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MATHEMATICAL MODEL OF A MOTION CUEING 
ALGORITHM FOR 6DOF FLIGHT SIMULATOR 

Alina-Ioana CHIRA1, Constantin OLIVOTTO2, Ion STROE3 

The present paper proposes the development of a motion cueing algorithm 
for a flight simulator based on a serial robot motion platform using genetic algorithms 
for the optimization of the optimal washout filter based on linear quadric regulator. 
The design, implementation and testing of the algorithm were performed using the 
dynamic simulation system for pilot-in-the-loop applications, called RoFSim. The 
proposed motion cueing algorithm converts aircraft dynamics into robot movements, 
generating high-fidelity motion within the physical limits of the flight simulator. This 
reproduction includes specific forces and accelerations, allowing the simulation to 
replicate sensations similar to those experienced in a real aircraft. 

The results obtained demonstrate the stability and performance of the 
implemented optimal washout filter, highlighting the potential use of the proposed 
algorithm in R&D projects and its further development. 

 
Keywords: flight simulator, motion cueing algorithm, serial robot, optimal washout 
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1. Introduction 

The objective of this research is based on the problem of solving how to 
transmit motion cues in a six-degree-of-freedom (6DoF) flight simulator (Figure 1) 
using a motion cueing algorithm, also known to as a washout filter algorithm. 

The washout filter (WF) is an algorithm that aims to provide the pilot with 
the acceleration sensations that would be experienced in a real aircraft on a motion 
platform with a severely restricted workspace ( [1], [2], [3]). It receives as input 
data the linear accelerations and angular velocities of the simulated aircraft and 
provides as output data the trajectory to be followed by the end-effector of the 
motion platform in Cartesian coordinate system. This algorithm consists of a 
combination of three channels - rotational, translational, tilt coordination - each of 
which is composed of low-pass or high-pass filters, depending on the behaviour 
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that the flight simulator is intended to represent. The main benefit of this washout 
filter is to provide motion cues that ensure human perception [4].  

 
Fig. 1 Dynamic simulation system for pilot-in-the-loop applications – 6DoF flight simulator 

RoFSim 
 

In addition, the motion produced must be within the limits and constraints 
of the proposed flight simulator platform [5]. The main theories in this area are the 
optimal ( [6], [7], [8], [9], [10]), adaptive ( [3], [9], [11], [12], [13], [14]) and robust 
( [6], [8], [9], [15], [16], [17]) washout filters. 

In the paper [2] the authors described a simulator design problem and 
presented a new method based on the human vestibular system. This optimal 
washout filter (OWF) algorithm was based on human motion perception and 
considered the vestibular system ([19], [20]). The vestibular system is located in 
the inner ear and consists of semicircular canals and otolith organs for detecting 
rotational and linear motion. Essentially, the method integrated a mathematical 
model of the human vestibular system to minimise the error of perception between 
the pilot in the simulator and the pilot in a real aircraft cockpit. The method used a 
quadratic linear regulator based (LQR) on optimal control techniques to develop 
higher order filters prior to real-time application, and designed a cost function that 
depends on both the real and simulated aircraft pilot's perception error and platform 
motion. In developing an optimal washout filter based on the LQR method, the key 
problem is to find a suitable matrix of transfer functions 𝑊𝑊(𝑠𝑠). This matrix relates 
simulator and aircraft motion inputs in an attempt to minimise the cost function by 
limiting both the sensing error between the simulator and aircraft pilot and the 
platform motion.  
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2. Mathematical model of the optimal washout filter 

The washout filter is a motion algorithm that converts the acceleration and 
angular velocity of a simulated vehicle into the motion of the simulator platform. 
The motion produced must be within the limits and constraints of the motion 
platform used for the flight simulator. 

The optimal washout filter was first developed by Sivan and co-workers [2] 
with four assumptions: (a) the vestibular system dominates the perception of motion 
cues in a flight simulator; (b) the discrepancy between motion cues in the real 
aircraft and in the motion simulator can be measured by the root mean square value 
of the vestibular error; (c) real aircraft motion can be modelled as a random process 
independent of motion platform constraints; and (d) dynamic systems, including 
vestibular systems, can be represented by linearized equations. 

