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Abstract: The accuracy of the full-scale aircraft static tests is greatly influenced by the aircraft attitude. This paper 
proposes an aircraft attitude optimization method based on the characteristics of the test. The aim is to address three 
typical problems of attitude control in the full-scale aircraft static tests： （1） The coupling of rigid-body displacement 
and elastic deformation after large deformation， （2） the difficulty of characterizing the aircraft attitude by measurable 
structure， and （3） the insufficient adaptability of the center of gravity reference to complex loading conditions. The 
methodology involves the establishment of two observation coordinate systems， a ground coordinate system and an 
airframe coordinate system， and two deformation states， before and after airframe deformation. A subsequent analysis 
of the parameter changes of these two states under different coordinate systems is then undertaken， with the objective 
being to identify the key parameters affecting the attitude control accuracy of large deformation aircraft. Three 
optimization objective functions are established according to the test loading characteristics and the purpose of the test： 
（1） To minimize the full-scale aircraft loading angle error， （2） to minimize the full-scale aircraft loading additional 
load， and （3） to minimize the full-scale aircraft loading wing root additional bending moment. The optimization 
calculation results are obtained by using the particle swarm optimization algorithm， and the typical full-scale aircraft 
static test load condition of large passenger aircraft is taken as an example. The analysis of the results demonstrates 
that by customizing the measurable structure of the aircraft as the observation point for the aircraft attitude， and by 
obtaining the translational and rotational control parameters of the observation point during the test based on the 
optimization objective function， the results are reasonable， and the project can be implemented and used to control the 
aircraft’s attitude more accurately in complex force test conditions.
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0 Introduction 

In the testing pyramids with the building blocks 
approach， the full-scale aircraft static test is indis⁃
pensable and of significant importance［1-4］. The main 
goal of the full-scale aircraft static test is to simu⁃
late， with the greatest possible accuracy， the limit 
states that may occur during the aircraft’s operation⁃
al life. It verifies whether the structure meets the 
specified strength requirements. Therefore， all as⁃

pects of the test should be as close to the pracitcal 
the limit state as possible.

The implementation of a full aircraft structural 
static test requires a variety of technologies， includ⁃
ing load equivalence and application［5-13］， multi-chan⁃
nel coordinated control［14-21］， test measurement and 
analysis［22-26］， of which the test aircraft restraint is an 
important supporting technology［27-30］. The role of 
the test restraint system is to adjust and control the 
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attitude of the aircraft during the test， and at the 
same time to feedback the amount of unevenness 
generated by the loading system and be balanced. In 
instances where minor deformation is exhibited by 
the aircraft， the conventional full-scale aircraft static 
test utilizes a six-degree-of-freedom static con⁃
straint［28-33］ under the rigid-body assumption. This 
approach ensures the calibration of the aircraft struc⁃
ture within the ground coordinate system at the ini⁃
tial moment， obviating the necessity for any adjust⁃
ments to the aircraft’s attitude during the test. The 
employment of such a constraint method on a stiff 
and diminutive aircraft is conducive to the realization 
of the stipulated constraint objectives.

In the context of testing large-size and large-de⁃
formation aircraft， the aircraft constraint limits the 
displacement at the constraint point. When the struc⁃
ture undergoes elastic deformation， the non-con⁃
strained part deviates from its original position due 
to the constraint displacement limitation. To illus⁃
trate this， we consider the lateral displacement con⁃
straints on the right side of the main landing gear of 
an aircraft in symmetric loading conditions. In such 
conditions， the elastic deformation of the structure 
results in a lateral deviation of the main landing 
gear. However， the lateral constraint impedes the 
deformation of the main landing gear， thereby caus⁃
ing a deviation of the aircraft’s symmetry plane 
from the symmetry of the ground coordinate system. 
The test loading direction is determined by the bear⁃
ing point of the ground coordinate system and the ac⁃
tion point of the airframe coordinate system. Devia⁃
tions in the aircraft’s attitude from theoretical val⁃
ues result in deviations in the direction of load appli⁃
cation， thereby reducing the loading accuracy of the 
entire aircraft.

In response to this challenge， pioneering exper⁃
imenters adopted the virtual constraint method， em⁃
ploying the force control method with zero load for 
large deformation constraint points （primarily the 
lateral constraint of the landing gear） to release the 
deformation. Since this approach effectively ad⁃
dressed the constraint point deformation release is⁃
sue， it introduced an increased risk of constraint 
points failing to adhere to displacement constraints 

in abnormal situations， which limits its widespread 
adoption. Consequently， various constraint point 
adaptive devices have been developed for mechani⁃
cal system implementation. For example， Du et 
al.［34］ designed a ball-slide disc-type follower loading 
system for a certain type of rear fuselage vertical 
constraints； Wang et al.［27］ studied the displacement 
compensated loading device for the displacement 
control of large deformation landing gear； and Liu 
et al.［30］ designed a double-layer roller-type follower 
loading system for the large deformation of the main 
landing gear. The application of these technologies 
has gradually solved the main contradiction of large 
deformation displacement compensation for the sin⁃
gle degree of freedom constraint in the full-scale air⁃
craft static test.

