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Abstract. Aircraft assembly is a critical phase in the manufacturing process, where the accuracy and efficiency
heavily rely on the performance of posture adjustment mechanisms. For components with point features and
linear features, traditional multi-point adjustment technologies based on numerical control positioners are lim-
ited by spatial constraints, heavy equipment, and high costs. This paper addresses the challenges of posture
adjustment for point-feature and linear-feature aircraft components in confined spaces during assembly (e.g.,
wing fuselage assembly). We propose a cooperative control strategy using dual-Stewart platforms as core exec-
utive units. The approach integrates robust position control with admittance-based force–position coordination
to achieve high-precision posture adjustment and internal force–moment suppression. We demonstrate that the
system achieves a positioning accuracy of within ± 0.05mm in translation and ±0.05° in orientation through a
comprehensive dynamics simulation, with an internal force–moment suppression rate exceeding 90.03 %. The
results validate the effectiveness of the method for enhancing flexibility and reliability in aircraft assembly.

1 Introduction

Aircraft assembly is a critical process in the aviation industry,
accounting for 50 %–60 % of the manufacturing workload. It
directly influences the final performance, lifespan, and safety
of aircraft (Wang et al., 2022; Guo et al., 2023; Li et al.,
2021). In aircraft assembly, precise posture control of indi-
vidual components is essential for achieving accurate dock-
ing between parts. Such control is achieved through posture
adjustment technology, which is defined as the process of ad-
justing a component from its initial spatial state to its theo-
retical design posture. However, due to variations in the ge-
ometric shapes and structural dimensions of aircraft compo-
nents, their corresponding posture adjustment technologies
also differ. To facilitate systematic analysis, these compo-
nents can be abstracted into three major categories based on
their spatial geometric characteristics, namely point-feature,

linear-feature, and planar-feature components, as illustrated
in Fig. 1.

1. Point-feature components. Point-feature components,
such as hatches and engines, are characterized by their
compact structure and relatively small size.

2. Linear-feature components. Linear-feature components,
such as flaps, wings of small and medium-sized aircraft,
and some slender rod-shaped UAV airframes, are dis-
tinguished by having one dimension that is significantly
larger than the other two.

3. Planar-feature components. Planar-feature compo-
nents, such as the fuselage and wings of large and
medium-sized aircraft, feature large dimensions in both
length and width.

Currently, posture adjustment and positioning in aircraft
assembly are primarily applied to planar-feature compo-
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Figure 1. Three types of aircraft components. The figure denoted as “Fig. 1” in the aforementioned paper is an original creation, authored and
prepared entirely by the authors of this paper. It has not been previously published elsewhere, and it is not subject to any existing copyright
held by a third party.

nents, such as fuselage docking, wing docking, and wing
fuselage docking. Such components typically employ par-
allel posture adjustment systems based on numerical con-
trol positioners (NCPs). Based on the specific dimensions
and stiffness of the components, the posture adjustment sys-
tems can be further categorized into types encompassing
three-point, four-point, and six-point support, among others.
Among these, the four-point adjustment technology is the
most widely adopted due to its optimal balance between sys-
tem complexity and posture controllability (Zeng et al., 2020;
Wang et al., 2023; Li et al., 2025a, c). However, significant
limitations arise when applying these systems to the assem-
bly of point-feature and linear-feature components, including
insufficient flexibility, high costs, and spatial constraints for
deployment. With the diversification and serialization of air-
craft models, the demand for precise positioning and posture
adjustment of point-feature and linear-feature components
has become increasingly prominent, such as in the installa-
tion of weapon bay doors on new bombers, missile mounting,
and cargo aircraft floor laying. In such confined working en-
vironments, traditional posture adjustment technologies are
often inadequate due to insufficient installation space. There-
fore, this paper focuses on posture adjustment technology
suited for point-feature and linear-feature components.

Facing the aforementioned posture adjustment require-
ments, the Stewart platform, which combines structural stiff-
ness with motion accuracy, demonstrates significant applica-
tion potential. Its characteristics of compact structure, high
precision, and reconfigurability make it suitable for precise
posture control in confined spaces (Lu et al., 2020; Russo et
al., 2024; Stewart, 1965; Dasgupta and Mruthyunjaya, 1998).
However, despite some existing applications of parallel-
mechanism-based adjustment technologies in certain aircraft
components (Zhao et al., 2025; Ramirez and Wollnack, 2014;
Erdem et al., 2016; Sun et al., 2012), their research and
implementation for point-feature and linear-feature compo-
nents remain notably insufficient, particularly in meeting the
precision requirements within the confined spaces of new-
generation aircraft models.

Given the low-rigidity characteristic of aircraft compo-
nents, it is imperative to integrate force–position control into
the posture adjustment system to ensure operational safety
and to prevent structural damage. In the fields of robotics
and precision motion control, force–position control tech-
nologies are mainly divided into two categories: impedance
control and hybrid force–position control (Raibert and Craig,
1981; He et al., 2020; Hogan, 1984; Duan et al., 2018; Wang
et al., 2024; Yu et al., 2026; Wang et al., 2026). Furthermore,
beyond force–position control at the single-platform level,
effective posture adjustment for complex components of-
ten necessitates the coordinated effort of multiple platforms,
thus also involving multi-agent cooperative control technol-
ogy (Sombolestan and Nguyen, 2023; Ji and Egerstedt, 2007;
Kou et al., 2025; Chen et al., 2020; Shi and Yan, 2021). In
the research of multi-agent cooperative control technology,
the core methods can be summarized as follows: centralized
and distributed optimal control, primary–secondary control,
impedance control, task space decomposition-based control,
and intelligent cooperative control methods (Zhu et al., 2020;
Liu et al., 2025; Zhou et al., 2025; Jiang et al., 2023; Hu
et al., 2020). Research on multi-agent collaborative control
has predominantly focused on serial robotic arm systems,
typically targeted at small, rigid objects. There remains a
lack of force–position cooperative control methods for multi-
parallel platforms handling large-scale, weakly rigid compo-
nents (e.g., aircraft components) (Li et al., 2025b).

