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Aiming at the problem of poor accuracy consistency of large sections’ docking assembly, an automatic docking method 
using multiple laser trackers to measure the position and posture of the docking sections in real time was proposed. In 
the solution of the pose of the docking section, real-time pose measurement of the docking section was realized by es-
tablishing a global coordinate system and a coordinate fusion method of three or more laser trackers. In the automatic 
control of the docking process, the real-time communication protocol and the circular negative feedback control strat-
egy of measurement-adjustment-re-measurement are adopted, and the fully-automated docking of large sections is re-
alized. Finally, an experimental verification system was set up, and the docking of the large-scale section reduction 
models was realized under the requirements of docking accuracy, and the effectiveness of the automatic docking 
scheme was successfully verified. 
Document code: A Article ID: 1673-1905(2023)11-0686-7 
DOI  https://doi.org/10.1007/s11801-023-3049-2 

 
 

                                                           
* This work has been supported in part by the Tianjin Science and Technology Major Project and Engineering Project (No.19ZXZNGX00100), the 

Tianjin Enterprise Science and Technology Commissioner Project (Nos.20YDTPJC00790 and 20YDTPJC00700), the National Natural Science 
Foundation of China (No.U1813208), and the Tianjin Postgraduate Research Innovation Project (No.2021YJSO2S09). 

**  E-mail: qiaozhifeng@163.com 

For the adjustment and docking of some large-scale sec-
tions in the aerospace field, designing unique positioning 
and docking process equipment is necessary. Traditional 
positioning and docking equipment generally adopts a 
purely mechanical manual operation scheme, which re-
quires multiple people to coordinate the operation to 
complete the positioning and docking. The problem of 
poor consistency of the docking assembly accuracy gen-
erally exists[1-4]. With the development of industrial con-
trol technology, especially the extensive application of 
multi-axis movement control technology and fieldbus 
communication technology, large-scale digital position-
ing and docking equipment with comprehensive range 
operations, high degree of freedom (DOF) for adjustment, 
and high real-time centralized control requirement have 
become a reality[2,5-7]. Meanwhile, large-scale docking 
sections' position and pose measurement technology has 
also been more maturely applied. The technology of us-
ing laser trackers, binocular photography, and indoor 
global positioning system (GPS) technology to run pose 
measurements of large-scale sections have also been in-
volved in the field of aerospace[3,8-10], which makes the 

realization of real-time pose adjustment and docking 
assembly of large-scale product sections by using re-
al-time measurement feedback and multi-axis movement 
control possible. 

In the real-time and accurate measurement of the pose 
of large-scale sections, for the binocular photography 
solution, there is a limited range of photography, low 
real-time measurement feedback, and the inconvenience 
of changing the measurement range because the camera 
needs to be fixed[10,11]. Ref.[9] proposed a binocular 
photography scheme and calibration method using a 
Telecentric lens, which is expected to further improve the 
measurement accuracy of the binocular photography 
system. However, the increase in the measurement dis-
tance still dramatically impacts the measurement sys-
tem’s accuracy, making it challenging to use this tech-
nology in the pose measurement of large sections (5 m 
and above) in the aerospace field. Although the binocular 
photography positioning technology has the advantages 
of a wide measurement range and multiple targets that 
can be measured simultaneously, its measurement accu-
racy can only reach 0.25 mm in a 40 m working area.
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Ref.[12] proposed an indoor positioning scheme that 
forwards GPS signals indoors to achieve low hardware 
requirements, which can achieve high horizontal posi-
tioning accuracy. Still, it is challenging to meet the crite-
ria that the measurement accuracy should be within 
0.1 mm of all directions in three-dimensional space in 
real-time automatic docking of large-scale docking sec-
tions[13,14], and because IGPS is limited by its measure-
ment principle, multiple transmitters need to be placed in 
the measurement environment to achieve high accuracy, 
but its accuracy is not linear in number and will not in-
crease after a certain number of transmitters in the envi-
ronment. It is possible to measure the six-dimensional 
data of a single section by installing pose-measuring de-
vices such as gyroscopes on the section. Still, large-scale 
docking section products often cannot be simply re-
garded as rigid objects. The posing data calculated after a 
single-point measurement often deviates significantly 
from the actual pose[15-19]. The measurement accuracy of 
the laser tracker solution can be within 0.01 mm, but a 
single laser tracker can only track one target point in 
real-time. When only a single laser tracker is used, a 
change of station is unavoidable, and this introduces 
more errors. 

