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Abstract

Aimed at the problem that the hot-end nozzle of gantry-type space fused deposition model-
ing (FDM) equipment is susceptible to vibrations in the space environment, leading to the deterio-
ration of manufacturing accuracy and forming quality, an integrated motion and vibration control
strategy is proposed. The strategy comprehensively integrates motion control based on predefined
trajectory data with adaptive vibration suppression implemented by the hyperbolic tangent function-
based variable step-size Fx-LMS (least mean square) algorithm ( HTVSLMS) , achieving the syn-
chronous improvement of printing trajectory tracking accuracy and vibration suppression efficiency.
Firstly, the dynamic model of the hot-end nozzle of the gantry-type space FDM equipment is estab-
lished, and its vibration characteristics under microgravity and noise disturbance environments are
analyzed. Secondly, the motion stability of the actuator is improved through the interpolation and
control optimization of the predefined trajectory. Finally, the step size is automatically adjusted by
HTVSLMS algorithm, and an adaptive balance between fast convergence and steady-state accuracy is
achieved. Different from existing studies where motion control and vibration suppression are usually
handled independently, trajectory predefined control and adaptive vibration suppression are deeply
integrated for the first time in this paper. Simulation results demonstrate that compared with the tradi-
tional fixed step-size Fx-LMS or other variable step-size algorithms, the proposed method exhibits sig-
nificant advantages in trajectory tracking accuracy, vibration suppression effect, and robustness, pro-
viding new technical approaches and ideas for the performance improvement of space-borne on-orbit

additive manufacturing equipment.

Key words: spatial fused deposition modeling equipment, motion-vibration integration, spatial

micro-vibrations, variable step-size Fx-LMS, co-simulation

0 Introduction

With the gradual advancement of space station on-
orbit construction and maintenance, space additive
manufacturing technology has received extensive atten-
tion in the aerospace field at home and abroad. By re-
alizing the organic unity of in-situ manufacturing and
application scenarios in the space environment, this
technology breaks through the traditional mode of
ground manufacturing-transportation assembly, which
not only saves uplink costs, reduces launch burden and
optimizes the storage space in the cabin, but also pro-
vides a brand-new idea for the material supply and re-
pair maintenance of the future space station, with

broad application and development prospects''.

Among many space additive manufacturing tech-
nologies, fused deposition modeling ( FDM ) has be-
come the mainstream direction with great potential and
international focus because of its advantages such as
wide source of raw materials, high system reliability,
compact equipment volume, low overall energy con-
sumption, and convenient maintenance. However, due
to the influence of special space environment such as
microgravity and strong disturbance, the hot-end nozzle
of FDM equipment is prone to decline in printing accu-
racy and forming quality due to the coupling of motion

21 In fact,

and vibration during the forming process
vibration can cause hot-end nozzle to deviate from the

set trajectory, which in turn causes defects such as sur-
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face ripples and uneven material distribution on the
workpiece > /. As a key execution component of FDM
3D (three-dimensional ) printer, the amplitude vibration
and motion lag of hot-end nozzle will cause the weake-
ning of printing accuracy and even cause serious de-
formation"*’ .

Although abundant achievements have been made
in trajectory tracking and vibration control of FDM e-
quipment , most of them optimize motion control and vi-
bration suppression separately, and few integrate them
into a unified design and coordinated processing. In or-
der to compensate for this deficiency, this paper takes
hot-end nozzle of gantry type space FDM equipment as
the research object, and puts forward an integrated
control strategy for the motion and vibration of hot-end
nozzle , which is devoted to optimizing the motion per-
formance and vibration suppression ability of the system
at the same time, which can not only ensure the trajec-
tory tracking accuracy and steady-state error suppres-
sion, but also effectively reduce the vibration ampli-
tude of the nozzle. In order to achieve this goal, the
paper will adopt the method of trajectory predefined
control combined with adaptive filter control to main-
tain high print quality and high dynamic stability in
complex space environment.

In terms of specific implementation, adaptive con-
trol is selected as the core strategy for the active vibra-
tion control requirements of hot-end nozzle of gantry

The step size of Fx-LMS

(least mean square) algorithm directly affects the con-

space FDM equipmentm .

vergence speed and steady-state error: the larger the
step size, the faster the convergence speed but the lar-
ger the steady-state error; the smaller the step size, the
better the steady-state accuracy but the convergence
speed decreases'”!. The traditional Fx-LMS algorithm
is difficult to balance these two performances in space
station environment.

Therefore, based on the analysis of the limitations
of existing variable step-size algorithms and combined
with the requirements of active structural vibration con-
trol, a novel nonlinear step-size adjustment mechanism
centered on the hyperbolic tangent function is innova-
tively established, and a brand-new variable step-size
Fx-LMS algorithm based on the hyperbolic tangent
function (HTVSLMS) is proposed. Co-simulation veri-
fication for single and multi-degree-of-freedom ( SDoF/
MDoF) systems is completed, which verifies that the
proposed algorithm resolves the trade-off between con-
vergence speed and steady-state accuracy of the tradi-

tional Fx-LMS algorithm, with the vibration residual

suppression rate reaching 86.7% and the convergence
time reduced by 20. 0% , while maintaining conver-
gence and robustness among coupled axes. Through co-
simulation of hot-end nozzle control of the gantry-type
space FDM equipment, an integrated control framework
of * predefined trajectory + variable step-size Fx-
LMS’ is proposed. Different from the methods in prior
studies that separately deal with trajectory tracking and
vibration suppression, this framework integrates prede-
fined trajectory-based motion control with HTVSLMS-
based adaptive vibration suppression, thereby synergis-
tically improving the system performance from two as-
pects. The research results provide new ideas for mo-
tion control and vibration control of complex systems,
and also lay a relatively solid technical foundation for
the performance improvement of space FDM equip-

ment.