 
Fig. 2 Structure of the optimal control washout filter algorithm based on LQR, adaptation [11] 

 
The schematic diagram of the optimal washout filter based on LQR shown 

in Figure 2 includes two separate channels that generate the perception of motion 
between the real aircraft and the flight simulator. In both channels, the vestibular 
system represents the pilot's vestibular system. 

The goal of the optimal washout filter based on LQR (Figure 3) is to 
determine the transfer function 𝑊𝑊(𝑠𝑠) that relates the flight simulator motion input 
(𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠) to the aircraft motion input (𝑢𝑢𝐴𝐴/𝐶𝐶). 

 
𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠) =  𝑊𝑊(𝑠𝑠) ∙ 𝑢𝑢𝐴𝐴/𝐶𝐶(𝑠𝑠)                                           (1) 

 
Control inputs, including accelerations and Euler angles, are used to 

generate the basic commands for the desired motion. Thus the optimal washout 
filter algorithm determines the simulator acceleration by minimising the human feel 
error between the simulator and the aircraft, as well as the linear and angular motion 
of the platform. The objective of the algorithm is therefore to limit the human 
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perception error and platform motion within the physical workspace of the robotic 
platform. 

 
Fig. 3 Optimal washout filter algorithm, adaptation [6] 

 
The objective function of the motion algorithm includes the perception error and 
constraints related to the motion in the workspace of the flight simulator motion 
platform, where 𝑎𝑎𝐴𝐴/𝐶𝐶 and 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠 represent the detected acceleration at the actual 
position and at the workspace position. Also, 𝜔𝜔𝐴𝐴/𝐶𝐶 and 𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠 are the rotational 
velocities detected at these positions. Due to the use of a model with two inputs and 
two outputs, four transfer functions (𝑊𝑊11, 𝑊𝑊21, 𝑊𝑊12 and 𝑊𝑊22) are used, each 
representing the effect of each input on each output. Input u is represented as 
follows: 
 

                          𝑢𝑢 = �
𝑢𝑢1
𝑢𝑢2� = � 𝜃̇𝜃𝑎𝑎𝐴𝐴𝐴𝐴

� (2) 
 
An important step in the implementation of the algorithm is how the definition of 
the tilt coordination effect is. The tilt coordination aims to calculate the low 
frequency components on the horizontal axis, 𝑋𝑋 direction, and on the lateral axis, 𝑌𝑌 
direction, while the low frequency components on the vertical axis, 𝑍𝑍 direction, are 
not calculated. Figure 4 shows how the tilt coordination is formulated to generate 
acceleration on the horizontal and lateral axes. 
The specific surge force in the centre motion of the simulator can be obtained as 
follows, but considering the approximation for small angles, sin (𝜃𝜃𝑡𝑡) and cos (𝜃𝜃𝑡𝑡) 
can be replaced by 𝜃𝜃𝑡𝑡 and 1 respectively: 
 

𝑓𝑓𝑠𝑠 = 𝑎𝑎𝐴𝐴𝐴𝐴 ∙ cos (𝜃𝜃𝑡𝑡) + 𝑔𝑔 ∙ sin (𝜃𝜃𝑡𝑡) ≅ 𝑎𝑎𝐴𝐴𝐴𝐴 + 𝑔𝑔 ∙ 𝜃𝜃𝑡𝑡                         (3) 
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Fig. 4 Formulation and effect of the tilt coordination 

 
The specific detected value 𝑎𝑎𝐴𝐴𝐴𝐴_𝑠𝑠 is related to the specific stimulus strength detected 
by the otolith model and is entered into the equation below as follows: 
 

𝑎𝑎𝐴𝐴𝐴𝐴_𝑠𝑠 = 𝑘𝑘𝑂𝑂
𝑠𝑠+ 𝐴𝐴0

(𝑠𝑠+𝐵𝐵0)(𝑠𝑠+𝐵𝐵1) ∙ 𝑓𝑓𝑠𝑠                                            (4) 
 
By applying the Laplace transform, a new form of the equation can be obtained. 
The term 1

𝑠𝑠
 is the integration of the angular velocity. 