In the aerospace industry, it is particularly important to 
obtain the precise position of large parts and to monitor 
and adjust them in real-time during the entire assembly 
process[20]. So this paper proposes a method of real-time 
full-closed-loop measurement of the pose of a large sec-
tion by using three or more laser tracking and real-time 
adjustment and docking of the pose of large sections by 
using a multi-axis motion controller. This method has a 
high accuracy for the measurements in all directions of 
three-dimensional space, addressing the limitations of 
GPS accuracy, limited range in binocular photography 
schemes, and errors introduced by using a single laser 
rangefinder that requires frequent repositioning. 

As shown in Fig.1, the section products that need to be 
positioned and docked in aerospace are generally hori-
zontal cylindrical. The design principle of the positioner 
is as simple as possible and easy to operate and control in 
a single movement direction. A single positioner can 
move along the direction of the product’s X-axis, vertical 
Z-axis direction, and Y-axis direction determined by the 
right-hand rule according to the X-axis and Z-axis direc-
tions and the Y-direction of the product’s rotation about 
its axis. Two positioners will form a group, and the pose 
adjustment of a typical section will be completed through 
cooperative work. There is no rigid connection mecha-
nism such as a hinge between the tube section and the 
positioner to fix the positional relationship between the 
positioner and the tube section to facilitate the lifting and 
installation of large-scale docking sections. The product 
is lifted by the designed lifting point and placed directly 
on the positioner bearing bracket to complete the instal-
lation of a single section. 

 

Fig.1 Positioning device diagram 
 

The pose measurement of the assembly and docking 
process of large parts involves several coordinate sys-
tems: global coordinate system, laser tracker measure-
ment coordinate system, fixed part coordinate system, 
and movable part coordinate system. In order to realize 
the coordinate unification of the measurement process, it 
is necessary to determine the conversion relationship 
between each coordinate system. 

To complete the conversion of different coordinate 
systems, it is necessary to install a set of tracking target 
mirrors on the plant and docking parts and measure their 
coordinates on different objects using a laser tracker. 

Fig.2 is a simplified view of the working environment 
of the plant. There are a number of global target points 
on the vertical beams in the plant called A1, A2, A3…An, 
B1, B2, B3…Bn, C1, C2, C3…Cn. These global target 
points are precisely calibrated before measurement, 
which meet the line of points on the same vertical beam 
perpendicular to the geodetic reference system, the line 
of points on different vertical beams of the same name 
parallel to the global reference system, and their spacing 
has been in the measurement process to select any point 
as the origin of the global coordinate system position and 
establish the global coordinate system OW-XWYWZW. 

 

 

Fig.2 Establishment of a global coordinate system 

The docking section comprises a fixed section and a 
movable section, which are measured in real-time by two 
laser trackers on each side. As shown in Fig.3, both the
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fixed section and the movable section are equipped with 
a docking reference hole at their docking end to establish 
their coordinate system. However, during the assembly 
process, the docking reference hole cannot be continu-
ously measured due to the position interference caused 
by obstructions. Therefore, during the docking process, 
the coordinate system of the movable section is estab-
lished by measuring the tracking ball located outside the 
movable section. 

Before the assembly measurement begins, the position 
of the reference hole in relation to the tracking target ball 
must be determined and the transformation matrix estab-
lished. There are four uniform positioning holes at the 
docking surface of the fixed section, which are called b1, 
b2, b3, b4, which can constitute the coordinate system of 
the fixed section OB-XBYBZB. There are four positioning 
holes at the interface of the movable section, which are 
called h1, h2, h3, h4, and they can form the coordinate 
system of the movable section OH-XHYHZH, and there are 
four tracking target balls outside the movable section for 
real-time monitoring during the docking process, which 
are called h5, h6, h7, h8, where b1, b2, b3, b4, h1, h2, h3, h4 
are in a plane perpendicular to the geodetic reference 
system and b1b3⊥b2b4, h1h3⊥h2h4. 