1 Analysis of vibration characteristics of
hot-end nozzle of gantry type space
FDM equipment

1.1 Analysis of hot-end nozzle structure

Limited by space environment and space re-
sources, gantry type space FDM equipment is different
from ground system in system cooperative operation
mode, but its basic forming principle remains the
same'® . Tis structure is mainly composed of compo-
nents such as a wire feeding mechanism, a hot-end
nozzle,, a heated bed substrate, and a filament spool.
The schematic diagram of the basic working structure is
shown in Fig. 1. Driven by the active drive of the wire
feeding mechanism, high-performance thermoplastic
polymers and their composite filaments are fed by the
wire feeding mechanism, heated and melted after ente-
ring hot-end nozzle, and then extruded to deposit on
the heated bed substrate for forming. The actuator

moves according to the path planning, and hot-end

<— Hot nozzle

I wir

Wire feeding ——|
structure

Hot nozzle —————>

Part ———

Hot bed I

Storage
f tray
substrate

Fig. 1 Working structure schematic diagram of FDM

additive manufacturing equipment
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nozzle is driven to move, so that the molten filament is
bonded layer by layer at the designated positions and
finally stacked to form the designed part.

During the on-orbit operation of the space device,
internal disturbance sources such as high-speed rotors in
attitude control flywheels, attitude adjustment thrusters,
and solar panel driving mechanisms are super imposed
with multiple external disturbance sources including mi-
croparticle flux and solar wind. Structural vibrations are
induced in the space device itself, and the onboard
FDM equipment is also directly or indirectly affected

through transmission channels'® ™"

. Meanwhile, during
the manufacturing process of the space FDM equipment ,
hot-end nozzle is maintained in a high-speed and low-
load operating condition. Additionally, it is frequently
started and braked during operation, so dynamic load
impacts and inertial forces are prone to be generated. In
the microgravity environment, low-frequency vibrations
with slow attenuation are caused in the entire hot-end

nozzle and its actuation system.

1.2 Dynamic model

The three axes of the gantry type FDM printer are
independently controlled by corresponding stepper mo-
tors to achieve transmission, and the structure is clear
and simple. The mechanical structure mainly in-
cludes: the whole machine fixed bracket, three-axis
motion mechanism, feeding-hot-end nozzle mecha-
nism. The fixed bracket of the whole machine is a
classic gantry structure. We used Solidworks software
to establish its three-dimensional (3D) solid virtual

prototype model 27"

, as shown in Fig. 2.

1 — gantry frame ;2 — X-axis motor;3 — hot-end nozzle;
4 — Z-axis ball screw;5 — X-axis synchronous belt;
6 — extrusion motor;7 — printing platform;8 — Y-axis timing belt

Fig. 2 3D model of gantry FDM 3D printer

The beam is connected with the columns on both
sides through the lead screw guide rail to realize the
movement in the X direction; under the condition of
external force interference, the beam will also have the
influence in the Y direction. The beam is mainly affect-
ed by the movement of the nozzle in the X axis and ex-
ternal interference, as shown in Fig. 3 for the printer

beam stress diagram (FBD).

) )
Fig. 3 Free body diagram of the beam

Using FEuler-Bernoulli beam theory, the funda-

mental differential equation of vibration of the beam is

*w(x,t w(x,t
prfelet) | gy Telel) ey ()
0x ot

where L is length, p is linear density, [ is section in-
ertia, E is modulus, A is section area, w(x,t) is the
transverse displacement of the beam at spatial position
x and ¢, and f(x,t) is the distributed external excita-
tion force acting on the beam. The nozzle is a moving
lumped mass m, at position x,(z) on the beam and
subjected to an external disturbance force f, (x,?),

where its inertial coupling to the beam can be modeled

as
4
Elawa(iﬁ’t) + oA+ ma (x—x,(0) ) ] x
X
azw<x5t>
T :fot(x’t>

(2)

1.3 Discussion on model adaptability

Given that the core objective of space-borne on-
orbit FDM equipment is to suppress micro-vibrations
induced by the coupling of motion and external disturb-
ances, the fundamental cause of these micro-vibrations
resides in the inherent dynamic properties of the struc-
ture, which remain unchanged in the microgravity en-

vironment.
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In this paper, the cross beam dynamics of the
gantry type FDM hot-end nozzle system is described by
the Euler-Bernoulli beam theory, and hot-end nozzle is
approximated as a lumped mass point; damping is
modeled using a viscous damping model. This simplifi-
cation is based on the assumption that hot-end nozzle is
dominated by rigid-body motion within the operating
frequency band and its mass is much smaller than that
of the crossbeam. The model is targeted at small and
medium-sized precision equipment where the cross-
beam span ranges from 0.5 m to 3.0 m, and the mass
of moving components such as hot-end nozzle is
0.01 —1.00 kg. For systems with larger spans or heav-
ier loads, higher-order modes or distributed mass
effects need to be considered; meanwhile, the model is
mainly applicable to scenarios where modal frequencies
are in the range of approximately 1 —200 Hz, which is
the dominant frequency band excited by space disturb-
ance sources (e. g. , flywheels, solar panel drives)
and the FDM equipment’ s own motions (e. g. , start-
stop impacts). When the dominant frequency is much
higher than 200 Hz or the structure is extremely flexi-
ble,

can be

it is recommended that a finite element model

adopted to obtain more accurate

dynamic responses.

2 Integrated control strategy of motion and
vibration

2.1 Integrated control strategy of motion and
vibration

The dynamic behavior of hot-end nozzle of gantry
type space FDM equipment is characterized by strong
coupling between motion control and vibration re-
sponse , which is mainly reflected in the following three
aspects; structural vibration caused by motion excita-
tion, influence of vibration feedback on vibration accu-
racy, and coupling of multi-axis coordinated motion.
In this paper, an integrated control strategy of motion
and vibration of hot-end nozzle is proposed, which in-
cludes two systems; motion control system integrates
predefined trajectory data and vibration control system
suppresses hot-end nozzle vibration caused by external
disturbance. Fig. 4 shows the block diagram of the in-
tegrated control strategy system proposed in this paper.
For hot-end nozzle of gantry space additive manufactur-
ing equipment, the motion control system and vibration
control system are organically combined to form a

closed-loop coordination of ¢ motion-vibration’ .

|
|
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Track * i
instruction | Linear trajectory Post-processing Matlab data u(?) | -
planning export processing ‘ Motion actuator
|
] |
Export 1
trajectory data !
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Real-time Dynamic model
displacement of nozzle for
Displacement gantry FDM
sensor equipment
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Fig. 4 Block diagram of integrated control algorithm

