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Abstract. In microgravity and disturbance-rich orbital environments, the thermal nozzle of Delta-
type space-based fused deposition modeling (FDM) systems is prone to trajectory deviations and
vibration-induced defects, which can severely degrade the surface quality and mechanical
integrity of printed parts. To address this problem, an integrated motion-vibration control strategy
is proposed. The motion loop employs a classical PID controller for accurate trajectory tracking,
whereas the vibration loop adopts a Filtered-X Least Mean Square (FXLMS) algorithm with a
nonlinear variable step-size scheme jointly modulated by exponential decay and sinusoidal
functions. The proposed step-size mechanism improves convergence behavior and robustness
under time-varying disturbances by enabling fast initial adaptation while maintaining stable
steady-state performance. A high-fidelity ADAMS-Simulink co-simulation platform is developed
for comparative evaluation. The results show that the proposed strategy reduces micro-vibration
amplitudes, improves tracking accuracy, and provides stronger robustness than fixed-step adaptive
approaches, thereby offering an effective solution for high-precision space-based additive
manufacturing.

Keywords: space-based additive manufacturing, delta-type FDM, FXLMS algorithm, adaptive
vibration suppression, thermal nozzle.

1. Introduction

In recent years, space stations and orbital platforms have entered extended operational phases.
Major spacefaring nations have increasingly focused on the construction, maintenance, and
autonomous operation of these platforms as core components of long-term acrospace strategy. The
United States, China, and Russia have accelerated the deployment of orbital facilities to enable
long-duration missions while reducing dependence on ground-based logistics. Against this
backdrop, space-based Additive Manufacturing (AM) has emerged as a critical technology for
on-orbit repair, rapid component replacement, and structural adaptation, offering significant
improvements in mission resilience and logistical efficiency [1], [2]. However, extensive research
has shown that inherent microgravity-induced micro-vibrations can significantly degrade
manufacturing quality and dimensional accuracy, particularly in FDM systems [3]. Moreover,
orbital micro-vibrations may couple with lightweight mechanisms, leading to layer misalignment,
geometric distortion, and reduced mechanical performance [4], [5]. Therefore, effective
suppression of nozzle vibration has become a key prerequisite for ensuring the reliability of AM.

Among existing AM technologies, FDM is considered highly suitable for microgravity
environments due to its compact structure, high reliability, broad material compatibility, and low
energy consumption. Meanwhile, Delta-type parallel mechanisms — characterized by lightweight
truss structures, high acceleration capability, and excellent motion agility — exhibit strong potential
for performing precise and efficient fabrication tasks in space [6]-[8]. However, the inherent
structural flexibility and strong kinematic coupling of Delta mechanisms make them susceptible
to vibration amplification during high-speed motion, rapid acceleration/deceleration, and external
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disturbances, which further exacerbate trajectory deviations of the thermal nozzle [9], [10].

To mitigate performance degradation caused by vibration, researchers have explored structural
damping, compliant mechanisms, and passive isolation techniques. Nonetheless, passive
approaches are fundamentally constrained by spacecraft mass, volume, and layout limitations, and
exhibit limited effectiveness against broadband, multi-source disturbances. As a result, active
vibration control has become an important research direction for space manufacturing systems.
Adaptive filtering algorithms such as Least Mean Square (LMS), Normalized least mean square
(NLMS), and FXLMS have been extensively applied in space micro-vibration suppression due to
their robustness to model uncertainties and broadband disturbances [11]-[13]. Recent studies
indicate that disturbances in orbital platforms typically exhibit multi-frequency, broadband, and
slowly time-varying characteristics, which pose significant challenges for FXLMS algorithm,
often resulting in slow convergence or reduced steady-state accuracy under dynamic conditions
[14], [15].

Meanwhile, Delta mechanisms are highly sensitive to actuator noise, structural flexibility, and
dynamic coupling during high-speed operations. Prior studies have demonstrated that even minor
actuator disturbances can propagate rapidly along the parallel kinematic chains and become
amplified [16]. Furthermore, separately addressing trajectory tracking and vibration suppression
often fails to meet the simultaneous accuracy and stability requirements under complex
operational environments [17]. Taken together, these findings underscore the necessity of a
unified control framework capable of simultaneously addressing motion control and vibration
suppression in space-based Delta-FDM systems subject to multi-frequency broadband
disturbances.

Motivated by these challenges, this study proposes an integrated motion-vibration control
strategy for the thermal nozzle of a space-based Delta-type FDM system. The method incorporates
a Proportional-Integral-Derivative (PID) motion controller and an enhanced FXLMS algorithm
into a unified feedback structure. To address the classical trade-off between convergence speed
and steady-state accuracy in FXLMS under dynamic space disturbances, we introduce a nonlinear
variable step-size mechanism combining exponential decay with sinusoidal modulation. This
design significantly improves convergence stability, transient performance, and robustness against
multi-frequency broadband disturbances [18], [19].

A high-fidelity co-simulation platform integrating ADAMS and Simulink was constructed to
model the three-degree-of-freedom dynamics of the thermal nozzle and validate the proposed
control strategy. Simulation results demonstrate that the Exponential Sinusoidal Filtered-X Least
Mean Square (ES-FXLMS) based integrated controller achieves substantial improvements in
trajectory tracking accuracy, vibration amplitude suppression, and dynamic adaptability.
Compared with traditional PID, NLMS, and standard FXLMS algorithms, the proposed method
exhibits superior convergence behavior, disturbance rejection capability, and overall system
stability, offering an efficient and robust real-time control solution for space-based additive
manufacturing systems [20]-[22].

To facilitate a clearer and more systematic comparison with recent studies on space-based
vibration suppression, Table 1 summarizes the representative control strategies, disturbance
frequency characteristics, attenuation performance, and experimental or simulation conditions
reported in the literature. As can be observed, most existing works primarily focus on
single-frequency or narrow-band disturbances, while limited attention has been devoted to the
multi-frequency and broadband excitations that are commonly encountered in space-based
environments.