 

𝑓𝑓𝑠𝑠(𝑠𝑠) = 𝑎𝑎𝐴𝐴𝐴𝐴(𝑠𝑠) + 𝑔𝑔 ∙ 1
𝑠𝑠
∙ 𝜃̇𝜃(𝑠𝑠)                                           (5) 

 
Substituting equation (3) into equation (2) gives the following equation: 
 

      𝑎𝑎𝐴𝐴𝐴𝐴_𝑠𝑠 = 𝑘𝑘𝑂𝑂
𝑠𝑠+ 𝐴𝐴0

(𝑠𝑠+𝐵𝐵0)(𝑠𝑠+𝐵𝐵1) �𝑎𝑎𝑥𝑥(𝑠𝑠) + 𝑔𝑔 ∙ 1
𝑠𝑠
∙ 𝜃̇𝜃(𝑠𝑠)�                           (6) 

 
where 𝐴𝐴0, 𝐵𝐵0 and 𝐵𝐵1are the specific parameters of the otolith model. 
The sensed angular velocity 𝜃̇𝜃𝑠𝑠 is related to the actual angular velocity sensed by 
the semicircular canal. Semicircular canals can detect the sensation of rotational 
motion. Telban and Cardullo [18] proposed a transfer function of the semicircular 
channels model to detect angular velocity sensation when applied as a stimulus. 
This transfer function includes the torsional pendulum model [19], the adaptation 
operator and a lead term. This function provides the best approximation to the true 
dynamics of the vestibular sensory system for rotational motion. The semicircular 
canal model is defined as follows: 
 

𝜃̇𝜃𝑠𝑠  = 𝑘𝑘𝑠𝑠𝑠𝑠∙𝜏𝜏1∙𝜏𝜏𝑎𝑎∙𝑠𝑠2(1+𝜏𝜏𝐿𝐿∙𝑠𝑠)
(𝜏𝜏1∙𝑠𝑠+1)+(𝜏𝜏2∙𝑠𝑠+1)+(𝜏𝜏𝑎𝑎∙𝑠𝑠+1) 𝜃̇𝜃                                         (7) 

 
where 𝜏𝜏1, 𝜏𝜏2, 𝜏𝜏𝐿𝐿 and 𝜏𝜏𝑎𝑎 are the long time constant, short time constant, lead term 
and adaptation operator constant, respectively.  
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3. Scaling and limiting 

The simulator's motion platform has physical limits, so its dynamics must be 
constrained within these limits and constraints. Therefore, within the working 
scheme of the motion algorithm, a constraint has been applied to the translational 
and rotational channels, and at the same time, a scaling has been applied to the 
model input signals.  
Limiting and scaling apply to both the aircraft translational input signals 𝒂𝒂𝑨𝑨/𝑪𝑪and 
the rotational input signals 𝝎𝝎𝑨𝑨/𝑪𝑪. Limiting and scaling change the amplitude of the 
input signal uniformly across all frequencies. Limiting is a non-linear process that 
reduces the signal so that it is limited to a value less than a certain amplitude. 
Limiting and scaling can be used to reduce the motion response of a flight simulator.  
A third-order polynomial was used for scaling and was implemented in the general 
scheme of the motion algorithm. When the magnitude of the input to the simulator 
motion system is small, it is desired that the amplitude be relatively high, otherwise 
the output will be below the pilot's perception threshold. And when the input 
magnitude is high, it is desired that the amplitude is relatively small to avoid the 
case where the simulator attempting to exceed the hardware limits.  
For the implementation of the procedure, the input was denoted by 𝒙𝒙𝒂𝒂, and the 
output by 𝒙𝒙𝒛𝒛. Then 𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 was defined as the desired maximum input and 𝒙𝒙𝒛𝒛𝒛𝒛𝒛𝒛𝒛𝒛 as 
the maximum output, and 𝒔𝒔𝟎𝟎 and 𝒔𝒔𝟏𝟏 the slopes at 𝒙𝒙𝒂𝒂 = 𝟎𝟎 and 𝒙𝒙𝒂𝒂 =
𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 respectively. Four desired non-linear scaling characteristics are defined as 
follows: 
 

