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Abstract 

The present work provides a comprehensive analysis of the implementation of a washout filter in an 

anthropomorphic-robotic flight simulator. It discusses the significance of adding a 7 th degree of freedom (DOF) 

through a linear unit to enhance the pilot's perception within the flight simulator. The primary objective of this 

research was to develop a flight simulator on an anthropomorphic robot, serving as both a dynamic simulation 

system for pilot-in-the-loop applications and a pilot training platform. This simulator was designed to faithfully 

reproduce the sensations a pilot typically experiences during more demanding maneuvers, such as changes in G -

forces in aircraft flight tests. A critical requirement for such a simulator is the accurate representation of its motion 

system, achieved through the proper implementation of the washout filter. This paper presents experimental results 

that validate the proposed solutions. 

 

Keywords: robotics; flight simulation; washout filter; motion cueing; stability; 7th DoF. 

 

1. Introduction  

 

Nowadays, the aerospace industry places a high focus on safety procedures and equipment, leading to the development 

of increasingly durable and stable systems. While avionics systems themselves are becoming safer, the human factor is 

another element that can significantly impact the overall safety of a flight and should be taken into account. In recent 

years, aeronautics designs have become increasingly complex as the certification process has demanded higher levels of 

demonstration. Due to the increasing demands of the certification process, aeronautics designs have become more intricate 

in recent years. This is because certain systems in an aircraft are required to demonstrate failure rates of less than 10-9 

flight hours over the operational life of the aircraft. To reduce the risks and costs of aircraft development ([1], [2]), flight 

simulation environments have been created to improve flying quality while maintaining a consistent level of operational 

performance. A summary of flight simulation history, as well as a list of applications and benefits of flight simulators, is 

presented [1]. As the aircraft design stages progress, more sophisticated and representative simulation environments are 

created [3]. Building on the above, the present research introduces a real-time flight simulator that enhances the fidelity 

of the effects of various aircraft dynamics on potential pilots and focuses training sessions on improving human 
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performance. RoFSim (Dynamic Simulation System for pilot-in-the-loop applications – Robotic Flight Simulator) aims 

to design and implement a complex control system for simulating the overall dynamics of aerospace vehicles by utilizing 

a robotic manipulator arm [4] as a motion platform for use in motion perception test studies and studies to optimize 

training procedures for civilian and military pilots. The six degrees of freedom flight simulator comprises an industrial 

robotic arm on which the cockpit is placed, a central processing unit running the software, command instruments, and a 

Virtual Reality (VR) headset that serves as a display for the user (pilot). The architecture of RoFSim is designed to 

simulate, with high fidelity, changes in attitude and velocity when performing certain manoeuvres, helping the pilot 

understand the effects of their actions in-flight on a real aircraft. Furthermore, because the simulator's display is a VR 

headset, various aircraft models and weather condition settings for the training session can be chosen. Compared to static 

platform flight simulators, RoFSim is intended to be a versatile, low-cost tool designed to improve human performance. 

RoFSim is a flight simulator mounted on an ABB 7600 robot arm [5] with six degrees of freedom and an additional 7th 

degree of freedom provided by a linear track, offering a distinct advantage over the Stewart platform. While it can move 

within a broader dynamic range, certain limitations still exist for safety reasons. These limitations stem from external 

factors, internal considerations, and safety requirements, all of which strictly restrict the joint angle ranges of the robot 

arm. To ensure the entire system can move in a specified direction without encountering nearby objects and to maintain 

the safety of the pilot and the entire setup, it becomes imperative to redefine the hardware and software limits for each 

joint of the robotic arm. This work outlines an approach to optimize the workspace of the robotic motion platform through 

three key aspects: hardware joint angle limitations, collision avoidance measures, and software-based joint angle 

restrictions. By applying these constraints, the robot's working space is carefully limited to create a secure and safe 

simulation environment. 