 

 

Fig.3 Position relationship of different coordinate 
systems 

 
The global coordinate system, the laser tracker coor- 
 

dinate system, the fixed section coordinate system, and 
the moving section coordinate system need to be estab-
lished during the preparation phase. 

First, establish the global coordinate system. The co-
ordinates of the target point on the vertical beams A, B, C 
can be measured by laser rangefinder as  

     1 1 1 2 2 2

TT TL L L L L L L L L: , , , , , , , ,
n n nA A A A A A A A AA X Y Z X Y Z X Y Z  

     1 1 1 2 2 2

TT TL L L L L L L L L: , , , , , , , ,
n n nB B B B B B B B BB X Y Z X Y Z X Y Z  

     1 1 1 2 2 2

TT TL L L L L L L L L: , , , , , , , ,
n n nC C C C C C C C CC X Y Z X Y Z X Y Z (1) 

where A, B, C denote the vertical beams in the plant, 1, 2, 
n are the numbers of different points and L denotes these 
are the coordinates in the laser tracker coordinate system. 

The Z-axis of the global coordinate system is con-
structed by the point position on the vertical beam A. The 
vector line of the corresponding point position of AB is 
set as the direction of the X-axis of the global coordinate 
system, and the direction of the Y-axis of the global co-
ordinate system is established by the right-hand rule.  

Establish laser rangefinder coordinate system 
OL-XLYLZL. The rotation angles around ZL, YL, and XL are 
defined as azimuth angle α, pitch angle β, and rolling 
angle γ, respectively. 
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In this paper, the rotation order is first around the 
XL-axis, then around the YL-axis, and finally around the 
ZL-axis. Accordingly, the rotation matrix can be defined as 
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During the assembly process, the ranges of azimuth 
angle α, pitch angle β, and rolling angle γ will not exceed 
(−90°, +90°), that is, if the azimuth angle is within (−90°, 
+90°), since the value of cosα can be determined as a 
positive value when both b33 and b11 are not zero, the 

expression is as follows 
32

33

arctan( ),
b
b

   

31arcsin( ),b  
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Establish the coordinate system of the fixed section 
OB-XBYBZB. The coordinates of the reference hole of the 
fixed section measured by the laser rangefinder 
are L L L L

1 2 3 4, , ,b b b bP P P P . The average value of the coordinates of 
the reference hole measured by the laser rangefinder is 
written as L L L L, ,bO bO bO bOX Y Z=[ ]P , and this coordinate is used as 
the origin of the coordinates in the laser rangefinder coordi-
nate system. The radius at the end face of the fixed section 
is r, we can establish the fixed section coordinate system 
OB-XBYBZB centered on the origin coordinate, the XB-axis is 
perpendicular to the flange plane and points to the end of 
the movable part. The ZB-axis is the 1bO b


P P  direction, and 

the YB-axis is the 2bO b


P P  direction. The moving section 

coordinate system OH-XHYHZH is established in the same 
way as the fixed segment coordinate system. 

After establishing all the above mentioned coordinate 
systems, we need to accurately calculate the conversion 
matrix between different coordinate systems for real-time 
pose control. In this paper, the least squares algorithm is 
used to calculate the conversion matrix. 

Taking the coordinate system of the laser tracker to the 
global coordinate system as an example, the following 
formulas can be written according to the coordinate val-
ues of the global target in the laser rangefinder coordi-
nate system and the global coordinate system. 

W L
11 12 13

W L
21 22 23

LW
31 32 33

* ,
Gi Gi

Gi Gi

GiGi

X b b b X x
Y b b b Y y

b b b Z zZ

      
             
           

          (5) 

where  L = , , ; 1, 2, 3GiX G A B C i n   refers to the co-
ordinate value of the global target on the vertical beam 
measured by the laser rangefinder, 

 W = , , ; 1, 2, 3GiX G A B C i n  represents the coordinate 
value assigned to the global target on the vertical beam in 
the global coordinate system, b11, b22…b33, x, y, z are the 
parameters of the rotation matrix of the laser tracker co-
ordinate system to the global coordinate system. 

