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Abstract

The aircraft nose-wheel steering system serves as a critical component for ensuring ground
taxiing safety and maneuvering efficiency. However, its dynamic control stability faces
significant challenges under complex operational conditions. Existing research predom-
inantly focuses on single-discipline modeling, with insufficient in-depth analysis of the
coupling effects between hydraulic system dynamics and mechanical dynamics. Tradi-
tional PID controllers exhibit limitations in scenarios involving nonlinear time-varying
conditions caused by normal load fluctuations of the landing gear buffer strut during high-
speed landing phases, including increased control overshoot and inadequate adaptability
to abrupt load variations. These issues severely compromise the stability of high-speed
deviation correction and overall aircraft safety. To address these challenges, this study
constructs a digital twin model based on real aircraft data and innovatively implements
multidisciplinary co-simulation via Simcenter 3D, AMESim 2021.1, and MATLAB R2020a.
A fuzzy adaptive PID controller is specifically designed to achieve adaptive adjustment
of control parameters. Comparative analysis through co-simulation demonstrates that
the proposed mechanical-electrical-hydraulic collaborative control strategy significantly
reduces response delay, effectively minimizes control overshoot, and decreases hydraulic
pressure-fluctuation amplitude by over 85.2%. This work provides a novel methodology
for optimizing steering stability under nonlinear interference scenarios, offering substantial
engineering applicability and promotion value.

Keywords: digital twin; co-simulation; nose-wheel steering system; dynamic model;
hydraulic system; fuzzy adaptive control

1. Introduction

Runway safety remains a core challenge in aircraft ground operations within modern
civil aviation. According to the International Air Transport Association (ATA) Safety Report,
22% of global aviation accidents from 2010 to 2014 were attributed to runway excursions.
This trend has persisted in recent years—statistics from the Aviation Safety Network
(ASN) indicate that among 720 global aviation accidents between 2017 and 2022, runway
excursion/overrun/veer-off incidents accounted for 16.25% (117 cases) [1]. Dynamical
analyses reveal that when an aircraft’s taxiing speed exceeds 80 knots (148 km/h), the
centroid displacement induced by lateral velocity increments grows quadratically. In such
scenarios, if the steering system’s response delay surpasses 500 ms, the risk of runway
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deviation surges by 57% [2]. This fundamentally establishes the engineering significance of
precise nose-wheel steering control under high-dynamic conditions.

Meanwhile, aircraft ground taxiing, as a critical phase of flight operations, encom-
passes procedures from gate-to-runway takeoff and post-landing return. Its operational
accuracy directly impacts flight scheduling efficiency, takeoff/landing safety, and taxiing
security. This process demands not only precise large-angle steering control (e.g., £60°
under low-speed conditions, per ICAO Annex 14 standards), but also stable lateral dy-
namic characteristics at medium-to-high speeds (40-80 knots, ~74-148 km/h). As the core
actuator during ground taxiing, the dynamic stability of the nose-wheel steering system
directly determines operational safety, airframe structural longevity, and passenger comfort.
Consequently, research on precise steering control under multi-dynamic conditions holds
substantial engineering value.

Accurate design of nose-wheel steering control laws relies on high-fidelity ground
dynamic models to ensure effective yaw and lateral position control in complex ground en-
vironments [3] However, traditional modeling methods lack fidelity under dynamic loads,
nonlinear friction, and multi-physics coupling, failing to meet high-robustness control
requirements. Digital twin technology [4], with its lifecycle interaction capability between
physical entities and virtual models, offers a novel approach to overcoming these limita-
tions. In recent years, this technology has achieved scalable applications in aviation [5,6],
including safety architecture design [7], engine health management [8], and wing aerody-
namic optimization [9]. Nevertheless, its application in aircraft ground dynamics modeling
and landing gear system research remains underexplored. First, high-fidelity modeling
of tire-runway contact mechanics heavily depends on real-time environmental parameter
sensing [10] (e.g., pavement friction coefficients, dynamic tire pressure variations) and data
assimilation. Existing studies predominantly adopt offline calibration or simplified contact
models [11] (e.g., constant friction assumptions), inadequately capturing the nonlinear
coupling effects of transient lateral forces and yaw moments during taxiing. Second, the
strong coupling between landing gear multibody dynamics and hydraulic steering systems
has yet to be rigorously validated within a digital twin framework, hindering precise
resistance to mechanical hysteresis, hydraulic pulsation, and ground disturbance in control
law design [12]. Fundamentally, current digital twin research suffers from “insufficient
characterization of multidisciplinary coupling mechanisms” and “lack of real-time virtual—-
physical interaction” in civil aircraft ground dynamics, impeding closed-loop optimization
of control stability. This necessitates novel methodologies integrating cross-disciplinary
modeling and real-time control.