The block diagram of the integrated motion and
vibration control strategy shown in Fig. 4 is composed
of two core modules: the motion control system and

the vibration control system. The motion control sys-

tem is based on predefined trajectory data generated
by Adams, and real-time trajectory interpolation is im-
plemented via Matlab to drive hot-end nozzle for high-

precision motion. The vibration control system adopts
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the HTVSLMS algorithm, and suppression forces are
generated according to real-time error signals to
achieve adaptive vibration suppression. A collabora-
tive mechanism is formed by the two modules through
closed-loop feedback: excitation sources are reduced
by motion control, and residual vibrations are sup-
pressed by vibration control, thereby jointly improving
the system performance. The inherent trade-off be-
tween trajectory tracking accuracy and vibration sup-
pression performance in complex space environments
constitutes a fundamental challenge that the integrated
control strategy proposed in this study aims to resolve.
This conflict manifests primarily in two aspects;
firstly, the motion control system, in pursuit of high-
precision trajectory tracking, must generate rapid and
precise drive signals, which inherently excite high-fre-
quency structural dynamics, thereby exacerbating vi-
brations. Conversely, an overly aggressive response
from the vibration control system, designed to sup-
press broad-band disturbances, can detrimentally
interfere with the stability of the motion control loop),
consequently compromising trajectory smoothness.
Next, this section delves into several key adaptive
active vibration control algorithms. LMS algorithm is
introduced first, which is a basic adaptive filtering
algorithm with simple structure and low computational
Based on this, Fx-LMS algorithm is

further elaborated, which solves the convergence prob-

complexity' "’ .

lem of LMS algorithm effectively in specific application
scenarios by introducing filtering processing of refer-
ence signal path.

Finally, the variable step size Fx-LMS algorithm
is introduced, which improves the convergence speed
and steady-state performance by dynamically adjusting
the step size factor. At the same time, a new variable
step size Fx-LMS algorithm is obtained by improving
the step size based on LMS algorithm.

2.2 Active vibration control algorithm

For the sake of clarity and representation, the lis-
ted algorithms are described and summarized one by
one. Table 1 presents the description of symbols used
in this paper.
2.2.1 Fx-LMS algorithm

The least mean square error algorithm was pro-
posed by Widrow and Hoff in 1960~ Tt is based
on the principle of stochastic gradient descent and min-
imizes the mean square error between the output signal
and the desired signal by iteratively updating the filter

weight vector.

Table 1  Description of symbols
Parameter Description
e(n) Error signal
P(z) Primary path
S(z) Secondary path
d(n) Desired signal
y(n) Secondary signal
L Length of the adaptive filter
x(n) Reference signal
s Step size
0, Power of the filtered reference signal
B Step size amplitude parameter factor
o Algorithm stability parameter factor
" Parameter controlling the overall gain of the
step size
b Parameter adjusting the slope of the nonlin-
ear interval
¢ Base constant to avoid division by zero

Compared with LMS algorithm, Fx-LMS algorithm
adds the concept of secondary channel S(z) , and com-
pensates the phase delay of control signal from sending
to obtaining system feedback. The Fx-LMS algorithm
needs to first derive an estimation model of the second-
ary path to counteract the effect of the reference signal
passing through the secondary path on the system sta-
bility'”~*). The algorithm framework of Fx-LMS algo-
rithm applied to active control of structural vibration is

shown in Fig. 5.

P

*»| Adaptive filter #(z) I ) I S2) I y'm)

d(n) + e(n)

Fig. 5 Block diagram of Fx-LMS algorithm in active

structural vibration control
In Fig. 5 where P(z) is the primary pathway and

S (z) is the secondary pathway, the weight vector of the
control filter is defined as S(z) with length N, the ref-
erence signal x(n) is picked up by the reference micro-
phone and then filtered by an adaptive filter to generate

a secondary signal y(n) driven by the secondary speaker.
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w(n) = [we(n),w,(n),w,,(n) ] (3)
y(n) = «"(n)w(n) (4)
e(n) =d(n) - y(n) (5)

where T denotes the transpose of the matrix.

Treated with the steepest descent method, the
weight coefficients of the adaptive filter are recursively
updated by the LMS algorithm to achieve the optimal
value, and its weight coefficient update formula is giv-
en as follows.

w(n +1) = w(n) +2ue(n)x(n) (6)

where u is the step factor of the weight vector update it-
eration. In order to guarantee the convergence of Fx-
LMS algorithm, the step factor u should satisfy the fol-

lowing conditions; 0 < u < where L is the filter

1
15
order and 8, is the power of the filtered reference signal
X;(n). In practical applications, a too small step fac-
tor w will lead to slow convergence, a too large step fac-
tor u will lead to divergence, so the choice of step factor
is very important to the performance of the algorithm.
2.2.2 Variable step size Fx-LMS algorithm

In order to overcome the inherent contradiction
between convergence speed and steady-state accuracy
of traditional Fx-LMS algorithm, the existing research
results usually adopt variable step size method to estab-
lish a specific function relationship between error signal
e(n) and step size factoru(n).

For variable step size LMS algorithm, common
methods are to make various modifications to the func-
tion relationship of step size factor u(n) varying with
error e(n), among which the SVSLMS algorithm pro-
posed in Refs. [21 =227 is more typical. This algo-
rithm employs an S-function-based variable-step-size
LMS strategy and is termed the S-function variable

step-size least mean square algorithm, abbreviated as

SVSLMS.

! ]—0.5
L+exp(-ale(n)])
(7)

where 8 controls the range of step factor and « affects

uin) = fle(n)) =B

the steady-state error after convergence. At the initial
stage of convergence, the errore(n) is larger, the step
factor u(n) is larger, and the convergence speed of the
algorithm is faster; with the convergence of the algo-
rithm , the errore(n) decreases gradually, and the step
factor w(n) decreases accordingly, so as to ensure a

small steady-state error.

In order to optimize the performance of traditional
LMS algorithm, a new variable step LMS algorithm is
proposed based on the nonlinear characteristic of hy-
perbolic tangent function. By coupling square error
term with nonlinear function, dynamic optimization of
step size is realized, error amplitude is transformed into
energy form, and adjustment weight is strengthened

when error is large, thus a new variable step size Fx-
LMS algorithm ( HTVSLMS) is proposed.

a

u(n) = f(e(n)) = (

tanh(b x e X e) +c)
(8)

The algorithm leverages the nonlinear saturation
characteristics of the hyperbolic tangent function. This
tanh (b xe xe) +c function maps the energy of the er-
ror signal onto this [0, 1) interval, enabling smooth
step-size adjustment. Consequently, it achieves rapid
convergence when the error is large while maintaining
high precision when the error is small, where a €
[0.01,0.80] andc¢ e [0.01,5.00].

