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ABSTRACT 

DEVELOPMENT OF MOTION CUEING ALGORITHM FOR 

SIMULATORS 

 

Şemsettin Numan SÖZEN 

 

Department of Mechatronics Engineering 

MSc. Thesis 

 

Adviser: Assoc. Prof. Dr. Vasfi Emre ÖMÜRLÜ 

 

Flight simulators are widely used for commercial and military purposes for training of 

pilots. Additionally, they are increasingly employed for ground, marine, and space 

vehicles. Simulator systems help us to understand driver/pilot behavior in simulations as 

close to real flight. Real aircraft flights are very expensive and have numerous risks. 

Flight simulators are safe and practical structures. During The Second World War, flight 

simulators were required in military. Technological developments in analog computers 

contributed to flight simulator developments. Following years, some specific options like 

aerodynamics and flight behavior were incorporated in simulators. There is no specific 

standard for motion cueing, but in literature, four major algorithms are currently present; 

classical, optimal, adaptive and model predictive base algorithms.  

Motion cueing algorithm is a must that provides the motion of a simulator within 

boundaries of limited robotic workspace. 6 DOF parallel manipulators are mostly used 

for flight simulation. Inputs to the manipulator are simulated aircraft angular velocities 

and translational accelerations as references to generate necessary motions. The mobile 

platform of the mechanism should return its neutral position in order to start the next 

motion sequence. This process is called as “Washout”. Washout motion must be under 

human motion sensation thresholds which is covered in literature by several researchers. 

For the sake of sensing continuous translational accelerations, the platform tilts itself and 

uses gravity vector to create artificial motion sensation translationally which is called 

“Tilt Coordination”. Force effect caused by continuous acceleration of aircraft is also 

provided by Tilt Coordination. Tilt coordination is provided by applying 2nd order low-

pass filters for x- and y- axes in the algorithm. 

Basically a simulator consists of a robotic manipulator and a simulator room on the top 

and kinematic analysis of the manipulator is crucial to obtain meaningful motion results. 
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Translational and rotational positions obtained from the output of motion cueing 

algorithm are transmitted to the manipulator as actuator extensions calculated by inverse 

kinematics. Coordinate transformations in a robotic system are another important topic 

because motion sensation must be at the eye point of the pilot/driver. The major issue in 

simulators is motion cueing algorithm that relates the simulator input to the aircraft input. 

This is possible by the communication between motion control computer and simulation 

computer. Communication protocol in presented system in this study receives the 

translational accelerations and angular velocities from the simulation package program 

called FlightGear via UDP protocol. For this purpose, an XML script file is generated to 

receive related motion control inputs and take them into the motion cueing algorithm to 

be processed. If aircraft dynamic model is used in simulation control computer via 

Matlab/Simulink, it is needed to receive related motion parameters as packages by using 

package input/output block.  

Classical motion cueing algorithm constitutes the basis of motion cueing algorithms and 

includes 1st order and 2nd order high-pass washout filters that are used to bring the 

manipulator to its neutral position in its workspace under the threshold values of human 

sensation for all motions. Thus, vestibular system model is necessary to check the motion 

whether it is under the threshold value or not. Vestibular system is in inner ear of a human 

and the system consists of semi-circular canals sensing rotational motions and otoliths 

sensing translational motions. Calibration process of classical washout filters is also 

important in motion cueing algorithm design. There are position saturation values through 

x-, y- and z- axes and angle saturation values about x-, y- and z- axes of the manipulator 

according to its production catalog. If filter gains are higher than the saturation values 

that manipulator is capable of, there is possibility of the occurrence of mechanical 

failures. Tilt coordination is another important topic because force effect caused by 

continuous acceleration of aircraft is provided by tilt coordination. Tilt coordination is 

provided by applying 2nd order low-pass filters for x- and y- axes in the algorithm. In 

literature there are not many works explaining the calibration process of washout filters.  

 

Previously, we implemented classical washout filter on a small scale desktop platform. 

After a significant optimization was applied, a full scale flight simulator mechanical 

structure has been constructed and classical washout filter was implemented. The system 

is on a 6x6 parallel manipulator and is driven by AC motors. The classical washout filters 

were implemented on Matlab – Simulink environment with Real-Time Windows Target. 

This algorithm has first and second order high pass filters for high frequency components 

and first order low pass filters for low frequency components of aircraft flight variables. 

Also, all software implementations are established on Matlab. Flight data are obtained 

from virtual flight software with 5 Hz sampling rate. 