To address the aforementioned challenges, this paper in-
vestigates a cooperative posture adjustment technology with
Stewart platforms as the actuators, targeting the assembly of
point-feature and linear-feature components within confined
spaces. The main contributions are as follows:

1. A primary–secondary cooperative framework based on
admittance control is proposed. Within this framework,
the primary platform performs position tracking, while
the secondary platform implements compliant force
control via an admittance model, achieving precise co-
ordinated motion between multiple platforms without
compromising component safety.
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2. Building upon this framework, an H∞ robust controller
is incorporated to suppress unmodeled dynamics and
external disturbances, thereby ensuring control accu-
racy and stability in complex assembly environments.

The structure of this paper is organized as follows: Sect. 2
details the architecture of the Stewart platform, key techni-
cal specifications, and kinematic and dynamic modeling. In
Sect. 3, we propose the force–position cooperative strategy
based on primary–secondary admittance control. Section 4
describes the co-simulation environment setup and presents
the results validating the effectiveness of the proposed ap-
proach. Finally, Sect. 5 provides concluding remarks and dis-
cusses potential future research directions.

2 Modeling and analysis of the Stewart platform
system

2.1 Robot architecture and specification

The ultimate objective of this research is to achieve high-
precision coordinated posture adjustment for large-aircraft
component assembly, using the wing fuselage assembly pro-
cess as an application scenario, as illustrated in Fig. 2.

The focus of this paper is a dual-Stewart platform system
for coordinated posture adjustment, as shown in Fig. 3a. Each
Stewart platform in this system features a core mechanical
structure that consists of a moving platform, a fixed platform,
and six extensible legs connecting them, which is typically
referred to as a six-UCU (where “U” stands for a hook joint,
and “C” represents a cylindrical pair) kinematic configura-
tion, as shown in Fig. 3b. Each leg is connected to the mov-
ing and fixed platforms via Hook joints (U joints) at both
ends. When describing the Stewart platform, the moving-
platform coordinate frame ({P } frame) is typically defined at
the geometric center of the moving platform, and the fixed-
platform coordinate frame ({B} frame) is fixed at the geo-
metric center of the fixed platform. The moving attachment
points ai (i = 1,2, . . .,6) denote the three-dimensional coor-
dinates of the rotation centers of the U joints on the mov-
ing platform in the {P } frame, while the fixed attachment
points bi (i = 1,2, . . .,6) represent the three-dimensional co-
ordinates of the rotation centers of the U joints on the fixed
platform in the {B} frame. The leg lengths are denoted as li
(i = 1,2, . . .,6), as shown in Fig. 3c.

The attachment points on the Stewart platform are sym-
metrically distributed, forming a hexagonal shape. Herein,
the moving attachment points ai (i = 1,2, . . .,6) are dis-
tributed on a circle of radius Ra , with adjacent points be-
ing separated by an angle of α or 120°−α. Similarly, the
fixed attachment points bi (i = 1,2, . . .,6) lie on a circle of
radius Rb, with adjacent points separated by an angle of β or
120°−β, as shown in Fig. 3d.

The key dimensional parameters and technical specifica-
tions are listed in Table 1. The technical specifications are

determined based on the performance requirements of air-
craft component assembly in the aviation industry, with refer-
ence to the positioning accuracy standards of high-precision
NCPs.

2.2 Inverse kinematics model

The inverse kinematics modeling of the Stewart platform
refers to the process of solving the required lengths of the six
extensible legs, given the pose of the {P } frame relative to
the {B} frame (q = (x,y,z,ϕ,θ,8)T). The spatial rotation is
described using ZYX Euler angles, where the sequential ro-
tation angles are ϕ about the X axis, θ about the Y axis, and
8 about the Z axis. The corresponding rotation matrix BPR is
given by the following:

B
PR = cθc8 −cϕs8+ sϕsθc8 sϕs8+ cϕsθc8

cθs8 cϕc8+ sϕsθs8 −sϕc8+ cϕsθs8

−sθ sϕcθ cϕcθ

 , (1)

where c and s denote the cosine and sine functions, respec-
tively.

Based on Eq. (1) and the attachment points’ coordinates,
the coordinates of the moving attachment points in the {B}
frame can be calculated as follows:

Bai =
B
PR

P ai +
B
P x, (2)

where BP x = (x,y,z)T is the translation vector from the pose
q = (x,y,z,ϕ,θ,8)T.

Given the coordinates of the moving and fixed attachment
points in the {B} frame, the length li (i = 1,2, . . .,6) of each
extensible leg can be computed. Furthermore, the Jacobian
matrix J , which maps the platform’s spatial velocity to the
rates of change in leg lengths, can be derived.