To scientifically and comprehensively evaluate the
performance of the HTVSLMS algorithm proposed in
this paper, this study carefully selected three repre-
sentative classic algorithms as comparison benchmarks.
The selection basis is as follows. Fx-LMS, as a repre-
sentative of fixed-step algorithms, is the most funda-
mental and widely used algorithm in vibration control
and has benchmarking significance for comparison.
NLMS, a classic improved LMS algorithm, achieves
adaptive step-size adjustment by normalizing the power
of the reference signal, offering practical utility in en-
gineering. SVSLMS is one of the typical variable step-
size algorithms. Tt dynamically adjusts the step size
based on the S-function and has good convergence and
steady-state performance. These three algorithms re-
spectively represent three classic control strategies:
fixed-step-size, normalized-step-size, and typical vari-
able-step-size, ensuring broad representativeness and
comparative value. By comparing with these estab-
lished algorithms, a comprehensive evaluation of the
HTVSLMS algorithm ’ s advantages in convergence,
steady-state accuracy, and robustness can be conduc-
ted. This comparison effectively demonstrates its ad-
vanced capabilities and suitability for spatially complex

disturbance environments.

2.3 HTVSLMS algorithm
The performance of HTVSLMS algorithm is criti-

cally determined by the selection of three core parame-
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ters (a, b, ¢). This section systematically elaborates
on their selection principles, analyzes their sensitivity
through simulations, and clarifies the convergence sta-
bility boundaries of the algorithm.
2.3.1 Meaning and selection principles of parameters

The performance of HTVSLMS algorithm is joint-
ly dominated by three core parameters: a, b, and c.
Parameter a controls the overall gain of the step size
and determines the boundary of convergence speed,
with a recommended range ofa € [0.01,0.80]. Pa-
rameter b adjusts the slope of the nonlinear interval
and regulates the sensitivity of the hyperbolic tangent
function to error changes. Parameter ¢ serves as a
base constant to avoid division by zero and ensure nu-
merical stability, with a recommended range of ¢ €
[0.01,5.00].
2.3.2 Parameter sensitivity analysis

To quantify the influence of each parameter, a
benchmark simulation under single-frequency disturb-
ance (10 Hz) is conducted. Two parameters are fixed
while the third is systematically varied, and the chan-
ges in convergence time and suppression residual are

observed. The results are presented in Figs. 6 —8.

a,=0.01
I ,=0.70)
““““““ a5=0.30
4,=0.05

Displacement/mm

0 5 10 15 20 25 30 35
Time/s

40 45 50

Fig. 6 Variation diagram of parameter a

From the results, the following conclusions are
drawn. Parameter a exhibits the highest sensitivity. In-
creasing a can significantly enhance the suppression
effect, but an excessively large a will lead to diver-
gence. Parameter b results in a larger step size and fas-
ter convergence when the error is large, but it may in-
crease step size fluctuations when the error is small, re-
quiring a trade-off in selection. Parameter ¢ mainly af-
fects the initial convergence behavior and has a minor
impact on overall performance. In summary, the param-
eter selection in subsequent simulations (@ =0.70,b =
0.01,¢=0.50) is derived from the analysis of theoreti-

0.10 T T

0.08 |
0.06

0.04
0.02
0.00

Displacement/mm

—0.02
—0.04

—0.06

1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Time/s

—0.08

Fig. 7 Variation diagram of parameter b
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—0.04
—0.06
—0.08

~0.10 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

Time/s

Fig. 8 Variation diagram of parameter ¢

cal stability boundaries and trade-offs in engineering
performance, achieving a good balance between conver-
gence speed and steady-state accuracy in simulations.
2.3.3 Discussion on convergence boundaries

To analyze the convergence of HTVSLMS algo-
rithm, based on Eq. (9), the range of the hyperbolic
tangent function is [0,1). Thus, the step size has a
clear lower bound of a. Near the steady state of conver-
gence, the error is small and varies smoothly, which
can be approximately considered to fluctuate around its
mean value. At this point, the step size can be approx-

imated as a quasi-constant value.

a

Bt = {anh (bxé&, +¢)

(9)

where u ; stands for effective step-size, the real-time
varyingactual iteration step-size.

Since tanh is a monotonically increasing function,
the denominator tanh (b x &, + c¢) increases with the
steady-state error, leading to a decrease in the effective
step size ;. This is the core intelligence of the HTVS-

LMS algorithm; the worse the system performance ( lar-
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ger error ) , the smaller the step size to prevent diver-
gence; the better the system performance (smaller er-
ror) , the moderately larger the step size to accelerate
convergence or improve tracking capability.

Under this quasi-constant step size approximation
the weight vector update formula of the algorithm de-
generates into the standard LMS form. According to the
Widrow-Hoff criterion, the sufficient condition for en-

suring the mean convergence of the algorithm is

0 <py < /\L (10)

max

where A is the maximum eigenvalue of the autocorre-
lation matrix R of the filtered reference signal vector.
This condition guarantees the stability of the weight
vector update in the mean sense.

Combining Eqs. (10) and (11), the parameter
constraints for maintaining the stability of the HTVS-
LMS algorithm can be derived.

tanh(b x &, +c¢) A

max

(11)

Since @ > 0 and tanh € (0,1), the left inequality
of the above formula always holds. Therefore, the key
stability boundary is determined by the right inequali-
ty, which can be further simplified as

aA

tanh(b x £, +¢) > =2 (12)

2.3.4 Pseudocode of the HTVSLMS algorithm
Pseudocode of HTVSLMS algorithm is shown as
Algorithm1.

Algorithm 1 :Pseudocode steps

01 Initialization; The weight vector of the adaptive filter is
set, and the filter vector is initialized.
02 forn=0to N-1

03 At the current moment, the reference signal

x(n) and error signal d(n) are collected.

04 The output of the filter is calculated accord-
ing to Eq. (4).
05 The current error signal is calculated ac-
cording to Eq. (5).
06 The step size factor for the current iteration

is calculated according to Eq. (8).

07 The weight vector of the adaptive filter is
updated according to Eq. (6).
08 The actuator y(n) is driven, and e(n) are
recorded.
end for

The final weight vector is returned, and the final y(n)

and e(n) are output.