An aircraft， as an elastic body， undergoes elas⁃
tic deformation， whereby all six degrees of freedom 
of the body are subject to changes. Theoretically， it 
is imperative that all six degrees of freedom of the 
aircraft are meticulously controlled in order to en⁃
sure precise loading during the test. However， it is 
important to note that the structural components of 
the aircraft may deviate from their original positions 
during deformation. This deviation results in the ref⁃
erence point of the aircraft deformation， as well as 
the theoretical control point of the aircraft attitude 
during the test， becoming a theoretical problem that 
must be resolved.

To address this challenge， we propose an air⁃
craft attitude control method based on the center of 
gravity and the six-degree-of-freedom displacement-
compensated attitude control technique［29］. This 
method involves the control of six degrees of free⁃
dom to ensure the theoretical center of gravity of the 
aircraft remains constant during the test， while al⁃
lowing the remaining components to deform accord⁃
ing to the structural loading. The proposed method 
enhances the design of large-deformation aircraft 
constraints to a comprehensive elastomer cognition， 
thereby significantly enhancing the attitude control 
accuracy. However， the method also exhibits short⁃
comings， including the inability to measure the cen⁃
ter of gravity， limited applicability in complex force 
conditions， and an absence of consideration for the 
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coupling relationship between the loading system 
and attitude change， resulting in practical implemen⁃
tation errors.

Based on the different configuration states be⁃
fore and after the deformation of a large deformation 
aircraft in the full-scale static test， this paper dis⁃
cusses the changes in the aircraft attitude and the 
changes in the load point caused by the structural 
elastic deformation and the rigid body displacement. 
The key parameters affecting the attitude control ac⁃
curacy of the large deformation aircraft are identified 
by constructing two observation coordinate sys⁃
tems， namely the ground coordinate system and the 
airframe coordinate system. The two sysytems are 
used to compare the two deformation states before 
and after the deformation of the airframe， and ana⁃
lyze the parameter changes of the different states un⁃
der them. Based on the test loading characteristics 
and different test purposes， three optimization objec⁃
tive functions are established to improve the test ac⁃
curacy. The particle swarm optimization algorithm 
is used to obtain the optimization results of the ex⁃
ample working condition， and in-depth analyses are 
carried out in terms of the reasonableness of the atti⁃
tude， the feasibility of the engineering， and the ac⁃
curacy compared with the traditional methods. The 
results show that the translational and rotational pa⁃
rameters of the engineering measurable control 
points during the test period can be obtained by the 
proposed method， thus supporting a better control 
of the aircraft attitude change. The results of the 
study can provide an important reference for the se⁃
lection of attitude control points and attitude control 
of the subsequent full-aircraft static test of large de⁃
formation aircraft.

1 Position Optimization Theories 

In the test process， there are two sets of coordi⁃
nate systems， the laboratory ground coordinate sys⁃
tem and the aircraft body coordinate system con⁃
structed according to the aircraft coordinate system； 
two coordinate bases， the loading device support 
force based on the ground coordinate system and the 
loading point based on the body coordinate system； 
and two deformation states， namely the initial mo⁃

ment of the type frame （zero-g） configuration and 
the deformed configuration after loading. The cou⁃
pling of the elastic deformation and the rigid body 
displacement in the measured deformation results 
makes it difficult to accurately monitor the aircraft at⁃
titude， and prevents high-precision attitude control.

First， the amount of changes before and after 
the deformation of the aircraft is analyzed. Second，  
the aircraft attitude control objective， i.e. to achieve 
stable control of the aircraft attitude during the test， 
is combined with the highest theoretical loading ac⁃
curacy of the whole aircraft loading point under the 
attitude. Then， a method based on the measurable 
part of the aircraft as the observation point of the air⁃
frame displacement is proposed， and an optimiza⁃
tion algorithm is used to obtain the optimal attitude 
of the deformed aircraft based on the change of the 
force line of the loading point before and after the de⁃
formation of the aircraft. The effective control of the 
attitude can be achieved by linearly changing from 
the initial attitude to the attitude after deformation in 
the test.

Observation points are established at the mea⁃
surable positions of the aircraft and the aircraft atti⁃
tude is controlled by optimizing the change in posi⁃
tion of the observation points before and after the de⁃
formation. Thus， the problem of the unmeasurable 
center of gravity is solved.

The pre-deformation zero-g configuration and 
the analyzed post-deformation configuration state 
are used as configuration benchmarks to decouple 
the two deformations.

Optimization is performed based on the change 
in configuration before and after deformation and the 
change in force line at the loading point to obtain op⁃
timization results before and after deformation based 
on specific operating conditions. Thus， more accu⁃
rate universal qualitative results are achieved com ⁃
pared to the center of gravity benchmark.