Notably, extensive international research has focused on aircraft steering control dur-
ing ground taxiing. As early as the mid-20th century, with the rise of jet airliners such as
the Boeing 707 and Douglas DC-8, mechanically driven hydraulic-actuated nose-wheel
steering systems saw widespread development. By the 1970s, European military aircraft
had fully adopted fly-by-wire hydraulic steering systems. Young [13] documented the
development process of advanced nose-wheel steering systems for commercial aircraft,
including the integration of electronic controls and redundant systems. The United States
also achieved early mastery of nose-wheel steering technology, with widespread appli-
cations across multiple aircraft models [14]. In contrast, China began emphasizing fully
electric nose-wheel steering systems in the early 1980s [15]. Researchers such as Qing Nie
at Nanjing University of Aeronautics and Astronautics pioneered the analysis of foreign
steering mechanisms and designed a dual-worm-gear steering system with corresponding
control strategies [16].
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Current domestic research on the dynamic stability of nose-wheel steering systems
remains inadequate. PID control strategies based on linear time-invariant systems, reliant
on fixed parameters, struggle to achieve adaptive control [17]. This leads to poor stability
under landing-phase load fluctuations and varying runway conditions, increasing runway
excursion risks. To address this, this study introduces real aircraft parameters, pioneer-
ing the integration of hydraulic systems, mechanical dynamics, and fly-by-wire control
modules. Through millisecond-level co-simulation, a digital twin with both precision and
real-time capability is constructed (physical-to-virtual mapping). A fuzzy adaptive control
algorithm is designed to establish bidirectional virtual-physical closed loops: the virtual
model continuously reflects physical system states while inversely optimizing control
parameters and fault prediction thresholds online (virtual-to-physical assistance). This
approach enhances steering stability and accuracy under complex operational conditions.

2. Materials and Methods
2.1. Ground Taxiing Dynamics Modeling Based on Digital Twin

The civil aircraft nose-wheel steering system (NWS) investigated in this study adopts
a gear-rack-type steer-by-wire (SBW) architecture, where the control logic is implemented
by a steering electronic control unit (ECU), with the aircraft hydraulic system serving as the
power source. The operational mechanism is structured as follows: a control valve regulates
hydraulic fluid flow into the left/right chambers of the gear actuator cylinder, driving the
piston and rack to generate axial displacement. The rack—gear meshing pair converts this
linear motion into circumferential rotation of the gear, thereby inducing rotational motion
of the rotating sleeve about its axis. Finally, the lugs on the rotating sleeve transmit the
driving force to the wheel via the torque arm, completing the steering action.

2.1.1. Landing Gear Model Simplification

This study focuses on a domestic aircraft model, specifically addressing the steering
mechanism of its gear-rack-type nose-wheel steering system [18], A multi-body dynamics
model is developed using Simcenter 3D Motion.

To ensure computational efficiency while retaining critical physical principles and
emphasizing the dynamic coupling between nose-wheel steering and fuselage motion, the
following simplifications are applied without compromising simulation precision:

1.  Component simplification of landing gear: secondary components with negligible
impact on steering—such as bolts, nuts, washers, and other fasteners—are omitted;

2. Rigid-body assumption: all landing gear components (excluding tires) and associated
structures are treated as rigid bodies, disregarding material elastic deformation and
structural vibrations [19];

3. Aerodynamic force exclusion: aerodynamic forces (lift, drag) acting on the nose-wheel
during taxiing are neglected to avoid unnecessary higher-order nonlinear complexities.

Post-simplification, only components relevant to nose-wheel steering motion are
retained. CATIA files of critical parts (e.g., strut outer cylinder, actuator cylinder, rotating
sleeve) are imported into the Simcenter 3D module to assemble a simplified landing-gear
geometric model. Material properties are defined, kinematic pairs are added, and force
elements are integrated to establish the dynamics model, as illustrated in Figure 1.
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Figure 1. Simplified landing-gear subsystem mode: (a) nose landing gear; (b) main landing gear.

2.1.2. Tire Mechanical Model

The tire model is a critical component of the overall aircraft model. The six force and
moment components acting on a tire are interdependent, which complicates the analysis
and modeling of tire characteristics. The international standard for tire data exchange
(TYDEX), established in 1977, standardized the coordinate systems and the definitions
of tire motion, forces, and moments for converting tire data from test rigs to simulation
models. The standard coordinate system adopted for the simulation is the ISO-W tire
contact patch coordinate system [20], as illustrated in Figure 2.