Motivated by these observations, this study develops an integrated motion-vibration control
strategy for the thermal nozzle of a space-based Delta-type FDM system. The proposed framework
combines classical PID trajectory control with an enhanced ES-FXLMS adaptive vibration
suppression algorithm, aiming to achieve effective vibration attenuation and accurate motion
tracking under multi-frequency, broadband, and time-varying disturbance conditions.
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Table 1. Comparison between our method and some published methods

Disturbance Attenuation . .
Reference | Control strategy frequency bands (dB) Experimental scenario
. Space instruments
[11] LMS / FXLMS Single-frequency 0-40 dB (Earth-based test)
[12] VSS-FXLMS Broadband 0-50 dB Flexible structures (Lab-based)
[13] LMS variants Dual-frequency 0-35dB Robotic arm (Laboratory)
[16] Dynan_nc N/A N/A Delta robot (Model-based)
modeling
[4] Disturbance |y vibration | 0-60 dB Space AM (Simulation)
modeling
This PID+ES- Dual-frequency + =70 dB Space FDM (Delta) + ADAMS-
work FXLMS Broadband Simulink Co-simulation

2. Vibration characteristic analysis of the thermal nozzle in delta-type additive
manufacturing equipment

2.1. Basic working principle of the thermal nozzle

The working principle of FDM additive manufacturing is based on heating a thermoplastic
material to its molten state and then precisely extruding it through a thermal nozzle to construct
three-dimensional objects layer by layer. The process begins with the filament being fed into the
heated nozzle by a feeding mechanism, where it is melted and subsequently extruded along a
predefined path. Each layer of molten material solidifies upon cooling and is deposited
sequentially to form the complete object [23].

FDM systems are widely used in prototyping and functional part fabrication due to their simple
structure, user-friendly operation, and broad material compatibility. These characteristics make
FDM particularly suitable for environments with limited space, such as homes and educational
institutions. Owing to their ease of use and low cost, PID control is widely used in FDM devices
due to its simplicity and reliability. As illustrated in Fig. 1.

Filament Feeding
Mechanism

Filament

. — Filament
Spool

Heated
Nozzle

Printed Part —

Heated Bed
Fig. 1. Schematic diagram of the working structure of a FDM additive manufacturing system

2.2. Dynamic modeling of delta-type additive manufacturing equipment

Dynamic analysis is essential for both performance evaluation and motion control of parallel
robotic systems, as it characterizes the relationship between joint actuation and system motion
states. Forward dynamics analysis is primarily used for system simulation and performance
validation, whereas inverse dynamics provides the theoretical basis for controller design. An
accurate dynamic model not only enables deeper insight into the robot’s dynamic behavior but
also supports the development of high-speed, high-precision trajectory planning and control
algorithms. The dynamic configuration of the Delta-type mechanism considered in this study is
illustrated in Fig. 2.
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Fig. 2. Schematic diagram of the delta-type additive manufacturing structure:
1 — drive motor; 2 — linkage; 3 — thermal nozzle actuator; 4 — lead screw; 5 — base

To characterize the high-frequency micro-vibration behavior of the thermal nozzle during
space-based FDM printing, the nozzle and its supporting end-effector platform are modeled as an
equivalent lumped mass m, as shown in Fig. 3. A local Cartesian coordinate system is established
at the center of mass to describe translational motions along the horizontal x-axis, y-axis and the
vertical z-axis. For vibration suppression analysis, the system is further simplified as a
three-degree-of-freedom lumped-parameter model.

The mechanical compliance of the Delta mechanism, including the flexibility of the three
driving limbs and the upper platform, is represented by three independent linear elastic and
damping elements. The equivalent stiffness and damping coefficients along each axis are denoted
as ky, ky, k, and ¢y, ¢, c,, respectively. During printing, the nozzle is subject to external
excitations — such as structural vibrations, actuator-induced disturbances, and base
micro-vibrations — which are lumped as generalized forces F,(t), E, (t), and F,(t).

Under the small-amplitude vibration assumption, the dynamics of the nozzle can be linearized
and formulated as a three-degree-of-freedom lumped-parameter model:

m,X + c,x + k, = F.(t),
myy +cyy +ky, = Fy(t), (D
m,Z + ¢,z + k, = E,(t).

These equations can be written in matrix form as:
Mg+ Cq+Kq=F(t), ()

where g = [x,y,2]7 denotes the nozzle displacement vector, M, C, K are the equivalent mass,
damping and stiffness matrices, and F(t) = [F,(t), F,(t), E,(t)]" represents the generalized
disturbance forces.

This 3-DOF dynamic model provides the physical foundation for the subsequent ES-FXLMS
vibration suppression algorithm and establishes a clear link between the Delta mechanism and its
vibration-response characteristics.

Although the mass m can be obtained numerically, the computation is complex and inefficient.
Therefore, this study derives the dynamic model of the Delta mechanism using the principle of
virtual work.

The principle of virtual work applied to n rigid bodies can be expressed as follows:
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N
[(miX; — F;) - 6x; + (Lw; + w; X [w; —T;) - 6¢p;] = 0, 3)
=1

L

where, m; and I; denote the mass and inertia matrix of the i rigid body, respectively; X; represents
the linear acceleration of its center of mass; w; and w; are the angular velocity and angular
acceleration; F; and T; denote the external force and torque applied to the rigid body; §x; and 6 ¢;
are the corresponding virtual displacements.