 

In this study, system integration of a low payload flight simulator is explained, results of 

classical motion cueing algorithm, vestibular system validations and design and 

calibration process of classical washout filter are presented and comparison between 

results obtained from Boeing 777-300ER and Sikorsky flights are shown. Many tests 

according to system requirement documents are performed and results of these tests are 

also presented. Furthermore, accuracy of motions obtained from the output of the 

manipulator is proven by using forward kinematics. As well as classical motion cueing 

algorithm, optimal washout filter design and its implementation are explained in this 

study. At the end of the paper conclusions are presented. 
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Key words: Flight Simulator, Motion Cueing, Washout Filter Calibration, Vestibular 

System, System Integration. 
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ÖZET 

 

SİMÜLATÖRLER İÇİN HAREKET ALGI ALGORİTMASI 

GELİŞTİRİLMESİ 

 

Şemsettin Numan SÖZEN 

 

Mekatronik Anabilim Dalı 

Yüksek Lisans Tezi 

 

Tez Danışmanı: Doç. Dr. Vasfi Emre ÖMÜRLÜ 

 

Uçuş benzeticileri, pilotların eğitilmesi amacıyla ticari ve askeri alanlarda geniş bir 

kullanım alanına sahiptirler ve kara, deniz ve uzay araçları için de kullanım oranları 

giderek artmaktadır. Benzetici sistemleri, benzetim ortamı içerisinde sürücü/pilot 

davranışını olabildiğince gerçek uçuşa yakın olarak anlamamıza yardımcı olmaktadırlar. 

Gerçek uçuşların çok pahalı ve çeşitli risklere sahip olması nedeniyle benzeticiler daha 

güvenli ve pratik yapılardır. İkinci Dünya Savaşı sırasında uçuş benzeticilerine 

gereksinim duyulmuştur. Analog bilgisayarlardaki teknolojik gelişmeler ise uçuş 

benzeticilerinin geliştirilmesine katkı sağlamıştır. Takribi yıllarda, aerodinamik gibi bazı 

özel konular da benzetici sistemler içerisine birleştirilmiştir. Hareket algı yönetimi için 

belirli bir stadnart yoktur fakat literatürde klasik, optimal, adaptif ve model öngörülü 

kontrol algoritması olmak üzere dört ana algoritma yapısı mevcuttur. 

Hareket algı yönetimi algoritması, bir simülatör hareketini sınırlı bir çalışma uzayı 

içerisinde sağlamak için bir zorunluluktur. Uçuş benzetimi için çoğunlukla 6 DOF paralel 

manipülatörler kullanılmaktadır. Manipülatör girişleri, gerekli hareketleri üretmek için 

açısal hız ve çizgisel ivme referansları olarak benzetilir. Mekanizma hareketli platformu, 

bir sonraki hareket dizisine başlamak için nötr pozisyona dönmelidir. Bu işlem 

"sıfırlama" olarak adlandırılmaktadır ve sıfırlama hareketi, literatürdeki farklı 

çalışmalarla elde edilmiş olan insan hareket algı eşik değerlerinin altında bir değerde 

olmalıdır. Sürekli çizgisel ivmelenmelerin algılanması için platform kendisini eğer ve 

"Eğim Koordinasyonu" olarak adlandırılan çizgisel olarak yapay bir hareket algısı üretimi 

için yer çekimi vektörünü kullanır. Uçuş aracının sürekli ivmelenmesinden kaynaklanan 

kuvvet etkisi de eğim koordinasyonu tarafından sağlanmaktadır. Eğim koordinasyonu, 
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algoritma içerisinde x- ve y- eksenlerinde 2 .dereceden düşük geçiren filtrelerin 

kullanılması aracılığıyla sağlanır. 

Bir benzetici temel olarak bir robotik manipülatör ve manipülatör üzerine 

konumlandırılmış bir benzetici odasından oluşmaktadır bu nedenle manipülatörün 

kinematik analizleri anlamlı hareket sonuçları elde edebilmek için büyük önem 

taşımaktadır. Hareket algı yönetimi algoritmasının çıkışlarından elde edilen çizgisel ve 

dönel pozisyon değerleri manipülatöre ters kinematik tarafından hesaplanan bacak 

boyları olarak iletilmektedir. Robotik sistemler içerisindeki koordinat dönüşümü ise diğer 

bir önemli konudur çünkü benzetici içerisindeki hareket sürücü/pilotun göz hizasında 

olmalıdır.   

Uçuş benzeticilerindeki esas konu benzetici hareketini uçuş aracı hareketine ilişkilendiren 

hareket algı yönetimi algoritmasıdır ve bu durum hareket kontrol bilgisayarı ile benetim 

kontrol bilgisayarı arasındaki haberleşme ile mümkündür. Bu çalışmada sunulan sistem 

içerisindeki haberleşme protokolü, FlightGear olarak adlandırılan uçuş benzetimi paket 

programından çizgisel ivme ve açısal hız değerlerini UDP protokolü aracılığıyla 

almaktadır. Bu amaçla, ilgili hereket kontrol girdilerini alıp hareket kontrol yönetimi 

algoritmasında işlenmek üzere ileten bir XML senaryo dosyası üretilir. Eğer benzetim 

kontrol bilgisayarında Matlab/Simulink aracılığıyla, geliştirilmiş bir uçuş aracı dinamik 

modeli kullanılıyor ise ilgili hareket kontrol parametreleri, paket giriş/çıkış bloğu 

aracılığıyla paket veriler olarak alınır.  