J =


nT

1
(
B
PR

P a1× n1
)T

...
...

nT
6

(
B
PR

P a6× n6
)T

 (3)

In the above, ni (i = 1,2, . . .,6) is the unit direction vector of
the extensible leg.

2.3 Forward kinematics model

The forward kinematics modeling of the Stewart platform
refers to the process of determining the pose q of the {P }
frame relative to the {B} frame, given the lengths of the six
extensible legs. Common solution methods include analyti-
cal, numerical, and intelligent algorithms. This paper adopts
the quasi-Newton method for the solution. This method ap-
proximates derivative calculations using function value in-
formation, thereby avoiding complex differentiation and im-
proving computational efficiency. For solving the forward
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Figure 2. Wing fuselage assembly system based on dual-Stewart platforms.

Figure 3. Schematics of the Stewart platform. (a) Schematic of the overall layout. (b) CAD of the Stewart platform. (c) Schematic of the
Stewart platform architecture. (d) Schematic of the attachment point distribution on the Stewart platform.

kinematics of the Stewart platform, the core iterative formula
is as follows:{
qk+1 = qk − (Ak)−1F (qk)

Ak+1 = Ak +1Ak
, (4)

where k is the iteration index, 1Ak is an approximation ma-
trix for Ak , and F (qk) is the forward kinematics model func-
tion.

This paper employs the inverse Broyden method, an im-
proved variant of the standard Broyden’s algorithm, to design
the approximation matrix 1Ak .
qk+1 = qk −BkF (qk)

Bk+1 = Bk +
(sk −Bkyk)(sk)TBk

(sk)TBkyk

(5)

In the above, sk = qk+1−qk is the change in the independent
variable, yk = F (qk+1)−F (qk) is the corresponding change
in the function value, (sk)TBkyk 6=, and the initial value for
the matrix Bk can be set to the Jacobian matrix J .

2.4 Inverse dynamics model

The dynamic analysis of the Stewart platform can be per-
formed using various methods, including the Newton–Euler
equations, Lagrange’s equations, Kane’s method, and the
principle of virtual work. In this section, a combined ap-
proach utilizing d’Alembert’s principle and the Newton–
Euler equations is adopted to establish the system’s dynamic
model. D’Alembert’s principle transforms dynamic inertial
effects into an equivalent static equilibrium problem, while
the Newton–Euler equations recursively compute the forces
and moments on each component. By integrating these two
methods, inertial forces, driving forces, and constraint reac-
tions can be intuitively separated, significantly simplifying
the dynamic analysis of the multi-body coupled system.

By analyzing the velocities and accelerations of each ex-
tensible leg, the instantaneous motion states of all legs during
system operation were determined, thereby concretizing the
inertial force effects in d’Alembert’s principle. On this basis,
by performing a force and moment equilibrium analysis on
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Table 1. Dimensional parameters and technical specifications.

Parameter Value

Dimensional parameters Ra (mm) 125
Rb (mm) 200
α (°) 20
β (°) 30
Initial height of moving platform (mm) 315.4599
Stroke of electric cylinder (mm) 180
Distance between primary and secondary platforms (mm) 1300
Workpiece dimensions (mm) 2000× 450× 100

Technical specifications Positioning accuracy (mm) ±0.05
Orientation accuracy (°) ±0.05
Internal force–moment suppression rate 90 %
Leg length control error (mm) ±0.05

the moving platform and the payload, we obtain the follow-
ing:{
FC −

∑6
i=1Fai = 0

c×FC +MC −
∑6
i=1

(
ai ×Fai +M

′

ai

)
= 0

, (6)

where FC is the resultant force acting at the composite center
of mass C of the moving platform and the payload, compris-
ing inertial forces, gravitational force, and external forces;
MC is the resultant moment acting at C, comprising inertial
moments and external moments; c is the position vector of
C, expressed in the {B} frame; and Fai andM ′ai are the force
and moment, respectively, exerted by the U joint of the mov-
ing platform on extensible leg i (i = 1,2, . . .,6).

Furthermore, the decomposition of the resultant force Fai
along the axial direction of the extensible leg and its perpen-
dicular direction leads to the following expression: f aa1

...

f aa6

=

J−T


FC −

6∑
i=1
F nai

c×FC +MC −

6∑
i=1

(
ai ×F

n
ai +M

′

ai

)
 , (7)

where F nai is the component of Fai perpendicular to the
extensible-leg axis, and F aai is the component of Fai along
the extensible-leg axis (F aai = f

a
ain1i); they satisfy the rela-

tion of Fai = F nai +F
a
ai (i = 1,2, . . .,6). J denotes the Jaco-

bian matrix defined earlier in Eq. (3).
Finally, performing a force analysis along the axis of

extensible leg i (i = 1,2, . . .,6) yields the required driving
force τi :

τi =−
(
f aai +F2i · ni

)
, (8)

where F2i is the sum of the gravitational force and inertial
force of extensible leg i (i = 1,2, . . .,6).

3 Cooperative control strategy

To address the cooperative posture adjustment problem of
dual-Stewart platforms, the primary–secondary control ar-
chitecture simplifies coordination complexity by clearly di-
viding tasks (primary platform for decision-making, sec-
ondary platform for following) while maintaining compat-
ibility with widely adopted industrial primary–secondary
frameworks. On the other hand, admittance control lever-
ages the multi-leg force sensor network of the Stewart plat-
form to dynamically convert high-dimensional force feed-
back into pose compensation, enabling active compliance.
This allows the platform to proactively “yield” during ad-
justment, thereby reducing workpiece stress and adapting
to deformations and environmental uncertainties. The in-
tegration of both strategies ensures precise posture adjust-
ment while enhancing workpiece safety. Thus, this paper
adopts a force–position cooperative control strategy based
on primary–secondary admittance control, where the primary
platform operates in position control mode, and the sec-
ondary platform operates in admittance control mode. The
system control block diagram is shown in Fig. 4.