 

Fig. 1. RoFSim Flight Simulator 

The paper's first section provides a description of the procedure for scaling the workspace of the six degrees of freedom 

simulator. It emphasizes three critical boundary conditions necessary for ensuring proper and safe simulator operation: 

hardware joint angle limitations, collision avoidance, and software-imposed joint angle restrictions. The primary focus of 

this work is the implementation of a washout filter (WF) on the RoFSim simulator, which translates aircraft dynamics 

into robot movements. One of the key components for achieving realistic motion is the software responsible for 

transforming aircraft accelerations into simulator motion cues. The objective is to enhance the simulator's realism and 

fidelity. 

Experiments conducted with a simplified prototype of the flight simulator have revealed the limitations of the classical 

washout filter (CWF) architecture. Chapter 3 introduces the implemented motion algorithm for the RoFSim simulator, 

providing detailed explanations for each motion channel and specific system conditions. 

Chapter 4 delves into the testing and validation scenarios of the system, encompassing flight plans, simulator 

configurations, and parameters extracted from the simulated aircraft dynamic model, all integrated with the defined CWF 

motion algorithm. 

Finally, Chapter 5 presents the experimental data and results obtained from the testing phase of the RoFSim simulator. 

 

2. Related work  

 

As stated in the introduction, this study aims to develop, implement, and validate a washout filter algorithm that faithfully 

replicates the acceleration sensations a pilot experiences in a real aircraft, utilizing a motion platform with limited 

workspace. 

The Washout filter, an essential motion algorithm, serves the critical function of translating real acceleration into the 

motion experienced within a flight simulator ([6], [7], [8]). Its core purpose is to provide motion cues that align with 

human perception [9] while adhering to the constraints and limitations inherent in the proposed flight simulator [10]. The 

significance of this filter is most pronounced in flight simulators employing the Stewart parallel robot mechanism [11]. 

While CWFs are renowned for their simplicity and adaptability [12], they have faced challenges in maintaining the fidelity 

of human perception. In recent years, new theories for implementing washout filters have gained prominence, with 

optimal ([14], [17]), adaptive ([7], [15], [16]), and robust ([13], [18]) theories emerging as pivotal areas of focus in this 

field. 
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An adaptive washout filter (AWF) was introduced by Nahin & Reid [19], building upon the CWF using a self-tuning 

algorithm. An optimal washout filter (OWF) is rooted in optimal theories [20], solving the Algebraic Riccati Equation 

(ARE) to meet specified requirements.  

In our study, we also employ a classical washout filter, introducing fundamental changes to the required transfer functions. 

We leverage evolutionary algorithms to identify the optimal configuration within this framework. The primary objective 

is to minimize perception errors and align the simulator's actions more closely with those experienced in the actual 

workspace of a flight simulator. 

Notably, one of the key innovations in our approach is the realistic representation of transient G-force losses/gains, 

achieved through the effective implementation of the translational channel of the classical washout filter. The adjustability 

of the robotic platform's movement constraints is detailed in the subsequent section. 

3. RoFSim Workspace Scaling Procedure 

 

To establish a suitable workspace for the RoFSim six-degree-of-freedom simulator, we defined hardware and software 

limitations. For safety reasons, we strictly constrained the robot's movement range to ensure the pilot's safety when using 

the simulator, preventing collisions with nearby objects. These adjustments resulted in additional constraints that reduced 

the robot's effective workspace. A comparison between the workspace of the IRB 7600 500/2.55 robot and the workspace 

when coupled with the RoFSim cabin reveals that the simulator's workspace is more restricted due to its larger dimensions. 