2 Coordinate System Construction

2. 1 Aircraft coordinate system construction　

According to the center of gravity reference the⁃
ory， in order to facilitate the displacement measure⁃
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ment in the project implementation， the coordinate 
origin of the aircraft system is taken at the position 
of measurable points near the center of gravity. In 
this paper， the coordinate system origin and the ref⁃
erence plane X b O b Z b are taken in the central wing 
under the wall plate， as shown in Fig.1.

The origin O b is constructed. Two points 
P 1 ( x g

1，y g
1，zg

1 ) and P 2 ( x g
2，y g

2，zg
2 ) of the central wing 

box are selected， and the superscript g indicates the 
coordinates in the ground system. These two load 
points are in the same plane on the rear beam of the 
central wing. P 1 is to the left of P 2， and the two have 
the same xg in the ground coordinate system when 
no deformation occurs， and the midpoint of P 1 and 
P 2 is the origin of the aircraft system O b， namely

ì
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2 ) /2

(1)

Z b axis is constructed. Z b axis is defined by two 
points， P 1 and P 2， and is directed from P 2 （right） to 
P 1 （left）.

Y b axis is constructed. P 3 is taken in front of P 1 
or P 2 to form the plane P 1 P 2 P 3， with Y b axis per⁃
pendicular to this face upwards.

X b axis is constructed. X b axis starts at point O b 
and points to the rear of the body in the P 1 P 2 P 3 
plane.
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where (e1, e2, e3) is the unit direction vector of the 

three coordinate axes of the aircraft coordinate sys⁃
tem in the ground coordinate system.

The aircraft coordinate system is generated and 
independent of the additional position and attitude 
measurement points. The position and attitude of 
the aircraft in any given moment can thus be ob⁃
tained from the three measurement points located in 
the center wing.

2. 2 Coordinate transformation　

2. 2. 1 Coordinate transformation matrix　

In order to investigate the effect of external 
loads on the aircraft， the coordinates of the loading 
points and the positions of the loading equipment 
should be transferred to the aircraft coordinate sys⁃
tem. In order to control the position of the aircraft in 
the test area， the loading points on the aircraft 
should be transferred to the ground coordinate sys⁃
tem. Therefore， it is necessary to construct a coordi⁃
nate transformation matrix.

The transformation between the aircraft coordi⁃
nate system and the ground coordinate system can 
be divided into translation and rotation. Translation 
is the translation between the ground coordinate ori⁃
gin O g and the aircraft coordinate origin O b. Rota⁃
tion is the rotation of the coordinate system around 
the coordinate origin.

Referring to the definition of flight dynamics， 
the coordinate system is rotated around the Z， Y， 
and X axes by ϑ， φ， and γ， which are defined as the 
pitch angle， the yaw angle， and the roll angles， re⁃
spectively. The positive and the negative values of 
each attitude angle are defined as follows. Roll angle 
γ： Rotate around X axis； and the left roll is posi⁃
tive. Pitch angle ϑ： Rotate around the Z axis； and 
the low head is positive. Yaw angle φ： Rotate 
around Y axis； and the left deviation is positive.

Fig.1　Schematic diagram of the origin of the coordinate sys⁃
tem of the fuselage

Fig.2　Schematic diagram of attitude angles
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R g2b is defined as the rotation matrix of the 
ground coordinate system rotating towards the air⁃
craft coordinate system. R g

ϑ ， R g
φ ， R g

γ are the rota⁃
tion matrices of rotating ϑ， φ， γ around Z， Y， X 
axes， respectively， and then rotating around the Z， 
Y， X axes in turn. The final rotation matrix is

R g2b = R g
ϑR g

φR g
γ (3)

Eq.（3） is the result of the multiplying of three 
orthogonal matrices， and also an orthogonal matrix， 
so that the rotation matrix of the rotation from the 
aircraft coordinate system to the ground coordinate 
system can be obtained as

R g2b = R-1
g2b = RT

g2b (4)
2. 2. 2 Coordinate transformation of a point in 

space　

（1） Coordinate transformation based on atti⁃
tude angles　

The coordinate origin O b of the aircraft coordi⁃
nate system in the ground coordinate system is de⁃
fined as O g

b ( x g
O b，y g

O b，zg
O b ). It rotates ϑ， φ， γ around 

Z， Y， and X axes to obtain Z b， Y b， and X b axes. 
Then， the aircraft coordinate system O b -X bY b Z b is 
formed. Thus ， a point P g ( x g

p，y g
p，zg

p ) in the the 
coordinate O g-X gY g Z g can be transformed into 
( x b

p，y b
p，zb

p ) in the aircraft coordinate system O b-

X bY b Z b， which is described as
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（2） Coordinate transformation based on the co⁃
ordinate axis vector of the aircraft coordinate system

The unit direction vector of the three coordi⁃
nate axes of the aircraft coordinate system in the 
ground coordinate system is { e1，e2，e3 }， and the co⁃
ordinate origin is moved from O g to O b. Then 
{ e1，e2，e3 } can be regarded as a set of unit orthogo⁃
nal bases， and the coordinates of the space point 
P g ( x g

p，y g
p，zg

p ) under the base { e1，e2，e3 } can be ex⁃
pressed as
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3 Optimal Attitude Modeling of 
Test Aircraft 

In order to define the optimal position of the air⁃
craft， it is necessary to specify the test constraints 
and the three states of the aircraft during the test， 
and to formulate the basic assumptions.

