,2)(j=1,2,3,4) Indicated values of each sensor at attitude i

Meanings

Coordinates of four sensors in ICS
) (i=1,2,3) Coordinates of three reference points in ICS
Coordinates of three product reference points

During the measurement process, four related coordinate
systems need to be established.

1) Instrument coordinate system O, X,Y,Z,(ICS). In
order to establish the relationship among different
coordinate systems, we introduce a laser tracker for
measuring the coordinates of key points, and defines the
reference coordinate system of the laser tracker as the ICS.

2) Measurement coordinate system Oy XyYyZy
(MCS). The plane Py, is fitted based on the coordinate
data of four load cells. The geometric center of these
sensors is taken as the origin Oy of MCS. The Xy axis
points from the origin to the first sensor S,. The Zy, axis
is perpendicular to the plane Py and points upward. The
direction of the Y axis is determined by the right-hand
rule.

3) Intermediate coordinate system OpnXYnZin
(INCS) . During the product measurement process, due
to the obstruction caused by the upper auxiliary tooling
and the measured component, it is impossible to directly
measure the coordinates of the load cell. Therefore, it is
not possible to directly calculate the conversion
relationship between MCS and PCS. Thus, an
intermediate coordinate system INCS needs to be
introduced to indirectly calculate the conversion
relationship. The INCS is determined by the reference
points. Three reference points fit the plane P. With T,
as the origin, the Xy axis points from the origin to the
second reference point as T,, the Z axis is
perpendicular to the plane P and points upwards, and
the Yy axis is determined by the right-hand rule for its
direction. The reference points are selected from the
three typical positions around the base.

4) Product coordinate system Op X, Y Zp (PCS) . The

PCS is designated by the product designer and is established
by measuring the coordinates of the product’ s reference
points using a laser tracker. For ease of description, the
product coordinate systems under the two measurement
postures are denoted as Opy Xp, Yp1 Zpand Opy Xps Yo Zps,
respectively. The final measurement results of the product’s
centroid are described in this coordinate system. The
schematic diagram illustrating the establishment of key
points of each coordinate system is shown in Fig.2.

Fig. 2 Key points and schematic diagram of each coordinate

system

1.2 Mass and centroid calculation model

Suppose there is a point in space, whose coordinates
in the A coordinate system are (X,,Y,,Z,), and its
coordinates in the B coordinate system are (Xg, Yy, Z) .
And the transformation matrix from the A coordinate
system to the B coordinate system is T'yz. Then the
relationship between the two sets of coordinates can be

expressed by
X, X, |
YA —1 Yli
- AB ’ (l)
Zy B
1 1 ]
Fan  Eas |
TAB—[ 8“ ‘;“_, )

where r,; is the rotation matrix, representing the rotation
from coordinate system A to coordinate system B; £, 1s the
translation vector, indicating the coordinates of the origin
of coordinate system A in coordinate system B.

During the measurement process, the initial
measurement result of the centroid is expressed in the
coordinate system of the sensor, and ultimately needs to be
converted to be expressed in the coordinate system of the
object being measured. Taking the coordinate conversion
process between the ICS and the MCS as an example.

During the coordinate transformation between the ICS

and the MCS, asdefined, it can be known that
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[N i:14 {:14 i:l4 ) (3)
Tap — [3xw €x, €x, j| . (4)

The direction vector of the X-axis of the MCS in the
ICSis
D=[X. Y. Z.] — tu. (5)
hen, the unit direction vector of the X-axis of the
measurement coordinate system in the instrument
coordinate system is
D

= (6)
|D|

€x,

Plane Py is derived by fitting four weighing sensors. Its
equation is ax+by+cz+D=0 (where D can be any
constant) . Then

Xsl Ysl Zsl

XSZ YsZ ZsZ

X.\ﬂ YsR Zs?