The relationship between all points can be expressed 
as Eq.(6) and Eq.(7), where W

LR and W
LT are the valuation 

in the rotation matrix and L
GE is the estimated residuals 

of W
GiP and W L W

L L+GiR P T  
W W L W

L L= + ,Gi GiP R P T                            (6) 

 W L W W
L L L+ .G

Gi Gi E R P T P                     (7) 

The least squares estimate requires the least sum of 
squares of the residuals[18] 
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The centroids corresponding to the points in the two 
sets of data sets are calculated respectively as Eq.(9) and 
Eq.(10), and use them to express the relationship be-
tween W

LR and W
LT as Eq.(11) 

3
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3
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W W W L
L L .G G T p R p                          (11)                      

Substituting Eq.(11) into Eq.(8) for simplification, the 
error function can be simplified as 

3
W L' W' 2
L

1
arg min || || .

n

Gi Gi
i

J


  R P P               (12) 

Multiple methods can be used to solve Eq.(12). In this 
paper, we chose to use singular value decomposition 
(SVD) to solve it. Compared to finding the minimum 
error at the extremes by direct derivation, SVD does not 
require matrix inversion, thus avoiding the problem of 
error amplification and achieving higher numerical sta-
bility. Moreover, using SVD avoids the situation where 
the result obtained through differentiation does not sat-
isfy the orthogonal property. 

The main steps are as follows. 
Simplify Eq.(11) as follows, where  TL W ,G GH P P   

3
W L W 2
L

1
arg min || ||

n

Gi Gi
i

J


   R P P  

     3 TW W L
L

1
arg min 2

n

Gi Gi
i

  P R P  

     3 TW W L
L

1
arg max

n

Gi Gi
i

 P R P  

      TW W L
Larg max trace G G P R P  

    W
Larg max trace( ) .R H                   (13) 

We can decompose H by SVD as 
T , H U V                               (14) 

 
T

W
Larg max trace( )J

 

 
H U V

R H  

    W T
Larg max trace( ) =R U V  

    T W
Larg max trace( ) .V R U               (15) 

In order to take Eq.(14) to its maximum value, we can 
obtain the following relation, where I denotes the unit 
matrix, and thus find W

LR and W
LT  

T W
L ,I V R U                             (16) 

W T
L ,R VU                            (17) 
W W W L

L L .G G T p R p   (18)
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The same method can be used to find the optimal es-
timate from the fixed section coordinate system to the 
laser rangefinder coordinate system and from the moving 
section coordinate system to the laser rangefinder coor-
dinate system. 

After solving the above coordinate system conversion 
problem, we still need to solve the docking process posi-
tion interference problem. The method we use is to use 
four laser rangefinders to measure the tracking target 
mirror on the outside of the moving section, and we can 
obtain its coordinates as L L L L

5 6 7 8, , ,h h h hP P P P . Based on the r 
of the moving section coordinate system to the laser 
rangefinder coordinate system, the coordinates of the 
tracking target mirror on the outside of the moving sec-
tion in the moving section coordinate sys-
tem H H H H

5 6 7 8, , ,h h h hP P P P can be inferred, and the coordinates 
in the laser rangefinder coordinate can be used to deter-
mine the position of the moving section during the meas-
urement. 

To verify the effectiveness of the method proposed in 
this paper to realize the automatic docking of large-scale 
sections using multi-channel laser tracker real-time 
measurement, we set up a simulation docking experiment 
system for large-scale section docking. The experimental 
system adopts 4 sets of Leica AT901-LR laser trackers. 
Due to the restrictions of the indoor environment, we 
have made a reduced version of the large-scale docking 
section model. The diameter of the large-scale section 
produced is 1 125 mm, and the length is 800 mm. The 
four laser trackers are arranged on both sides of the 
large-scale section to be docked with 2 on each side. The 
distance between the laser tracker and the center axis of 
the large-scale section is 2 000 mm, and the distance 
between the laser trackers on the same side is 1 500 mm. 

 

 

Fig.4 Experimental verification system for automatic 
docking of large sections 
 

As shown in Fig.5, tracking target mirrors are installed 
on the measured section (moving section). Four laser 
trackers, which are the primary measuring equipment in 

the measurement system, are distributed across the two 
large-scale sections that need to be docked. These track-
ers will continuously measure the coordinate data of 
characteristic points on the mobile section by tracking 
the target mirror in real-time. The measurement system 
should be able to measure the 6-DOF position digitally 
and pose information of section products and have the 
functions of collecting, storing, and transmitting the 
six-degree-freedom position and pose data of section 
products to the control system simultaneously. 