Z7 Tire o
B Zy trajectory Elrelcélon dqf
Positive velocity Whee! heading
inclination| ¢ (V1) Xw
angle
g Positive slip ,4 Xt

angle , @
7

“

Road plane

Wheel-spin
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Figure 2. ISO-W tire contact patch coordinate system.

The external loads experienced by the aircraft during a turn primarily originate from
the friction between the tires and the ground. This friction can be decomposed into
longitudinal and lateral components. The friction moment for the nose-wheel turn is
generated exclusively by the lateral friction force [21]. To accurately simulate the forces
exerted by the ground on the tire during a nose-wheel turn, a suitable tire model must be
established. This study utilizes the tire model available in Simcenter 3D Motion, wherein
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the calculation of the tire’s lateral force is divided into two distinct phases: an elastic
deformation phase and a sliding phase. A critical slip angle is defined within the model
to distinguish between these two states. In the elastic phase, the lateral force is a function
of the normal force and the slip angle, which can be determined by a cubic polynomial
defined by the following boundary conditions:

Fy:O, « =0

Fy :dF(Fy)mllx s =& (1)
T =Ca=0
dF,

EZO,K:an

where

Fy is the lateral force on the tire.

« is the tire slip angle.

C is the derivative of the lateral force with respect to the slip angle when the slip angle
is zero (i.e., the cornering stiffness).

wy, is the critical slip angle.

When the slip angle is small, the lateral force on the tire can be considered a linear
function of the slip angle:

Fy, = Cua )

When the tire slip angle exceeds the critical slip angle, the lateral force reaches its
maximum value:

F
a, =2.5- 'g" (3)
(Fy)max = ﬂPnor (4)

where
F,,or is the normal force on the tire.
# is the nominal friction coefficient.

2.1.3. Tire Subsystem

The tire subsystem established in this study employs the basic tire model from Sim-
center 3D Motion. The specific formulas for the forces and moments in this model were
detailed in the previous section. The tire model is defined by inputting the wheel radius,
relaxation length, wheel cornering stiffness, vertical stiffness, and damping coefficient into
the tire subsystem creation interface. The tire’s static load-deflection curve is then provided
in the tire properties file to complete the definition. Based on a review of the relevant
literature, the tire parameters were obtained as shown in Figure 3, where BasicTireProp001
corresponds to the nose landing-gear tire parameters and BasicTireProp002 corresponds to
the main landing-gear tire parameters.

2.1.4. Full-Aircraft Virtual Model Construction

Upon completion of the landing gear model, it is integrated with the airframe, tire
dynamics model, and damper subsystem. To balance simulation efficiency and inertial
characteristics, the airframe model is reconstructed and simplified using the principle of
inertial equivalence: the mass, center of gravity, and inertia tensor of the fuselage are
mapped to an equivalent geometric body (a cube), whose center of gravity aligns with that
of the actual airframe. This simplified geometry is solely used for dynamic computation,
and does not affect boundary condition definitions in aerodynamic/structural coupling
scenarios. The finalized full-aircraft dynamics model is illustrated in Figure 4.
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Figure 3. Tire force parameters.

Figure 4. Full-aircraft dynamics model.

In addjition to the constraint relationships between internal landing gear components
described in Section 2.1.1, the force and kinematic relationships between the airframe and
other components are shown in Figure 5, where B denotes components, ] represents kine-
matic pairs between components, and F indicates forces and moments. Connection points
are defined on the local coordinate system of the airframe (equivalent cube) to distribute the
aircraft’s weight through rigid connections between the landing gear and these points. The
aircraft is assumed to exhibit motion only in the horizontal plane (translational movement
and rotation about the vertical axis), ignoring roll, pitch, and other degrees of freedom,
thereby modeling it as a three-degree-of-freedom (3-DOF) system during ground motion.
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Figure 5. Dynamic relationship diagram of full-aircraft virtual prototype.

2.2. Physical Modeling of Nose-Wheel Electro-Hydraulic Servo Steering System

The nose-wheel steering system employed in this study is an electro-hydraulic servo
system, with its hydraulic schematic illustrated in Figure 6. This hydraulic system com-
prises an electro-hydraulic servo valve, steering actuator cylinder, anti-shimmy valve, and
safety valve [22].
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Figure 6. Hydraulic schematic diagram of nose-wheel steering system.
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When the pilot issues a steering command, the steering control module dynamically
compares the input command value with feedback signals. Upon detecting a deviation
between predefined parameters and real-time feedback values that exceeds the preset toler-
ance threshold, the system automatically generates deviation control signals. These signals
adjust the orifice opening and direction of the electro-hydraulic servo valve, altering the hy-
draulic fluid flow path. This adjustment induces corresponding spool displacement, which
drives the steering actuator piston to execute linear reciprocating motion. Subsequently, the
mechanical transmission system (gear-rack mechanism) transfers this motion to rotate the
nose landing-gear wheel assembly. Simultaneously, the steering angle of the nose landing
gear is fed back in real time to the steering control module. Based on the closed-loop control
principle, this feedback signal and the input command jointly determine the spool position
of the electro-hydraulic servo valve. This adjustment continues until the actual steering
angle converges within the predefined allowable error range relative to the commanded
value, thereby achieving precise follow-up control performance.