𝑥𝑥𝑎𝑎 = 0 ⟹ 𝑥𝑥𝑧𝑧 = 0 
𝑥𝑥𝑎𝑎 = 𝑥𝑥𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ⟹  𝑥𝑥𝑧𝑧 = 𝑥𝑥𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 

𝑥𝑥𝑧𝑧′ |𝑥𝑥𝑎𝑎=0 = 𝑠𝑠0 
𝒙𝒙𝒛𝒛′ |𝒙𝒙𝒂𝒂=𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 = 𝒔𝒔𝟏𝟏                                                   (8) 

 
The third-order polynomial scaling used to provide functions with desired 
characteristics is of the form: 

  𝒙𝒙𝒛𝒛 =  𝒑𝒑𝟑𝟑𝒙𝒙𝒂𝒂𝟑𝟑 + 𝒑𝒑𝟐𝟐𝒙𝒙𝒂𝒂𝟐𝟐 + 𝒑𝒑𝟏𝟏𝒙𝒙𝒂𝒂𝟏𝟏 + 𝒑𝒑𝟎𝟎                             (9) 

where  
𝑝𝑝0 = 0 
𝑝𝑝1 = 𝑠𝑠0 

𝑝𝑝2 =  𝑥𝑥𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−2(3 ⋅ 𝑥𝑥𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 − 2 ⋅ 𝑠𝑠0 ⋅ 𝑥𝑥𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑠𝑠1 ⋅ 𝑥𝑥𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) 

𝒑𝒑𝟑𝟑 =  𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂−𝟑𝟑(𝒔𝒔𝟎𝟎 ⋅ 𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 − 𝟐𝟐 ⋅ 𝒙𝒙𝒛𝒛𝒛𝒛𝒛𝒛𝒛𝒛 + 𝒔𝒔𝟏𝟏 ⋅ 𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂)               (10) 

Parameter scaling for the translational motion: 
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𝒎𝒎𝒎𝒎𝒎𝒎|𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 | = 𝟔𝟔 𝒎𝒎/𝒔𝒔𝟐𝟐 

𝒎𝒎𝒎𝒎𝒎𝒎|𝒙𝒙𝒛𝒛𝒛𝒛𝒛𝒛𝒛𝒛 | = 𝟔𝟔 𝒎𝒎
𝒔𝒔𝟐𝟐

  for 𝑿𝑿 

           𝒎𝒎𝒎𝒎𝒎𝒎|𝒙𝒙𝒛𝒛𝒛𝒛𝒛𝒛𝒛𝒛 | = 𝟎𝟎.𝟖𝟖 𝒎𝒎
𝒔𝒔𝟐𝟐

 for 𝒀𝒀 and 𝒁𝒁                           (11) 

and the coefficients are: 

𝑠𝑠0 = 1 for 𝑋𝑋 
𝑠𝑠0 = 0.2 for 𝑌𝑌 and 𝑍𝑍 
𝑠𝑠1 = 0.1 for 𝑋𝑋,𝑌𝑌 and 𝑍𝑍                                       (12) 

 
Parameter scaling for the rotational motion: 
 

𝑚𝑚𝑚𝑚𝑚𝑚|𝑥𝑥𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 | = 3.14 𝑟𝑟𝑟𝑟𝑟𝑟
𝑠𝑠

 

𝒎𝒎𝒎𝒎𝒎𝒎|𝒙𝒙𝒛𝒛𝒛𝒛𝒛𝒛𝒛𝒛 | = 𝟏𝟏.𝟓𝟓𝟓𝟓 𝒓𝒓𝒓𝒓𝒓𝒓
𝒔𝒔

                                       (13) 

and the coefficients are: 

𝑠𝑠0 = 0.785 for 𝑋𝑋,𝑌𝑌 and 𝑍𝑍 
 𝑠𝑠1 = 0.1 for 𝑋𝑋,𝑌𝑌 and 𝑍𝑍                                           (14) 

The linear accelerations on all axes are limited to 𝟔𝟔 𝒎𝒎
𝒔𝒔𝟐𝟐

 for the translational channel, 

and the limit for the rotational channel is 𝟑𝟑.𝟏𝟏𝟏𝟏 𝒓𝒓𝒓𝒓𝒓𝒓
𝒔𝒔

. An example of this polynomial 
gain is shown in the Fig. 5. 