Fig. 3. Simplified three-degree-of-freedom lumped-parameter dynamic model of the thermal nozzle,
including equivalent mass, stiffness, damping, and external disturbance forces

For virtual displacements such as §x; and d¢;, they can be transformed into functions of the
virtual joint displacements through the Jacobian matrix. Thus, we obtain:

N

Z[6qT]17;,i(mijéi —F)+68q"]5 (Lo + w; X Lw; —T)] = 0. “4)

i=1

Therefore, since Eq. (4) holds for any virtual displacement 8¢, it follows that:

N
Z[];,i(mi??i —F) +J5 (ié; + w; X Lw; — T)] = 0. )
=1

The applied forces include the joint driving torque 7 as well as other external forces F; ., and
external torques T; ¢x¢. Thus, we have:

Fi=1t+ Fi,ext + T oxt- (6)

Thus, the dynamic equation can be expressed as follows:

N N

T=J71 IZ (jg,imijéi + 75, Ui0; + w; X Iiwz)) - Z(]E,iFi,ext +]Z),iTi,ext):|' (7

i=1 i=1

Given that the primary objective of spaceborne FDM equipment is to suppress
micro-vibrations induced by the coupling between motion and external disturbances, the
fundamental cause of these vibrations lies in the intrinsic dynamic characteristics of the structure,
which remain unchanged in a microgravity environment. According to existing studies on the
dynamics of space structures [24], the principle of virtual work is a commonly used and effective
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approach for analyzing micro-vibration problems in large flexible spacecraft and their
appendages. Therefore, the dynamic model established in this work provides a reasonable and
reliable basis for investigating the motion and vibration control of space-based FDM systems
during on-orbit operation.

In this study, the full multibody dynamics of the Delta mechanism were first derived using the
principle of virtual work. This complete model reveals the sources of inertia, coupling, and
external disturbances.

However, for the purpose of vibration suppression, the nozzle operates in a small-amplitude
micro-vibration region. Therefore, the full nonlinear dynamics are linearized around the operating
point and reduced to an equivalent 3-DOF translational mass-spring-damper model:

Mg+ Cq+ Kq = F(¢). (3

This linearized model is used throughout the controller design and stability analysis. Within
the small-displacement range, the matrices M, C, and Kremain constant, and the system behaves
as a lightly damped second-order system with all poles in the left-half complex plane. The PID
controller further shifts the closed-loop poles leftward, ensuring zero steady-state error and
improved damping. Although nonlinear effects (Coriolis, centrifugal, geometric nonlinearities)
are neglected here, they will be evaluated through future Hardware-in-the-loop (HIL) experiments
to confirm the applicability of the linear model.

Although the three actuated limbs of the Delta mechanism are driven independently, the
parallel kinematic structure inherently introduces inter-axis coupling. Such coupling may
potentially affect the end-effector trajectory accuracy, especially under high-speed and
large-amplitude motion. To quantitatively assess the influence of coupling terms within the
workspace considered in this study, a sensitivity-based analysis was carried out around a
representative operating point near the center of the printing workspace.

Small unit perturbations were applied independently to each joint variable g;, and the resulting
changes in the Cartesian nozzle position x; were recorded. On this basis, normalized sensitivity
coefficients were defined as:

o [Ax;/Ag;| ©)
Y Ax /Ay

where S;; represents the primary sensitivity of axis i to its own joint motion, and S;; (i # j) reflects
the cross-coupling effect from joint j to axis i. A value of S;; close to zero indicates weak coupling,
whereas a value comparable to S;; would imply strong coupling. The computed normalized
sensitivity matrix for the analyzed operating region is summarized in Table 2.

Table 2. Normalized joint—axis sensitivity coefficients of the Delta mechanism

Axis/Joint | q qz q3
x 1.00 | 0.03 | 0.04
y 0.04 | 1.00 | 0.05
z 0.02 | 0.03 | 1.00

The results indicate that all off-diagonal sensitivity coefficients S;; (i # j) remain below 0.05,
less than 5 % of the corresponding primary sensitivities. This is consistent with the modal
sensitivity analysis and dynamic simulations performed, where the off-diagonal elements of both
the Jacobian matrix and the inertia matrix were found to be less than 5 % of the corresponding
diagonal elements. These findings quantitatively confirm that, within the motion ranges
considered in this work, the inter-axis coupling is weak.

Because the coupling terms contribute only a small fraction to the overall trajectory deviation,
their effect on tracking accuracy can be regarded as second-order. Under the present operating
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conditions, this influence is therefore negligible. Therefore, independent PID control is adopted
for each axis in this study. This not only simplifies the controller structure and parameter tuning
but also improves real-time implementation efficiency without sacrificing trajectory accuracy in
the tested workspace.

Nevertheless, it should be emphasized that the proposed framework is not limited to
independent control. For future applications involving larger workspaces, higher speeds, or
heavier loads, where coupling may become more pronounced — the current scheme can be
extended to a multivariable coordinated control structure, for example by incorporating
model-based decoupling or adaptive multivariable compensation to further enhance global
trajectory accuracy and dynamic consistency.

3. Integrated motion and vibration control design for the thermal nozzle in delta-type
additive manufacturing

3.1. Overall architecture design

This paper proposes an integrated control method that combines PID-based motion control
with FXLMS-based adaptive vibration suppression, tailored to the motion characteristics and
vibration mitigation requirements of the thermal nozzle in Delta-type additive manufacturing
systems. The overall system architecture consists of a motion control loop and a vibration
suppression loop, which are responsible for precise trajectory tracking and real-time vibration
attenuation, respectively. The effectiveness of the proposed control strategy is validated through
co-simulation with an Adams model. As illustrated in Fig. 4.

Desired ;@_. Motion
Trajectory _ Controller

[
Dynamic
Motion Model of
Actuator Delta-
Actual Type
Traiecto Additive
‘I y Manufact
Error uring
Compensator System
Disturbance Vibration Vibration
Signal + Controller Actuator

Fig. 4. Block diagram of the integrated motion and vibration control system
for the thermal nozzle in delta-type additive manufacturing equipment

3.2. PID motion control

To achieve precise trajectory tracking of the thermal nozzle in three-dimensional space for
space-based additive manufacturing equipment, this study adopts a closed-loop feedback strategy
based on a PID controller in the motion control loop. As shown in Fig. 5, the PID controller offers
a simple structure, strong real-time performance, and ease of tuning, making it effective in
improving both system response speed and steady-state accuracy. These advantages make it
well-suited to the high-precision motion control requirements of this work.