3 Single degree of freedom joint simulation
analysis

3.1 Joint simulation system construction

Based on Adams, the simulation model of spatial
FDM equipment based on gantry is established. The
simulation model includes three parts; driving module ,
vibration suppression module, and vibration starting
module. The driving module is used to simulate the
normal movement track of the printer. The vibration
starting module is used to simulate the micro-vibration
caused by external disturbance, and its vibration can
drive the vibration suppression module. The vibration
suppression module suppresses the external disturbance
vibration by controlling the algorithm output. This
study is based on Adams and control system simulation
platform Matlab/Simulink to build a joint simulation

system, as shown in Fig. 9.

Drive signal x,(f)
>

I

I I
i Va(0) j
| Disturbance signal |

’—v Controller e(n)

Fig. 9 Co-simulation architecture between
Adams and Simulink

In this co-simulation framework, Adams serves as
the virtual physical plant’ (the controlled object) ,
while Simulink acts as the ‘ physical controller’. The
two are integrated via a high-speed communication in-
terface , forming a complete closed-loop control system.
Adams is responsible for dynamics calculation, Simu-
link completes real-time calculation of control algo-
rithm, and two platforms realize data exchange. Within
the Adams/View environment, a high-fidelity multi-
body dynamics model of the FDM printer is developed.
The gantry is modeled using Euler-Bernoulli beam the-
ory, while the hot-end was simplified as a lumped mass
point. This simplification is justified by its predominant-
ly rigid behavior within the operational frequency band
of interest. In Simulink, a digital controller was con-
structed, with the Fx-LMS algorithm module at its core.
This module receives real-time state feedback from the
Adams model. It then computes the control signal based
on a predefined control law and outputs the resulting ac-

tuation signal to drive the Adams plant model.
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In the joint simulation, Matlab/Simulink control-
ler outputs three kinds of control signals to Adams
model ; motion driving force, disturbance force, and
vibration suppression force, which are used to realize
nozzle motion tracking, simulate external disturbance
and suppress structural vibration respectively. Adams
receives the control input, performs dynamic calcula-
tion, and feeds back three variables to Simulink in real
time, including the motion displacement of hot-end
nozzle, the disturbance displacement of the external
disturbance and the vibration displacement of hot-end
nozzle. Through the joint simulation platform, the veri-
fication and evaluation of the control algorithm on the
system motion accuracy and vibration suppression effect

are realized.

3.2 Simulation and result analysis

In order to verify the effectiveness of the integrat-
ed control strategy, this section takes the gantry type
space FDM equipment established in Adams as the con-
trol object. The size of this beam is: length 297 mm,
width 83 mm, thickness 50 mm; material characteris-
tics: Young’s modulus is 2.07 x10° N » mm >, den-
sity is 7. 801 x 10 "° kg » mm ~*, Poisson ratio is 0.29 ,
and the total mass of the beam is 1.42 kg. The size of
hot-end nozzle is: length 17 mm, width 24 mm, thick-
ness 15 mm; material characteristics: Young’ s modu-
lus is 2.07 x 10° N - mm ™, density is 7. 801 x
10 ° kg » mm ~*, Poisson ratio is 0. 29, total mass of
hot-end nozzle is 2.04 x 107° kg. Additionally,
Table 2 presents the parameter values used for each al-

gorithm in the simulations.

Table 2 Initial parameters of control algorithms
Algorithm Parameter Symbol Value
Filter length L 50
Fx-LMS
Fixed step size s 0.01
Filter length L 50
NLMS
Fixed step size s 0.01
Filter length L 50
SVSLMS Parameter o 0.20
Parameter B 0.20
Filter length L 50
Parameter a 0.70
HTVSLMS
Parameter b 0.01
Parameter c 0.50

In the co-simulation of this paper, a sampling fre-

quency of 1 000 Hz is adopted, a simulation duration
of 50. 000 s is used, and a communication period of
0.001 s between Adams and Simulink is employed.

3.2.1

In co-simulation, the linear motion trajectory is

Comparative analysis of control strategies

predefined in Adams/Controls environment and fitted
into a spline curve via post-processing. The target traj-
ectory data is read and driven by using the interpolation
function of the From Workspace module in Simulink. In
order to simulate the spatial disturbance environment, a
single frequency sinusoidal disturbance signal is added
to Simulink as excitation force, and the excitation force
is directly used as reference signal of algorithm. The
displacement response of the center point of the vibra-
tion suppression module is output in real time through
Adams as an error signal, and the HTVSLMS algorithm
is used to suppress vibration to build a closed-loop con-
trol system.

To verify the actual gain of the integrated strategy ,
three control scenarios are set in the simulation com-
parison in this section. (1) Motion control alone. On-
ly predefined trajectory tracking is enabled, and no ac-
tive vibration control is applied. (2) Vibration control
alone. Predefined trajectory motion is disabled, and
only HTVSLMS-based vibration suppression is ena-
bled. (3) Integrated control. Both motion control and
vibration control are enabled simultaneously. An abla-
tion comparison is conducted for these three scenarios.
Fig. 10 presents the variation curves of the nozzle traj-

ectory coordinates under the three scenarios.
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Fig. 10 Position change of nozzle trajectory

As shown in Fig. 10, comparative experiments
under three scenarios demonstrate that the nozzle traj-
ectory deviation is reduced from 0. 10 mm (under sin-

gle motion control) to 0.02 mm by the integrated con-
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trol strategy, representing an 80. 0% reduction com-
pared with single motion control. This indicates that
the integrated control strategy can not only effectively
suppress vibrations but also maintain high-precision
trajectory tracking during motion; a dynamic reference
for vibration suppression is provided by motion control ,
and real-time compensation for motion execution is of-
fered by vibration control, thus the problem of mutual
restriction between motion and vibration control in tra-
ditional methods is resolved. To further verify the ef-
fectiveness of HTVSLMS algorithm and the rationality
of vibration control, simulation verification is subse-
quently implemented based on the active micro-vibra-
tion control co-simulation system, with four algo-
rithms—Fx-LMS, NLMS, SVSLMS, and HTVSLMS—
adopted as parameter adaptive algorithms. For simula-
tion analysis, single-frequency and dual-frequency dis-
turbances are applied separately as excitation sources
for structural micro-vibrations, with a simulation dura-
tion of 50.000 s, to compare and analyze the vibration
suppression performance of the aforementioned control
algorithms.
3.2.2 Single-frequency disturbance excitation