 
Fig. 5 Nonlinear scaling 
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4. Methods and materials  

The structure of the aircraft simulation system for the robotic platform-based 
motion system [20] is shown in Figure 6. 
 

 
Fig. 6 High level architecture for 6DoF flight simulator RoFSim 

 

Inputs from by the operator (pilot) are passed to the aircraft dynamics 
model, generating the aircraft state vector. Passing the aircraft state vector through 
the motion algorithm produces the desired motion cues and the robot platform states 
that provide the motion to the simulator. The desired robot platform states are then 
transformed from the degrees of freedom space to the axis workspace, generating 
commands to the six robot axes. The axis motion commands act as inputs to the 
robot platform, resulting in the actual motion of the simulator. The operator (pilot) 
inputs are transferred to the dynamic simulation model running on a real-time 
platform. The operator (pilot) signals can come from various specific control 
devices such as flap position, rudder actuation, throttle actuation, etc. The outputs 
from the dynamic aircraft model are measured in terms of translational 
accelerations, rotational angles and angular velocities; outputs that are required to 
reproduce the motion feedback to the simulator. The aim is to induce realistic 
motion in the simulation cabin. Obviously, due to the limitations of the simulator 
workspace, the motion cannot be identical to that of the aircraft and must be 
compressed. This feature is provided by motion detection algorithms as shown in 
Figure 2. After determining the position and orientation of the cabin, the individual 
command input from the six-degree-of-freedom robot is calculated from the inverse 
kinematics transformation. The resulting command inputs are passed through the 
collision prevention filter and are sent to the robot. This step closes the motion 
feedback loop for the test pilot. 

In the implementation procedure of the optimal washout filter based motion 
cueing algorithm, the input signal vector is taken as: 
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𝑢𝑢𝐴𝐴/𝐶𝐶(𝑠𝑠) =  �𝑎𝑎𝐴𝐴𝐴𝐴(𝑠𝑠)   𝜃̇𝜃(𝑠𝑠)�                                   (15) 
 
By completing the equations and deriving the new terms, a generalised 

transfer function is generated that links the real motion of the aircraft to the motion 
of the flight simulator. 

𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠) =  𝑊𝑊(𝑠𝑠) ∙ 𝑢𝑢𝐴𝐴/𝐶𝐶(𝑠𝑠)                                   (16) 
 

where 𝑾𝑾 is the matrix of the optimised transfer function that transfers the simulator 
inputs 𝒖𝒖𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔) to the real motion 𝒖𝒖𝑨𝑨/𝑪𝑪(𝒔𝒔). The transfer function W(s) is defined in 
matrix form as follows: 

 

𝑊𝑊(𝑠𝑠) =  �𝑊𝑊11 𝑊𝑊12
𝑊𝑊21 𝑊𝑊22

�                                        (17) 
 

The form of each transfer function 𝑊𝑊𝑖𝑖𝑖𝑖 is shown in equation (18), in total twelve 
parameters are used to complete the denominator and numerator respectively. The 
denominator parameters are unique for each 𝑊𝑊𝑖𝑖𝑖𝑖. 