Klasik hareket algı yönetimi algoritması hareket algı yönetimi algoritmalarının temelini 

oluşturur ve manipülatörü nötr pozisyonuna, her harekette, çalışma uzayı içerisinde ve 

insan algısı eşik değerlerinin altında götürmek için 1. ve 2. dereceden yüksek geçiren 

sıfırlama filtrelerini içerir. Bu nedenle, hereketin eşik değerlerinin altında olup 

olmadıklarını kontrol etmek için vestibüler sistem modeli gerekmektedir. Vestibüler 

sistem insanda iç kulağın içerisinde yer almaktadır ve dönme hareketlerinin algılanmasını 

sağlayan yarı dairesel kanallar ve çizgisel hareketlerin algılanmasını sağlayan kulak 

taşlarından oluşmaktadır. 

Klasik sıfırlama filtrelerinin kalibrasyon işlemi hareket algı yönetimi algoritması 

tasarımında önemli olan diğer bir konudur. Sistemde, manipülatör üretim kataloğuna göre 

x-, y- ve z- eksenleri üzerinde pozisyon doyum değerleri ve yine bu eksenler etrafında açı 

doyum değerleri yer almaktadır. Eğer sıfırlama filtresi kazançları platformun 

yapabileceği doyum değerlerinden yüksek değerlerde ise manipülatörde mekaniksel 

arızaların meydana gelme olasığı yüksektir. Literatürde, sıfırlama filtrelerinin 

kalibrasyon aşamalarını açıklayan çok fazla çalışma mevcut değildir. 

Klasik hareket algı yönetimi algoritması öncelikle küçük ölçekli bir masaüstü platform 

üzerinde denenmiş ve önemli bir optimizasyon aşaması uygulandıktan sonra tam ölçekli 

bir uçuş benzetici mekanik yapısı inşa edilmiş ve klasik sıfırlama filtresi uygulanmıştır. 

Sistem 6x6' lık bir paralel manipülatördür ve AC motorlarla sürülmektedir. Klasik 

sıfırlama filtreleri Matlab/Simulink ortamında, Windows gerçek zamanlı hedef ile 

uygulanmıştır. Algoritma, uçuş aracı uçuş değişkenlerinin yüksek frekanslı bileşenleri 

için 1. ve 2. dereceden yüksek geçiren filtrelere ve düşük frekanslı bileşenleri için ise 1. 

dereceden düşük geçiren filtrelere sahiptir. Aynı zamanda tüm yazılım uygulamaları da 

Matlab üzerinde kurulmuştur. Sanal uçuş yazılımından uçuş verileri 5 Hz' lik örnekleme 

zamanı ile elde edilmektedir. 

Bu tez çalışmasında, düşük yük kapasiteli bir uçuş simülatörünün sistem bütünleştirmesi 

açıklanmış, klasik hareket algı yönetimi algoritması sonuçları, vestibüler sistem 

doğrulamaları ve klasik sıfırlama filtrelerinin kalibrasyon işlemi sunulmuş, Boeing 777-
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300ER ve Sikorsky tipi helikopter uçuşlarından elde edilen sonuçların karşılaştırması 

gösterilmiştir. Sistem gereksinim dokümanları doğrultusunda ilgili testler 

gerçekleştirilmiş ve bu testlerin sonuçları da sunulmuştur. İlaveten, manipülatör 

çıkışlarından elde edilen hareketlerin doğrulukları, düz kinematik kullanılarak 

ispatlanmıştır. Klasik hareket algı yönetimi algoritmasının yanısıra optimal sıfırlama 

filtresi tasarımı ve uygulaması da bu çalışma içerisinde açıklanmıştır. Tezin sonunda ise 

bu çalışmadan elde edilen çıkarımlar anlatılmıştır. 

  

Anahtar Kelimeler: Uçuş Simülatörü, Hareket Algı Yönetimi, Sıfırlama Filtresi 

Kalibrasyonu, Vestibüler Sistem, Sistem Bütünleştirmesi 
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CHAPTER 1 

INTRODUCTION 

 Literature Review 

When compared to real flights, flight simulator systems are more useful, safer and cheaper 

and these systems allow to understand the pilot behavior as close to real flights. 