The control flow in the block diagram operates as follows.
For the primary platform, the target pose qd for the mov-
ing platform is first generated based on task and trajectory
planning. This pose qd is then mapped into the reference
lengths lMd for the six extensible legs via the inverse kine-
matics model. Finally, lMd is fed into the position controller
(an H∞ mixed-sensitivity controller), which produces cor-
responding control signals to actuate the electric cylinders,
thereby moving the platform to achieve the target pose qd .

In contrast, for the primary platform, a pose compensation
qc is added to the target pose qd . This compensation qc is
generated by an admittance controller, which takes the in-
ternal force Fin from an internal force model as its input.
The internal force model can generally be constructed in two
ways: one is through direct modeling based on force analysis,
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Figure 4. Primary–secondary admittance control block diagram.

and the other is through indirect modeling based on dynamic
models or similar methods (the approach adopted in this pa-
per will be introduced in Sect. 4.3). It should be noted that the
input signals for the primary platform are the displacement
curves of the six electric cylinders generated through trajec-
tory planning. For the master platform, however, the input
must additionally incorporate the pose compensation output
from the admittance controller. In implementation, the dis-
placement curves of the slave platform’s electric cylinders
are first converted into a pose via forward kinematics. After
superimposing the compensation pose from the admittance
controller, inverse kinematics is applied to finally derive the
drive signals for the slave platform.

3.1 H∞ mixed-sensitivity position controller

The position control of parallel mechanisms is central to
achieving their high-precision motion. The mechanism itself
constitutes a complex, multi-input–multi-output (MIMO),
strongly coupled, nonlinear system. Moreover, during actual
operation, the system is subject to unmodeled dynamics, pa-
rameter variations, and external disturbances. Therefore, to
realize high-precision, highly robust position control, this
section introduces H∞ robust control theory.

The core idea of H∞ control is to design a controller
that minimizes the H∞ norm of certain specified transfer
functions of the closed-loop system, thereby reducing the
worst-case impact of disturbances to a minimum. The mixed-
sensitivity method is an effective and intuitive design ap-
proach within this framework, which satisfies different per-
formance specifications by simultaneously optimizing mul-
tiple sensitivity functions. The block diagram of the H∞
mixed-sensitivity control is shown in Fig. 5.

In the diagram: G(s) represents the plant; K(s) represents
the controller; W1(s) is the performance weighting function,
used to shape the closed-loop system’s tracking performance

Figure 5. H∞ mixed-sensitivity control block diagram.

and disturbance rejection capability; W2(s) is the control ef-
fort weighting function, used to constrain the amplitude and
energy of the control signal; W3(s) is the robustness weight-
ing function, used to enhance the system’s robustness against
model uncertainties (such as parameter variations and un-
modeled dynamics);w denotes the generalized inputs, which
include reference inputs, disturbances, and noise; e denotes
the control error; u denotes the control input; y denotes the
system output; z1 denotes the weighted error signal; z2 de-
notes the weighted control input signal; and z3 denotes the
weighted system output signal.

Furthermore, the three sensitivity functions are defined as
follows:

S(s)= [I +G(s)K(s)]−1, (9)
R(s)=K(s)S(s), (10)

T (s)= I − S(s)=G(s)K(s)[I +G(s)K(s)]−1, (11)

where S(s) denotes the sensitivity function, R(s) denotes the
control sensitivity function, and T (s) denotes the comple-
mentary sensitivity function.

The objective of the H∞ mixed-sensitivity control is to
find a controller K(s) that minimizes the H∞ norm of the

Mech. Sci., 17, 657–670, 2026 https://doi.org/10.5194/ms-17-657-2026



H. Yu et al.: Primary–Secondary Admittance Control for Aircraft Assembly 663

weighted combination of sensitivity functions:∥∥∥∥∥∥
W1(s)S(s)
W2(s)R(s)
W3(s)T (s)

∥∥∥∥∥∥≤ γ (γ > 0). (12)

3.2 Admittance controller

Admittance control of the secondary platform establishes a
mapping relationship between the interaction force and the
compensated pose through a second-order dynamic model.
The mathematical model is expressed as follows:

Mq̈c+Dq̇c+Kqc =1F, (13)

where qc = (xc,yc,zc,ϕc,θc,8c)T is the pose compensa-
tion vector of the slave platform; M,D,K ∈ R6×6 are the
mass, damping, and stiffness matrices characterizing the sys-
tem dynamics, typically defined as diagonal matrices; 1F ∈
R6×1 is the generalized force deviation, defined as the dif-
ference between the internal force–moment Fin acting on
the workpiece and the desired internal force–moment Fd
(1F = Fin−Fd); and, in typical compliance control appli-
cations, the desired internal force–moment is often set to
zero (Fd = 0) to maximize workpiece protection. Under this
setting, the force deviation 1F is equivalent to the internal
force–moment Fin.