 

𝑊𝑊𝑖𝑖𝑖𝑖 =  𝑎𝑎5∙ 𝑠𝑠
5+𝑎𝑎4∙ 𝑠𝑠4+𝑎𝑎3∙ 𝑠𝑠3+𝑎𝑎2∙ 𝑠𝑠2+𝑎𝑎1∙ 𝑠𝑠+𝑎𝑎0

𝑏𝑏5∙ 𝑠𝑠5+𝑏𝑏4∙ 𝑠𝑠4+𝑏𝑏3∙ 𝑠𝑠3+𝑏𝑏2∙ 𝑠𝑠2+𝑏𝑏1∙ 𝑠𝑠+𝑏𝑏0
                         (18) 

 

Finding the appropriate matrix for the numerical solution is not straightforward and 
can lead to failure, so the genetic algorithm was used to identify the optimal 
parameters.  
The objective function for this problem is shown in the equation below as follows: 
 

𝐹𝐹𝑐𝑐 =   ∫ �|𝑧𝑧𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑧𝑧0| + �𝑝𝑝𝐴𝐴/𝐶𝐶 − 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠��
𝑡𝑡𝑓𝑓
0 𝑑𝑑𝑑𝑑                         (19) 

 

The lift position of the flight simulator is denoted by 𝑧𝑧𝑠𝑠𝑠𝑠𝑠𝑠 and the base value, the 
physical constraint of the flight simulator, is denoted by 𝑧𝑧0. And 𝑝𝑝𝐴𝐴/𝐶𝐶  is a function 
of the sensed perception (human perception) before and after applying the wash 
filter. The notation 𝐴𝐴/𝐶𝐶 and sim denote the actual motion and the motion of the 
simulator, respectively. The last time in the equation is defined by 𝑡𝑡𝑓𝑓. 
The aim of the method is to limit the error of human perception and platform 
movement according to the working space limitations of the motion platform - 
serial robotic system. Evolutionary algorithms are robust methods for finding near-
optimal solutions with the ability to handle undefined evaluations that have certain 
properties, such as: coupling; time variation; discontinuity; noise; and probability 
[21]. Genetic algorithm is one of the efficient evolutionary algorithms that has wide 
applications [22]. It is a heuristic, robust and reliable search method that generates 
a solution through a process that mimics natural selection and evolution. 
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The genetic algorithm is robust and efficient in exploring the search space to 
identify optimal solutions. Each solution in its generation is represented by a 
chromosome made up of genes: 
 

𝐴𝐴𝑐𝑐𝑖𝑖 = �𝐴𝐴𝑐𝑐,1
𝑖𝑖 ,𝐴𝐴𝑐𝑐,2

𝑖𝑖 , … ,𝐴𝐴𝑐𝑐,𝑛𝑛
𝑖𝑖 �                                    (20) 

 

where 𝑐𝑐 is the number of chromosomes in the population and n is the number of 
genes in each chromosome. To evaluate each individual, it is necessary to establish 
a defined performance index. The objective function is formulated to rank the 
performance of each individual [23]. For the proposed method, the overall objective 
function consists of five sub-problems as follows: 

I. Minimisation of translational and rotational errors of human 
perception between what pilots feel in the real aircraft and in the simulator. 
II. Minimise the angular and linear displacements of the motion 
platform to operate within its physical limits. 
III. Minimise the variation of perception errors. 
IV. Maximising the correlation coefficient, defined as the Pearson 
moment correlation coefficient, to increase the traceability of the reference 
signal shape in the produced signal.  
V. Minimise the acceleration and velocity of the moving platform due 
to physical constraints. 

Therefore, the objective function at each 𝑖𝑖 iteration for the 𝑐𝑐 individual is defined 
as the sum of the sub-objective functions: 
 

𝑂𝑂(𝐴𝐴𝑐𝑐𝑖𝑖 ) = 𝑂𝑂𝑐𝑐_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 + 𝑂𝑂𝑐𝑐_𝑐𝑐𝑐𝑐𝑐𝑐

𝑖𝑖 + 𝑂𝑂𝑐𝑐_𝑙𝑙𝑙𝑙𝑙𝑙
𝑖𝑖                                (21) 

 

where 𝑂𝑂𝑐𝑐_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖  is an objective function related to the total error of human 

perception, 𝑂𝑂𝑐𝑐_𝑐𝑐𝑐𝑐𝑐𝑐
𝑖𝑖  is an objective function of the correlation coefficient, and 𝑂𝑂𝑐𝑐_𝑙𝑙𝑙𝑙𝑙𝑙