Nowadays, universities and industrial company laboratories are performing studies to 

develop new type vehicle and aircraft dynamic models for new generation flight 

simulators. 

Simulator systems are reliable, realizable, can be implemented and by using motion 

information feedback they create a realistic flight feeling [1]. For this aim, employing a 

robust motion cueing algorithm is crucial [2]. 

Due to being a “man in the loop” process and having a complex structure, simulators 

include a complicated code algorithm so simulator design is a difficult task [3]. 

There are differences between real and virtual data so the examination which factors cause 

this issue is required. These factors are as follows: 

a. Human motion perception system (vestibular system), 

b. Visual simulation environment 

c. Audio feedback. 

To understand the problems that are possible to occur in a motion perception application, 

following questions are asked: 

a. What does human motion perception depend on in real time applications? 

b. How is it possible to improve motion perception through changing parameters of 

factors described above? [4] 
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Human motion perception system is called “Vestibular System” and is placed in the inner 

ear. The system includes semi-circular canals responsible for sensing rotational motions 

and includes otoliths responsible for sensing translational motions. So the mathematical 

model of vestibular system is required and developed model was firstly used in [5] and 

transfer functions of vestibular system were presented in [6] study. Related signals are 

transmitted to the neural constructions through nerve fibers by the receptor cells of the 

semi-circular canals and otoliths. Otolith organ consists of two structures: Ultricle that 

senses horizontal motions and saccule that senses vertical motions. Vestibular system also 

plays a major role in balance of the human body [7], [8]. 

For the sake of sensing continuous translational accelerations, the platform tilts itself and 

uses gravity vector to create artificial motion sensation translationally which is called 

“Tilt Coordination”. Force effect caused by continuous acceleration of aircraft is also 

provided by Tilt Coordination. Tilt coordination is provided by applying 2nd order low-

pass filters for x- and y- axes in the algorithm [9]. 

Visual scaling is another topic for image perception feeling because it creates differences 

for feeling. So visual scaling at optimal level affects the perception positively and visual 

feedback changes was examined under several visual scale factors in. In addition, depth 

and slope play an important role for motion perception. Studies in literature showed that 

to create a realistic motion perception, horizontal image needs to have a slope of 120 ° 

[10]. 

Audio feedback has less effect on motion perception because it is based on simulation 

acoustics and number of sound supplies. To get an accurate result, it is useful to use sound 

emitting object in the virtual environment [4]. 

Without inertial cues pilot has no information about aircraft accelerations and rotations 

so inertial cues are very important for simulators. Unlike real aircrafts, simulators have 

limited workspace for accelerations and rotations. Motion cueing algorithms are used for 

the purpose of providing workspace to the manipulator and they include washout filters 

that bring the manipulator to its neutral position [11]. 

Classical motion cueing algorithm was found in NASA Ames Research Center in 1969 

and after that rotating coordinate filter was created in 1973. Classical motion cueing 

algorithm constitutes the basis of motion cueing algorithms and includes 1st order and 2nd 

order high-pass washout filters that are used to bring the manipulator to its neutral 
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position in its workspace under the threshold values of human sensation for all motions. 

Thus, vestibular system model transfer functions are necessary to check the motion 

whether it is under the threshold value or not. Calibration process of classical washout 

filters is also important in motion cueing algorithm design. There are position saturation 

values through x-, y- and z- axes and angle saturation values about x-, y- and z- axes of 

the manipulator according to its production catalog. If filter gains are higher than the 

saturation values that manipulator is capable of, there is possibility of the occurrence of 

mechanical failures [12]. 

Because the classical algorithm has a limited workspace, adaptive algorithm was 

developed by Parrish, Dieudonne, Bowles and Martin in 1975 and to eliminate the 

workspace problem adaptive algorithm was applied to the system in frequency domain. 

In the algorithm coefficients were different [13] and motion perception was considered 

as a tracking problem [14]. Manipulator should track accelerations obtained from the 

simulation as soon as possible [15]. 

“Adaptive Classical Motion Cueing Algorithm” was developed by applying adaptive 

washout filters in classical algorithm and adaptive washout filter gains are obtained by 

minimizing a cost function. Defusing incorrect cues at the actuator extensions and 

providing a smooth flight feeling are the advantages of the adaptive algorithm but because 

the structure of algorithm may vary, there are sometimes differences in motion 

perception. In case of exposure to any distorting effect, dynamic stability of the system is 

also provided by adaptive algorithm [16]. In [17], the adaptive algorithm structure was 

examined and implemented to the system to keep it in limits of its workspace. After 

developing classical washout filter, trial-and-error method is sufficient to determine 

necessary parameters such corner frequency, damping ratio, gain, cost and adaptive step 

size for adaptive algorithm [18]. 

