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ABSTRACT

This study aims to explore a flight simulator
system for multi-axis motion control, focusing on
operational safety and data transmission speed. New
concepts in mechanism design, multi-axis motion
control, and control system design are presented. The
proposed method leverages flight, servo, and motion
control technologies to strengthen control protection,
simulation, and responsiveness, thereby enhancing
system performance. The system's effectiveness was
confirmed through testing with photoelectric switches.
Furthermore, a measurement system was utilized to
capture dynamic characteristics such as stroke,
velocity, and acceleration. The integration of multi-
axis motion control, data transmission, Ethernet
Control ~ Automation  Technology  (EtherCAT)
technology, and photoelectric switches enhances
control protection and responsiveness within simulator
systems. The system overview emphasizes the
structural components of the cockpit and the
integration of six photoelectric switches to improve
data transmission speed and safety. The architecture of
the multi-axis motion control system includes a
motion cueing algorithm (MCA) based on digital
signal processor (DSP) technology and programmable
logic controller (PLC) controllers for servo motion
control. The experiment demonstrates the system's
response to personnel intrusion and complex motions,
highlighting its safety features and effectiveness. This
approach represents a valuable contribution to the field
of multi-axis motion control systems, enhancing
operational safety, data transmission speed, and
control responsiveness.
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INTRODUCTION

Simulator systems play a crucial role in various
industries, providing realistic and cost-effective
training, testing, and research environments. These
systems aim to replicate real-world scenarios and offer
users a simulated environment for experiential
learning and skill development. Control protection,
synchronization, and responsiveness are essential
factors in achieving accurate and reliable performance
in systems. Prochazka et al. (2021) elucidated that the
wiring configuration of the control system is
susceptible to noise interference, which posing
challenges in ensuring robust control.

Wei et al. (2022) describe the widespread
application of the Stewart platform in flight training,
offering six degrees of freedom motion space.
Originally developed in 1956 by Gough (1956) and
further improved by Stewart (1965), the Stewart
platform has been a standard in flight simulators. Over
time, a number of literatures (Wang et al. (2002);
Japiong et al. (2016); Wei (2021)) research on the
platform has expanded, leading to its application in
various fields such as multi-axis processing machines,
medical surgery auxiliary platforms, and virtual
motion simulators. The Stewart platform is composed
of a stationary base plate and a mobile top plate, linked
by six electric cylinders that have adjustable rod
lengths. Bi et al. (2019) utilized the variation in rod
length, measured using optical encoders, and allows
the top plate to move in six degrees of freedom. For
simulators, in order to generate realistic force and
angular velocity effects similar to actual vehicles,
control platform motors are utilized to achieve six-axis
pose transformations. However, Nagata et al. (2013)
exploring the traditional servo control technologies
adopted in automation equipment or simulator
platforms often face challenges such as slow data
transmission, poor real-time performance, complex
wiring, and signal interference. To address these
challenges, Wang et al. (2021) the use of EtherCAT
communication protocol has been widely adopted in
the industry. The system architecture consists of a
Master and Slaves, where the controller on the Master
side can be implemented through a standard Ethernet
card, and the Slave devices utilize dedicated hardware
controller chips. EtherCAT offers advantages such as



simplified wiring, excellent noise resistance, and cost-
effectiveness. Ferrari et al. (2009) based on the concept
of distributed control, it enables integration of servos
for different axes to achieve high-speed and high-
precision motion control.