𝑖𝑖  
is an objective limiting function.  
The present algorithm also takes into account the effects of non-linearities, taking 
into account factors such as: tilt coordination (human threshold limiter), which 
affects human perception, physical constraints of the motion platform and the 
correlation coefficient. The chromosomes in the genetic algorithm are initialised 
using the individuals obtained from the results of the optimal washout filter 
algorithm. 
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5. Results 

This chapter presents specific results for the optimal washout filter algorithm that 
was formulated, designed, developed, implemented and tested to improve the flight 
simulation environment using the IRB 7600-500 serial robot system as the motion 
platform for the RoFSim flight simulator. The vestibular system parameters for the 
otolith and semicircular canals are shown in the following tables according to [18]. 
Table 1 shows the specific force parameters for the otolith system and the frequency 
response of the specific force sensation transfer function for the otolith system is 
shown in Figure 7. 

Table 1 
Specific force parameters for the otolith system [24] 

 X Y Z 
𝒌𝒌𝒐𝒐𝒐𝒐  0.4 0.4 0.4 
𝝉𝝉𝟏𝟏 [𝑠𝑠] 5 5 5 
𝝉𝝉𝟐𝟐 [𝑠𝑠] 0.016 0.016 0.016 
𝝉𝝉𝑳𝑳 [𝑠𝑠] 10 10 10 
𝑨𝑨𝟎𝟎 [𝑠𝑠−1] 1/𝜏𝜏𝐿𝐿 1/𝜏𝜏𝐿𝐿 1/𝜏𝜏𝐿𝐿 
𝑩𝑩𝟎𝟎 [𝑠𝑠−1] 1/𝜏𝜏1 1/𝜏𝜏1 1/𝜏𝜏1 
𝑩𝑩𝟏𝟏 [𝑠𝑠−1] 1/𝜏𝜏2 1/𝜏𝜏2 1/𝜏𝜏2 
𝒌𝒌𝑶𝑶 𝑘𝑘𝑜𝑜𝑜𝑜𝜏𝜏1𝜏𝜏2/𝜏𝜏𝐿𝐿 𝑘𝑘𝑜𝑜𝑜𝑜𝜏𝜏1𝜏𝜏2/𝜏𝜏𝐿𝐿 𝑘𝑘𝑜𝑜𝑜𝑜𝜏𝜏1𝜏𝜏2/𝜏𝜏𝐿𝐿 

dTH [𝑚𝑚/𝑠𝑠2] 0.17 0.17 0.28 
 

 
Fig. 7 Frequency response for the otolith model 

Table 2 shows the specific parameters of the rotational motion model for the 
semicircular system, and the frequency response of the rotational sensation transfer 
function for the semicircular channel is shown in Figure 8. 
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Table 2 
Parameters specific to rotational motion for the semicircular system [24] 

 Roll (x) Pitch (y) Yaw (z) 
𝒌𝒌𝒐𝒐𝒐𝒐  0.4 0.4 0.4 
𝝉𝝉𝟏𝟏 [𝑠𝑠] 5 5 5 
𝝉𝝉𝟐𝟐 [𝑠𝑠] 0.016 0.016 0.016 
𝝉𝝉𝑳𝑳 [𝑠𝑠] 10 10 10 
𝑨𝑨𝟎𝟎 [𝑠𝑠−1] 1/𝜏𝜏𝐿𝐿 1/𝜏𝜏𝐿𝐿 1/𝜏𝜏𝐿𝐿 
𝑩𝑩𝟎𝟎 [𝑠𝑠−1] 1/𝜏𝜏1 1/𝜏𝜏1 1/𝜏𝜏1 
𝑩𝑩𝟏𝟏 [𝑠𝑠−1] 1/𝜏𝜏2 1/𝜏𝜏2 1/𝜏𝜏2 
𝒌𝒌𝑶𝑶 𝑘𝑘𝑜𝑜𝑜𝑜𝜏𝜏1𝜏𝜏2/𝜏𝜏𝐿𝐿 𝑘𝑘𝑜𝑜𝑜𝑜𝜏𝜏1𝜏𝜏2/𝜏𝜏𝐿𝐿 𝑘𝑘𝑜𝑜𝑜𝑜𝜏𝜏1𝜏𝜏2/𝜏𝜏𝐿𝐿 