 

Fig. 2. Working Range IRB 7600-500/2.55 [5] 

Depending on the specific application of the RoFSim simulator, different workspace constraints are established. It's 

important to note that there is a significant interdependency among joint angles, meaning that constraining one joint will 

affect the others. As a result, it is not possible to independently maximize the range of each joint angle. Consequently, we 

formulate the following optimization problem: 

𝑚𝑎𝑥 �⃗⃗� ∙  𝑓 𝑘𝑖𝑛(𝑞 ) , 𝑞  ∈  𝑅6     (1) 

𝑓 𝑘𝑖𝑛(𝑞 ) =  {∆𝑥, ∆𝑦, ∆𝑧, ∆𝜙, ∆𝜃, ∆𝜓}𝑇    (2) 

 

where x, y, z are the cartesian positions, ϕ, θ, ψ the rotation angles (roll, pitch, gyration), and ω⃗⃗  ∈  R6 the weighting 

factor vector. 

In the process of formulating the workspace scaling procedure for the RoFSim system, the following essential conditions 

are considered: hardware limitations of joint angles, collision avoidance, and software-imposed limitations of joint angles. 

 

A. Hardware Limitations of Joint Angles 

The manufacturer provides specifications for the robot joint angle intervals in the data sheet. These hardware limitations 

are further complemented by software restrictions set by the manufacturer, which come into effect before reaching the 

hardware limits. 

 

Fig. 3. Robot Motion Axes IRB 7600 - manufacturer configuration [5] 
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𝑞 ∈ [𝑞 𝑚𝑖𝑛 , 𝑞 𝑚𝑎𝑥] (3) 
 

IRB 7600 Robot Axes �⃗⃗� 𝐦𝐢𝐧 �⃗⃗� 𝐦𝐚𝐱 Speed limit Acceleration limit 

A 𝑞1 - 180 [°] + 180 [°] 75 [°/s] - 

B 𝑞2 -60 [°] +85 [°] 50 [°/s] - 

C 𝑞3 -180 [°] +60 [°] 55 [°/s] - 

D 𝑞4 - 300 [°] + 300 [°] 100 [°/s] - 

E 𝑞5 - 100 [°] +100 [°] 100 [°/s] - 

F 𝑞6 - 360 [°] + 360 [°] 160 [°/s] - 

Track Gudel TMF- 4  𝑞7 -10 [mm] 20010 [mm] 90 m/min 86 [m/s2] 

Table 1. Defined IRB 7600 robot limits  

B. Collision avoidance 

The design of the RoFSim cabin significantly impacts the definition of joint motion ranges. When establishing collision 

avoidance criteria, we considered the following parameters: RoFSim cabin size, flange position, flange angle, and the 

dimensions of the subject (pilot). Safety must be ensured throughout the robot's entire range of motion to prevent 

collisions. The following objects were taken into account: the floor, the Gudel TMF-4 track, the IRB 4600 robot, the IRC5 

controller of the IRB 4600 robot, the IRC5 controller of the IRB 7600 robot, and the nearby wall. 
 

𝑉(𝑜𝑏𝑖𝑒𝑐𝑡𝑖 , 𝑞 )   ∩   𝑉(𝑜𝑏𝑖𝑒𝑐𝑡𝑘 , 𝑞 )   =   ∅  (4) 
 

where 𝑜𝑏𝑖𝑒𝑐𝑡𝑖 = {𝑐𝑎𝑏 𝑅𝑜𝐹𝑆𝑖𝑚, 𝑟𝑜𝑏𝑜𝑡 𝐼𝑅𝐵 7600, 𝑝𝑖𝑙𝑜𝑡, … }, and 𝑜𝑏𝑖𝑒𝑐𝑡k = {𝑟𝑜𝑏𝑜𝑡 𝐼𝑅𝐵 4600, 𝑡𝑟𝑎𝑐𝑘 𝐺𝑢𝑑𝑒𝑙 𝑇𝑀𝐹 −
4, 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝐼𝑅𝐶5, 𝑤𝑎𝑙𝑙, … }. 