During flight missions, a pilot's visual
observation and sense of movement provide
perceptible information for appropriate responses. The
pilot's vestibular system, which is impacted by
gravitational changes during flight, has an influence on
the pilot's vision, spatial orientation, and aircraft
control. To simulate the impact on the pilot's balance
system, simulators employ a wash-out algorithm.
Asadi et al. (2019) by leveraging the inner ear's
vestibular system, which detects linear and rotational
speed and acceleration, a motion platform replicates a
wide range of motion, creating realistic dynamic
effects. To enhance control capabilities, an integrated
motion cueing algorithm and adaptive control
techniques are employed. Zhao and Duan (2019)
unitized techniques improve servo synchronous
tracking and adaptively estimate parameters to control
the platform effectively. Other approaches, (Qazani et
al. (2019); Asadi et al. (2017)) such as filter models
designed through predictive control or optimization
theory, are used to modify parameters and achieve
optimal control. Barbara et al. (2022) studied the
development of a pilot's cockpit scanning strategy and
emphasized the value of gaze behavior analysis.
Further research should include diverse expert groups,
larger sample sizes, and novice pilots with prior flying
experience. Expanding the statistical analysis of
oculographic parameters enhances our understanding
of visual behavior. Utilizing eye tracking in pilot
training aids in identifying and improving scanning
techniques. Real-time analysis in simulator conditions
allows for instructor feedback, incorporating
quantitative eye movement measures. Combining
flight parameter analysis with eye tracking data
evaluates the effectiveness of flight training.
Golebiewski et al. (2022) study explores the
environmental impact of using flight simulators for
pilot training compared to traditional aircraft
operations. The research investigates energy
consumption based on different flight scenarios and
simulator configurations. Results show that flight
simulators have a significantly lower negative impact
on the environment compared to actual flights. The
utilization of a motion platform, along with varying
weather conditions, has an impact on energy
consumption, potentially leading to reductions of up to
50%. When compared to aircraft training, flight
simulators have the potential to decrease energy
consumption in pilot training by as much as 97%.

In their study, Berthoz et al. (2013) examined
different motion scale factors in a driving simulator.
They found that participants who received motion
feedback drove with increased caution and exhibited
better car control. As a result, they were able to
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anticipate the dynamic behavior of the vehicle more
effectively and were less startled in the event of a crash.
On the other hand, a significant degradation in driving
performance was observed when motion cues were
greatly reduced or absent. In a separate work, Qazani
et al. (2019) developed an innovative linear time-
varying model predictive control (MPC)-based motion
cueing algorithm (MCA) specifically designed for
simulation-based motion platforms employing
hexapod mechanisms. Unlike existing methods, this
approach considers the parameters of the hexapod
mechanism, resulting in more precise and realistic
motion cues for users. The study also acknowledges
the challenges of real-time implementation due to
computational requirements. Simulator motion
platforms have large workspaces, but reduced
interdependence between kinematic chains. Teufel et
al. (2007) adapted KUKA Robocoaster enables real-
time motion simulation with low delay, making it
suitable for flight simulation and multi-sensory
research. It is important to note that while parallel
platforms offer high payload and efficiency, serial
devices provide greater workspace and flexibility at a
higher cost. However, it should be emphasized that
when using serial arm configurations, additional
attention must be given to ensure adequate safety
measures are in place due to the increased
interdependence of the kinematic chains.

To bolster operational safety and enhance data
transmission speed, the system incorporates six
photoelectric switches. They also increase resistance to
external disturbances and noise, ensuring strong
control signals. This study introduces new concepts in
mechanism design, multi-axis motion control. The
proposed methodology uses flight, servo, and motion
control techniques to enhance control protection,
synchronization, and responsiveness, resulting in
improved system performance. Intrusion testing using
photoelectric switches confirms the effectiveness of
the approach. The research demonstrates the system's
robustness and precise control even under challenging
conditions. By integrating multi-axis motion control,
data transmission, EtherCAT technology, and
photoelectric switches, the proposed methodology
enhances control protection, synchronization, and
responsiveness in simulator systems. A comprehensive
human-machine interface (HMI) and thorough
intrusion testing ensure precision, reliability, and
safety in simulator operations. This integrated
approach overcomes challenges posed by noise
interference and utilizes advanced technologies to
achieve accurate and responsive control in flight
simulator applications.

SYSTEM ARCHITECTURE

According to Figure 1(a), the cockpit consists of
an inner gimbal, an outer gimbal, and an upper/lower
axis slide seat, indicating three rotational axes: pitch,



M.-Y. Wei and W.-H. Cai: Multi-Axis Motion Control in Flight Simulator Systems.

roll, and yaw. The main structure is made of cast
aluminum, manufactured using aluminum processing
machinery and by collaborating with relevant
manufacturers. The three linear axes are designed with
the heave axis's travel achieved through the movement
of the upper/lower axis slide seat. Therefore, the
upper/lower axis slide seat is also made of cast
aluminum. In addition, the surge and sway axes are
made of cast iron and consist of the surge and sway
base, the lateral column, and the sway axis slide seat.
On the left side of the platform, a 30k VA uninterrupted
power supply (UPS) system is installed to serve as an
emergency temporary power source. At the rear, there
is an electrical control cabinet for equipment power
control and operation. Figure 1(b) illustrates the design
drawing for the installation of six photoelectric
switches. The photoelectric switches are installed in
front of the main door, the boarding ladder, the cockpit
door, the safety door, the front of the platform, and the
rear of the platform. Through a PLC controller
employing EtherCAT, the six photoelectric switches
are integrated to drive the six-axis motion platform,
enhancing data transmission speed, safety, and
communication anti-interference capabilities of the
simulator. This improvement enables effective
training with long travel distances and large angular
motions.