𝜹𝜹TH [𝑑𝑑𝑑𝑑𝑑𝑑/𝑠𝑠] 0.17 0.17 0.28 
 

 
Fig. 8 Frequency response for the semicircular system 

The results of the OWF and the modified OFW based on genetic algorithms are 
then presented. Graphical representations of the flight information and a 
comparison between the results of the two filters for linear acceleration, roll and 
pitch motion for different flight phases are presented. The results are presented for 
short time sequences of a cruise flight phase. Figure 8 shows the parameters 
describing the flight segment (latitude - longitude, altitude, heading, Mach number) 
for the cruise flight phase sequence for one flight scenario.  
In Figures 10, 11 and 12 it can be seen that the signal recorded by the modified 
OWF based on the genetic algorithm (GA) provides a correction of the signal shape 
for the states recorded by the original algorithm with a visible improvement for the 
roll angle. 
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Fig. 9 Flight scenario - flight parameters cruise     Fig. 10 Acceleration – Comparison between  

sequence                                                    initial OWF and modified OWF - GA 
 
 

   
Fig. 11 Roll angle - Comparison between initial    Fig. 12 Pitch angle - Comparison between initial 

 OWF and modified OWF – GA                       OWF and modified OWF – GA 
 

The results show the effect on the fidelity of the motion indices. From the graphical 
representations it can be seen that for pitch and roll motion the models show almost 
identical continuity of signal shape, the output signal is able to track the modified 
wash filter reference signal with a significantly higher degree of correlation, the 
average error recorded is in the order of 𝟏𝟏𝟏𝟏−𝟒𝟒. 
The modified optimal wash filter algorithm generates better motion with a more 
realistic feel in a more efficient way by reducing platform displacement. As a result, 
the simulator can efficiently use the extra space for other possible motions. 

6. Conclusion 

The motion algorithm is responsible for transforming the acceleration and angular 
velocity of a simulated vehicle in order to reproduce high fidelity motion within the 
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physical limits of the simulator. The OWF was designed based on the LQR method 
which takes into account the vestibular system and the motion of the simulator to 
reduce the human perception error between the simulator and the real aircraft in the 
most efficient way. Due to other physical limitations of the ABB IRB 7600-500 
serial robot system, a constraint was applied to the translation and rotation channels. 
At the same time, scaling was applied to the state vector signals (𝒖𝒖𝑨𝑨/𝑪𝑪) used as 
input to the algorithm model a scaling was applied to change the signal amplitude 
uniformly across all frequencies. A third order polynomial was used and 
implemented in the general scheme of the OWF algorithm. The scaling and limiting 
units play an important role in keeping the motions within the physical limits of the 
flight simulator, and are used in conjunction with the OWF to reduce the magnitude 
of the translational and rotational motion signals uniformly across all frequencies 
in the algorithm, so as to mitigate the effects of workspace limitations in 
reproducing the simulator motion and to improve the realism of the motion feel.  

To improve the OWF, a new strategy based on evolutionary algorithms was 
proposed. The main objective was to regenerate a signal that could closely track the 
reference signal, avoid false motion cues and improve its shape. A number of 
criteria were considered in the cost function of the GA, such as the error of human 
perception, the correlation coefficient and the limiting function. 

The results show the superiority of the proposed OWF based on genetic 
algorithm due to its better performance, improved human perception, increased 
shape tracking factor and reduced displacement. Since a balance between human 
perception error and shape tracking has been achieved, the proposed OWF 
algorithm generates better motion and can provide more realistic feeling to the pilot 
in the simulator more efficiently. The results showed that the algorithm is reliable, 
robust and efficient in this application for the ABB IRB 7600-500 serial robot 
motion platform-based flight simulator. 

The advantage of this study is that the proposed algorithm can be used as a 
tool for any other type of simulator with different physical constraints, or for the 
same simulator in different physical configurations, without requiring much effort 
to tune the specific parameters of the motion algorithm. 
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