In the process of joint simulation, sinusoidal exci-
tation signal with single frequency of 10 Hz is used as
disturbance source. In order to verify the dynamic per-
formance of HTVSLMS algorithm in vibration control of
gantry type spatial FDM equipment, the four algorithms
mentioned in Table 3 and HTVSLMS are compared, as
shown in Figs. 11 and 12. Fig. 11 is the vibration sup-
pression effect diagram of four algorithms, and Fig. 12

is the power spectrum comparison diagram of four algo-

rithms.
Table 3  Comparison of typical algorithms
. Number of Number of = Number of  Number of
Algorithm L L. .
parameters  divisions multiplications additions
Fx-LMS 0 0 0 0
NLMS 2 1 L L
(a,B)
SVSLMS 2 1 2 3
( o b B)
3
HTVSLMS 1 3 1
( a 9 [) b c )

As shown in Fig. 11, the vibration residual am-
plitude of HTVSLMS algorithm under single frequency
disturbance is stable within 0. 02 mm, which is 86.7%
lower than that of Fx-LMS algorithm. The power spec-
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Fig. 12 Power spectral density comparison

tral density comparison analysis of Fig. 12 shows that
HTVSLMS algorithm significantly suppresses the domi-
nant frequency component and its harmonic compo-
nents, indicating that the algorithm has better energy
suppression effect in frequency domain. Together,
these two graphs show that HTVSLMS algorithm a-
chieves more efficient and stable vibration control per-
formance under single-frequency disturbances.

In order to further compare the vibration suppres-
sion effect of HTVSLMS algorithm in active control of
structural vibration, this study compares the vibration
suppression effect of HTVSLMS algorithm with that of
other variable step Fx-LMS algorithm from two aspects
of error and convergence speed under the same experi-
mental conditions. The sum of squares of errors is cho-
sen as an index to evaluate the steady-state perform-
ance of the algorithm. In addition, the control time re-
quired for the overall vibration level to decrease by
90.0% 1is selected as another index to evaluate the
convergence speed of the algorithm, which is tempora-

rily named convergence time. The results are shown in
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Table 4. It can be seen that HTVSLMS algorithm has
better steady-state performance than other variable step
Fx-LMS algorithms in this vibration active control simu-
lation experiment, and its convergence speed is obvi-
ously faster than that of other algorithms.

Table 4  Error and Convergence time of the variable

step-size Fx-LMS algorithm

oS G
Fx-LMS 26.92 28.4
NLMS 0.25 15.2
SVSLMS 7.12 21.1
HTVSLMS 0.07 12.5

3.2.3 Dual-frequency disturbance excitation

In order to further verify the robustness of the algo-
rithm under complex disturbances, the dual-frequency
sinusoidal signal of 10 Hz + 25 Hz is used as the vibra-
tion excitation source to carry out joint simulation veri-
fication and comparative analysis of the vibration sup-
pression effects of the four control algorithms mentioned
above. The vibration suppression effects of the four al-
gorithms are shown in Fig. 13 and Fig. 14, which are
the time domain diagram and power spectrum compari-
son diagram of the vibration suppression residual of the

control algorithm respectively.
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Fig. 13 Comparison diagram of VSSLMS algorithm

The simulation results show that the vibration sup-
pression effect of the four algorithms under dual-fre-
quency excitation is lower than that under single-fre-
quency excitation. Specifically, the vibration residual
can be suppressed below 0. 02 mm under single-fre-

quency excitation, while the vibration residual can be
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Fig. 14 Power spectral density comparison

suppressed below 0.05 mm under dual-frequency exci-
tation. Overall, HTVSLMS algorithm still exhibits su-
perior vibration suppression ability, and has better sta-
bility and tracking ability than other algorithms. Mean-
while, in order to further compare the vibration sup-
pression effect of HTVSLMS algorithm in active struc-
tural vibration control, the vibration suppression effect
of HTVSLMS algorithm is compared with that of other
variable step Fx-LMS algorithm in terms of error and
convergence time, and the results are shown in Table 5.
Even under dual-frequency disturbance excitation,
HTVSLMS algorithm not only has faster response
speed, but also has higher steady-state control accura-

cy in complex disturbance scenarios.

Table 5 Error and convergence time of the

variable step-size Fx-LMS algorithm

Fx-LMS 3641.75 47.20
NLMS 542.82 23.83
SVSLMS 585.37 32.18
HTVSLMS 60.58 10. 81

3.3 Noise interference experiment and result
analysis

In view of the existence of multi-frequency cou-

pling disturbances in the on-orbit environment, a com-

posite vibration excitation experiment is designed to e-

valuate the robustness of the control algorithm compre-

hensively: sinusoidal excitation signal superimposed

with broadband white noise signal, broadband white
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noise can verify the robusiness of an active vibration
control algorithm to external disturbances. Select the
sum of all mean square errors in the experimental
process as the evaluation index, named total mean
square error ( TMSE ), which can comprehensively re-
flect the convergence speed and steady-state perform-
ance of the control algorithm in the whole vibration sup-
pression process. The experimental results are shown in
Table 6. In order to more clearly show the performance of
each variable step size Fx-LMS algorithm, Figs. 15 —17
show the mean square error (MSE) curves of the control
error of the variable step size Fx-LMS algorithm under no

noise and noisy interference respectively.

Table 6  Vibration suppression effect of variable
step-size Fx-LMS algorithm in adaptive

vibration control experiments

Noise/
TMSE

Dual-frequency

noise-free/TMSE

Single frequency

Algorith
gorithm noiseless/TMSE

Fx-LMS 70.07 7703.47 5 456.46

NLMS 1.97
SVSLMS 17.38

2205.99
1802.17

2 163.40
2941.22
HTVSLMS 1.35

241.95 1027.75
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Fig. 15 MSE curves for algorithms in single-frequency
noiseless scenario

In a noise-free environment, as shown in Fig. 15,
Fig. 16, and Table 6, TMSE of all algorithms under
dual-frequency sinusoidal excitation is higher than that
under single-frequency sinusoidal excitation. The
difference is that TMSE of SVSLMS algorithm is lower
than that of NLMS under dual-frequency sinusoidal ex-
citation. TMSE of HTVSLMS algorithm remains the
lowest under single frequency or dual frequency sinu-
soidal excitation, and its overall performance is obvi-
ously better than other algorithms.