When steering is unnecessary or the system fails to execute steering commands, the
nose-wheel steering system switches to anti-shimmy mode to ensure operational safety
and taxiing stability. In this mode, the hydraulic circuits of the two actuator cylinders are
interconnected, allowing hydraulic fluid to circulate between them via two anti-shimmy
valves. If external disturbances cause the nose-wheel to deviate from its intended trajectory,
the anti-shimmy valves absorb and dissipate vibration energy through their inherent
damping characteristics. Concurrently, the stabilizing moment generated by the nose-
wheel geometry restores the wheel to its centered position.

This hydraulic subsystem model is constructed using the hydraulic component design
library and drivetrain system library in AMESim, as illustrated in Figure 7.
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tary Load
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| Bidirectional
I Safety Valve
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Figure 7. Nose-wheel steering system mode.

2.3. Multidisciplinary Co-Simulation

Research on aircraft ground taxiing dynamics requires the integration of dynamic
interactions among mechanical, hydraulic, and control systems. This chapter establishes a
high-fidelity multidisciplinary coupled model within a co-simulation environment com-
bining Simcenter 3D Motion and AMESim. The model encompasses fly-by-wire controller
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command logic, flow—pressure characteristics of hydraulic actuators, nonlinear contact in
gear-rack transmission, and wheel-ground slip dynamics.

To enable physical interactions between subsystems, a bidirectional coupling inter-
face is constructed based on the Functional Mock-up Interface (FMI) protocol, facilitating
mechanical-hydraulic energy exchange and state variable synchronization between Simcen-
ter 3D and AMESim. During co-simulation, the preconfigured steering drive module in the
Simcenter 3D dynamics model is replaced with a dedicated “Mechatronics” co-simulation
module. Within this module, three control-input state variables (nose-wheel steering angle,
rack velocity, and rack displacement) and one control-output state variable (driving force)
are defined. The control inputs represent data exported from the multibody dynamics
model, while the control output corresponds to the driving force transmitted from the
AMESim hydraulic system to the dynamics model.

The AMESim co-simulation interface is automatically generated through a standard-
ized workflow: after defining input/output variables with names identical to those in
Simcenter 3D, the interface type is selected as “Simcenter 3D Motion (co-simulation),”
which automatically synchronizes with Simcenter’s co-simulation settings.

Figure 8 illustrates the multidisciplinary co-simulation framework for aircraft ground
taxiing steering. During co-simulation, the electro-hydraulic servo control system imple-
mented in AMESim generates control signals based on target steering commands. The
hydraulic subsystem, upon receiving these current signals, produces actuator driving forces
according to the servo valve’s flow—pressure characteristics. These forces are transmitted
via the interface to the gear-rack assembly in the Simcenter 3D dynamics model. Within
the dynamics model, the driving force on the rack induces circumferential motion of the
gear, thereby actuating the nose-wheel steering mechanism to produce the actual steering
angle. Simultaneously, real-time rack displacement and velocity parameters are fed back
through the interface to the hydraulic control loop, forming a closed-loop dynamic com-
pensation mechanism. The validity of the co-simulation system is confirmed by observing
synchronized mechanical-hydraulic variations via a visualization interface.

Bacte Vracks Xrack The model of the electro-
hydraulic servo system
for front wheel steering
established in Ameism

The aircraft dynamics
model established in
Simcenter 3D Farve

Set initial aircraft velocity
initiate taxiing motion

plement steering command signals
to execute turning maneuvers

Perform co-simulation
through visual interface
with subsequent result
analysis and post-
processing.

Figure 8. Block diagram of multidisciplinary co-simulation model for aircraft ground taxiing steering.