-
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Six Safety <
Protection Devices

N

(b)

The proposed multi-axis motion control
simulator system: (a) 6DoF platform; (b)
photoelectric switches detect objects in the
installation area.

Fig. 1

THE MULTI-AXIS MOTION

CONTROL

Wei (2022) studied the MCA in this study is
designed using the DSP-based algorithm. In simulator
training, the human body has a limited range within
which it can perceive acceleration and speed.
Movements that exceed this range can result in a
delayed or less sensitive response from the human
body. To provide a realistic experience for pilots
during operation, Wei et al. (2022) specialized control
strategies and combined with FlightGear visual effects
software have been developed in simulators. These
strategies are based on the unique sensory-motor
model of humans and have led to the development of
MCA. The MCA involves the processing of linear
acceleration and angular velocity signals using filter
design and processing. This, in turn, allows for the
calculation of the motion state of each servo in the
motion platform through kinematics. The PLC
controller employs two virtual axis commands to
activate the surgel and surge2 axes, as well as the
heavel and heave2 axes, enabling them to function as
real axes that track their respective virtual axes for
precise motion control. Each surge and heave axis has
a corresponding virtual axis with a 1ms cycle time,
ensuring that surgel and surge2, as well as heavel and
heave2, move in sync with their virtual counterparts.
The control system integrates both DSP and PLC
controllers to manage servo motion control effectively.
The DSP handles the execution of the digital MCA at
the command end and communicates data with the
PLC through Ethernet. In addition to utilizing
EtherCAT network communication, the PLC
controller can receive relevant commands from the
DSP via Ethernet. Operators can monitor and obtain
real-time servo status, including axis positions,
velocities, torques, and other critical information,
through a 12-inch HMI display device. This setup
ensures precise control and monitoring of the servo
motion system, enhancing overall performance and
reliability.

In Figure 2, the correlation between the cockpit's
internal-to-external rotation is depicted, following the
sequence of pitch, roll, and yaw, symbolizing the
values for B, a,and y.

Fig. 2 Rotation correlation.
To get the coordinate transformation relation as
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By using the conversion relationships presented
in Equations (1) to (3), we can establish the

relationship between the inertial coordinate vector '

and the body coordinate vector ®

“

where R, represents the rotation matrix from body

y'=Ry"

coordinates to inertial coordinates, it can be expressed
as follows.

R,=RRR. (5)

R

s represent the rotation

where R, and R,

matrices for the surge, sway, and heave axes,
respectively. Substitute Equations (1) to (3) into
Equation (5), we obtain
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The transformation matrix from body
coordinates to inertial coordinates, denoted as T,
and assumed to be represented using homogeneous
coordinates, can be expressed as:
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The expression for the angular velocity of the rotation
in simulator body coordinates is:
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in simulator axis coordinates is:
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By rearranging Equations (8) and (9), one can obtain:
() +q-(7y) +ro(2) = B-(3,) + @ (5,) +7(2;) (10)

Rearranging Equations (2) and (3) into Equation (10),
we have the following expression:

¥, =(cosa)-y, —(sinex)-z,

=(cosasiny)- X%, +(cosacosy)- y, —(sina)- Z,

(11)

By substituting Equations (3) and (11) into Equation
(10), we obtain the following expression:
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The conversion of the rotational angular velocity

of the simulator axis coordinate to the rotational
angular velocity of the body coordinate is given by:

p (cosy) (cosar)-(cosy) O
g |=|—(siny) (cosa)-(cosy) 0| B (13)
r 0 —(sina) Ly

To calculate the required platform axis
coordinates (x,y,z,a,[,7) , one needs to determine

the position (0,,0,,0.), the attitude in the x-direction
X , the attitude in the y-direction ¥, and the attitude
in the z-direction Zz . Thus, equation (5) can be

expressed as
RR.=R 'R,

(cosy) —(siny) 0
=|(cosa-siny) (cosa-cosy) —(sina)