Xs4 Ys4 254

Xsl Ysl Zﬁl a D

LetM= Xe Yo Zo , B=| b |, and N= D
XSS Y>3 Z\g D

Xo Yu Za ‘ D

then, the above expression can be rewritten as

M-B=N. (8)

(7)

oS>
I
SO O o

)

The value of B can be obtained through the least squares
method, which is the normal vector of the plane Py, namely

B=(M"'M)'M"N. )
Then, the unit direction vector of the measurement
coordinate system in the instrument coordinate system
along the Z-axis is
B

= (10)
| B

€z,

Finally, according to the right-hand rule, the unit
direction vector ey, of the Y-axis in the measurement
coordinate system can be obtained using

ey,— e, X ey, (11)

At this point, the transformation matrix between the ICS
and the MCS has been solved and is denoted as T'y;.
Similarly, the transformation matrix 7'y between the ICS
and the INCS, as well as the transformation matrices 7p;
and T, (postures 1 and 2) between the ICS and the PCS,
can be obtained. Furthermore, the transformation matrix
Tvin between the MCS and the INCS can be calculated,
and the transformation matrix T between the MCS and
the PCS under the current posture can also be determined.

Tuni = TuiNl T, (i=1 ,2 ); (12)

—1
TMI’IZ( II_N1T1M> Tuni, (i=1,2). (13)

Using the transformation matrix T4y, the coordinates of
the weighing sensor are converted from the ICS to the
MCS, denoted as S(X,, Y, Z) (i=1, 2, 3,4). When the
product is in posture 1, a static moment equilibrium
equation is established in the MCS, thereby obtaining the
projection of the product’s centroid on the MCS’s XOY
plane, and this projection point is denoted as Cg: (2o
V> 0.

(Mll_M()I)X1+(M12_MO2>X2+(M13_M()(%)XI%+(M14_M()4)X4

Xegl — , (14)
* (Mn - M(>1)+ (MIZ - Moz)+ (MIS - Mo:a) +(M14 _ M(J4)
Yol = (Mn B M01>Y1 JV(Mlz T M02>Y2 +(M13 T M<)3>Y3 +(M14 B M04)Y4 (15)
cgl — .
‘ (Mn*Mol)‘F(Mu*M02)+(M13*M03)+(M14*Mo4)
Due to the vertical direction of the gravity line, the The analytical expression of L, in the PCS 1s
direction vector of the gravity line in the MCS is (0, 0, T Lot Y Youw 2 Zoemt 0
1) . With the direction vector and a point on the line, the m, on p a7)
gravny. fine of tbe prf)du.ct .m the MCS can be The analytical expression of L, in the PCS is
determined, and this gravity line is recorded as L.
. . X Iorg? y o yuch < Zocgz
Based on the transformation matrix Ty, between the = = . (18)

MCS and the PCS, L, can be converted into an
expression in the PCS. The coordinates (o1, Vocg1 s Zocg1)
of Cg; in the PCS and the direction vector (my, n,, p,) of

the gravity line is expressed as

Icgl O l‘ocgl n,

ycgl O — T\?pl| yocgl ny ) (16)
O 1 zocgl Pl
1 1 1 1

m, N, Pe

Let the intersection point of the first line and the common
perpendicular line be C, (X, Y, Z,) , and the intersection
point of the second line and the common perpendicular line
be C,(X,, Y,, Z,). Then the most reliable coordinates of
the centroid are the coordinates of the midpoint of these two
intersection points. The intersection points C, and C,

respectively satisfy
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(X1*X2>7711+(Y1* Yg)n1+(21*22>p1:0,
(X1*X2>m2+(Y1* Yz)n2+(Zlizz)P2:O,

(19)
x_Xliy_Yliz_Zliz
- - 1
m n
1 1 y2 20)
17X27y7Y2727227[
m; n; Y22 .

By solving simultaneously, the coordinates of C, and C,
can be obtained. The midpoint of the line segment C,C, is
the coordinate of the centroid of the measured product. The
coordinate of the centroid of the product in the PCS is

X FX,
v 72 ,
Y1+Y2
i 21
y 5 (21)
Z -+ Z,
= ———.
2

The output values of the four sensors under the two
postures and when the load is zero have been recorded. The
mass M of the product can be obtained by taking the
arithmetic mean of the net output values measured twice

from the sensors as

4

SUMy— M)+ DM, — M)

j=1 j=1

2

M= (22)

2 Experiment

2.1 Mass and centroid measurement equipment

By adopting this method to design and complete a set of
universal quality characteristic measurement system, both
quality and three-dimensional centroid measurement can be
achieved. The system measurement fixtures and internal
structures are shown in Fig.3.