Classical motion cueing algorithm was applied 3, 6 and 8 DOF manipulators and there 

are several studies comparing usage of the algorithm in literature. According to several 

studies, 3 DOF platforms are more effective for the translational feedback. On 6 DOF 

platforms because of more motion freedom motion is felt more intensively. Similar 

performance of 6 DOF platforms were observed on 8 DOF platforms [19]. 

In simulator systems there is possibility of occurrence of phase delay between simulation 

motion and the manipulator motion. In order to handle this, a flexible and effective 



4 

 

software should be integrated into the algorithm. Compensation methods (i.e. fuzzy logic, 

adaptive model, nonlinear solving) are also available to handle this [20]. 

Model predictive algorithm is a novel algorithm and it is presented in [21]. This is an 

advanced control technique and provided control actions are optimized according to a 

reference system model. Model predictive algorithm computes the control input by 

solving a finite horizon open-loop optimal control problem. Consequently, the 

optimization process gives an optimal control sequence by using current state of the 

system for initial state of the platform. There is an internal model in model predictive 

control and this may be thought as a limitation but because allowing the controller to 

attempt system dynamics it can also be considered as an advantage [22]. 

Generally motion cueing algorithms give good results but in some cases actuators may 

reach maximum actuator lengths and this may create disruption for the system [23]. 

Optimal control theory including vestibular system model was implemented by Sivan, 

Ishsalom and Huang in 1982 to reduce the cost function and it is based on a problem how 

to control the system as closed to desired value with respect to specified dynamics and 

constraints basically [24]. In this algorithm by using Newton Raphson method, Riccati 

equation is solved in real time. The major issue is to assign W(s) transfer function that 

relates the simulator control input to the aircraft control input so that the cost function is 

to be minimized. According to related studies it can be seen that the optimal motion 

cueing algorithm is more effective than the classical motion cueing algorithm and the 

adaptive motion cueing algorithm [25]. In [26], to decrease the pilot sensation error, 

“human vestibular based senseless maneuver optimal washout filter” was proposed and 

human motion perception threshold values obtained from several studies were presented. 

System was considered as an inverted pendulum. Optimal control strategy is separated 

into two categories: Conventional control and advanced control [27]. 

To make a comparison of motions Pouliot suggested two approaches: Angular velocity 

and forces that produced comparison of simulator and air vehicle angular velocity 

comparison with jerk [28]. 

This thesis includes an abstract, an introduction stage covers related literature review, 

kinematic analysis of 6 DOF parallel manipulator constitutes the mobile platform of the 

simulator system, classical motion cueing algorithm, its implementation to the desktop 

parallel manipulator and full scale manipulator and the calibration of classical washout 
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filters, system integration and optimal motion cueing algorithm design. At the end of the 

paper comparison of results obtained from different flights, conclusion and future works 

are presented with references used. 

 Objective of the Thesis 

This thesis aims to compare motion cueing algorithms in terms of efficiency and usability 

on 6 DOF FFS with respect to system requirement documents. There is no specific 

standard for motion cueing, but in literature, four major algorithms are currently present; 

classical, optimal, adaptive and model predictive base algorithms. 

 Hypothesis 

Classical motion cueing algorithm constitutes the basis of motion cueing algorithms and 

includes 1st order and 2nd order high-pass washout filters that are used to bring the 

manipulator to its neutral position in its workspace under the threshold values of human 

sensation for all motions. Calibration process of classical washout filters is also important 

in motion cueing algorithm design. There are position saturation values through x-, y- and 

z- axes and angle saturation values about x-, y- and z- axes of the manipulator according 

to its production catalog. If filter gains are higher than the saturation values that 

manipulator is capable of, there is possibility of the occurrence of mechanical failures. 

So, coordinate transformation, accurate dynamic modelling and kinematic analysis of the 

manipulator are crucial for flight simulator design to develop an accurate motion cueing 

algorithm. In literature there are not many works explaining the calibration process of 

washout filters. 
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CHAPTER 2 

SIMULATOR SYSTEM 

A simulator system consists of a robotic manipulator and a simulator room on the top and 

kinematic analysis of the manipulator is crucial to obtain meaningful motion results. 

Translational and rotational positions obtained from the output of motion cueing 

algorithm are transmitted to the manipulator as actuator extensions calculated by inverse 

kinematics. Coordinate transformations in a robotic system are another important topic 

because motion sensation must be at the eye point of the pilot/driver. The major issue in 

simulators is motion cueing algorithm that relates the simulator input to the aircraft input. 