 

Fig. 4. RobotStudio Simulation – RoFSim and Objects in the Vicinity of the System 

C. Software-Imposed Joint Angle Restrictions 

Depending on the simulation type, various constraints and workspace limitations are applied. The following decisions 

were made following the analysis: 

• Installation of SafeMove Hardware/Software Module: this module serves as an additional safety measure. If the 

IRB 7600 robot's path collides with surrounding objects (TMF-4 track, lab floor, IRC5 controller, or other 

areas/objects near the RoFSim workspace), it activates and blocks robot movement. 

• Software Implementations - RoFSim Controller Module: to enhance safety during robot movements, the RoFSim 

Controller module has been programmed not to exceed +/- 90° (1.57 radians) on all three axes: X (Roll), Y 

(Pitch), and Z (Yaw). To prevent collisions with the Gudel track, the linear motion on these axes was constrained 

as follows: X (North-South) to +/- 3 meters, Y (East-West) to 0.4 meters, and Z (Vertical) to 0.4 meters. It's 

important to note that the simulator does not accept any motion commands while it is on the ground. 

• Software Implementations in IRC5 Controller: additional modifications have been implemented to ensure that 

the 𝑞5 axis does not exceed +/- 90° (1.57 radians).  

• This constraint is necessary to avoid singularity errors during angular motions, and the 𝑞5 axis must remain 

different from 0°. 

• Singularities of the robotic arm occurs in any configuration when the wrist centre reaches the 𝑞1 axis. 

 

 

Fig. 5. Wrist Singularity [5] 

 

Fig. 6. Arm Singularity [5] W
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Figure 7 illustrates the differences between the two working envelopes (2D format - white marking, and 3D format - green 

marking) with and without the RoFSim system coupled. 
 

  

Fig. 7. IRB 7600 Robot Workspace Envelope: uncoupled (left) / coupled (right) – details from RobotStudio 

Optimizing joint angle limits is a complex procedure as changes to one joint impact others. To simplify the process, we've 

divided the multidimensional optimization problem into several sub-problems. For each sub-problem, we've identified 

constraints and implemented measures to ensure simulator safety and integrity. This involved software modifications at 

various levels (RobotStudio/Rapid, Visual Studio/C# programming language) and hardware adjustments for each axis. 

 

4. Implementation CWF 

 

Flight simulators serve various purposes, including understanding human-machine interaction, studying pilot behaviour, 

and providing training. The effectiveness of a flight simulator largely depends on its ability to generate motion cues. By 

employing motion-cueing algorithms, we create a simulation environment. 

The RoFSim's effectiveness is measured by its capability to generate realistic motion cues. Pilots in the cockpit should 

perceive motion cues similar to those experienced in a real aircraft during manoeuvres. However, due to the system's 

limited workspace, the RoFSim simulator cannot directly mimic aircraft motion. The platform would quickly reach its 

physical limits, rendering it unable to provide motion cues to the pilot. 

To address this limitation, motion algorithms have been developed ([6] – [20]), including one tailored for the RoFSim 

simulator. This algorithm governs the generation of motion cues while keeping the robotic platform within its physical 

boundaries. The primary objectives of these motion algorithms are twofold: to provide lifelike motion cues to the pilot 

and to ensure the motion platform stays within its physical limits. 

This chapter presents the motion algorithm designed specifically for RoFSim. It integrates mathematical models of vehicle 

dynamics and pilot behaviour into the overall system modeling framework. 

The use of the robotic manipulator arm as a motion platform for closed-loop simulation raises two engineering challenges. 

Firstly, it requires kinematic schemes capable of replicating real-time, operator-commanded random system motions. 

Secondly, the entire system responsible for faithful motion replication must be adapted to fit within the specific motion 

envelope of the IRB 7600 robotic arm. 

Central to the flexible and modular design of the proposed simulator is the control interface. This interface facilitates the 

connection between a realistic simulation environment, a simulation platform, and a virtual environment. Simultaneously, 

the control system supervises safety devices and provides manual and automatic control of the simulator. The scaling 

procedure developed in the previous chapter, aimed at assessing the user's perception of induced motion, is a critical 

aspect of the simulation system's development. 