2.4. Design of Fuzzy Adaptive PID Controller

Based on the nose-wheel steering-system model architecture described in Chapter 2.1,
the control module employs a PID control algorithm to dynamically compute deviations
between input command values and real-time feedback of the actual steering angle. When
the deviation between real-time feedback and command parameters exceeds a predefined
threshold, the system activates a compensation control-signal generation mechanism:
by adjusting the opening direction and flow area of the electro-hydraulic servo valve,
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the hydraulic fluid distribution in the actuator chambers is modified, thereby precisely
regulating piston rod displacement until the actual steering angle converges within the
allowable error band of the command. This achieves closed-loop follow-up control of
steering angle versus displacement.

While this baseline control architecture demonstrates satisfactory precision under
steady-state conditions, its fixed-gain characteristics exhibit theoretical limitations in adapt-
ing to complex dynamic scenarios. Particularly during high-speed taxiing deviation correc-
tion, traditional PID control suffers from instability issues such as increased overshoot and
response lag, due to coupling effects like nonlinear load distribution on the nose gear and
time-varying tire cornering stiffness [23]. To address this, a fuzzy adaptive PID controller
integrating traditional PID control with fuzzy logic inference is proposed. This controller
overcomes the inherent parameter constraints of conventional PID by dynamically adjust-
ing control parameters through online identification of system nonlinearity. Compared to
fixed-parameter PID controllers, this method offers three core advantages:

1.  Dynamic parameter self-tuning capability: real-time adjustment of control parameters
based on error signals, resolving traditional PID’s inability to adapt to complex
disturbances such as time-varying runway-tire friction and nonlinear hysteresis in
hydraulic systems;

2. Enhanced robustness and anti-windup properties: suppression of integral windup
via fuzzy rules, preventing control instability caused by actuator output saturation
under extreme conditions; in conventional PID control, anti-windup functionality
typically requires an additional independent module (e.g., integrator clamping or
back-calculation). However, in our proposed fuzzy adaptive controller, anti-windup
capability is embedded directly within the fuzzy inference rules, demonstrating
greater design integration and functional advancement.

3. Multi-objective collaborative optimization: balancing overshoot suppression with
response speed, addressing the inherent conflict between steady-state accuracy and
dynamic performance in traditional PID tuning.

Leveraging these advantages, this study develops a dual-input (steering angle de-
viation e, deviation rate ec)—triple-output (AKp, AKi, AKd) fuzzy rule base. The design
rationale lies in utilizing e to characterize steady-state precision requirements and ec to
capture dynamic process characteristics. Their synergistic integration enables coverage
of multi-timescale response features during high-speed landing correction phases, in-
cluding load transfer and hydraulic hysteresis. This rule base dynamically adjusts PID
parameters [24] (proportional coefficient Kp, integral coefficient Ki, derivative coefficient
Kd), thereby optimizing system control and enhancing steering stability under extreme
operating conditions.

Regarding the use of additional feedback signals, the control strategy is constrained
by the existing hardware configuration of the nose-wheel steering system. The system is
equipped only with a steering angle sensor for closed-loop control and pressure sensors for
monitoring, as depicted in the hydraulic schematic (Figure 6). This hardware suite does
not support more complex multi-state feedback strategies that would require additional
measurements like actuator velocity or hydraulic flow rates. Therefore, the proposed
control law is designed to maximize performance using the available feedback, adhering
to the engineering principle of employing the minimum necessary sensor set to ensure
robustness, reliability, and cost-effectiveness. The potential for performance enhancement
through an expanded sensor suite remains a valuable direction for future system iterations.
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2.4.1. Fuzzy Controller Architecture Design

As illustrated in the structural diagram of the fuzzy adaptive PID controller in Figure 9,
the input variables are defined as the steering angle deviation ¢ and the steering angle
deviation rate ec, where

e=ry —0 (5)
ec = de/dt (6)
de
dt
i ec
e Fuzzy control
strategy
Akp |Aki |Akd
L / - . F i
& PID controller Electro-hydraulic Q Steering Nose landing
servo valve actuator gear wheel

Steering angle
feedback sensor

Figure 9. Structural diagram of model reference adaptive PID Controller.

Here, r;, represents the commanded steering angle, and 6 denotes the real-time steer-
ing angle.

The output variables correspond to the adjustment quantities for the PID controller
parameters: AKp (adjustment to the proportional coefficient Kp), AKi (adjustment to the
integral coefficient Ki) and AKd (adjustment to the derivative coefficient Kd).

2.4.2. Design of Linguistic Variables and Membership Functions

Based on fuzzy control rules [25], the variables e, ec, AKp, AKi, and AKd are fuzzified
into five linguistic subsets: NB (Negative Big), NS (Negative Small), ZO (Zero), PS (Positive
Small), and PB (Positive Big). To better approximate real-world conditions, the universes
of discourse for e and ec are defined in radians as [—0.2, 0.2] and [—0.1, 0.1], respectively.
Gaussian functions are adopted as membership functions, as illustrated in Figure 10.
For consistency, the remaining variables employ identical membership functions with
optimized universes of discourse.