Inclined deflection axis
positioning mechanism

Tilted deflection bearing

Tilted deflection hearing
Inclined deflection axis
positioning mechanism

Pedestal

Inclined deflection
drive mechanism

(a) Measuring tooling

Lift and lower emergency
operation handwheel

Load cell

4-stage lifting system

Lifting drive motor

(b) Internal structure of measurement platform

Fig. 3 Composition diagram of system

The system is divided into several parts: the quality

characteristic measurement platform, the control
platform, the supporting software, the measurement
tooling that matches the interface of the measured
product, and the standard sample, etc. The quality
characteristic measurement platform mainly consists of
the quality centroid measurement component (high-
precision weighing sensor, auxiliary device, etc.), the
adapter device, the base, the lifting system, and the
peripheral partition of the measurement platform. The
workpiece tooling designed for this system can be
connected to the measured product (applicable to two
different measurement states), and the data collection
and calculation can be automatically completed through
the computer, thereby achieving the measurement of the
quality characteristic parameters of the product.

The physical diagram of the equipment is shown in
Fig.4.The strength and deformation of the measurement
platform directly affect the reliability and measurement
accuracy of quality characteristic measurement.
Therefore, it is necessary to analyze and verify the
strength and deformation during the measurement

process.

Fig. 4 Physical diagram of the equipment
Supposing the total weight of the product and the
fixture on the measurement platform when fully loaded is
8 000 kg, during the measurement of the centroid, the

finite element analysis results are shown in Fig.5.

s

‘ Von Mises stress(MPa)
52,

Max: 52 MPa E
N.

.41

0
#Yield stress:221 MPa

Fig. 5 Stress diagram

In Fig. 5, the maximum stress of the workpiece is
Omn—02 MPa,

requirements. In Fig. 6, the maximum deformation is

which meets the strength design
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0.459 mm, which meets the precision requirements for

the installation and positioning of the product in the

measurement state.

Displacement/mn
0.459
. 0413
. 0.367
L 0.321
0275
0.229
0.183
. 0.138
0.092
0.046
0

Max:0.459 mm
Fig. 6 Displacement diagram

In Fig. 7, the maximum stress in the workpiece is
omx—41 MPa,

requirements.

which meets the strength design

Von mises stress/MPa
41
l 37
.33
.29
25
l 2
17
112
8
4
0

#Yield stress:221 MPa

Max: 41 MPa

Fig.7 Stress diagram

In Fig. 8, the maximum deformation is 0.361 mm,
which meets the precision requirements for the
installation and positioning of the product in the
measurement state. The analysis results indicate that the
design of the measurement fixture is reasonable and
meets the requirements for measuring the quality

characteristics.

Displacement/mm
0.361
l 0.325
-0.289
L1 F0.253

0.217
/ 5 Max: 0.361 mm —_—

0.145

-0.108
0.072
0.036
0

Fig. 8 Displacement diagram

2.2 Analysis of centroid

measurement

uncertainty in

2.2.1 Axial centroid uncertainty analysis

1) The influence of weighing sensor uncertainty on
the axial coordinate of the centroid.

If the uncertainty of the weighing sensor is 0.01% , the
influence of the uncertainty of the weighing unit on the

axial centroid coordinates can be expressed as
Arc=y Az, + Ax," + Axy” + Ax,” &~ 0.04 mm.(23)

2) The influence of sensor coordinate uncertainty on

the axial coordinate of the centroid.

Before the measurement system was put into
production, the coordinates of the sensor were
determined using a laser tracker. The distance between
the tracker and the weighing sensor was less than 5 m,
and Ax. can be regarded as 0.1 mm.

3) When the inclination angle is 15°, the influence of
uncertain angle positioning on the axial coordinate of the
centroid.

Ideally, the inclination angle should be fixed at 15°.
However, due to processing and assembly errors, there
is a certain deviation between the actual value and the
ideal value. Using a laser tracker, this angle can be
controlled within 30” . According to Eq. (24), this

influence is very small and can be almost ignored.
Ary=L(1—cosf0)—L(1—rcos(0—10")). (24)

4) The influence of the uncertainty in the assembly tilt
angle on the axial coordinate of the centroid.

The distance from the centroid to the end of the
product is approximately L=1 000 mm. Assuming the
aircraft is not placed completely horizontally on the
tabletop and has an inclination of 0, degrees, if ,—=30",

we have
Arp=L(1—cos0,)=0.1 X 10 * mm. (25)
5) The influence of other factors on the axial
coordinate of the centroid is
Axrq=0.1 mm.

In conclusion, the uncertainty of the axial centroid of
the aircraf is

0., = Azl + Ax?+ Axi + Axi, + Axg =~ 0.2 mm.
(26)
The analysis of g,_is the same as above.