(14)

(sina-siny) (cosy-sina) (cosa)

The above equation shows simplification by
multiplying both sides by R;'. By observing that

Formula (7) involves the x-direction attitude X, the

y-direction attitude y , and the z-direction attitude
Z , we can express equations (6) and (7) in terms of
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the following relationship:

R'R,

x.-cosf—x_-sinff yx -cosf—y -sinff z -cosf—z -sinff (15)
= X, », z,
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Then the above formula can be expressed as
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After rearranging, we obtain
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Applying the arc tangent function, we can obtain the
rotation angle of the pitch axis as:

f=tan™ [ZX]

After obtaining the angle S from Equation (18),

(18)

it can be arranged according to the relationship
described in Equation (15).

(sinar)=~(z,) (19)
(cosa)=[(z,)-(sin ) +(z.)-(cos §)] (20)
(siny)=[~(».x,) (cos ) +(.) (sin §)] 2n
(cosy)= [(x) -(cos B)—(x.)-(sin ﬂ)] (22)

By utilizing Equations (19) and (20), we can
determine the angle of the roll axis

sina *(Zy)

cosajzl(zx)-(sinﬂ)+(zz) ~(cosﬂ)

(tana):[ } (23)

The angle of the yaw axis for the outermost frame
can be represented by Equations (21) and (22) as
follows:

s e

Applying the arc tangent function to Equations
(23) and (24), we obtain

o = tan™ _(Zy) ]

- [(zx)-(sinﬂ)+(zz)-(cosﬁ) (25)
o [m)-(eos )+ (3.)-(sin )

- { (x.)- (205 B) - (x.)-(5in ) } 20

Equations (18), (25), and (26) are utilized to
calculate the coordinates of the three rotating axes of
the platform. The relationship of the three linear axis
coordinates is expressed by Equation (17) as follows:

x=(o,) 27
yz(oy) 28)
=(0) (29)

The Equations (18), (25), (26), and (27)—(29) are
derived to calculate the six-axis coordinates.

MONITORING SYSTEM

The monitoring system was specifically
developed for testing a proposed six degree—of—
freedom motion platform. It consists of a human—
operation module a PC-based
monitoring module, as shown in Figures 3(a) and (b)
respectively. The former allows for the selection of
control modes. Utilizing a DSP as the control core, it
executes motion algorithms to generate sensory effects
for trainers. By establishing communication with the
PLC controller, the module can enter the simulation
mode of the motion platform, indicated by a green box
in the DSP communication status. The HMI facilitates
the relevant settings and operations for servo multi-
axis control. The purpose of this section is to utilize
the monitoring module to test the dynamic
characteristics of the proposed six-axis motion
platform and conduct intrusion tests using six installed
photoelectric switches. The latter module primarily

machine and

consists of a three-axis attitude gyroscope, three long—
distance laser displacement sensors, three short—
distance laser displacement sensors, three angular
velocity sensors, and a three—axis accelerometer. It
provides data for testing purposes.
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Fig. 3 The monitoring module interface: (a) HMI;
(b) PC-based monitoring interface.

IMPLEMENTATION

To accommodate the continuous rotation
capability of the proposed motion platform, three slip
rings are installed. These slip rings are positioned on
the inner frame, outer frame, and upper and lower axis
sliders. Their purpose is to facilitate the transmission
of power and control signals required for the pitch axis,
roll axis, and yaw axis, as well as for internal use
within the cockpit. Omron's E3Z-T61 model of
optoelectronic switches will be used for detection
within a distance of 10 meters. Each switch consists of
a light emitter and a light receiver, and six sets will be
installed at six positions requiring detection.