3. 1 Variables and constraints involved in the 
test　

3. 1. 1 Load point　

The number of loading points in the test is de⁃
noted as N. The ith loading point on the fuselage is 
denoted as P lp，i ( i = 1，2，…，N )， and its position in 
the ground coordinate system is labelled as 
( x g

lp，i，y g
lp，i，zg

lp，i )， while its position in the fuselage co⁃
ordinate system is labelled as ( x b

lp，i，y b
lp，i，zb

lp，i ).
3. 1. 2 Loading devices　

The mounting position of the loading equip⁃
ment does not change during the test. The number 
of loading equipment is the same as the loading 
point. The installation position of the ith loading 
equipment is marked as P ld，i ( i = 1，2，…，N )， its 
position in the ground coordinate system is marked 
as ( x g

ld，i，y g
ld，i，zg

ld，i )， and its position in the aircraft co⁃
ordinate system is marked as ( x b

ld，i，y b
ld，i，zb

ld，i ).
3. 1. 3 Test loads　

The loading equipment can only use tensile or 
compressive force at the loading point. That is to 
say， the magnitude of the external load applied to 
the ith loading point is fi， with the direction of this 
force is along the P lp，i P ld，i continuum， and the direc⁃
tion vectors in the ground coordinate system and the 
aircraft coordinate system are noted as n g

i  and n b
i ， re⁃

spectively.

3. 2 Three states of the airplane in the test　

（1） Theoretical state　
There is no deformation or attitude change of 

the aircraft and fi，n g
i  and n b

i  are consistent with the 
design loads.

（2） Deformation state　
The aircraft undergoes deformation and atti⁃

tude change under load fi. n g
i  and n b

i  change as the 
loading point moves.
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（3） Optimized state
The aircraft deforms under the load fi and its at⁃

titude is adjusted in a certain way to the desired state.

3. 3 Basic assumption　

Assumption 1 Small adjustments in attitude 
do not change the amount of deformation.

The elastic deformation of the aircraft is cou⁃
pled to the position of the external load relative to 
the airframe during the loading process. The aircraft 
is loaded from the theoretical state to the deformed 
state and further adjusted to the optimized state， 
during which the elastic deformation of the aircraft 
will change slightly in response to changes in exter⁃
nally applied loads. The main purpose of designing 
the optimized state is to correct the external load to 
a state close to the designed load under the deforma⁃
tion of the airframe. This process can be regarded as 
a fine-tuning process， in which the deformation of 
the airframe is assumed to remain unchanged， 
which is conducive to carrying out the work of opti⁃

mizing the position of the aircraft.
Assumption 2 Design loading meets force 

simulation needs
The static test examines the static mechanical 

behavior of an aircraft under certain external load， 
and the loading device simulates the distributed forc⁃
es on the aircraft by means of a concentrated force. 
The loading based on the concentrated force is suffi⁃
cient to simulate the real distributed force on the air⁃
frame in all kinds of working conditions. The main 
consideration is to adjust the fuselage attitude， so 
that the actual loading on the deformed airframe is 
as close as possible to the theoretical state of the de⁃
sign loading.

3. 4 Positional optimization objective function 
establishment　

The physical quantities involved in the test are 
organized in Table 1. The variation of physical quan⁃
tities in different states is shown in Table 2.

Objective function 1 Minimize the full-scale 
aircraft loading pinch angle error.

Physical meanings To adjust the aircraft atti⁃
tude so that the direction of the actual load applied 
to the airframe is the same as the direction of the the⁃
oretical load. Since the magnitude of the load re⁃
mains constant， this objective can be described as 
the load being oriented relative to the airframe in the 

same direction as the design direction， or expressed 
as the magnitude of the component of the load in the 
design direction remaining the same as the design 
load. The external loads act relative to the airframe， 
so the direction of loading should be considered 
within the airframe.