2.2.2 Radial centroid uncertainty analysis
1) The influence of weighing sensor uncertainty on
the radial coordinate of the centroid is

Az, =V Azl + Azs + Azi + Azl &~ 0.04 mm. (27)
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2) The influence of the coordinate uncertainty of the
weighing sensor on the radial coordinate of the centroid is
Az.= 0.1 mm.

3) The influence of the uncertainty of the aircraft’s tilt
angle on the radial coordinate of the centroid

If the installation accuracy can reach 0.04 mm, the
inclination angle can be controlled at 7=10", then

Az,= L X sind=0.07 mm. (28)

4) The influence of other factors on the axial

coordinate of the centroid is
Azq=0.05 mm.

In conclusion, the uncertainty of the radial centroid of

the aircraft is

0. = J AL+ AL+ Az Az =~ 0.14 mm. (29)

2

2.2 Mass measurement experiment

In order to verify the quality measurement accuracy of
this measurement system, standard components ranging
from 3 500 kg to 4 400 kg were selected for testing. The
quality test results are shown in Table 2.

The standard uncertainty can be estimated by the

maximum error method. The calculation formula 1s
[od... 30
u=s= =,
3 (30)

where u represents the standard uncertainty, s represents

the standard deviation, &, represents the difference
between an independent measurement value and the
measured reference value, and 4, is the error method
coefficient, which 1is related to the number of
measurements 7.

Table 2 Experimental data of mass testing

No. True value/kg Measurement value/kg Error/kg
1 3 500.000 3500.539 —0.539
2 3 600.000 3 600.590 —0.590
3 3 700.000 3700.612 —0.612
4 3 800.000 3799.604 0.396
5 3900.000 3900.370 —0.370
6 4 000.000 4000.215 —0.215
7 4100.000 4099.793 0.207
8 4 200.000 4 200.028 —0.028
9 4 300.000 4299.836 0.164
10 4 400.000 4399.723 0.277

The expanded uncertainty with a 95% confidence

level is
Uss = 2u. (31)
Substituting the data in Table 2 into Eq. (30) and
Eq. (31), the expanded uncertainty of the mass

measurement of this system can be calculated as 0.77 kg.
The maximum deviation of the quality test accuracy is
0.017% , which is less than 0.02 % .

2.3 Centroid measurement experiment

To verify the centroid measurement accuracy of this

system, centroid measurement experiments were

conducted wusing standard parts. The measured
workpiece and measurement postures are shown in
Fig. 9, with posture 1 being placed horizontally and
posture 2 being tilted at 15° . The test results are

presented in Table 3.

(a) Horizontal attitude (b) Inclined posture

Fig.9 Measurement postures

By analyzing the data in Table 3 and substituting it
into Eq. (30) and Eq. (31) , the maximum absolute error
of the X-axis direction centroid measurement result of
this system is 0.26 mm, with an expanded uncertainty of
0.15 mm; the maximum absolute error of the Y-axis
direction centroid measurement result is 0.30 mm, with
an expanded uncertainty of 0.21 mm; and the maximum
absolute error of the Z-axis direction centroid
measurement result is 0.23 mm, with an expanded
uncertainty of 0.19 mm.

Table 3

direction under two postures

Deviations of centroid measurements in each

Posture No. X-axis /mm Y-axis /mm Z-axis /mm

1 —0.03 —0.25 0.17
0° 2 0.11 —0.05 0.23
3 0.03 —0.18 0.08
4 —0.17 0.30 —0.14
15° 5 0.07 0.03 0.03
6 —0.26 0.14 —0.22

3 Conclusions

We design a system suitable for measuring the
centroid of an aircraft. Firstly, the design principle of the
system 1is elaborated in detail. By converting the
coordinate system, the intersection point of the gravity
thereby
centroid of the

obtaining the three-
Then, the

measurement accuracy of the system was tested using

lines 1s obtained,

dimensional aircraft.
standard components. The experimental results show
that the maximum deviation of the mass measurement
accuracy of the system is less than 0.02%, the
measurement accuracy of the centroid in the X-axis is
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+0.15 mm, the measurement accuracy of the centroid in
s +0.21 mm,

accuracy of the centroid in the Z-axis is #=0.19 mm,

the Y-axis and the measurement

which meets the accuracy requirements of the system

development.
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