To facilitate subsequent simulation analysis, the second-
order differential equation is transformed into a state space
representation. Defining the state variables x1 = qc, x2 = q̇c,
the system state equation is derived as follows:{
ẋ1 = x2

ẋ2 =M
−1(1F −Dx2−Kx1)

, (14)

and the standard state space representation of the system is
given by
[
ẋ1
ẋ2

]
=

[
06×6 I6×6
−M−1K −M−1D

][
x1
x2

]
+

[
06×6
M−1

]
u

y =
[
I6×6 06×6

][ x1
x2

]
+
[

06×6
]
u

, (15)

where I denotes the identity matrix of appropriate dimen-
sions, u=1F denotes the system input, and y = qc denotes
the system output.

4 Results through co-simulation

4.1 Simulation method

To validate the performance of the aforementioned control
method, a co-simulation control loop is established between
Simulink and ADAMS, as illustrated in Fig. 6. In this loop,
ADAMS transmits the state data of the mechanical system
(e.g., pose, forces) to Simulink in real time. Simulink, in turn,
utilizes these data as input for its controller to compute the

Figure 6. Co-simulation control loop.

control signals, which are sent back to ADAMS to close the
loop. The co-simulation is configured to operate in discrete
mode. The parameters are set as follows: a simulation step
size of 0.001 s and a total duration of 4 s for Simulink and
a communication interval of 0.001 s between Simulink and
ADAMS.

Specifically, to investigate the internal force–moments
generated within the workpiece due to non-synchronous mo-
tion of the dual platforms, the connection methods between
the platforms and the workpiece in ADAMS must be appro-
priately configured. If both connections were implemented as
rigid fixed joints, even minor synchronization errors would
result in an over-constrained system, leading to simulation
failure. Therefore, a flexible connection scheme is adopted
in this model: the primary platform is connected to the work-
piece via a fixed joint, while the secondary platform is con-
nected to the workpiece through a bushing force. The pa-
rameters for the bushing force in ADAMS are provided in
Table 2.

Furthermore, to simulate the inevitable non-synchronous
motion of the dual platforms during the actual alignment pro-
cess, a pose disturbance signal is introduced into the com-
mand trajectory of the slave platform. This signal is de-
signed as a composite signal consisting of two parts: a ran-
dom spline curve and Gaussian noise. The spline curve en-
sures that the disturbance signal is smooth and continuous,
preventing abrupt changes. Meanwhile, the Gaussian noise is
employed to simulate random interference present in the ac-
tual environment. Simultaneously, based on the U-joint clear-
ance model, the resulting leg length variation is incorporated
into the control loop as an disturbance. This approach aims to
better emulate real-world conditions and to validate the sys-
tem’s disturbance rejection capability. The dynamic response
of the cooperative control system is provided in the Supple-
ment (Video 1).
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Table 2. ADAMS bushing-force parameters.

Parameter Value

Translational stiffness (Nmm−1) (3.5× 104,3.5× 104,3.5× 104)
Translational damping (Nsmm−1) (2.0× 102,2.0× 102,2.0× 102)
Force preload (N) (0,0,0)
Rotational stiffness (N mm per degree) (8.73× 106,8.73× 106,8.73× 106)
Rotational damping (N mm s per degree) (3.49× 103,3.49× 103,3.49× 103)
Torque preload (Nmm) (0,0,0)

4.2 Position controller performance

We take the fixed-platform coordinate frame of the primary
platform as the world coordinate frame ({W } frame). In
the {W } frame, the initial pose of the workpiece is q0 =

(650,0,365.4599,0,0,0)T, and the target pose is set to q =
(660,−10,465.4599,5,5,5)T. A desired trajectory, continu-
ous and smooth in displacement, velocity, acceleration, and
jerk, is generated based on a polynomial trajectory-planning
method. Subsequently, the inverse kinematics solution is
computed to derive the displacement drive commands for the
electric cylinders of both the primary and secondary plat-
forms, which serve as the coordinated control input for the
system.

As outlined in Sect. 3.1, a prerequisite for designing the
H∞ mixed-sensitivity controller is obtaining the transfer
function of the controlled plant and designing the three
weighting functions. At the drive level, a Stewart platform
typically employs servo motors coupled with high-reduction-
ratio planetary gearboxes or high-lead ball screws to drive
the electric cylinders. Such high transmission ratio mechan-
ical structures possess extremely high reverse undrivability
and substantial equivalent rotational inertia. Consequently,
the electrical dynamics of the motors and the linear dis-
placement mapping of the ball screws constitute the dom-
inant part of the system dynamics, resulting in a strongly
diagonally dominant transfer function matrix for the sys-
tem comprising six actuators. Based on this physical char-
acteristic, each electric cylinder can be reasonably approx-
imated as an independent second-order linear time-invariant
(LTI) system. Those neglected off-diagonal coupled dynamic
terms, unmodeled high-frequency flexible modes, and exter-
nal load disturbances are uniformly abstracted as additive or
multiplicative bounded unstructured uncertainties, to be sup-
pressed by the subsequent H∞ robust control algorithm. To
this end, using a step signal as the input and the displacement
response of the electric cylinder from the ADAMS virtual
prototype as the output, the transfer function of the electric
cylinder is obtained through system identification as follows:

G(s)=
b0

a0s2+ a1s+ a2
, (16)

where a0 = 1, a1 = 1925, a2 = 1.205× 106, and b0 =

1.205× 106.
The weighting function was chosen in its canonical form,

with parameters determined through a combination of theo-
retical analysis and iterative simulation. The final form of the
weighting function is presented below:

W1(s)=
12000
s

0.05 + 1

W2(s)= 0.01×
s

s
1100 + 1

W3(s)= 1.0×
s

900 + 1
s

2400 + 1

. (17)

Based on the identified plant modelG(s) and the designed
weighting functions W (s), the controller K(s) is obtained
by solving the corresponding algebraic Riccati equations or
linear matrix inequalities derived from the generalized plant
structure.