In the body coordinate system， the load direc⁃
tion is defined as n b

i，ll for the theoretical state， n b
i，bx for 

Table 2　Changes of physical quantities with state

Physical quantity

Load point position（ground coordinate system）

Load point position（airframe coordinate system）

Load device location（ground coordinate system）

Load device location（airframe coordinate system）

Load size
Load direction（ground coordinate system）

Load direction（airframe coordinate system）

Marking

( xg
lp,i,y g

lp,i,zg
lp,i )

( xb
lp,i,y b

lp,i,zb
lp,i )

( xg
ld,i,y g

ld,i,zg
ld,i )

( xb
ld,i,y b

ld,i,zb
ld,i )

fi

ng
i

nb
i

Theoretical state→
deformation state

Change
Change

Unchanged
Change

Unchanged
Change
Change

Deformation state→
optimized state

Change
Unchanged
Unchanged

Change
Unchanged

Change
Change

Table 1　Physical quantities involved in the test

Physical quantity
Load point position

Load device location
Load size

Load direction

Marking
P lp,i

P ld,i

fi

Ground coordinate
( xg

lp,i,y g
lp,i,zg

lp,i )
( xg

ld,i,y g
ld,i,zg

ld,i )

ng
i

Airframe coordinate
( xb

lp,i,y b
lp,i,zb

lp,i )
( xb

ld,i,y b
ld,i,zb

ld,i )

nb
i
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the deformed state， and n b
i，yh for the optimized state. 

From the theoretical state to the optimized state， the 
deflection angle of the ith load relative to the body is

ai = arccos ( nb
i,ll ⋅ n b

i,bx ) (7)
The goal of aircraft attitude control can be ex⁃

pressed as

min ∑
i = 1

N

ai     ai ≥ 0 (8)

The issue can also be described as

max ∑
i = 1

N

( nb
i,ll ⋅ n b

i,bx ) (9)

Eqs.（8，9） are equivalent formulations of the 
same problem.

Objective function 2 Minimize the addition⁃
al load of full-scale aircraft loading

Physical meanings The deformation of the 
structure leads to the deviation of the actual loading 
direction from the theoretical loading direction， un⁃
der the assumption of small deformation. The ith 
loading point produces an error angle αi along the 
loading direction， and the angular error makes the 
loading point along the theoretical loading direction 
of the loading component is fi cos αi， and the addi⁃
tional load produced by the loading point along the 
direction perpendicular to the loading direction is 
fi sin αi. When αi is small， fi cos αi ≈ fi and 
fi sin αi ≈ fi ⋅ αi. The load direction error mainly pro⁃
duces the additional load perpendicular to the load⁃
ing direction， which is unacceptable in some work⁃
ing conditions， therefore， the objective function is 
constructed with the objective of minimizing the ad⁃
ditional load as

min ∑
i = 1

N

( fi ⋅ sin αi )     αi ≥ 0 (10)

Objective function 3 Minimize the addition⁃
al moments at the root of a full-scale loaded wing.

Physical meanings The main factor affecting 
the structural strength of an aircraft is the bending 
moment coming from the far end of the structure. 
Most of the wings have a thin-walled configuration， 
the aerodynamic loading of the wing in flight causes 
the aircraft to accumulate bending moment from the 
wing tip to the wing root， which makes the lower 
wing surface tensile and the upper wing surface 
compressive due to the thin wing surface. The bend⁃

ing moment transferred from the outer wing section 
of the wing contributes more to the internal force of 
the structure， and when the aircraft is deformed， 
the deflection curve of the wing surface of the air⁃
craft makes the additional load of the loading point 
produce a larger bending moment at the wing root， 
which in turn affects the accuracy of the structural 
assessment. Therefore， if the bending moment of 
the additional load at the wing root can be reduced 
in the test， it will be beneficial to the accurate as⁃
sessment of the structural strength.

The ith loading point produces the loading an⁃
gle error αi. The theoretical loading direction is 
n b

i，ll， and the loading direction is n b
i，bx after deforma⁃

tion. The position of the loading device under the 
aircraft coordinate system is r b

i = ( x b
ld，i，y b

ld，i，zb
ld，i ). 

Then the additional bending moment ΔM b
i  pro⁃

duced at this loading point can be described as
ΔM b

i = M b
i,bx - M b

i,ll = fi ( r b
i,bx × n b

i,bx - r b
i,ll × n b

i,ll )
(11)

4 Optimal Aircraft Attitude Solu⁃
tion

4. 1 Solution path　

The changes of each physical quantity in 
Eqs.（9， 10， 11） in the process of three state transi⁃
tions are examined， and summarized as the aircraft 
attitude optimization path， as shown in Fig. 3. The 
objective is to obtain the aircraft attitude that makes 
Eqs.（9， 10， 11） take the extremes， i.e.， the opti⁃
mization problem for the coordinate ( x g

O b，y g
O b，zg

O b ) 
and the three attitude angles ϑ， φ， γ of the origin of 
the aircraft coordinate system in the ground coordi⁃
nate system， which can be specifically written as

min ∑
i = 1

N

F ( αi ) ( x g
O b,y g

O b,zg
O b, ϑ, φ, γ )     αi ≥ 0  (12)

The above problem can be converted into an 
optimization problem about six state quantities es⁃
tablished on the aircraft coordinate system， describ⁃
ing the aircraft’s position.