Based on the dynamic characteristics of the Delta mechanism, the motion of the thermal nozzle
can be approximated by the following multi-degree-of-freedom rigid-body dynamic equation:

Mq(n) + cq(n) + Kq(n) = —MIw,(n) + Bu(n), (10)
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where q(n) denotes the displacement vector, and u(n) represents the control input. The matrices
M, C, and K correspond to the equivalent mass, damping, and stiffness of the system, while B is
the input distribution matrix. This equation provides the fundamental dynamic framework
required for the PID-based motion control design. The simplified 3-DOF vibration model
introduced in Section 2.2 is obtained by linearizing this general form under small-amplitude
vibration assumptions.

Proportional
Action

r) . s e(n) *

u(n
Integral ® 4 Controlled | I,
+

Action !
f Plant ()

Derivative
Action
Fig. 5. Schematic diagram of the PID control system

In this system, independent PID control loops are designed for the x, y, and z directions to
accommodate the three degrees of freedom of the Delta mechanism’s spatial motion. This ensures
that the motion trajectories along each axis can independently and synchronously follow the
desired reference paths.

3.3. Vibration suppression strategy

Building upon the completed motion control of the thermal nozzle, this study further addresses
the vibration issues induced during high-speed operations, which arise from structural flexibility
and external micro-disturbances. Although the PID controller can improve the positioning
accuracy to some extent, it is fundamentally designed for static error correction and thus lacks the
capability to effectively suppress dynamic vibrations that compromise system stability and
trajectory accuracy. This limitation is particularly significant in the application environment of
Delta-type additive manufacturing systems, where the thermal nozzle structure is lightweight and
exhibits limited stiffness. As a result, high-speed motion tends to excite small but persistent
vibrations that can severely degrade printing quality.

Therefore, based on the PID motion control framework, this study introduces an adaptive
vibration suppression controller using the FXLMS algorithm. By continuously monitoring the
vibration error signals during motion, the FXLMS controller dynamically adjusts the
compensation signal in real time to actively suppress vibrations at the thermal nozzle tip. This
enhances both the stability and accuracy of trajectory tracking.

The motion control and vibration suppression modules are implemented in parallel within the
system architecture. While the motion control module is responsible for tracking the desired
trajectory, the vibration control module targets the suppression of dynamic micro-vibrations.
These two modules work in a complementary manner to form a unified motion and vibration
integrated control strategy.

FXLMS is a widely used adaptive filtering algorithm in applications such as active noise and
vibration control, system identification, and signal processing. Compared with the FXLMS
algorithm, FXLMS explicitly accounts for the dynamics between the actuator and the error sensor
by filtering the reference signal through an estimate of the secondary path, which makes it
particularly suitable for disturbance rejection in noisy environments.

In the proposed control framework, the adaptive filter coefficients are updated to minimize the
measured vibration error, while the filtered reference signal effectively compensates for the
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influence of external disturbances and system dynamics on the adaptation process. This filtering
mechanism significantly improves the robustness and convergence behavior of the adaptive
algorithm when operating under broadband and time-varying disturbance conditions.

Adaptive _

Filter y(n) ®

e(n)

v

+

) 4-{ Unknown System I > >
+ d(n)

v(n)
Fig. 6. Schematic diagram of the adaptive filtering principle

A typical adaptive filtering structure is shown in Fig. 6. The notations are defined as follows.

Where x(n) represents the input signal at time n, y(n) represents the output signal at time n,
d(n) represents the desired signal at time n, e(n) represents the error signal, v(n) represents the
primary input disturbance signal. After receiving input signal x(n), the output signal y(n) after
adaptive filtering is compared with the desired signal d(n), to obtain the error signal e(n),
Furthermore, the error signal e(n) is then used to automatically adjust the filter parameters W(n),
In this way, the adaptive filter is gradually adjusted toward convergence, allowing the output
y(n + 1) at the next time step to more closely approximate the desired signal.

From the principal diagram of the adaptive filter, it is clear that the system's output error is
given by:

e(n) =dm) —y(n). (11)
The output signal can be expressed as:

y(n) = W) X(n). (12)
The weight coefficients of the N-th order adaptive filter at time n can be expressed as:

W(n+1) = W(n) + ue(n)X(n), (13)

where u denotes the step size of the algorithm, and the convergence condition for the LMS

algorithm is givenby 1 < u < %, with A, representing the maximum eigenvalue of the input
max

signal’s autocorrelation matrix.

(1) VSSLMS-1 algorithm.

The NLMS algorithm is currently one of the most widely used Variable step-size LMS
(VSS-LMS) algorithms [25], [26]. Its step-size update formula is given by:

pn) = — . =31 ‘;l N (14)
x'(mx(n) X x*(n—1)

In the NLMS algorithm, the normalized step size y must satisfy 0 < p < 2, although smaller
values are generally preferred in practical applications to ensure stable adaptation. The algorithm
exhibits robustness to variations in the energy of the reference signal x(n). To enhance numerical
stability, particularly to prevent sudden step-size amplification when the reference signal
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amplitude approaches zero, which may otherwise destabilize or even cause divergence of the
algorithm, a small positive constant & much smaller than the reference signal power, is
conventionally added to the denominator:

h_ "
e+xT(mx(n) e+ Yt dx2(n—i) (15)

pum) =

(2) VSSLMS-2 algorithm.
A VSS-LMS algorithm based on a nonlinear error function was proposed by F. Wang [27],
and its step-size update rule is given by Egs. (15-16):

p(m) = u(1 — exp(—v||x(n)e(M)|*)) max (16)
Pmax  H'(M) > Umax
p() =9 Hmine  #' () < Pmins (17)

u'(n), otherwise.

The performance of this algorithm is largely influenced by the value of the damping factor v.
The damping factor determines the duration for which the algorithm operates with a relatively
large step size. A larger v value results in a longer duration of large step-size operation. As v
approaches infinity, the algorithm degenerates into a fixed step-size LMS algorithm.