A simulation model is constructed based on the aforemen-
tioned transfer function to validate the performance of the
H∞ mixed-sensitivity controller. The results are shown in
Fig. 7a and c. Analysis indicates that, although the track-
ing error exhibits some fluctuations during the initial and dy-
namic adjustment phases of the alignment process, it demon-
strates excellent convergence. By the 4 s mark, the displace-
ment tracking errors for all legs of both the primary and sec-
ondary platforms had stabilized within 0.05 mm, meeting the
technical specifications outlined in Sect. 2.1 (Table 1).

Furthermore, to validate the robustness of the controller, a
step signal with an amplitude of 10 mm is introduced as an
external disturbance at the 2 s mark to observe the recovery
of the system output. The final simulation results are shown
in Fig. 7b and d. The results indicate that the H∞ mixed-
sensitivity controller rapidly suppressed the oscillations in-
duced by the disturbance (within approximately 0.02 s), en-
abling the system to quickly return to a stable tracking state.
This demonstrates that the position controller designed based
on the H∞ mixed-sensitivity method possesses strong dis-
turbance rejection capability against external disturbances,
meeting the requirements for high-precision pose adjust-
ment.
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Figure 7. Simulation results of the H∞ mixed-sensitivity controller. (a) Leg displacement tracking error of the master platform. (b) Leg
displacement tracking error of the master platform (with step disturbance). (c) Leg displacement tracking error of the slave platform. (d) Leg
displacement tracking error of the slave platform (with step disturbance).

4.3 Cooperative posture adjustment simulation

This section validates the overall performance of the pro-
posed primary–secondary admittance control strategy for the
dual-platform cooperative posture adjustment task, based on
the co-simulation platform established in Sect. 4.1. The sim-
ulation focuses on two key metrics: the final positioning ac-
curacy of the workpiece and the system’s ability to suppress
internal force–moment.

As described in Sect. 4.1, the internal force–moment Fin
of the workpiece is indirectly observed via the bushing force
in the ADAMS model (Table 2). To accurately isolate the un-
desired internal force–moment generated specifically by the
motion asynchronization of the two platforms, a differential
method is employed:

Fin = Fmea−Fsync, (18)

where Fmea is measured in real time through the bushing
force model in ADAMS and represents a complex mixed
term. Inevitably, it contains three core components: the grav-
itational component of the workpiece itself, the inertia force
component generated as the workpiece follows the platform
motion, and internal squeezing or pulling forces resulting
from the motion asynchrony between the primary and sec-
ondary platforms. If Fmea is directly used as feedback in-
put in admittance control, the secondary platform will mis-
takenly exhibit a “compliant” response to the workpiece’s
own weight, causing the workpiece to drop under gravity and
thereby affecting trajectory accuracy. Therefore, the concept
of a baseline synchronous force Fsync must be introduced.
Fsync is the theoretical static and dynamic load that the slave
platform would need to bear under a fully synchronized mo-
tion state to maintain the workpiece’s current pose and de-
sired kinematic state. By performing the differential calcula-

tion, the internal force Fin generated specifically by the mo-
tion asynchronization can be accurately isolated.

This method effectively eliminates the internal force–
moment component caused by gravity and the initial con-
figuration, ensuring that the observed force signal originates
directly from the motion asynchronization between the two
platforms. The dynamic characteristics of the admittance
controller are determined by the mass (M), damping (D),
and stiffness (K) matrices in Eq. (15). To achieve satisfactory
force tracking performance and system stability, parameters
were optimized through the system’s dynamic response. The
final admittance parameters were determined as follows:
M = diag(mx,my,mz,mϕ,mθ ,mφ)

D = diag(dx,dy,dz,dϕ,dθ ,dφ)
K = diag(kx,ky,kz,kϕ,kθ ,kφ)

, (19)

where mx =my =mz = 10, mϕ =mθ =mφ = 105, dx =
dy = dz = 2.5× 103, dϕ = dθ = dφ = 107, kx = ky = kz =
102, and kϕ = kθ = kφ = 106.

With the admittance controller implemented, a co-
simulation of the entire cooperative adjustment process was
conducted. The actual tracking trajectory of the workpiece
from its initial to target pose is shown in Fig. 8a and b, and
the internal force–moment variations are shown in Fig. 8c
and d.

A quantitative analysis of the simulation data was per-
formed, with the results summarized in Tables 3 and 4. The
pose accuracy analysis (Table 3) demonstrates that, upon
completion of the posture adjustment task, the positioning
errors of the workpiece were consistently low. Specifically,
the maximum translational error was 0.0218 mm in the Z di-
rection, and the maximum attitude error was 0.0016° around
theZ axis. These results fully confirm the high-precision per-
formance of the control system.
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Figure 8. Co-simulation results. (a) Actual displacement tracking curve of the workpiece. (b) Actual attitude angle tracking curve of the
workpiece. (c) Internal force variations curve of the workpiece. (d) Internal moment variations curve of the workpiece.