The particle swarm algorithm［35］ is used to 
solve the optimal positional problem described in 
Eq.（12）， and the algorithm flow is shown in Fig.4.
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4. 2 Introduction of test cases　

According to the optimization goal and test 
practice， three typical load conditions before and af⁃
ter deformation in the full-scale static test of large 
passenger aircraft are selected for example analysis. 

Case 1， the maximum vertical force landing condi⁃
tion， is a typical landing gear large deformation con⁃
dition. The main landing gear deformation under the 
central wing constraint is about 200 mm in heading， 
290 mm in lateral deformation， and 30 mm in verti⁃

Fig.4　Flowchart of particle swarm optimization algorithm

Fig.3　Position optimization path of aircraft
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cal deformation. Case 1 is mainly to study whether 
the optimization function can accurately obtain the 
positional state of the landing gear after large defor⁃
mation. Case 2， stable pitch 2.5 g case， is a typical 
wing large deformation that is a symmetric loading 
case. Its symmetric lateral deformation is zero. It is 
to study whether the optimization function can accu⁃
rately predict the position state after the wing large 
deformation. Case 3， the engine failure case， is a 
typical case of complex force and multidirectional de⁃
formation case. It is to study the optimization effect 
of different objective functions under the complex de⁃
formation state.

4. 3 Key parameter settings and optimization 
results

Three points near the theoretical center of grav⁃
ity of Case 1 are selected to construct the aircraft co⁃
ordinate system， and the statistics of key parame⁃
ters in the test are shown in Table 3. The optimiza⁃
tion parameters of the particle swarm algorithm are 
shown in Table 4.

The optimization objectives， optimization re⁃
sults and theoretical results based on the center of 
gravity datum for the three case calculations are 
summarized in Table 5.

5 Result Analysis 

5. 1 Result reasonableness analysis　

In the maximum vertical force landing condi⁃
tion， the case is characterized by complete symme⁃
try in the loading to ensure that the lateral deforma⁃

tion of the fuselage is negligible. In this scenario， 
the bending moment experienced by the rear fuse⁃
lage is notably larger， and the main landing gear is 
subjected to significant stress. Subjected to the ef⁃
fect of the maximum vertical force， which leads to a 
large downward deformation of the rear fuselage， re⁃

Table 3　Ground coordinates in different states of the airframe coordinate system for Case 1

Physical quantity

xg
O b,y g

O b,zg
O b

    
O b X b

    
O bY b

    
O b Z b

State
Initial

After deformation
Initial

After deformation
Initial

After deformation
Initial

After deformation

Coordinates/mm
(2.145 3×104,-324,0)

(2.139 2×104,-420,-5)
(1,0,0)

(0.999 9, -0.013 4, -2.196 3×10-4)
(0,1,0)

(0.013 4, 0.999 9, 1.803 2×10-5)
(0,0,1)

(2.193 7×10-4, -2.098 3×10-5, 1)

Table 4　Particle swarm algorithm optimization parameters (same for three cases)

Parameter

xg
O b

y g
O b

zg
O b

Individual learning factor
Acceleration constant

Stock size

Value
Lower bound

xg
O b,ll - 200

y g
O b,ll - 200

zg
O b,ll - 200

1.6
1.8
100

Upper bound
xg

O b,ll + 200
y g

O b,ll + 200
zg

O b,ll + 200

Initial
xg

O b,bx

y g
O b,bx

zg
O b,bx

Table 5　Summary comparison of optimization results and center of gravity benchmark

Case No.

1
2
3
3
3

Traditional method

Objective function

Function 1
Function 1
Function 1
Function 2
Function 3

Barycenter based

Control center coordinate
X/mm

2.143 3×104

2.145 0×104

2.146 0×104

2.145 3×104

2.145 3×104

2.145 3×104

Y/mm
-418
-368
-331
-324
-331
-300

Z/mm
-1

0
6
0
7
0

Attitude angle
ϑ/(°)
0.216
0.095
0.013

0
0.008

0

φ/(°)
0
0
0
0

0.009
0

γ/(°)
-0.032

0.006
-0.027

0
0.002

0
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sulting in a large pitch angle of the aircraft fuselage， 
which needs to be corrected during the test. A com⁃
parison of the optimization results in Table 5 reveals 
that the lateral deformation of Case 1 is −1 mm， 
the pitch angle is 0.21° ， and the yaw angle is 0° ， 
which are consistent with the actual situation. Addi⁃
tionally， the optimization results also have a roll an⁃
gle of − 0.032°， which is a smaller value， and this 
may be attributed to a calculation error， and can be 
disregarded.