The motion reproduction algorithm's functionality involves filtering/scaling the ideal trajectory of the simulated vehicle. 

This trajectory is generated numerically based on the operator's commands. The algorithm's goal is to adapt the trajectory 

to fit within the motion platform's working space while providing a perception of motion as close as possible to that of a 

real vehicle. 

The algorithm relies on the use of a smoothing filter or a combination of several smoothing filters. These filters are 

responsible for reproducing high-frequency motions and tilt coordination algorithms to replicate low-frequency motions. 

Essentially, vehicle motion is divided into low and high-frequency components. High-frequency components are 

replicated by physically moving the platform since they generate small, manageable displacements. In contrast, low-

frequency components (linear accelerations) are not achieved by physically moving the platform but rather by utilizing 

the gravitational acceleration vector as a source of sustained acceleration. 

The figure below provides a representation of the experimental motion perception system along with its specific 

subcomponents. The motion controller is responsible for transferring the pilot's commands to both the robotic motion 

platform and the visual system. Advanced control devices designed for the aircraft are utilized to transmit commands to 

the RoFSim simulation software module. 
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Fig. 8. Representation of the Experimental Motion Perception System Based on Subcomponents 

Before delving into the detailed explanation of the implemented motion algorithm, it's crucial to establish a clear 

understanding of the relevant reference systems used in this study: 

• Aircraft Reference System (SA); 

• RoFSim Simulator Reference System (SS); 

• Pilot - Aircraft Reference System (SAP); 

• Simulator - Pilot Reference System (SAS). 

 

Fig. 9. RoFSim Reference Systems 

When applying the motion algorithm, the transition from the aircraft reference system to the simulator reference system 

is accomplished using a matrix of directive cosines, employing a Z-Y-X rotation method. 

𝑆𝐴
⃗⃗  ⃗ =  𝐷𝐶𝑀𝑍𝑌𝑋 ∙  𝑆𝑆

⃗⃗  ⃗ (5) 

where 

𝐷𝐶𝑀

= [

cos(𝜃) ∙ cos(𝜓) cos(𝜃) ∙ sin(𝜓) − sin(𝜃)

𝑠𝑖𝑛(𝜙) ∙ 𝑠𝑖𝑛(𝜃) ∙ 𝑐𝑜𝑠(𝜓) − cos(𝜙) ∙ sin(𝜓) 𝑠𝑖𝑛(𝜙) ∙ 𝑠𝑖𝑛(𝜃) ∙ 𝑠𝑖𝑛(𝜓) + cos(𝜙) ∙ cos(𝜓) 𝑠𝑖𝑛(𝜙) ∙ 𝑐𝑜𝑠(𝜃)

𝑐𝑜𝑠(𝜙) ∙ 𝑠𝑖𝑛(𝜃) ∙ 𝑐𝑜𝑠(𝜓) + sin(𝜙) ∙ sin(𝜓) 𝑐𝑜𝑠(𝜙) ∙ 𝑠𝑖𝑛(𝜃) ∙ 𝑠𝑖𝑛(𝜓) − sin(𝜙) ∙ cos(𝜓) 𝑐𝑜𝑠(𝜙) ∙ 𝑐𝑜𝑠(𝜃)
] 

(6) 

Within the operation of the motion algorithm, we applied both constraints and scaling to the input signals for the 

translational and rotational channels. This constraint and scaling uniformly change the input signal's amplitude across all 

frequencies. Limiting, a non-linear process, modifies the signal to restrict it to a specific magnitude, ultimately reducing 

the motion response of the simulator. 

In our approach, we used a third-order polynomial for scaling, which was integrated into the general motion algorithm 

scheme. Let x represent the input, y the output, 𝑥𝑚𝑎𝑥  the desired maximum input, 𝑦𝑚𝑎𝑥the maximum output, and 𝑠0and 

𝑠1 the slopes at 𝑥 = 0 and 𝑥 = 𝑥𝑚𝑎𝑥  respectively. 