This is possible by the communication between motion control computer and simulation 

computer. Communication protocol in presented system in this study receives the 

translational accelerations and angular velocities from the simulation package program 

called FlightGear via UDP protocol. For this purpose, an XML script file is needed to 

receive related motion control inputs and take them into the motion cueing algorithm to 

be processed. Representation of whole system integration on the basis of components is 

in Figure 2.1. 
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Figure 2.1 Representation of simulator system integration [29] 

 Kinematic Analysis of 6 DOF Parallel Manipulator – Stewart Platform 

Stewart platform is a 6 DOF parallel manipulator including fixed and mobile platform on 

it and it consists of six parallel legs moving linearly and mounting fixed and mobile 

platform to each other. It was designed by D. Stewart in 1965 and it includes 3 

translational and 3 rotational motion freedom. In this study, a Stewart platform that has 6 

electrical motors will be described. İllustration of the Stewart platform can be seen in 

Figure 2.2. 

 

Figure 2.2 6 DOF Stewart Platform Structure 

Stewart platform has a structure based on producing force to the legs to simulate the effect 

of flight. It applies the force to actuators by defining current trajectory as acceleration, 

velocity and position. Optimization process of the motion control is needed to be 

performed depend on maximum acceleration and velocity values of the platform for all 

motions. In order to apply the force described, inverse kinematic model should be used 

to obtain desired leg lengths. 
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2.1.1 Inverse Kinematic Analysis 

According to literature review, it can be seen that the Newton-Raphson method can be 

used for inverse and forward kinematics both. Although having a limited workspace can 

be considered as a disadvantage, position controllers can be used to increase the efficiency 

of workspace. In many researches the force was associated with acceleration instead of 

velocity. 

Dynamic model of Stewart platform is as follows: 
























ext

ext

MR

FR
FH

t
J




                                                                                        (2.1) 

In equation (2.1), J is the inertia matrix, H is the input-output force converter, Fext is the 

external force, Mext is the external moment, R is the rotation matrix, F is the actuator force, 

t  is the translational acceleration and α is the angular acceleration parameters. 

The inverse kinematic analysis is based on finding leg lengths of platform when the 

central point coordinates of the mobile platform are known. For this aim the rotation 

matrix of the platform should be found first. 

Rotation matrix is used to determine new coordinates of defining points of surfaces or 

objects which has been defined as surfaces in 2 or 3 dimensional space when they 

performed an orientation. Orientation of point P about fundamental axes is as shown in 

Figure 2.3, Figure 2.4 and Figure 2.5. 

 

Figure 2.3 Orientation of P about x- axis 
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Figure 2.4 Orientation of P about y- axis 

 

Figure 2.5 Orientation of P about z-axis 

Generally there are 6 different rotation matrices as obtained below: 

Rotation about x- axis: 

kzjyixzkyjxiP  ''''''
                                      (2.2) 
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 sincos '' yxBCOAx             (2.3) 

 cossin '' yxPCABy               (2.4) 

'zz                       

(2.5) 

   
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xx
         (2.6) 

Similarly for equations of rotations about y- axis and z- axis are as follows: 

 



















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                           (2.8) 

      zyxB

P RRRR                 (2.9) 
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P                             (2.10) 

‘C’ and ‘S’ denote Cosine and Sine respectively. 

Now equations of leg length and equations of joints are needed. Equations are as follows: 

   

       
iyixiyixiyiyix

ixiyixbpi

ByBxzPRPRByPRPR

BxPRPRRRzyxl





222

2

32312221

1211

222222

          (2.11) 
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Equation of top plate joints: 

    0;sin;cos ipipi RRP              

(2.12) 

Equation of bottom plate joints: 

    0;sin;cos ibibi RRB             (2.13) 

Equations of x-, y- and z- coordinates: 

 

  ixiz

iyixi

BxP

PPx









cossincossincos

cossinsinsincoscoscos
         (2.14) 

 

  iyiz

iyixi

ByP

PPy









sincoscossinsin

coscossinsinsincossin
       (2.15) 

iziziyixi BzPPPz   coscossincossin         (2.16) 

2.1.2 Forward Kinematic Analysis 

Newton – Raphson method is also used in order to obtain forward kinematic equations. 

Obtaining related equations is as follows and the flowchart of forward kinematic that 

used in system is as shown in Figure 2.6: 

0)(2

)(2)()(2

)()(2)(

2

32312221
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22222







iiyix

iyixiyiyix

ixiyixbpi

lbybx

zprprbyprpr

bxprprrrzyxXF

     (2.17) 

 ,,,,, zyxX    6,...,2,1i         (2.18) 

By taking partial derivative of each variable in the function, the derivative of the function 

can be obtained. 