In the noise environment, as shown in Fig. 17
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Fig. 16 MSE curves for algorithms in dual-fre
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Fig. 17 MSE performance curve of the algorithm

under noise conditions

and Table 6, TMSE of all algorithms increased com-
pared to the noise-free environment. TMSE of NLMS
and SVSLMS algorithms are almost the same, and
steady state performance is close. So MSE curves are
also very close and almost coincident. MSE curve of
HTVSLMS algorithm is still lower than that of other
variable-step Fx-LMS algorithms.

It can be concluded from Figs. 15 =17 that under
the excitation with or without white noise, the perform-
ance of the variable step Fx-LMS algorithm is obviously
better than that of the Fx-LMS algorithm, the steady-
state error is smaller, and the vibration suppression
effect is more obvious. HTVSLMS algorithm maintains
the lowest error level in all three scenarios, especially
in Fig. 17, its MSE under noise excitation is signifi-
cantly lower than other algorithms, showing its superior
robustness and strong anti-interference ability.

In this section, wideband white noise is adopted

as the interference source to verify the algorithm’ s
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ability to suppress random disturbances covering the
entire frequency band. In the actual space station envi-
ronment, the spectral characteristics of micro-vibration
noise may be more complex. From the mechanism
analysis of HTVSLMS algorithm proposed in this pa-
per, sensitivity to changes in the error energy (e’ (n))
is endowed by its variable step-size characteristic, thus
inherent adaptability to amplitude-nonstationary noise
is possessed—when the error suddenly increases, the
step size is limited to prevent divergence; when the er-
ror decreases, the step size is increased to achieve fast
tracking. For noises with different spectral characteris-
tics (e.g., pink noise) , the accuracy of the seconda-
ry path estimation, which is critically relied on by the
algorithm, is of great importance. As long as the esti-
mation can be well fitted to the real secondary path
within the main energy frequency band, the algorithm
can work effectively. Future research work can system-
atically design composite noise scenarios including dif-
ferent signal-to-noise ratios, different power spectrum
shapes (e. g., pink noise, brown noise) and mixed
pulses, so as to more comprehensively evaluate the ex-
treme performance and adaptability boundary of the
HTVSLMS algorithm and the integrated control strategy

in extremely complex noise environments.

3.4 Comprehensive performance comparison of
control algorithms

A performance comparison of four algorithms ( Fx-
LMS, NLMS, SVSLMS, and HTVSLMS) under three
operating conditions ; single-frequency, dual-frequency
and noise disturbances, is carried out. In conclusion,
HTVSLMS algorithm demonstrates significant advanta-
ges in key metrics such as convergence speed, steady-
state error, and disturbance rejection capability. These
merits highlight its high robustness and rapid conver-
gence characteristics in spatially complex disturbance
environments, proving it highly suitable for the high-
precision control requirements of spatial FDM equip-
ment.

Meanwhile, to comprehensively evaluate the ap-
plicability and robustness of the proposed integrated
motion and vibration control strategy under a wider
range of operating conditions, a systematic discussion
is conducted on the performance trends of the control
strategy with variations in different disturbance parame-
ters, based on existing simulation results and theoreti-
cal analyses. Performance trends of the integrated strat-
egy over wider disturbance frequency bands can be in-

ferred from the existing simulation results of single-fre-

quency (10 Hz) and dual-frequency (10 Hz + 25 Hz)
disturbances.

(1) Influence of disturbance frequency variation

The single-frequency disturbance results in
Figs. 11 and 13 demonstrate that the vibration residu-
als are suppressed within 0. 02 mm by HTVSLMS algo-
rithm under 10 Hz disturbance, with an attenuation
rate of 86.7% . According to adaptive filtering theory,
the effective suppression bandwidth of HTVSLMS algo-
rithm is directly related to the rapidity and stability of
step-size adjustment. Since a hyperbolic tangent func-
tion-based variable step-size mechanism is adopted to
infer its effects under different disturbance frequencies
by HTVSLMS algorithm. For low-frequency disturb-
ances ( <10 Hz) ; the step-size factor can be adaptive-
ly increased to improve convergence speed, and the
performance is expected to be no lower than that under
the 10 Hz operating condition. For high-frequency dis-
turbances ( > 25 Hz):

phase lag increases, but phase compensation can be

as the frequency increases,

provided by the secondary path estimation of HTVS-
LMS algorithm. Referring to the dual-frequency dis-
turbance results in Fig. 16, the 25 Hz component is
effectively suppressed, indicating that the algorithm
possesses a certain degree of high-frequency adapta-
bility.

(2) Influence of disturbance amplitude variation

The fast convergence characteristic of HTVSLMS
algorithm can prevent algorithm divergence. Theoreti-
cally, when the disturbance amplitude increases, the
error e(n) increases, and the step sizeu(n) is limited
within a safe range through the hyperbolic tangent func-
tion to avoid excessive weight updates.

The extended discussion indicates that the syner-
gistic mechanism of the integrated control framework
enables it to adapt to different motion speeds and traj-
ectory complexities, and performance advantages can
still be maintained under more severe operating condi-
tions. These characteristics endow the proposed strate-
gy with good space environment adaptability, laying a
theoretical foundation for subsequent engineering appli-

cations.

4 Multi-degree of freedom joint simulation
analysis

4.1 Joint simulation system construction
In order to evaluate the adaptability and expansi-
bility of the integrated motion and vibration control

strategy in complex structural systems, a joint simula-
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tion model of two-degree-of-freedom (X, Y axis) hot-
end nozzle control system is constructed based on AD-
ams/Simulink platform. Different from the single-de-
gree-of-freedom joint simulation, the simulation mod-
el consists of five parts; two driving modules, two vi-
bration suppression modules and vibration excitation
module.

The MDoF co-simulation system includes three
parts. (1) Dual-drive module: predefined trajectory
commands for the X and Z axes are generated separate-
ly to drive the synchronous motion of the hot-end nozzle
in the 2D plane. (2)Dual-vibration suppression mod-
ule; based on the HTVSLMS algorithm, vibration error
signals of the X and Y axes are processed separately,
and independent vibration suppression forces are gener-
ated to avoid inter-axis interference. (3) Vibration ex-
citation module; disturbance signals for the Y axis are
generated to simulate the complex micro-vibration envi-

ronment in space.