The proposed control
incorporates a digital processing control board that
utilizes Texas Instruments' DSP (TMS320F28377D) in
conjunction with Omron's PLC (NJ-501) as the
control core of the six-degree-of-freedom platform. It
is equipped with a human-machine interface that
allows testing through pre-written interface programs,
as shown in Figure 4. The power source is provided by
the mains and an UPS. The slip ring design allows
unlimited rotation for the roll, pitch, and yaw axes. The
monitoring computer is used for real-time monitoring,
and when the optoelectronic switches detect personnel
intrusion or abnormal faults, the actual problems
occurring in the system can be immediately traced
through established data, statuses, and correlations.
The primarily consists of a digital processing control
board, a PLC, an HMI, eight servo motors (three of
which are mounted on the rotary mechanism), and
peripheral modules. It establishes a multi-axis motion
control system with digital
Additionally, photoelectric
incorporated for safety monitoring of the large-scale

electrical cabinet

communication.
Six switches are
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motion platform. Thanks to EtherCAT's capabilities,
which include rapid data transmission and the
adoption of distributed clock technology for excellent
synchronization performance, this system benefits
from a distributed daisy-chain topology that eliminates
the need for hardware command allocation to each
servo group and reduces the command cycle time.
EtherCAT is fully compatible with standard networks
due to its topology structure and packet format,
enabling the encapsulation of commands for various
slave stations within a single packet. This enhances
network efficiency by allowing the issuance of
commands to all slave devices with a single packet.
EtherCAT communication ports are used to read and
receive relevant commands or sensor signals, as
depicted in the figure above. Table 1 presents the
relevant parameters of the servo motors used in this

study, which are EtherCAT compatible and
manufactured by TECO Company.
In-cockpit screen Ethernet
rojection bilateral drive bilateral drive
RS5422 Ethernet === r="2
i Servo || Servo || Servo || Servo
Processing Driver || Driver || Driver | Driver
Control Board (Surgel) || (Surge2) | | (Heavel) || (Heave)
Ethernet] Analog [ m—— m—
Electrical
ET Programmable Servo czcn::]?
[ HMI_——{ Logic Controller Driver Cabinet
Ethernet [DI  Ether \|S‘l‘ﬂ“
i (Guk;) {anln il (Ilm:) _]
I(‘[.udclcr) [‘Sarﬂy gate) E(‘mkpimwr) -{q)
> . |pC
AC |,.v
Servo | | Servo | | Servo b 220V 24V
Driver | | Driver | | Driver =
(Pitch) | | (Roll) | | (Yaw) | | =
P Six Axis
Motion
Platform Ethernet
Fig. 4 6-DoF motion control system block.
Table 1 The parameters of the motor.
DoF | Surgel Heavel
& Sway & Roll Pitch Yaw
Item Surge2 Heave2
Power
dissipation 15 7.5 15 5.5 4.4 7.5
kW)
Rated
speed 1500 1500 1500 1500 1500 1500
(r/min)
Maximum
Speed 2000 2000 2000 2000 2000 2000
(r/min)
Rated
Torque 95.5 47.8 95.5 35 28.4 48
(N.m)
Maximum
Torque 204 122.6 204 87.6 71.1 119
(N.m)
Rotor
inertia 235.2 [110.88 2352 | 92.38 | 67.83 | 1322
(kg-cm’)
Inertia ratio|
of the 2.5 3.4 1.9 4.8 7 25
proposed
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system

Mass of the
proposed
system (kg)

11,200 | 4,500 | 3,200 | 1,100 | 440 1,900

The operational mechanism described in this
paper utilizes a state machine to manage platform
operation states, as illustrated in Figures 5(a) and (b).
Fig. 5(a) and (b) depict the execution processes during
normal operation and error occurrence, respectively,
with detailed state descriptions compiled in Table 2.
From the flowchart in Fig. 5(a), it is evident that after
the airplane simulator starts, the platform enters the
Locked State. At this point, the operator sequentially
sends Reset and Active commands to unlock the
platform, placing it in the Waiting State. The controller
then receives commands from FlightGear to initiate
flight training. Upon completion of the training session,
Reset or Descend commands are sent to return the
cockpit to the boarding ladder position, transitioning
the platform to the Resting State, awaiting new
instructions. In the event of a Major Failure State or
Minor Failure State, as depicted in Fig. 5(b), the
platform transitions from the Normal Operating State
to the Failure State. At this point, the platform
immediately halts and enters the Resetting State,
where personnel diagnose the cause of the error and
troubleshoot. Once confirmed to be without issues, if
it was a Major Failure State, the operator sends the
Lock command to return to the Locked State, or if it
was a Minor Failure State, the operator sends the
Active command to return to the Normal Operating
State for simulator training mode.