   6,...,1,,)(),(  jiX
dX

dF
J

j

i
ji          (2.19) 

By using following equation, unknowns can be found: 

  )()( )(1)()()1( nnnn XFXJXX 


                      (2.20) 

The following equation can be used as initial condition: 
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),,,,,( 000000

)0( zyxX            (2.21) 

When necessary iteration number is reached, the iteration is stopped. İteration is shown 

as ε and is as shown as follows: 

)(xFi               (2.22) 
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from Encoder (𝑙𝑖) ;  𝑖 = 1,2, . . , 6    

Enter the Initial Values of Platform 
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 𝐹𝑖 𝐗  > 𝑒𝑟𝑟 

Calculate Error Function  𝐹𝑖 𝐗 = 𝑙𝑖
2 − 𝐿𝑖

2    
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Calculate Jacobian Matrix and Inverse 

𝐽 𝑖𝑗  =
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𝑑𝑋𝑗

 𝑋  
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Calculate Motion Parameters According to Newton-Raphson 

𝐗(𝑛+1) = 𝐗(𝑛) −  𝐉 ∙  𝐗(𝑛)  
−1

∙ 𝐹 𝐗(𝑛)    

Transfer to Output 

𝐗(𝑛+1), 𝑖𝑡𝑟 

𝑖𝑡𝑟 = 𝑖𝑡𝑟 + 1 

Calculate Leg Length Values by Inverse 

Kinematics Analysis (𝐿𝑖) 

 

 

Figure 2.6 Forward kinematic analysis flowchart [29] 

Forward kinematic analysis Matlab m. file is as shown in Appendix B. 

 Coordinate Transformation 

Coordinate transformation in a simulator is an important topic because motion sensation 

must be at the eye point of the pilot/driver of the simulator in order to obtain more realistic 
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motion perception. Flight simulator system and related coordinates on the platform are 

shown in Figure 2.6. In progress, equations of coordinate transformation are shown: 

 

 

Figure 2.7 Representation of coordinate frame of the flight simulator system 

 bbbb zyxL ,,              (2.23) 

 mmmm zyxL ,,             (2.24) 

 ssss zyxL ,,             (2.25) 

 IMUIMUIMUIMU zyxL ,,            (2.26) 

 hhhh zyxL ,,             (2.27) 

Since reference coordinate frame is on x – z plane: 

 mm

b cr ,0,0


           (2.28) 
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 sss

b car ,0,


           (2.29) 

 hhh

b car ,0,


             (2.30) 

 IMUIMUIMU

b car ,0,


          (2.31) 

The scheme of coordinate sets of the platform is as shown in Figure 2.7. 

 

Figure 2.8 Coordinate set scheme of the platform 

CAG   : Center of Lower Universal Joint 

IAS      : Inertial Coordinate Frame of Linear Actuators 

CoG      : Center of Gravity 

VEST   : Vestibular System Coordinate Frame 

IMU     : IMU Coordinate Frame 

SAS      : Seat Coordinate Frame 

Mech    : Collection of Mechanical Coordinate Frames 

All coordinate frames constitutes collection of the mechanical coordinate frames. Each 

frame has x-, y- and z- axis. CAG represents the motors which driving the platform. VEST 
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and IMU have the same reference coordinate frames. There is only a translational 

displacement through x- axis. Coordinate transformation equations are as follows: 
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‘R’ is the rotation matrix in the forward kinematic equations of the platform. 

 Communication 

Mathematical model outputs which convert the command controls into motion in the 

FlightGear simulation environment are supplied to the platform via UDP protocol. During 

this process datas received from simulation are determined by creating an XML script 

file. Thus six parameters including translational accelerations and angular velocities at 

the position of pilot are provided to be exported. 

Sample frequency of 240 Hz is sufficient for simulation. Visual simulation software 

frequency is calculated to be 120 Hz by using following equation: 

max2 ffrequency                (2.40) 

According to JAR standards flight simulation frequency of 5 Hz is a general acceptance 

for Level D simulators so in this study the frequency of this level was used. 
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In order to get motion parameters from FlightGear, a script file containing basic reference 

codes used in software must be created. Reference codes used in FlightGear are as 

follows: 

 

/orientation/roll-deg 

/orientation/pitch-deg 

/orientation/heading-deg 

 

/orientation/roll-rate-degps 

/orientation/pitch-rate-degps 

/orientation/yaw-rate-degps 

 

/orientation/side-slip-rad 

/orientation/side-slip-deg 

/orientation/alpha-deg 

  

These reference codes generates parameters which are used by dynamic model run in 

FlightGear. 

The script file exports motion parameter generated from reference codes via determined 

port. 