The software flow diagram of the measurement system 
is shown in Fig.6. The measurement system needs to 
confirm the global coordinate system, whether the coor-
dinate system of the two docking segments is correctly 
established, and whether the four laser trackers correctly 
track the targets and establish a multi-station measure-
ment system according to the actual layout of the section 
before the real-time measurement of the pose of the 
docking section. Once the measurement starts, the char-
acteristic point data obtained by the four laser trackers 
will be collected by the measurement software in real 
time. The obtained coordinate data of the characteristic 
points will be substituted into the previous section pose 
calculation method with other known data in the meas-
urement database to realize real-time continuous pose 
calculation of the measured sections. The final calcula-
tion result will be transmitted to the docking control sys-
tem in real time. 
 

 

Fig.5 Measuring system diagram 
 
In order to verify the accuracy of the joint station, we 

used a laser interferometer to set up several target points 
along the guideway direction in the docking section, and 
several sets of target points in the rotation direction ac-
cording to the high-precision scale on the docking end 
face. We measured these points using the method de-
scribed above and compared them with the actual posi-
tions to determine the displacement and rotation errors. 
The resulting data are shown in Tab.1. Through data 
analysis, we can see that in the pose measurement of the 
smaller large-scale section model considered in the ex-
perimental system, the actual error data is within half of 
the allowable error and has better accuracy redundancy. 
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Where the error of the target points along the guide rail is 
within 0.1 mm and the error in the direction of rotation is 

less than the specified 0.005 56°, which is in line with 
the actual requirements.

 

 

Fig.6 Flow chart of measurement system software 
 

Tab.1 Error data for large-scale section model pose measurement 
 

Measurement result 
Measurement 

items 
Measuring position Maximum 

permissible error max  Evaluation 

P1 (S1 =100 mm) 0.1 0.029 4 Qualified 
P2 (S2 =200 mm) 0.1 0.023 4 Qualified 
P3 (S3 =300 mm) 0.1 0.011 3 Qualified 
P4 (S4 =400 mm) 0.1 0.019 7 Qualified 

Displacement 
measurement error 
along the guide rail 

P5 (S5 =480 mm) 0.1 0.021 3 Qualified 
P1 (A1=10°) 0.005 556° 0.001 673° Qualified 
P2 (A2=20°) 0.005 556° 0.002 034° Qualified 
P3 (A3=30°) 0.005 556° 0.002 133° Qualified 
P4 (A4=40°) 0.005 556° 0.002 246° Qualified 
P5 (A5=50°) 0.005 556° 0.001 573° Qualified 
P6 (A6=60°) 0.005 556° 0.001 562° Qualified 
P7 (A7=70°) 0.005 556° 0.001 236° Qualified 

P9 (A9=−10°) 0.005 556° 0.000 426° Qualified 
P10 (A10=−20°) 0.005 556° 0.001 145° Qualified 
P11 (A11=−30°) 0.005 556° 0.001 736° Qualified 
P12 (A12=−40°) 0.005 556° 0.001 432° Qualified 
P13 (A13=−50°) 0.005 556° 0.000 693° Qualified 
P14 (A14=−60°) 0.005 556° 0.001 659° Qualified 

 
 
 
 
 

Pose angle 
measurement error 

P15 (A15=−70°) 0.005 556° 0.001 457° Qualified 
 

In this paper, the feasibility of real-time measurement 
of docking sections and automatic docking was verified 
by 4-laser-traker combined measurement. In theory, 
measuring the pose of a rigid body requires tracking at 
least three points simultaneously. For more accurate 
measurement, the number of tracking points for large 
sections has been increased to improve the accuracy of 

measuring the pose of large-scale sections. The experi-
mental system of this paper uses a reduced version of the 
rocket section model with a diameter of 1 125 mm. Al-
though the measurement accuracy of this experimental 
system can perfectly meet the requirements of docking 
assembly accuracy, in the aerospace field, large sections 
can often reach diameters of 2 000 mm to 10 000 mm,
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and their measurement and docking assembly accuracy 
still needs to be verified in practical applications. 
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