Start

Locked State _J-O
Reset

| Unlocking State |

Lock

Resety

Resting State

Active

Preparing State
Active

| Ascending Srat:

Descend

[ Descended State

Reset or
Descend

e e e
Descending State

a’,

Active

Waiting State
———

Active™__ ,f”

-

Activating State

(2)

P
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Descend
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__._l_..&_.._ Lock
Locked State Lock Resetting State
—|Acm'e
I: Unlocking State ] l Resetting State J
lRl?:sel T[{-e.r.r:t Reset

Resting State { Minor Failure
Normal ___ State
Operating (Major Failure |

State

WW ]
| rating State
Minor Fail Detected
Major Fail Detected
(b)
Fig. 5 State machine execution process: (a) state
during normal operation; (b) state during
error occurrence.

Table 2 State machine details.

Type Description
Locked Platform locked state, only accepts Rest
State command
Resting Platform resting state, does not accept
State any commands
Major error state (software limits,
Major

) hardware limits, emergency switch, and
Failure State
servo-related errors)

Minor Minor error state (six photoelectric

Failure State | switches triggered)

Preparing o
Platform parameter initialization state
State
Ascending ) )
Platform ascending to center point
State
Waiting Platform reached center position, waiting
State to start
Activating | Receiving platform commands for flight
State training
Descending ) o -
Platform descending to original position
State
Descended o .
Platform returned to original position
State
Resetting )
Error troubleshooting
State
Unlocking )
Platform unlocking state
State




EXPERIMENTAL VALIDATION

Six sets of photoelectric switches are installed at
key locations around the platform: the main door, the
boarding ladder, the cockpit door, the safety door, the
front of the platform, and the rear of the platform, as
illustrated in Figures 6(a) to 6(f). Due to the simulator's
capability for long travel and large-angle movements,
it operates within an independent motion space,
allowing trainees to fully concentrate on their flight
training. As shown in Figs. 6(a) and 6(d), each door is
equipped with a pair of photoelectric switch
transmitters and receivers. The light from the
transmitter directly reaches the receiver. When
someone passes between them and blocks the light,
this interruption is sent via EtherCAT to the controller,
which  then protective
Additionally, photoelectric switches are installed at the
front and rear of the platform to prevent accidental
intrusions This ensures immediate
detection and cessation of simulator operations, as
depicted in Figs. 6(e) and 6(f). Before commencing
flight training, trainees must enter the cockpit by
opening the cockpit door via the boarding ladder.
Therefore, as illustrated in Figs. 6(b) and 6(c),
photoelectric switches are installed at the boarding
ladder and cockpit door to monitor trainee movements.
This ensures that the simulator only begins operating
once personnel are correctly positioned and ready.

When the control system detects the proximity of
personnel during platform operation, it immediately
halts the motion. In the event of a power outage, the
platform's electromechanical subsystems can continue
to operate through an UPS system, providing power to
the equipment. Simultaneously, it adjusts the descent
of the cockpit module to a position allowing the
instructor to enter and exit. The experiment aims to
integrate the platform with the photoelectric switches
and test the operation when personnel intrude. In the
experiment, arc interpolation was performed on axes
roll and pitch, as well as axes pitch and yaw, for two—
axis (X and Y axes) interpolation, while the other axis
(Z axis) adopted linear interpolation, to verify the
proposed spiral interpolation function. The PLC
controller utilizes Sysmac Studio software (2023) for
data tracking to perform trending on variables without
the need for any additional programming. As a means
of data verification, the data is stored for use in testing,
operation, and equipment maintenance. Figures 7(a)
and (b) depict the selection of axes roll and pitch for
arc interpolation, with the center point coordinates at
(130, 0) and end point coordinates at (260, 0), while

activates measures.

by visitors.
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executing a spiral motion along the Z—-axis with a
distance of 500 degree. Figures 8(a) and (b) show the
selection of axes pitch and yaw for arc interpolation,
with the center point coordinates at (160, 0) and end
point coordinates at (0, 0), while executing a spiral
motion along the Z—axis with a distance of 100 degree,
as shown in the response graph. From Figs. 7(a) and
8(a), it can be observed that for circular arc
interpolation, the X and Y axes are respectively
selected for the roll and yaw axes, while the pitch and
yaw axes are selected. The total arc length to be
executed is calculated using the built—in circular
positioning control command in the PLC. The Z-axis
is chosen for the pitch axis and roll axis. By inputting
the starting point coordinates, center point coordinates,
ending point coordinates, the clockwise or
counterclockwise direction of servo rotation, and the
Z—axis for arc
interpolation on the X and Y axes, the spiral
interpolation effect can be achieved. The effect of
motion along the Z—axis is clearly observed from Figs.
7-8.