Case 2 is a stabilized pitch 2.5 g case， as well 
as a typical， completely symmetric loaded wing 
large deformation case. Thus， the lateral deforma⁃
tion of the symmetric plane is 0， and the roll and 
yaw angle under symmetric loading should be 0. For 
the pitch angle， a small amount of change is evident 
in this case due to the torsion of the central wing 
structure. However， the pitch angle should be lower 
than that of the maximum vertical force landing case. 
A comparison of the optimization results for Case 2， 
as presented in Table 5， reveals a lateral displace⁃
ment of 0， a pitch angle of 0.095°， which is in accor⁃
dance with the expectation， and a yaw angle of 0°， 
which is also in accordance with the expectation. 
However， a small amount of computational error is 
observed in the roll angle as 0.006°， though this is 
negligible and can be disregarded in engineering.

Case 3 presents a complex force condition， in⁃
volving the fuselage lateral bending and torsion. 
Consequently， the center of the aircraft coordinate 
system should exhibit a slight degree of lateral dis⁃
placement， and the three degrees of freedom of rota⁃
tion should each have a small value. This is due to 
the relatively low value of the load. Therefore， the 
absolute value of each of these degrees of freedom 
should be less than that observed in Case 1 and 
Case 2.

A comparison of the optimization results of the 
three objective functions for Case 3 in Table 5 re⁃
veals that objective functions 1 and 3 align with this 
characteristic， while the optimization result of objec⁃
tive function 2 approaches 0. This is attributable to 
the fact that objective function 2 solely considers the 
effect of vertical loading deformation on lateral addi⁃
tional load， disregarding the error associated with 
vertical loading itself. Consequently， this results in 

an error in the optimization result. With regard to the 
rotational degree of freedom， the optimization re⁃
sults of objective function 1 and objective function 3 
are minimal， as expected， while the optimization re⁃
sults of objective function 2 are all 0. This is because 
this objective function only considers the effect of 
loading deformation on the lateral load， indicating 
its insensitivity to changes in the rotational degree of 
freedom. However， it can be disregarded in engi⁃
neering due to its minimal value.

A thorough examination of the vertical direc⁃
tion optimization results for the three cases reveals 
that all three optimization functions exhibit vertical 
displacement changes. This phenomenon can be at⁃
tributed to the fact that the vertical displacement of 
the aircraft exerts an influence on the loading angle 
in the actual loading. In the context of the actual 
loading， the central wing undergoes a downward 
bend subsequent to the application of the bending 
moment， resulting in the observation point deform ⁃
ing in a downward direction. The optimization re⁃
sults align with the characteristics of the deformation.

In summary， the optimization results of the 
three optimization objective functions are generally 
consistent with the actual load and deformation char⁃
acteristics. Among them， objective function 1 is 
more sensitive to the calculation， with a small 
amount of calculation error in two optimization con⁃
ditions， and objective function 3 is not sensitive to 
the optimization of rotational degrees of freedom.

5. 2 Implement ability analysis　

As demonstrated by the optimization results of 
Case 1 and Case 2， the full-scale aircraft finite ele⁃
ment model employs the same constraint site and in⁃
corporates forced displacement， subsequently calcu⁃
lating the constraint point displacement compensa⁃
tion values， as outlined in Table 6. In Table 6， the 

Table 6　Optimized landing gear displacement

Case 
No.

1

2

Location

Front landing gear
Left main landing gear

Right main landing gear
Front landing gear

Left main landing gear
Right main landing gear

X g/mm

13.75
208.81
209.04
16.95
28.73
28.31

Y g/mm

72.84
292.53
288.06
34.30

140.94
141.54

Z g/mm

7.42
-16.85

28.11
0.56

32.62
-36.57
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displacement of each constraint point is within the 
permissible range and is engineering implementable. 
A comparison of Case 1 and Case 2 reveals that the 
former exhibits significant elastic deformation due to 
the main landing gear being subjected to a substan⁃
tial ground reaction force. In contrast， the latter 
main landing gear experiences no load and only un⁃
dergoes a coordinated deformation of the structure. 
Consequently， the compensation value of Case 1 is 
expected to be considerably larger than that of Case 
2. The calculation results presented in Table 6 are 
consistent with the actual deformation characteris⁃
tics.

An examination of the Z-displacement compen⁃
sation amount in Table 6 reveals an error of approxi⁃
mately 7 mm in the overall lateral displacement of 
Case 1. However， given that the test case is a sym ⁃
metry case， it should be a deformed symmetry. The 
reason for the observed outcome is that the optimiza⁃
tion result of Case 1 has a roll angle of − 0.032 4°， 
and the constraint points are located beneath the fu⁃
selage construction level. The overall lateral devia⁃
tion of the constraint points can be attributed to the 
full roll of the aircraft. The presence of the roll in 
the calculation result may be attributed to the coordi⁃
nate deviation of the loading point and the calcula⁃
tion error.

5. 3 Precision analysis of optimization results　

As demonstrated in Table 5， which presents 
the results of Case 1 and Case 2， the optimization 
method and the center of gravity benchmark method 
demonstrate consistency in terms of the lateral dis⁃
placement and the yaw angle. However， the optimi⁃
zation method exhibits a minor advantage in terms of 
the pitch and the roll angle， which is better in line 
with the actual state according to the analysis in sec⁃
tion 5.1. This is because the difference in the amount 
of values is minimal， indicating that a more accurate 
attitude control target can be obtained in both sym ⁃
metric loading cases， and that the optimization meth⁃
od can obtain more accurate results of the pitch angle.