2.4.3. Fuzzy Controller Rule-Base Formulation

Drawing upon the operational characteristics of the selected aircraft model and domain
expertise, a fuzzy rule base comprising 25 IF-THEN rules (derived from 5 x 5 input combi-
nations) was formulated to define the input-output mapping relationships, as detailed in
Table 1.

Rule Design Logic:

1.  Large Negative Deviation with Stabilizing Trend (e = NB, ec = ZO): significantly in-
crease Kp (AKp = PB) to enhance rapid response to substantial deviations; moderately
reduce Ki(AKi = NS) to prevent integral windup caused by persistent deviations;
maintain Kd (AKd = ZO) unchanged, as the zero deviation rate minimizes deriva-
tive influence;

2. Zero Deviation with Gradual Positive Increase (e = ZO, ec = PS): slightly decrease
Kp (AKp = NS) to avoid overshoot from excessive response; moderately increase
Ki (AKi = PS) to eliminate residual steady-state errors; enhance Kd (AKd = PS) to
preemptively suppress oscillations induced by rising deviation rates;
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3. Large Positive Deviation with Rapid Reduction (e = PB, ec = NB): maximize Kp
(AKp = PB) to expedite residual error elimination; disable Ki (AKi = NB) to prevent
overshoot from cumulative integral action during late-stage correction; sharply in-
crease Kd (AKd = PB) to counteract oscillations arising from rapid convergence;

4. Anti-Windup Mechanism (¢ = PB/NB): when system error ¢ is large, the mechanism
outputs a negative integral gain adjustment (AKi = NB), effectively reducing or
temporarily disabling the integral action. This prevents unlimited accumulation of
the integral term, achieving anti-windup functionality.

nint nnints- 181

FIS Variables ‘ ‘ Mernbersh| p Funchon p}ots

@ 1 NB NS 20 PS PE
pod
7

AKd
0.2 -0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
input variable "e"
Current Variable Current Membership Function (click on MF to select)
Name e Name
Type input Type trimf
Params
Range [_02 02]
Display Range [0.20.2] Help Close
Ready

Figure 10. Membership function of e (negative values are denoted with “-”).

Table 1. Fuzzy Rule Table.

PID €
Parameter NB NS ZO PS PB

AKp=PB, AKp=PB, AKp=PS, AKp=PS, AKp=PB,
NB  AKi=NB, AKi=NB, AKi=NB, AKi=NB, AKi=NB,
AKd=NB AKd=NS AKd=NB AKd=PB AKd=PB

AKp=PB, AKp=PS, AKp=PS, AKp=ZO, AKp-=PB,
NS  AKi=NB, AKi=NB, AKi=NS, AKi=NS, AKi=NB,
AKd=NS AKd=NS AKd=NS AKd=PS  AKd=PS

AKp=PB, AKp=PS, AKp=ZO, AKp=NS, AKp =PB,
ec ZO  AKi=NS, AKi=NS, AKi=ZO, AKi=ZO, AKi=NS,
AKd=ZO AKd=ZO AKd=ZO AKd=ZO AKd=ZO

AKp=PS, AKp=ZO, AKp=NS, AKp=NS, AKp=PS,
PS  AKi=ZO, AKi=ZO, AKi=PS, AKi=PS, AKi=ZO,
AKd=PS AKd=PS AKd=PS AKd=NS AKd=NS
AKp=PS, AKp=NS, AKp=NS, AKp=NB, AKp=Ps,
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By accessing the view options in MATLAB R2020a’s Fuzzy Editor window, users can
activate the 2D rule viewer and 3D surface viewer to examine the relationships between
input and output variables. As shown in the 3D observation plot in Figure 11, this approach
ensures full coverage of the input space and eliminates rule conflicts. Figure 12 shows the
dynamic variation curves of Kp, Ki, and Kd during the step-response simulation.

Figure 11. Fuzzy rule 3D surface viewer (negative values are denoted with “-”).
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Figure 12. Dynamic response of fuzzy PID controller parameters under step input.

2.4.4. Encapsulation of the Fuzzy Controller

As illustrated in Figure 13, an adaptive PID controller based on the fuzzy rule base
is constructed in Simulink. To validate its engineering applicability, this controller is
integrated into the Simcenter-Amesim co-simulation platform, replacing the original PID
controller in the hydraulic system.