Table 3. Workpiece posture error.

Workpiece posture Initial value Target value Actual value Error

x (mm) 650 660 659.9988 0.0012
y (mm) 0 −10 −9.9987 −0.0013
z (mm) 365.4599 465.4599 465.4381 0.0218
ϕ (°) 0 5 4.9989 0.0011
θ (°) 0 5 4.9991 0.0009
8 (°) 0 5 4.9984 0.0016

The internal force–moment suppression effect, detailed
in Table 4, is even more remarkable. Compared to the
scenario without admittance control, the introduction of
the admittance controller successfully suppressed the inter-
nal force–moment in all directions to a significantly lower
level, achieving a suppression rate exceeding 94.01 % across
all measured components. This clearly indicates that the
proposed primary–secondary admittance control strategy is
highly effective in mitigating the internal force–moment gen-
erated by motion asynchronization between the two plat-
forms.

In summary, the simulation results comprehensively vali-
date that the system’s performance meets the technical spec-
ifications outlined in Sect. 2.1 (Table 1), excelling in both
posture adjustment accuracy and internal force–moment sup-
pression capability.

To validate the effectiveness and stability of the proposed
control strategy under different operating conditions, mul-
tiple sets of simulation experiments were conducted fur-
ther based on the aforementioned simulations. The simula-
tion experiments were designed from two dimensions: load
mass and pose adjustment range, resulting in nine different

working conditions: (1) Load conditions are categorized into
light load, medium load, and heavy load. Without altering
the workpiece model, the density parameter was adjusted to
simulate scenarios involving clamping components of dif-
ferent weights. (2) Range conditions are categorized into
short range, medium range, and extensive range. This was
achieved by setting different target poses for the workpiece.
The range magnitude was measured by the required exten-
sion or retraction of each electric cylinder on the primary and
secondary platforms, which directly reflects the utilization of
the platform’s driving mechanism within its physical stroke
range.

Among them, the aforementioned simulation demon-
strates the “medium load-extensive range” working condi-
tion. Under all working conditions, the same simulation en-
vironment settings, control algorithm parameters, and distur-
bance signals (1q(t)) are maintained. The specific parameter
designs for each working condition are shown in Table 5.

Furthermore, to evaluate the robustness of the proposed
control strategy against fluctuations in controller parameters
in practical engineering applications, piecewise time-varying
random disturbances were introduced into the parameters of
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Table 4. Internal force–moment suppression.

Internal force Mean absolute value Reduction Suppression rate

Without admittance With admittance
control control

Fx (N) 1.7568× 104 1.0517× 103 1.6516× 104 94.0135 %
Fy (N) 1.7599× 105 5.6245× 103 1.7037× 105 96.8041 %
Fz (N) 1.7488× 105 5.4216× 103 1.6946× 105 96.8998 %
Mx (Nm) 4.2555× 103 53.6250 4.2019× 103 98.7399 %
My (Nm) 3.5933× 103 60.1660 3.5331× 103 98.3256 %
Mz (Nm) 3.8073× 103 57.2810 3.7500× 103 98.4955 %

Table 5. Design parameters for multiple sets of simulation experiment working conditions.

No. Load condition Workpiece mass (kg) Range condition Target pose (x,y,z: mm; ϕ,θ,8: °)

1 light load 346.7853 short range (651,1,375.4599,0.5,−0.5,0.5)T

2 light load 346.7853 medium range (645,5,435.4599,−3,−3,−3)T

3 light load 346.7853 extensive range (660,−10,465.4599,5,5,5)T

4 medium load 693.5706 short range (651,1,375.4599,0.5,−0.5,0.5)T

5 medium load 693.5706 medium range (645,5,435.4599,−3,−3,−3)T

6 medium load 693.5706 extensive range (660,−10,465.4599,5,5,5)T

7 heavy load 1387.1412 short range (651,1,375.4599,0.5,−0.5,0.5)T

8 heavy load 1387.1412 medium range (645,5,435.4599,−3,−3,−3)T

9 heavy load 1387.1412 extensive range (660,−10,465.4599,5,5,5)T

the admittance controller in the simulation. The specific de-
sign is as follows: the total duration of each simulation is
evenly divided into 10 time segments. Within each segment,
a random time point is selected, at which the mass, damp-
ing, and stiffness parameters of the admittance controller are
instantly superimposed with a random disturbance value uni-
formly distributed within a ±5% range. This disturbance re-
mains constant throughout the segment until the next dis-
turbance time point is triggered. This design aims to simu-
late the slow drift or step changes in controller parameters
caused by factors such as component aging or environmen-
tal temperature variations, thereby testing the stability of the
cooperative control strategy under non-ideal parameter con-
ditions.

Data from all nine sets of simulation experiments were
collected and analyzed. The summarized results of the core
performance indicators (posture adjustment accuracy and in-
ternal force suppression effectiveness) are presented in Ta-
bles 6 and 7.