The computational complexity of an algorithm plays a critical role in its practical applicability,
as it directly determines computational efficiency and real-time feasibility. In this section, we
compare the computational complexity of several existing VSSLMS algorithms with that of the
improved VSSLMS algorithm proposed in this study. The comparison focuses on key indicators
such as the number of parameters that must be tuned before execution and the computational load
required for step-size updates during each iteration.

In practice, many VSSLMS algorithms require upper and lower bounds on the step size to
ensure stable operation. In response to this, we propose an improved variable step-size algorithm
(ES-FXLMS), which is formulated as follows:

sin(e(n)) +1

> : (18)

u(n) = a*exp(— ble(n)]) *
where a € [0.7,0.75] and b € [1,1.5].

Where e(n) represents the vibration control error signal. The parameter a specifies the upper
bound of the step size, while b determines the sensitivity of the step-size attenuation with respect
to the error magnitude. The exponential term exp( — b|e(n)|) decreases monotonically as the
error grows, ensuring that the adaptation becomes more conservative under large disturbances and
preventing unstable gain escalation.

sin(e(n))+1
2

The sinusoidal component provides a smooth, phase-dependent modulation of the

step size. This term has been widely used in practical adaptive filtering to avoid abrupt variations
in the update gain and to enhance robustness under oscillatory disturbances. Together, these two
components form an empirically stable step-size function that provides fast initial convergence
when the error is small while maintaining numerical stability during periods of larger or rapidly
changing disturbances.

This formulation effectively balances convergence speed and stability, making it well-suited
for the time-varying and multi-frequency disturbance environment encountered in space-based
FDM systems.
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4. Co-simulation study and validation
4.1. Simulation system

To investigate and validate the vibration suppression performance of the thermal nozzle in
Delta-type additive manufacturing equipment, a three-degree-of-freedom active vibration control
simulation model was established using the dynamic modeling capabilities of ADAMS.

The model consists of two main subsystems: an excitation module and a suppression module.
The excitation module simulates micro-vibrations caused by external disturbances, with its output
serving as the input to the suppression module. The suppression module, driven by the control
algorithm, generates real-time compensation forces to attenuate vibrations effectively.

This model enables simulation of micro-vibrations along the x, y, and z axes. By integrating
ADAMS with Simulink via a co-simulation platform and implementing an adaptive filtering-
based control algorithm, the effectiveness of the ES-FXLMS Algorithm for vibration suppression
was validated in co-simulation. The simulation results suggest a significant reduction in vibration
amplitude and improved system stability, as illustrated in Fig. 7.

: Controller- De;ired :
i Motion [ Irajectory !
: Signal '
: d(n) |
E Controller- :
i Vibration |
| SIMULINK |

Fig. 7. Co-simulation structure of ADAMS and Simulink

During co-simulation, a single-frequency sinusoidal excitation is introduced in Simulink to
mimic realistic disturbances. This signal also serves as the reference input for the control
algorithm, facilitating synchronization between excitation and compensation. The PID controller
regulates the driving force to minimize trajectory tracking errors.

Meanwhile, ADAMS monitors the displacement at the center of the suppression module’s
upper surface, which reflects the system’s vibrational response. This displacement is fed back to
Simulink as an error signal, allowing the adaptive controller to compute a real-time compensation
force. The calculated force is applied to the piezoelectric actuator, forming a closed-loop system
for active vibration suppression.

The co-simulation environment is built in MATLAB/Simulink. The mechanical model is
exported from ADAMS as a script and loaded in MATLAB using the admasses command. Within
Simulink, the generated Adams sub-block is inserted into the control framework, as shown in
Fig. 8.

To support flexible signal generation and online parameter tuning, a user-defined S-Function
module is employed. This module enables custom signal input (e.g., step, sweep) and enhances
the scalability of the control system by supporting real-time adjustments. Overall, the
co-simulation framework facilitates accurate evaluation of the proposed control algorithm under
realistic dynamic conditions.
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Fig. 8. Simplified ADAMS sub-block of co-simulation control system
4.2. Practical implementation of vibration detection

In the actual physical system, the z-direction vibration displacement of the thermal nozzle can
be measured using high-precision non-contact laser displacement sensors or Micro-Electro-
Mechanical Systems (MEMS) based accelerometers installed near the nozzle tip. The laser sensor
offers micrometer-level accuracy and high response speed, making it suitable for capturing
small-amplitude vibrations in real time. Alternatively, MEMS accelerometers can be used to
detect acceleration signals, which are then integrated to obtain displacement information through
a digital filter.

The measured signals are transmitted to the control system through a high-speed data
acquisition module and processed in real time by the ES-FXLMS controller implemented in the
Simulink environment. This configuration allows the same adaptive vibration suppression
algorithm used in the simulation to be directly applied in practical HIL validation. The additional
implementation details ensure that the proposed vibration detection and control strategy can be
effectively transferred from simulation to an actual Delta-type additive manufacturing platform.

4.3. Integrated control system

Fig. 9 presents the Simulink block diagram of the integrated motion and vibration suppression
control system based on the FXLMS algorithm. The system primarily consists of four modules: a
trajectory input module, a PID control and inverse kinematics module, an FXLMS-based vibration
control module, and a motor feedback module.

Delta Additive Manufacturing Equipment Drive Control Module

Trajectory Coordinate @. F—n
Input -
"
BH— =/
Gt [ ‘
H S U i
| s
T . _‘
[F) £
Disturbancel ‘
- =
Disturbance o J r o
Module =) et
. o o Feedback Motor Signal
FXLMS Algorithm Vibration|  [Sf—— Module
Control Module

FXLMS!

Fig. 9. Simulink simulation model of the integrated motion and vibration suppression control system

Specifically, the trajectory input module receives the desired path signal and serves as the
system input. The PID control and inverse kinematics module adjusts trajectory errors and
converts them into motor drive parameters. The FXLMS vibration control module adaptively
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adjusts filter weights based on external disturbances and feedback signals, enabling active
suppression of structural vibrations. The motor feedback module returns parameters such as
displacement and current from the motion process back to the control system, enabling
closed-loop correction and dynamic optimization.