This section utilizes the MATLAB/Simulink-Amesim bidirectional interface protocol
and the “sl2amecosim” tool to compile the Simulink model into an AMESim-compatible
Super Component (Figure 14). The interface is defined as follows: Input Port 1 receives the
real-time nose-wheel steering angle signal (unit: deg) from the dynamics model; output
Port 2 transmits the valve control current signal u-valve (unit: mA) to the hydraulic servo
system. The electric control signal output at Port 2 is shown in Figure 15. This encapsulation
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method decouples the control algorithm from the hydraulic model through the Functional

Mock-up Interface (FMI) standard, while its modular architecture provides an extensible

technical framework for subsequent co-simulation studies.

R

VELD
FORCE DISP
ANGLE

Simulink® slave model
(SL2ZAmecosim) ?

Encapsulate as
a module group

Figure 14. AMESim super-component encapsulation.
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Figure 15. Control signal diagram of output port 2.

3. Results
3.1. Analysis of Co-Simulation Results for Nose-Wheel Steering System

Simulation experiments are conducted under defined initial conditions to quantify
key performance metrics such as steering angle error and response time. A comparative
analysis between the traditional PID controller and the proposed fuzzy adaptive controller
is performed to validate robustness advantages.

3.1.1. Step Control During High-Speed Landing

The simulation scenario assumes an aircraft forward speed of 140 knots (=72 m/s) at
a height of 0.5 m (immediately before touchdown), with the nose-wheel initially centered.
Att=1s, a steering command is issued to drive the nose-wheel toward the maximum
steering angle 6; = 2°, with the aim of achieving rapid response and quick stabilization. A
step input signal is applied, and the control loop operates at a sampling time of 0.1 s. The
resultant nose-wheel force characteristics are observed, as shown in Figure 16. Comparative
simulation results between the two control strategies are illustrated in Figure 17.
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500 H

" 25,000
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= .
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=

=
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(a) (b)

Figure 16. Variation curves of loads on aircraft nose landing gear: (a) Lateral load variation curve of
nose wheel; (b) Vertical load variation curve of nose wheel.
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Figure 17. Step-response curves: conventional PID vs. fuzzy PID control.

The simulation encompasses two distinct phases. First, the landing impact phase
(t <1s), where a stepwise surge in the normal load on the nose landing gear (Figure 16b)
induces mechanical oscillations. Second, the steering command phase (t > 1 s), where the
control system must execute a 2° step command while the system is still settling from the
initial impact.

Comparative curves in Figure 17 demonstrate that the proposed fuzzy adaptive
PID controller outperforms the traditional PID controller under high-speed taxiing-step
steering conditions: system fluctuations are significantly suppressed, with settling time
reduced to 0.1 s, meeting the CCAR-25-R4 (China Civil Aviation Regulations, Part 25)
requirement for steering system stabilization time (<0.5 s); hydraulic actuator pressure
variation curves in Figure 18 validate the control strategy’s efficacy. The left chamber’s
hydraulic response transitions from sustained oscillations between 65 and 92 bar to rapid
convergence at 70 & 2 bar, with fluctuation amplitude reduced by 85.2%. This effectively
mitigates hydraulic resonance risks under high-speed step conditions.

[bar]

140
| Y: Actuator cylinder pressure — pressure at port C1 [PID] 3
<3 pressure at port C1 [Fuzzy PID]
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i i | | ‘ |
%0 v AV ‘Ii H “i’
oAU G ER I O-6-6 -6-0-G 00 B -6-0-0-6-6-0-0~
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Figure 18. Hydraulic pressure variation curve of actuator cylinder left chamber.

Additionally, during 0.5s < t < 15, the hydraulic pressure under fuzzy PID control
exhibits higher fluctuations than conventional PID, while the steering angle response
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remains more stable. This phenomenon occurs because at landing touchdown (t <1 s), the
normal force on the nose-wheel increases abruptly (Figure 16b). This sudden load change
acts as a disturbance to the hydraulic system, inducing pressure oscillations.

The fuzzy adaptive PID controller, being highly sensitive to both error e and error rate
ec, immediately performs fine adjustments to precisely maintain the wheel at the neutral
position. This proactive disturbance suppression activates the hydraulic system minimally,
resulting in slight pressure elevation. In contrast, the conventional PID controller responds
passively with lower sensitivity, allowing pressure to oscillate freely until significant error
accumulates, thereby exhibiting weaker hydraulic response.