Examining Case 3， the lateral translation result 
of using the optimized objective function 1 and objec⁃
tive function 3 is not 0， which is better in line with 
the actual loading characteristics and is consistent 

with the results of the finite element analysis of the 
full-scale aircraft. The lateral translation displace⁃
ment of the optimized objective function 2 is 0， indi⁃
cating that the function is not sensitive to the lateral 
displacement. The rotational degrees of freedom of 
objective function 1 and objective function 3 are not 
0， while those of objective function 2 and the center 
of gravity reference method are 0. According to the 
previous analysis of this case， the three rotational de⁃
grees of freedom should have a small amount， which 
indicates that the objective functions 1 and 3 have a 
more accurate rotational degrees of freedom optimi⁃
zation effect. The result of objective function 2 is 
consistent with that of the center of gravity bench⁃
mark method. It fails to provide better results.

In summary， for symmetric load cases， both 
the center of gravity benchmark and the optimization 
method can obtain engineering acceptable results， 
and the optimization objective functions 1 and 3 are 
more realistic for pitch optimization. For complex 
force cases， the optimization objective functions 1 
and 3 can obtain better optimization results com ⁃
pared with the center of gravity benchmark， and the 
optimization objective function 2 results are consis⁃
tent with the center of gravity benchmark， which 
cannot achieve high accuracy of attitude optimiza⁃
tion.

6 Conclusions 

Aiming at the problem of the optimal theoreti⁃
cal control center for the full-scale aircraft static test 
of large deformation aircraft， this paper proposes the 
optimal position analysis method based on the test 
characteristics. The main innovations are as follows.

（1） A position optimization method based on 
test characteristics is proposed to solve the problem 
of the difficulty in determining the aircraft attitude 
control target due to the existence of two reference 
coordinate systems and two deformation states in 
the process of the full-aircraft static test of a large-

deformation aircraft.
（2） The objectives of minimum error of the 

full-aircraft loading angles， the minimum additional 
load of the full-aircraft loading， and the minimum 
additional moment of the full-aircraft loading wing 
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root， are established， and the physical significance 
is interpreted. The mathematical model is provided 
for the optimization calculations. A comparative 
analysis is conducted， which demonstrates that the 
theoretical attitude of the full-aircraft static test uti⁃
lizing the optimization algorithm is both reasonable 
and implementable in engineering. Furthermore， it 
is determined that the optimization objective func⁃
tions 1 and 3 can serve to guide a more accurate con⁃
trol of the attitude of the test aircraft.

（3） In consideration of the three most typical 
full-aircraft loading conditions， including the full-
scale aircraft stable pitch， the maximum vertical 
force landing and the yaw maneuver as illustrative 
cases， the optimal attitude analysis results of the test 
are obtained by employing the particle swarm optimi⁃
zation algorithm. The optimization analysis has facil⁃
itated the progress of aircraft attitude from qualita⁃
tive conclusions to quantitative evaluation.
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大变形飞机全机静力试验最优位姿研究

郑建军 1，2，金  峰 1，刘  玮 2，张易明 3，郭  琼 2

（1. 西安交通大学航天航空学院机械结构强度与振动国家重点实验室，西安  710049，中国； 2. 中国飞机强度研究所

强度与结构完整性全国重点实验室，西安  710065，中国； 3. 复旦大学航空航天系，上海  200433，中国）

摘要：全尺寸飞机结构静力试验的精度受飞机姿态影响显著。本文基于试验特点，提出了一种飞机姿态优化方

法，旨在解决全尺寸飞机静力试验中姿态控制的 3 个典型问题：（1）大变形后飞机刚体位移与飞机结构弹性变形

的耦合问题；（2）飞机姿态难以通过可测结构表征的问题；（3）重心参考点对复杂加载工况适应性不足的问题。

本方法通过建立两个观测坐标系（地面坐标系和机体坐标系）及两个变形状态（机体变形前和变形后），随后分析

这两个状态在不同坐标系下的参数变化，目标在于识别影响大变形飞机姿态控制精度的关键参数。根据试验加

载特性和试验目的，建立了 3 个优化目标函数：（1）全机加载载荷角度误差最小；（2）全机加载附加载荷最小；

（3）全机加载机翼附加弯矩最小。以大型客机全机静力试验典型载荷工况为例，利用粒子群优化算法获得了优

化计算结果。结果表明，通过选定飞机的可测部位作为飞机姿态观测点，基于优化目标函数获得试验中该观测

点的平动和转动控制参数，结果合理、项目可实施，且能指导在复杂受力试验工况下更精确地控制飞机姿态。

关键词：全尺寸飞机；静力试验；大变形；位姿优化；姿态控制
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