Based on the statistical data from Tables 6 and 7, the
following conclusions can be drawn regarding the perfor-
mance of the proposed control strategy under different work-
ing conditions: across the nine working conditions covering
light, medium, and heavy loads, as well as small, medium,
and large ranges, the final workpiece pose errors remain at
a low level. As shown in Table 6, the mean absolute val-
ues of displacement errors in all directions do not exceed

0.0129 mm, and the mean absolute values of attitude an-
gle errors do not exceed 0.0008°. This indicates that the
designed H∞ mixed-sensitivity position controller exhibits
good robustness against variations in load, motion range,
and controller parameter fluctuations and can stably ensure
high-precision trajectory tracking. Meanwhile, as seen in Ta-
ble 7, the proposed admittance cooperative control strategy
achieves highly efficient suppression of adjustment internal
forces under all nine working conditions, with the suppres-
sion rates for internal forces and moments in all directions
exceeding 90.03 %. The data show that, even in the pres-
ence of disturbances in the controller parameters, the inter-
nal force suppression performance does not significantly de-
grade, verifying its stability in internal force suppression.

In summary, the results of multiple sets of simulation ex-
periments conducted under parameter disturbances demon-
strate that the dual parallel platform cooperative pose adjust-
ment strategy based on primary–secondary admittance con-
trol, as proposed in this paper, can achieve high-precision
pose control and effective internal force suppression under
various working conditions – from light to heavy loads and
from small to large ranges. This fully meets the technical
specifications outlined in Sect. 2.1 (Table 1).
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Table 6. Workpiece posture error statistics under multiple working conditions.

No. Workpiece posture error

x (mm) y (mm) z (mm) ϕ (°) θ (°) 8 (°)

1 0.0002 0.0002 0.0018 0.0001 −0.0001 0.0001
2 −0.0017 0.0018 0.0150 −0.0007 −0.0007 −0.0007
3 0.0012 −0.0013 0.0218 0.0011 0.0009 0.0016
4 0.0002 0.0002 0.0018 0.0001 −0.0001 0.0001
5 −0.0017 0.0018 0.0150 −0.0007 −0.0007 −0.0007
6 0.0012 −0.0013 0.0218 0.0011 0.0009 0.0016
7 0.0002 0.0002 0.0018 0.0001 −0.0001 0.0001
8 −0.0017 0.0018 0.0150 −0.0007 −0.0007 −0.0007
9 0.0012 −0.0013 0.0218 0.0011 0.0009 0.0016
Mean absolute value 0.0010 0.0011 0.0129 0.0006 0.0006 0.0008

Table 7. Workpiece internal force suppression rate statistics under multiple working conditions.

No. Internal force–moment suppression rate

Fx (N) Fy (N) Fz (N) Mx (Nm) My (Nm) Mz (Nm)

1 92.3065 % 97.3766 % 95.8495 % 97.5105 % 97.8787 % 98.9228 %
2 90.2135 % 95.9120 % 96.4444 % 98.0335 % 97.8501 % 97.0798 %
3 77.1049 % 97.9201 % 97.8399 % 97.6556 % 98.9437 % 98.4035 %
4 94.9368 % 72.1494 % 93.5288 % 98.5036 % 95.5496 % 95.5934 %
5 87.8917 % 95.4247 % 97.2446 % 98.9160 % 98.3947 % 97.1862 %
6 94.0135 % 96.8041 % 96.8998 % 98.7399 % 98.3256 % 98.4955 %
7 96.6507 % 95.1050 % 97.7051 % 99.0974 % 98.0307 % 97.7472 %
8 85.2099 % 97.2013 % 97.4478 % 96.9155 % 98.0673 % 97.3304 %
9 92.0312 % 96.7664 % 96.0438 % 96.8821 % 98.0097 % 97.6325 %
Mean 90.0399 % 93.8511 % 96.5560 % 98.0282 % 97.8945 % 97.5990 %

5 Conclusion

This study addresses the challenge of precise posture ad-
justment for point-feature and linear-feature aircraft com-
ponents in confined assembly spaces by proposing a dual-
Stewart platform cooperative strategy based on primary–
secondary admittance control. To enhance system robust-
ness against parameter variations and external disturbances,
the position controller was designed using the H∞ mixed-
sensitivity method. Simulation results demonstrate that the
proposed approach not only achieves high-precision pose
control, with translational errors within 0.0218 mm and at-
titude errors within 0.0016°, but also effectively suppresses
the internal force–moment caused by motion asynchroniza-
tion between the two platforms, achieving a suppression rate
of over 94.01 %.

Currently, research on posture adjustment technologies us-
ing parallel mechanisms for point-feature and linear-feature
aircraft components remains limited, particularly in terms of
multi-platform force–position cooperative control methods
for large-sized, low-rigidity workpieces. Thus, the strategy
presented in this paper offers a viable technical solution for
high-precision, low-force assembly of such components in

spatially confined environments, contributing to broadening
the application of parallel mechanisms in aviation manufac-
turing. Future work will involve the construction of a physi-
cal platform to validate the control strategy under real-world
conditions. Key research directions will include the follow-
ing: (1) advancing the control architecture from unilateral
admittance to bilateral compliance or shared impedance, in-
corporating differentiated stiffness settings for the primary–
secondary platforms and delay compensation mechanisms
(e.g., passivity observers, bandwidth adjustment) to enhance
coordination and stability in practical operation; (2) imple-
menting joint coordinate calibration for the Stewart platform
and developing adaptive compensation strategies for multi-
source errors (e.g., friction, backlash, crosstalk), potentially
augmented by global measurement feedback, to bridge the
sim-to-real gap; and (3) establishing a real-time internal force
observation loop based on the physical force sensor network,
utilizing methods such as inverse-dynamics difference or
matrix null-space decomposition to replace the simulation-
specific bushing model, thereby improving the reliability and
practicality of internal force control.
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