3.1.2. Robustness Analysis Under Crosswind Disturbance

To comprehensively evaluate controller performance under external physical distur-
bances, this study introduces lateral crosswind interference during medium-speed taxiing.
The disturbance is modeled using the “1-cosine” crosswind profile specified in MIL-F-
8785C Military Specification [26], which effectively simulates discrete, severe wind events.
Assuming minor fluctuations in wind speed, the crosswind velocity is designed as

0, t<0
Vg = V—;‘(l—cos(%)), 0<t<ty @)
in(r(t—t,
Vi (1 + sm(n’l(oo n))), t>t,
where Vs denotes crosswind velocity, V,, represents crosswind magnitude, t;, a indicates

peak disturbance time, and t defines wind duration. The lateral force Z; acting on the
aircraft is calculated via Equation (8):

Z1 = pSwCyV2, 4 (8)

where p is air density, Sy, is wing area, and Cy is lateral force coefficient. The key parameters
used in this simulation are shown in Table 2.

Table 2. Crosswind Disturbance Parameters.

Parameters Values

wind yaw angle 90°
air density—p 1.225 Kg/m?

wing area—Sy, 79.86 m?
lateral force coefficient—Cy 0.94

crosswind magnitude—V,, 15m/s
indicates peak disturbance time—t,, 4s
wind duration—t 10s

The simulation scenario is configured as follows: the aircraft taxies straight at 80 kt
(approximately 41.1 m/s). Att=0s, crosswind disturbance is applied. The crosswind inten-
sity increases smoothly to a peak of 15 m/s over 4 s and maintains this intensity thereafter,
with the total disturbance lasting 10 s. This process simulates the aircraft encountering
progressive strong crosswinds during taxiing. Figure 19 illustrates the variation curve of
the applied crosswind force.
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Figure 19. “1-cosine” crosswind disturbance force variation curve.
Under crosswind interference, the force dynamics on the nose-wheel during medium-

speed taxiing are observed in Figure 20. Comparative simulation results for different
controllers are shown in Figures 21 and 22.
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Figure 20. Variation curves of loads on aircraft nose landing gear under crosswind interference:
(a) Lateral load variation curve of nose wheel; (b) Vertical load variation curve of nose wheel.
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Figure 21. Yaw angle response under crosswind disturbance: controller comparison.
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Figure 22. Left-chamber pressure variation of actuator under crosswind disturbance.

The co-simulation results clearly demonstrate the superior robustness of the fuzzy

adaptive PID controller:
1.

Heading Maintenance (Figure 21): after crosswind impact, the aircraft with conven-
tional PID control exhibited a maximum yaw deviation exceeding 0.12° and required
extended time to fully suppress the yaw; in contrast, the fuzzy adaptive PID controller
rapidly adjusted its gains to actively suppress disturbances, limiting maximum lateral
deviation to within 0.05° and achieving swift stabilization;

Hydraulic System Stability (Figure 22): under external crosswind disturbance, the
hydraulic pressure of the conventional PID controller showed sustained oscillations,
increasing the risk of component fatigue and failure; the pressure response of the fuzzy
adaptive PID controller remained significantly smoother, reaffirming its advantage in
suppressing hydraulic fluctuations.

4. Conclusions
1.

Addressing the bottleneck of traditional single-discipline modeling in simulating
mechanical-hydraulic-control coupling effects, this study innovatively adopts a high-
fidelity co-simulation architecture integrating multidisciplinary tools. By leveraging
the strengths of Simcenter 3D (mechanical dynamics), AMESim (hydraulic systems),
and MATLAB/Simulink (control algorithms), a digital twin with both precision and
real-time capability is constructed through millisecond-level data interaction. This
framework provides an authentic simulation environment for subsequent research on
steering control laws.

To resolve the control stability challenges caused by fixed PID parameters under
nonlinear conditions, a novel fuzzy adaptive control strategy is proposed. By dynam-
ically optimizing PID parameters (K_p, K_i, K_d) through online fuzzy rule-based
tuning, this method overcomes the poor adaptability of conventional steering control
strategies in nonlinear scenarios. It offers a solution to stability degradation caused
by unstable nose-wheel loads during landing phases, thereby enhancing deviation
correction capability and landing safety.
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3. Comparative simulation analyses demonstrate that the proposed control strategy
achieves superior performance over traditional PID methods, including accelerated
system response, significantly reduced overshoot, and over 85.2% suppression of
hydraulic pressure fluctuations.

In summary, the proposed fuzzy adaptive PID control method effectively mitigates
runway deviation risks by addressing control inaccuracies and instabilities induced by
abrupt load changes and nonlinear time-varying factors. Integrating real-time parameter
adaptation with a multidisciplinary co-simulation verification framework, this method-
ology exhibits strong universality and can be extended to the design and performance
analysis of steering systems across aircraft models, providing a reference for precise and
rapid steering system engineering.
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