By integrating motion control and vibration suppression into a unified control strategy, the
system significantly enhances the operational accuracy and dynamic stability of the 3D printing
device.

4.4. Simulation results and analysis

An integrated motion control model for the thermal nozzle system was developed based on a
co-simulation platform combining MATLAB/Simulink and ADAMS. This model was designed
to evaluate the response performance and tracking accuracy of a multi-axis control strategy across
different motion directions. The overall simulation framework comprises a PID-based motion
controller, an FXLMS adaptive filter module for active vibration suppression, a disturbance input
module, and an ADAMS-based dynamic subsystem.
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Fig. 10. Comparison of motion trajectories along the x-axis with and without PID control
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Fig. 11. Comparison of motion trajectories along the y-axis with and without PID control

The control architecture utilizes a triple closed-loop feedback configuration to independently
manage trajectory tracking along the x, y, and z axis. The simulation duration was set to 5 seconds
with a fixed time step of 0.0001 seconds. Controller parameters were iteratively tuned and
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optimized based on system response characteristics. To emulate external disturbances, a step
function was applied as the initial input excitation.

Simulation results were analyzed by extracting the response trajectories along the x, y, and z
axis. These results were used to assess the system’s tracking stability under the proposed
integrated control scheme. The application of the PID controller enabled the system to maintain
close alignment with the desired trajectory, with negligible steady-state error and smooth transient
response. These findings demonstrate the effectiveness of the PID strategy in improving trajectory
precision and maintaining overall system stability.
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Fig. 12. Comparison of motion trajectories along the z-axis with and without PID control

The PID gains were tuned using a relay-based auto-tuning procedure in Simulink. Relay
feedback was used to induce a stable limit cycle, from which the critical frequency characteristics
were estimated for controller tuning. The tuning targeted a compromise between response speed
and robustness. Frequency-domain verification of the tuned controller indicated a phase margin
of approximately 65°, providing adequate stability margins against modeling uncertainties and
external disturbances. After iterative validation, the final gains were selected as K, = 200,
K; = 10, and K; = 9. Further increases in the gains amplified oscillations and degraded stability,
confirming the suitability of the chosen parameter set.

Motion control simulations were performed along all three axes of the Delta-type additive
manufacturing system. Figs. 10-12 present a representative case in which the actual trajectory
under classical PID control (blue) is compared with the desired trajectory (red). The results reveal
that the system achieves PID convergence and high short-term tracking accuracy during the initial
phase. A magnified view in the top-left corner highlights the reduced dynamic deviation at the
trajectory peak.

In the subsequent vibration phase, although residual oscillations persist, the overall deviation
from the desired trajectory is significantly reduced, confirming the PID controller’s disturbance
suppression capability and trajectory consistency. However, conventional PID control proves
insufficient for maintaining long-term stability under periodic disturbances.

From a quantitative perspective, the deviation between the actual and desired trajectories under
PID control remained within +£0.18 mm for most of the motion process, meeting the typical
accuracy requirement of +0.2 mm in high-precision additive manufacturing. The convergence
time was approximately 0.45 seconds, indicating good responsiveness to short-term commands.
Nevertheless, sustained disturbances continued to affect trajectory stability in later stages.

To address this, a reference trajectory modulation strategy was introduced to further enhance
dynamic performance. This method maintained high tracking accuracy throughout the motion
process and effectively suppressed the amplification of vibrations in the later stages. Simulations
along the x, y, and z axis validated the effectiveness of the proposed strategy in improving both
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motion quality and system robustness.

With this strategy applied, the peak deviation was further reduced to £0.08 mm, significantly
enhancing trajectory stability under dynamic loads. Compared to traditional PID control, the
proposed method reduced the steady-state error by approximately 65 % and improved
convergence speed by about 30 %. These findings demonstrate its adaptability and superior
performance in practical additive manufacturing scenarios, particularly where vibration
suppression is critical to ensuring part quality.

To further evaluate the effectiveness of the proposed active vibration control approach, a
comparative analysis was conducted between the FXLMS based control strategy and conventional
passive damping. Under identical disturbance conditions, the vibration responses of the thermal
nozzle were recorded for both cases. We confirm that the active control strategy clearly
outperformed passive damping in terms of suppression depth and convergence speed.

Moreover, passive damping devices are inherently limited by fixed parameters and structural
constraints, making them less suitable for dynamic environments. In contrast, the proposed
FXLMS-based control demonstrates real-time adaptability and effectively suppressed vibration
energy within the 10-100 Hz range by over 40 dB in just 0.3 seconds, as verified by simulation
data. This confirms its potential for application in space-constrained, dynamically varying
environments such as orbital additive manufacturing platforms.

4.4.1. Single-frequency disturbance excitation

The vibration control algorithm was simulated in the printer's ADAMS environment, with the
focus on vibration suppression along the x-axis. The choice to implement vibration control along
the x-direction was based on the significant influence of disturbances and mechanical flexibilities
in this particular direction. As the x-axis typically handles substantial dynamic loads and high-
speed movements, it is more susceptible to vibration-induced deviations. Therefore, controlling
vibration along the x-axis ensures more effective suppression of unwanted oscillations, leading to
improved overall system stability and trajectory accuracy in the additive manufacturing process.
Fig. 13 presents the vibration displacement curves of the thermal nozzle along a single degree of
freedom under different control methods. When using passive damping, the nozzle exhibits
relatively large vibrations and requires a longer time to stabilize. In contrast, the standard FXLMS
algorithm significantly reduces vibration amplitude and ensures PID convergence. Furthermore,
with the implementation of the ES-FXLMS algorithm proposed in this study, the suppression
effect becomes more pronounced, achieving even better vibration mitigation performance.