The third-order polynomial used to achieve specific characteristics is in the following form: 

𝑦 =  𝑐3𝑥
3 + 𝑐2𝑥

2 + 𝑐1𝑥
1 + 𝑐0 (7) 

Parameter scaling for the translational channel: 

𝑚𝑎𝑥 𝑖𝑛𝑝𝑢𝑡 ( 𝑥𝑚𝑎𝑥 ) = 6 𝑚/𝑠2 (8) 

𝑚𝑎𝑥 𝑜𝑢𝑡𝑝𝑢𝑡 ( 𝑦𝑚𝑎𝑥 ) = 6 𝑚/𝑠2, for X (9) 

𝑚𝑎𝑥 𝑜𝑢𝑡𝑝𝑢𝑡 ( 𝑦𝑚𝑎𝑥 ) = 0.8 𝑚/𝑠2, for Y and Z (10) 

and the coefficients are: 

𝑠0 = 1.5, for X 

𝑠0 = 0.2, for Y and Z 

𝑠1 = 0, for X, Y and Z 

(11) 

Parameter scaling for the rotational channel: 
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𝑚𝑎𝑥 𝑖𝑛𝑝𝑢𝑡 ( 𝑥𝑚𝑎𝑥 ) = 3.14 rad/s (12) 

max output ( ymax ) = 1.57 rad/s (13) 

and the coefficients are: 

𝑠0 = 0.785, for X, Y and Z 

𝑠1 = 0, for X, Y and Z 
(14) 

Linear accelerations are limited to 6 m/s² on all axes for the translational channel, and the limitation for the rotational 

channel is 3.14 rad/s. 

 

The structure of the aircraft simulation system, based on a robotic platform motion system, is depicted in the figure below. 

Operator (pilot) inputs are first directed to the aircraft dynamic model, which generates the aircraft state vector. The 

aircraft state vector is then processed through the motion algorithm, producing the desired motion cues and the states of 

the robotic platform that provide the motion to the simulator. 

Subsequently, the desired states of the robot platform are transformed from the degree of freedom space to the axis 

workspace, generating commands for the six robot axes. These axis motion commands are used as input for the robotic 

platform's dynamics, resulting in the actual motion of the simulator. 
 

 

Fig. 10. RoFSim simulator structure  

The primary concept of the CWF is to replicate specific forces and rotations, simulating sensations similar to those 

experienced in a real cockpit. The filter's quality is assessed by minimizing the „feel“ error, which reflects the difference 

between the specific forces and rotations perceived from the simulator and those of the aircraft. The CWF algorithm 

includes three channels: translational, rotational, and tilt coordination, as shown in Figure 11. 
 

 

Fig. 11. Motion Perception Structure for RoFSim simulator 

A. Translational Channel 

The translational channel manages linear acceleration by transitioning from the aircraft reference system (SA) to the 

RoFSim simulator reference system (SS). A band-pass filter is applied, where values less than a user-defined threshold 

(0.06) are set to zero. This is followed by the limiting and scaling phase, explained in the previous chapter, ensuring 

RoFSim simulator movement accuracy to within 1 mm. 

To address the robotic platform's inability to replicate low-frequency linear accelerations, a high-pass filter is used. The 

filter takes the form of: 

𝑦 =  𝛼 ∙ (𝑦𝑜 + 𝑥 − 𝑥0) (15) 

where: 𝑦 is current output, 𝛼 = 0.95, 𝑦𝑜 is previous output, 𝑥 is current input, 𝑥0 is previous input. 

When the acceleration input remains constant for a period, the robotic platform gradually returns to the zero position, 

providing a stable starting point for the next acceleration. The subsequent step involves double integrating the filtered 

accelerations to calculate the position in three directions: X, Y, and Z of the RoFSim simulator: 

𝑠 =  𝑠𝑜 + 𝑣𝑜 ∙ 𝑡 + 𝑎 ∙
𝑡2

2
 (16) 

where: 𝑠 is final position, 𝑠𝑜 is initial position, 𝑣𝑜 is initial velocity, 𝑎 is acceleration and 𝑡 – time. 