movement amount circular

Figure. 9(a)—(d) demonstrate the use of PLC
virtual axis commands to enable Surgel and Surge2
axes to follow the virtual axis. Setting the velocity loop
limit and acceleration/deceleration loop limit for the
servo drivers to 400 mm/s and +4000 mm/s2,
respectively. Fig. 9(a) represents a movement range of
-500 mm to +1500 mm (averaging +1000 mm). Fig.
9(b) demonstrates the error between surgel and surge2,
indicating an accuracy of approximately £0.04 mm for
the dual-driven surge axes. Fig.9(c) displays the actual
speeds of surgel and surge2 measured during motion,
showing a good response in speed tracking. Fig. 9(d)
illustrates the acceleration response, showing that the
Surgel and Surge2 axes
acceleration of approximately +23000 mm/s? from a
standstill to startup, then stabilizes to an acceleration
of approximately +4000 mm/s* after 6.5 seconds of
motion.

Figures 10(a)—(c) represent the experimental
results for the sway axis. Setting the velocity loop limit
and acceleration/deceleration loop limit for the servo
driver to #400 mm/s and £3000 mm/s?, respectively.
Fig. 10(a) shows a movement range of +400 mm to
—400 mm (averaging £400 mm). Fig. 10(b) presents
the actual velocity of the sway axis measured during
motion, demonstrating good speed tracking. Fig. 10(c)
displays the acceleration response with a maximum of
approximately £3200 mm/s.

Figures 11(a)—(d) illustrate the use of PLC virtual
axis commands to enable heavel and heave2 axes to

reach a maximum
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follow the virtual axis. Setting the velocity loop limit
and acceleration/deceleration loop limit for the servo
drivers to =400 mm/s and £4000 mm/s?, respectively.
Fig. 11(a) represents a movement range of +400 mm
to —400 mm (averaging +400 mm). Fig. 11(b)
demonstrates the error between heavel and heave2,
indicating an accuracy of approximately £0.01 mm for
the dual-driven heave axes. Fig.11(c) displays the
actual speeds of heavel and heave2 measured during
motion, showing a good response in speed tracking.
Fig. 11(d) illustrates the acceleration response with a
maximum of approximately 8200 mm/s?.

Figures 12(a)—(c) demonstrate the experimental
results for the roll axis. Setting the velocity loop limit
and acceleration/deceleration loop limit for the servo
driver to +55 degrees/s and =55 degrees/s?,
respectively. Fig. 12(a) represents a movement angle
range of 0 degrees to +360 degrees. Fig. 12(b) presents
the actual velocity of the roll axis measured during
motion, which is £55 degrees/s, indicating good speed
tracking. Fig. 12(c) displays the acceleration response
with a maximum of approximately +320 degrees/s’.

Figures 13(a)-(c) present the experimental
results for the Pitch axis. Setting the velocity loop limit
and acceleration/deceleration loop limit for the servo
driver to +£100 degrees/s and +100 degrees/s?,
respectively. Fig. 13(a) represents a movement angle
range of 0 degrees to +360 degrees. Fig. 13(b) presents
the actual velocity of the pitch axis measured during
motion, which is £100 degrees/s, demonstrating good
speed tracking. Fig. 13(c) displays the acceleration
response with a maximum of approximately £300
degrees/s?.

Figures 14(a)—(c) illustrate the experimental
results for the yaw axis. Setting the velocity loop limit
and acceleration/deceleration loop limit for the servo
driver to +100 degrees/s and +100 degrees/s?,
respectively. Fig. 14(a) represents a movement angle
range of 0 degrees to +360 degrees. Fig. 14(b) presents
the actual velocity of the yaw axis measured during
motion, which is £100 degrees/s. Fig. 14(c) displays
the acceleration response with a maximum of
approximately £300 degrees/s>.