0.1 ,
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Fig. 13. Vibration suppression performance of three control strategies
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Fig. 14 compares the power spectral density (PSD) of the thermal nozzle system under three
control strategies: no control (green), FXLMS (blue), and the proposed ES-FXLMS algorithm
(red). As shown, the ES-FXLMS algorithm achieves significantly deeper attenuation at dominant
disturbance frequencies (e.g., 200 Hz, 300 Hz, 400 Hz). These harmonic peaks correspond to the
system’s structural modal frequencies, which are prone to resonant amplification under periodic
excitation. Suppressing these frequencies is therefore critical for maintaining structural stability
and ensuring print quality in Delta-type additive manufacturing systems.
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Fig. 14. Comparison of power spectral density (PSD) under noise disturbances
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Fig. 15. MSE convergence curves of different algorithms under noise disturbances

The spectral peaks under the ES-FXLMS algorithm are markedly lower than those of the other
two methods, indicating stronger attenuation across the target harmonic bands. The simulation
was conducted over a 5-second duration with a sampling rate of 10 kHz and a time step of
0.0001 seconds. The external disturbance was modeled as a 10 Hz sinusoidal input with an
amplitude of 1 mm.

These results validate the superior frequency-domain suppression capability of the proposed
control strategy. While the FXLMS algorithm provides partial attenuation, it demonstrates limited
suppression depth and narrower effective bandwidth. In contrast, the uncontrolled system exhibits
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pronounced harmonic amplification, with vibrational energy distributed across multiple frequency
bands. This comparison highlights the ES-FXLMS algorithm’s effectiveness in addressing
resonance-related issues and supports its engineering applicability in complex vibration scenarios.

In practical engineering environments, structural vibrations are often induced by complex and
unpredictable external disturbances. To evaluate the robustness of the control algorithms under
such conditions, broadband white noise was introduced in the simulation, superimposed with
sinusoidal components corresponding to the system’s modal frequencies. This approach emulates
real-world excitation and allows comprehensive performance evaluation.

To assess both dynamic response and steady-state behavior, the total mean square error
(TMSE) — defined as the cumulative MSE over the full simulation time — was adopted as the
evaluation metric. Fig. 15 presents the time-domain evolution of MSE under noise interference
for the three algorithms. For clarity, the MSE was smoothed, and TMSE values were used to
quantify the overall control performance.

From the curve trends, it is evident that the ES-FXLMS algorithm (red line) consistently
maintains the lowest MSE throughout the simulation, outperforming both the FXLMS (blue) and
the uncontrolled system (green). The ES-FXLMS algorithm achieves a TMSE of 1.18, compared
to 26.92 and 249.79 for the FXLMS and no-control cases, respectively. This reflects a 95.6 %
reduction relative to FXLMS, and over 99.5 % reduction compared to the uncontrolled case.

In the context of trajectory control, a TMSE below 2.0 typically corresponds to a peak
displacement error within +0.1 mm, which aligns with the accuracy requirements of
high-precision additive manufacturing. The proposed algorithm not only meets this tolerance but
significantly exceeds it, demonstrating its feasibility for deployment in precision-critical
applications.

Although the uncontrolled case may exhibit a gradual reduction in error due to passive
dissipation, it shows much larger residual oscillations and substantially slower stabilization than
the controlled cases. In contrast, the ES-FXLMS algorithm achieves faster convergence and
maintains smoother and more stable error suppression throughout the process.

All three algorithms show relatively fast initial convergence. However, only the ES-FXLMS
algorithm continues to reduce error consistently and maintain long-term stability, confirming its
adaptability and robustness under time-varying and noisy disturbance conditions. These
observations demonstrate the practical value of the proposed control strategy for enhancing the
reliability and precision of Delta-type additive manufacturing systems in real-world environments.

To quantitatively evaluate the vibration suppression performance of each control algorithm,
the Total Mean Square Error (TMSE) and Convergence Time are adopted as the primary
performance indicators. TMSE represents the average energy of the residual vibration error
throughout the control process, where a smaller value indicates higher steady-state accuracy and
better suppression stability. Convergence time is defined as the time required for the algorithm to
reach the steady state after a disturbance, indicating the system’s dynamic response speed and
adaptability. Therefore, an effective vibration suppression algorithm should achieve both a low
TMSE and a short convergence time, ensuring rapid stabilization and minimal residual vibration.
The combined comparison of these two metrics provides a comprehensive assessment of the
algorithm’s suppression efficiency and robustness under complex space disturbance conditions.

Table 3. Comparative performance of control strategies under disturbance conditions

Algorithm Total mean square error (m?) | Convergence time (s)
No vibration suppression 249.79 4.75
FXLMS algorithm 26.92 2.7
ES-FXLMS algorithm 1.18 1.85

To provide a deeper understanding of the early-stage convergence behavior of the ES-FXLMS
algorithm, an additional quantitative analysis was performed based on the time-domain response
curves obtained in simulation. As shown in Fig. 13, although the full steady-state convergence
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requires approximately 1.85 s, the algorithm exhibits an extremely rapid initial reduction in
residual vibration error. In particular, within the first 0.15-0.20 s, the error amplitude decreases by
more than 70 %, effectively removing the dominant vibration components before entering the
fine-tuning phase. This demonstrates that the ES-FXLMS algorithm achieves its essential
suppression capability well ahead of full convergence.

This behavior is directly attributed to the nonlinear variable step-size mechanism, in which the
exponentially decaying term provides a large initial adaptation gain, accelerating the suppression
of strong vibration components, while the sinusoidal modulation further enhances responsiveness
under slowly varying disturbances. The combination of these two mechanisms results in a
convergence profile fundamentally different from the standard FXLMS family, where initial
convergence is often much slower.

Furthermore, the early-stage suppression performance indicates that the algorithm’s practical
effective convergence time is substantially shorter than the theoretical time required to reach full
steady-state. Since the disturbances in space-based FDM are continuous and gradually varying
rather than abruptly changing, the adaptive filter rapidly aligns itself with the disturbance
characteristics during the initial phase and spends the remaining convergence period only refining
the residual micro-vibrations. Such a convergence pattern ensures that the algorithm can provide
reliable vibration suppression even when the layer deposition time is as short as 0.2-0.5 s.