 

B. Tilt Coordination Channel 

The Tilt Coordination channel converts accelerations into Euler angles, allowing the pilot to perceive gravitational force 

as translational acceleration. This transformation is achieved through a transfer function that switches from accelerations 

to angles. 

𝜙 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑋

𝑔
), where g = 9.803 

𝑚

𝑠2 (17) 
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𝜃 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
−𝑌

𝑔 ∙ 𝑐𝑜𝑠𝜃
) 

𝜓 = 0 

where 𝜙, 𝜃, 𝜓 represent roll, pitch and yaw.  

Input received from the translational channel is passed through a low pass filter: 

𝑦 =  𝑦𝑜 + 𝛼 ∙ (𝑥 − 𝑥0) (18) 

where: 𝑦 is current output, 𝛼 = 0.05, 𝑦𝑜 is previous output, 𝑥 is current input and 𝑥0 represents previous output. 

A rate limit of 0.2 rad/s is applied to restrict rotational speeds. This ensures that the pilot does not perceive rotation but 

only experiences the gravitational force decomposed into the two axes (roll and pitch), allowing the pilot to feel linear 

accelerations. 

𝑖𝑓 |𝑥1 − 𝑥0| > 𝑙𝑖𝑚𝑖𝑡 

                                  𝑖𝑓 𝑥0 < 𝑥1 → 𝑥0 = 𝑥0 +  𝑙𝑖𝑚𝑖𝑡 

                 𝑒𝑙𝑠𝑒 𝑥0 = 𝑥0 − 𝑙𝑖𝑚𝑖𝑡 

     else x0 = x1 

(19) 

where: 𝑙𝑖𝑚𝑖𝑡 = 0.2, 𝑥 is current input and 𝑥0 represents previous input. 

 

C. Rotational Channel 

The rotational channel is directly responsible for the rotational movements of the robotic platform. This channel takes the 

angular velocities of the aircraft as its primary input and the Euler angles from the tilt coordination channel as its secondary 

input. 

In the first phase, the input is limited and scaled as described above. Then, a high-pass filter, identical to the one used for 

the translational channel, is applied. The resulting output after filtering is summed with the output received from the tilt 

coordination channel. 

The final step involves integrating the angular velocities to obtain the angular position of the RoFSim simulator. 

The CWF algorithm described above was implemented in the C# programming language. In the graphical user interface 

of the RoFSim Controller module, both inputs (linear accelerations, angular velocities) and outputs (X, Y, Z position, and 

angular position of the RoFSim simulator) are displayed in real-time in graphical format. 

 

5. Materials and methods 

 

The flight plan for the final testing of the CWF algorithm includes taking off from Henri Coandă Otopeni International 

Airport - LROP, runway 08R, following the VFR flight procedure, with a climb to 2500 ft, and then making a 90° turn 

with a compass heading of 170. 

During the testing and validation phase of the CWF algorithm, the MTi-G-710-2A8G4 inertial measurement system 

(IMU) was positioned in the subject's (pilot's) head area. The collected data include linear accelerations and Euler angles.   

Various parameters were recorded and are presented in Tables 2 to 4. 