In this experiment, test personnel inside the
passenger cockpit observed FlightGear visual effects
software on screens, as shown in Figures 15(a)—(d).
The operator can conduct subject training from a
single-seat within the cockpit through a screen. The
personnel and the screen have a planned visual focal
point of 672mm. The objective of this experiment is to
assess the subjects' ability to maneuver the aircraft
during taxi on the runway and their response measures

when encountering an intrusion by external personnel
during the training process. Fig. 15(a) shows an
encounter with personnel intrusion 30 seconds after
the training starts, during which the surge axis, sway
axis, and heave axis come to a halt at 800mm, 20mm,
and Omm, respectively. As shown in Fig. 15(b), the roll
axis, pitch axis, attitudes are
approximately —0.1 degrees, 3 degrees, and 1 degree.
The platform operates normally immediately when no
abnormalities are detected at 35 seconds. Figs. 15(c)
15(d) represent the
corresponding to 15(a) and 15(b), respectively. The
flight training on the six-axis motion platform is tested
using FlightGear as the visual effects software. The
tests are conducted using an MTi-680G three-axis
attitude  gyroscope, three = DP-1000G
displacement sensors, and photoelectric switches. The
recorder used is the imc CS 5008 model. Fig. 15(a)
shows the results the laser
displacement sensors, while Figs. 15(b), 15(¢c), and
15(d) present the results related to the three-axis
attitude gyroscope testing.

Figures 16(a)—(b) display response graphs for the
six photoelectric switches under various protective
testing configurations. In Fig. 16(a), the platform's
position is illustrated, with two black trigger action
lines indicating intrusion trigger signals from the front
door. Fig. 16(b) showcases the platform's position,
again with two black trigger action lines indicating
intrusion trigger signals from the front door. During
platform operation, upon detection of the initial black
trigger action signal, the controller promptly halts all
motion and displays an abnormal screen on the touch
panel to alert the operator. After the onsite situation is
resolved, the second black trigger action signal is
received. A comprehensive comparison is presented in
Table 3.

and yaw axis

and relative  velocities

laser

measured using

Gate A
detection .

(a)

(b)
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Table 3 Comparison of different simulators.

Item Proposed Dancuo etal. Emmanuel et
DoF system (2012) al. (2020)
MCA Yes No Yes
Computation 136 us Notprovided > 800 us
time
Control
architecture Closed-loop Closed-loop Open-loop
Number of Six axes Three axes Six axes
axes
The system The system The system is
provides six requires not equipped
Safety . assistance S
major safety itisa
measures . from the
protection manufacturer's standalone
devices. . system.
technician.
CONCLUSIONS
The proposed multi-axis motion control

simulator system represents a significant advancement

in simulated aircraft technology. By integrating flight

control, servo control, and motion control
technologies, the system offers enhanced control
protection, simulation realism, and responsiveness.

Extensive validation testing with photoelectric

switches confirms the system's capability to meet

stringent displacement, velocity, and acceleration
requirements.

Key performance metrics include:

1) Surge motions: Achieving strokes exceeding 2000
mm, velocities over 400 mm/s, and accelerations
surpassing 4000 mm/s.

2) Sway and Heave motions: Strokes over 800 mm,
velocities exceeding 400 mm/s, and accelerations
above 3000 mm/s?.

3) Rotational motions (roll, pitch, yaw): Full 360°
rotations, velocities over 50°/s, and accelerations
exceeding 100°/s2.

These results demonstrate the system's robust
performance under diverse operational conditions,
showcasing its capability for substantial movements
and effective management of rotational dynamics. A
crucial aspect of the system is the integration of multi-
axis motion control with EtherCAT technology, which
facilitates high-speed data transmission with a rate of
Sms. The system operates with a servo drive response
frequency of Ims, ensuring real-time responsiveness
and precise control. Additionally, the photoelectric
switches employed have a reaction time of Ims,
further enhancing the system's responsiveness and
safety measures. The comprehensive HMI and
rigorous intrusion testing contribute to the system's
precision, reliability, and safety. The proposed system
not only meets but exceeds current standards for
simulated aircraft technology, offering a high level of
operational safety and data transmission efficiency.
The combination of advanced technologies ensures
that the simulator can effectively replicate the dynamic
parameters required for realistic and responsive
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aircraft simulations.
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