4.2 Simulation and result analysis
4.2.1 Comparative analysis of control strategies

In the MDoF co-simulation, data from Matlab traj-
ectory interpolation control is smoothed and then ap-
plied to two directions respectively, enabling the syn-
chronous motion of the nozzle in the 2D plane. The
HTVSLMS algorithm is adopted by the control system
to suppress the vibration responses in the X and Y de-
grees of freedom separately. Meanwhile, to verify the
actual gain of the integrated strategy, an ablation com-
parison is carried out for the three scenarios mentioned
in the single-degree-of-freedom section above. Fig. 18
presents the variation curves of the nozzle trajectory co-

ordinates under the three scenarios.
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Fig. 18 Position change of nozzle trajectory

Fig. 18 shows that under MDokF integrated con-
trol, obvious synergistic advantages are demonstrated
by the integrated control curve. When both motion con-
trol and vibration control are activated, the trajectory
fluctuations of the X-axis and Y-axis are significantly
reduced, and the trajectory smoothness is close to the
ideal predefined trajectory, indicating that the integrat-
ed strategy remains effective in MDoF systems. The
proposed integrated control strategy can be effectively
extended to MDoF systems; the vibration suppression
performance under SDoF conditions is maintained, and
the problem of coupled vibration in multi-axis coordina-
ted motion is resolved. Important technical support is
provided by this for the high-precision control of space
FDM equipment in practical 3D printing tasks. To fur-
ther verify the effectiveness of HTVSLMS algorithm and
the rationality of vibration control, the four algorithms
are subsequently employed as parameter adaptive algo-
rithms for simulation verification based on the active
micro-vibration control co-simulation system.

4.2.2 Simulation analysis

Extending the control strategy from SDoF system
to MDoF system primarily introduces the new challenge
of inter-axis coupled vibration. To address this cou-
pling characteristic, HTVSLMS algorithm employs in-
dependent step-size adjustment in the two channels.
This allows each degree of freedom to adaptively track
the changes in its own error, thereby avoiding cross-
gain issues caused by coupling. In the simulations, the
errors for both axes maintain rapid convergence, dem-
onstrating that the proposed strategy can preserve both
convergence performance and robustness in a multi-de-
gree-of-freedom environment.

In the process of joint simulation, single frequen-
cy sine disturbance signal is used as excitation force.
In order to verify the dynamic performance of HTVS-
LMS algorithm in vibration control of gantry type spatial
FDM equipment, the four algorithms mentioned above
are compared, as shown in Figs. 19 and 20. Fig. 19 is
the vibration suppression effect diagram of four algo-
rithms on X axis and Y axis, and Fig. 20 is the power
spectrum comparison diagram of four algorithms.

Fig. 19 shows the residual displacement curves in
X and Y axes. HTVSLMS algorithm achieves the mini-
mum vibration residual and the fastest error conver-
gence in both DOF directions. Fig. 20 further shows
that HTVSLMS algorithm has better energy suppression
effect than the other three algorithms in frequency re-
sponse through frequency domain analysis, especially

excellent filtering performance in high frequency band.
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Under the same experimental conditions, in order
to further compare the vibration suppression effect of
HTVSLMS algorithm in active structural vibration con-
trol, the vibration suppression effect of HTVSLMS al-
gorithm is compared with that of other variable step Fx-
LMS algorithms in terms of error and convergence
speed. The results are shown in Table 7. It can be
seen that HTVSLMS algorithm has better steady-state
performance than other variable step Fx-LMS algo-
rithms in the active vibration control simulation experi-
ment, and its convergence speed is also faster than oth-
er algorithms, no matter in X axis or Y axis. The re-
sults fully verify that HTVSLMS algorithm still main-
tains its double-optimal performance of control accura-

cy and convergence efficiency in multi-degree-of-free-

Table 7 Error and convergence time of the variable

step-size Fx-LMS algorithm

X-axi Y-axi
axis axis X-axis Y-axis
. sum of sum of
Algorithm convergence convergence
squared  squared . .
time/'s time/'s
errors errors
Fx-LMS 164.27 139. 66 45.5 39.2
NLMS 40.54 27.66 26.5 20.2
SVSLMS 48.65 25.74 32.5 26.2
HTVSLMS  21.61 14.98 19.5 13.4

5 Conclusions

To address the issue that the vibration of hot-end
nozzle in gantry type space FDM equipment leads to
the deterioration of surface accuracy and reduction in
mechanical properties of manufactured workpieces, an
integrated motion and vibration control strategy is pro-
posed in this paper. Through coupling the motion con-
trol based on predefined trajectories with HTVSLMS a-
daptive control based on the hyperbolic tangent func-
tion, the coordinated optimization of motion and vibra-
tion control is achieved, and the traditional trade-off
between trajectory accuracy and vibration suppression
performance is resolved. Comprehensive verification is
conducted through co-simulation of Adams and Mat-
lab/Simulink, covering scenarios from single-degree-
of-freedom systems with single-frequency, dual-fre-
quency, and noise disturbances to multi-degree-of-
freedom systems. An innovative HTVSLMS algorithm
based on the hyperbolic tangent function is proposed,
and the adaptive nonlinear adjustment of the step size
is realized through the hyperbolic tangent function.
Simulation results demonstrate that the algorithm out-
performs comparative algorithms in both convergence
speed ( with an improvement of approximately
18.0% ) and steady-state accuracy ( with a reduction
of approximately 72.0% in the sum of squared er-
rors) , making it particularly suitable for time-varying
disturbance environments. Multi-scenario co-simula-
tions fully verify the significant effectiveness of the
proposed integrated strategy. The simulations, ranging
from SDoF to MDoF systems and from single/dual-fre-
quency disturbances to wideband noise, consistently

demonstrate improvements in trajectory tracking accu-
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racy, structural vibration suppression, and system ro-
bustness. Specifically, the trajectory tracking deviation
is reduced by 80.0% , the vibration residual suppres-
sion rate reaches 86. 7% , and the convergence time
is reduced by approximately 10. 0% to 20. 0% . In
summary, the proposed strategy provides systematic
new ideas and effective technical approaches. These
are aimed at improving the dynamic accuracy and sta-
bility of space-borne on-orbit additive manufacturing
equipment, laying a theoretical foundation and techni-
cal support for the performance enhancement of space

FDM equipment.
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