 

Parameters IMU Unit 

Time UTC 

Acceleration X m/s2 

Acceleration Y m/s2 

Acceleration Z m/s2 

Roll m/s2 

Pitch deg 

Yaw deg 

Table 2. Parameters recorded by the IMU system 

Parameters A/C Model Unit 

Time UTC 

Pitch deg 

Roll deg 

Acceleration world X m/s2 

Acceleration world Y m/s2 

Acceleration world Z m/s2 

Velocity Body X feet/s 

Velocity Body Y feet/s 

Velocity Body Z feet/s 

Acceleration Body X m/s2 

Acceleration Body Y m/s2 

Acceleration Body Z m/s2 

Plane Latitude deg 

Plane Longitude deg 

Plane Altitude deg 

Plane Heading Degrees True deg 

Incidence Alpha deg 

Incidence Beta deg 

Airspeed Mach Mach 

Airspeed True Knots 

Airspeed True Calibrate Knots 

Max G Force G Force 

G Force G Force 

Aileron Average Deflection rad 

Elevator Deflection rad 

Rudder Deflection rad 

Table 3. Parameters recorded from the dynamic model 

of the simulated aircraft 
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Parameters CWF Unit 

Time UTC 

Input Acceleration X m/s2 

Input Acceleration Y m/s2 

Input Acceleration Z m/s2 

Robot Input Acceleration X m/s2 

Robot Input Acceleration Y m/s2 

Robot Input Acceleration Z m/s2 

Robot Output Position X m 

Robot Output Position Y m 

Robot Output Position Z m 

Input Rotational Velocity X rad/s 

Input Rotational Velocity Y rad/s 

Input Rotational Velocity Z rad/s 

Robot Input Rotational Velocity X rad/s 

Robot Input Rotational Velocity Y rad/s 

Robot Input Rotational Velocity Z rad/s 

Robot Output Angle X rad 

Robot Output Angle Y rad 

Robot Output Angle Z rad 

Table 4. Parameters recorded from the CWF algorithm

 

6. Results 

 

The test scenario was conducted over 20 flight sessions to validate the functionality of the CWF motion algorithm 

governing the RoFSim simulator's motion. Data from test number 8 were used to graphically display the simulation 

results. 

 

Fig. 12. Lat-Long; Heading, Altitude, TAS vs time 

In order to validate the implemented motion algorithm, the linear accelerations of the robot and those 

recorded by the IMU system were compared, as well as the Euler angles (roll, pitch and yaw). 

 

Fig. 13. Comparison of Linear Accelerations Recorded 

by IMU and CWF algorithm 

 

Fig. 14. Comparation of Euler Angles Recorded by 

IMU and CWF algorithm

7. Conclusion 

 

In this paper, we implemented a washout filter in the RoFSim simulator to replicate sensations similar to those experienced 

by a pilot during real flight. 

Firstly, we devised a workspace scaling procedure for the RoFSim simulator to ensure it possesses an adequate workspace. 

We approached this as an optimization problem with three primary conditions: hardware joint angle constraints, collision 

avoidance, and software-imposed joint angle restrictions. For each of these issues, we identified constraints and 

implemented appropriate measures to ensure the simulator's safety and integrity. We made modifications at multiple 

levels, including software adjustments using RobotStudio and programming in C#/Rapid languages. These modifications 

underwent rigorous testing and validation through both offline and real-time simulations. 
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Additionally, we developed and implemented a motion algorithm aimed at providing realistic motion feedback to the pilot 

within the cockpit while adhering to the specified limits of the robotic motion platform. This motion algorithm, referred 

to as the Classical Washout Filter, underwent testing in a dedicated campaign. Its functionality was confirmed as it 

successfully replicated the motion of the RoFSim simulator within the confines of its workspace, thereby offering the 

pilot a faithful perception of motion similar to what is experienced in a real cockpit. To validate the motion algorithm, a 

total of 20 flights were conducted in the test campaign. This validation process involved comparing the data recorded by 

the IMU system with the parameters recorded by the motion algorithm. Graphical representations of the results clearly 

demonstrate that the simulator behaves accurately, and the motion algorithm effectively conveys motion cues to the pilot, 

closely resembling those experienced in a real cockpit. The extensive series of tests performed underscores the stability 

of the RoFSim simulator and confirms the effectiveness of the developed configuration.  

As part of our future work, we aim to enhance the motion algorithm model to achieve a higher fidelity in motion indices 

by implementing an optimal algorithm. 
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