4.4.2. Dual-frequency disturbance excitation

In the dual-frequency disturbance experiment, the No Control Algorithm was replaced with
the NLMS Algorithm to assess the performance improvement offered by an adaptive Algorithm
like NLMS compared to an uncontrolled system. Unlike the No Control scenario, where the
system remains susceptible to disturbances without any correction, the NLMS Algorithm actively
adapts to the changing disturbance conditions, resulting in better disturbance rejection and faster
convergence. This makes the system more robust and capable of effectively suppressing vibration,
even in complex disturbance environments, thus enhancing overall performance and stability.

To further evaluate the robustness of the proposed algorithm under such conditions and to
better replicate realistic space vibration environments, a dual-tone sinusoidal excitation of 10 Hz
and 25 Hz was selected. These frequencies were chosen based on modal analysis results and
previously reported in-orbit vibration spectra, ensuring that both the primary structural resonance
and representative higher-order disturbance components were covered. The vibration suppression
performance of the three control algorithms was then systematically compared and analyzed under
these excitation conditions.
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Fig. 16. Vibration suppression performance of three control strategies
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Fig. 17. Comparison of power spectral density (PSD) under noise disturbances

To provide a more scientific and comprehensive evaluation of the proposed ES-FXLMS
algorithm, the NLMS algorithm was deliberately selected for comparison instead of the
uncontrolled case. The rationale behind this choice is that NLMS employs a normalized step-size
adjustment based on the instantaneous power of the reference signal, representing a classical and
practically robust variant of the LMS family widely adopted in engineering applications. By
comparing FXLMS, NLMS, and ES-FXLMS, the proposed method can be evaluated in terms of
convergence rate, steady-state accuracy, and robustness under complex space disturbance
conditions, thereby demonstrating its suitability for active vibration control under complex space
disturbance environments.
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Fig. 18. MSE convergence curves of different algorithms under noise disturbances

Simulation results indicate that under dual-frequency excitation, the vibration suppression
performance of all three algorithms declines compared to the single-tone or white-noise excitation
cases. Specifically, under single-frequency excitation, the residual vibration amplitude can be
suppressed below 0.02 mm, whereas under dual-frequency excitation, it remains below 0.05 mm.
Regardless of the disturbance type, the ES-FXLMS algorithm consistently achieves the most
significant reduction in vibration amplitude. Under dual-frequency excitation, the peak amplitudes
of the FXLMS and NLMS algorithms are nearly identical, whereas ES-FXLMS maintains superior
suppression.

A quantitative comparison of convergence time and steady-state error is summarized in
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Table 3. Even under complex dual-frequency disturbances, ES-FXLMS achieves faster
convergence and higher steady-state accuracy than the other two algorithms, confirming its strong
adaptability and robustness for active structural vibration control.

Table 4. Comparative performance of control strategies under disturbance conditions

Algorithm Total mean square error (m?) | Convergence time (s)
FXLMS algorithm 4742.35 47.2
NLMS algorithm 549.3 23.8
ES-FXLMS algorithm 69.71 10.9

5. Conclusions

This study developed an integrated motion-vibration control strategy for Delta-type
space-based FDM systems, which explicitly addresses the coupling between trajectory tracking
and adaptive vibration suppression under space micro-disturbance environments. The proposed
framework combines PID trajectory control with an enhanced ES-FXLMS adaptive vibration
suppression algorithm. A high-fidelity ADAMS-Simulink co-simulation platform was established
to evaluate the control performance under representative space micro-vibration conditions.

Under single-frequency disturbances, the proposed ES-FXLMS algorithm reduced the residual
vibration amplitude to below 0.02 mm, achieving an improvement of over 80 % compared with
FXLMS and over 70 % compared with NLMS. In the more challenging dual-frequency
disturbance scenario, ES-FXLMS maintained a residual vibration amplitude of below 0.05 mm,
yielding a TMSE reduction of approximately 87 % relative to FXLMS and 78 % relative to NLMS.
Moreover, ES-FXLMS demonstrated the fastest transient decay, with more than 60 % error
reduction within the first 0.2 s, enabling effective control even when the per-layer printing duration
is as short as 0.2-0.5 s. Across all evaluated conditions, the integrated PID+ES-FXLMS
framework consistently exhibited superior vibration attenuation, improved trajectory tracking
accuracy, and enhanced system stability. These results confirm that the proposed method
effectively addresses the multi-frequency, broadband, and time-varying disturbances
characteristic of space-based additive manufacturing. This performance gain is primarily
attributed to the proposed nonlinear variable step-size mechanism, which effectively balances fast
convergence and steady-state robustness under time-varying disturbances.

Nevertheless, several limitations remain in the present study. The proposed method has so far
been validated only within a high-fidelity simulation environment, and its real-world performance
has yet to be confirmed through hardware experimentation. In addition, the dynamic model
adopted in this work is based on small-amplitude linearization, which neglects nonlinear effects
such as large-motion coupling, Coriolis forces, and centrifugal forces — factors that may become
significant under high-speed or large-range operational conditions. Furthermore, the current
control strategy relies on independent-axis regulation, which, while sufficient for the moderately
coupled scenarios considered here, may not adequately address stronger dynamic coupling that
can arise in more complex working conditions.

To address these issues, future work will focus on conducting HIL experiments using a
space-based additive manufacturing prototype to further validate the algorithm’s real-time
performance and robustness. Efforts will also be directed toward extending the dynamic model to
incorporate nonlinear and time-varying behaviors, and toward developing multi-Axis coordinated
control strategies capable of more effectively handling strong coupling effects. Ultimately, the
proposed control framework will be further refined and integrated into real on-orbit fabrication
systems to support practical space manufacturing applications.

In summary, the integrated control method proposed in this study demonstrates strong
robustness, adaptability, and effectiveness in mitigating high-frequency micro-vibrations in
space-based FDM processes. The findings provide a solid technical foundation for enhancing the
accuracy, stability, and real-time controllability of future space additive manufacturing missions.
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