Sample codes are as follows: 

 

         Position 

/position/ 
/position/altitiude-ft () 
/position/altitude-agl-ft (22.46983965) 
/position/altitude-ft (28.24368289) 
/position/ground-elev-ft (-0.43513529) 
/position/ground-elev-m (-0.1326292364) 
/position/latitude-deg (37.61371436) 
/position/latitude-string (37*36 49.4N) 
/position/longitude-deg (-122.3576508) 
/position/longitude-string (-122*21 27.5W) 
/position/sea-level-radius-ft (20899648.76) 

 Orientation 

/orientation/roll-deg 
/orientation/pitch-deg 
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/orientation/heading-deg 
/orientation/roll-rate-degps 
/orientation/pitch-rate-degps 
/orientation/yaw-rate-degps 
/orientation/side-slip-rad 
/orientation/side-slip-deg 
/orientation/alpha-deg 

 Velocities 

/velocities/airspeed-kt 
/velocities/mach 
/velocities/speed-north-fps 
/velocities/speed-east-fps 
/velocities/speed-down-fps 
/velocities/uBody-fps 
/velocities/vBody-fps 
/velocities/wBody-fps 
/velocities/vertical-speed-fps 
/velocities/glideslope 
 

 Acceleration 

/accelerations/nlf 
/accelerations/ned/north-accel-fps_sec 
/accelerations/ned/east-accel-fps_sec 
/accelerations/ned/down-accel-fps_sec 
/accelerations/pilot/x-accel-fps_sec 
/accelerations/pilot/y-accel-fps_sec 

/accelerations/pilot/z-accel-fps_sec 

 

FlightGear supports multi inputs and multi outputs. In order to export parameters 

generated by script file, Generic Protocol is used in FlightGear. This protocol exports 

datas as UDP packages. Related FlightGear options interface is as shown in Figure 2.9. 
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Figure 2.9 FlightGear input-output interface 

This communication file may contains input or output parameters. Reference codes are 

used to decide which parameters will be used. A sample output file is as follows: 

--generic=file,out,1,/tmp/data.xml,myproto 

If the operating system used is Windows, it is suggested that number of COM which will 

be used to be COM9 or higher. A sample  is as follows: 

--generic=\\.\COM10,out,1,/tmp/data.xml,myproto 

A sample XML script file is as follows: 

<?xml version="1.0"?> 
 <PropertyList> 
    <generic> 
  
        <output> 
            <binary_mode>false</binary_mode> 
            <line_separator></line_separator> 
            <var_separator></var_separator> 
            <preamble></preamble> 
            <postamble></postamble> 
  
            <chunk> 
                <!-- First output chunk definition --> 
            </chunk> 
  
            <chunk> 
                <!-- Next output chunk definition etc... --> 
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            </chunk> 
        </output> 
  
        <input> 
            <line_separator></line_separator> 
            <var_separator></var_separator> 
  
            <chunk> 
                <!-- First input chunk definition --> 
            </chunk> 
  
            <chunk> 
                <!-- Next input chunk definition etc... --> 
            </chunk> 
        </input> 
  
    </generic> 

 </PropertyList> 

 UDP (User Datagram Protocol) makes a procedure available to send and receive data 

over Ethernet from user program with a minimum of protocol mechanism. No 

information concerning the transferred data is returned in case of communication via 

UDP. The communication takes place via ports on both the send and receive sides. As 

opposed to TCP/IP, you do not need to program any connection buildup or closing. 

Following steps describe the model of the UDP communication: 

 For reception, in the command you address the port that you want to use on your 

component for the communication job. 

 When sending data you specify the IP address of the target system, the port 

number for the data on the target system and the port number of your component. 

 You can specify whether the port shoul remain reserved on your end after the 

communication job has been executed. 

 UDP is not a secured model. Therefore, data may be lost during transfer. A 

secured data transfer must be programmed in your application, e.g. by 

acknowledging the receipt of the data. 

 Function _udpReceive allows you to transfer the data of a transfer protocol in the 

return structure, if several data protocols have been returned with _udpReceive, 

the “oldest” data protocol is returned. UDP communication at the SIMOTION is 

as shown in Figure 2.10. 
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Figure 2.10 UDP communication model 
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CHAPTER 3 

MOTION CUEING AND SYSTEM INTEGRATION 

Motion cueing algorithm is a must that provides the motion of a simulator within 

boundaries of limited robotic workspace. 6 DOF parallel manipulators are mostly used 

for flight simulation. Inputs to the manipulator are simulated aircraft angular velocities 

and translational accelerations as references to generate necessary motions. The mobile 

platform of the mechanism should return its neutral position in order to start the next 

motion sequence. This process is called as “Washout”. Washout motion must be under 

human motion sensation thresholds which is covered in literature by several researchers. 

For the sake of sensing continuous translational accelerations, the platform tilts itself and 

uses gravity vector to create artificial motion sensation translationally which is called 

“Tilt Coordination”. Force effect caused by continuous acceleration of aircraft is also 

provided by Tilt Coordination. Tilt coordination is provided by applying 2nd order low-

pass filters for x- and y- axes in the algorithm. In this section firstly vestibular system is 

going to be explained to validate that motions obtained from outputs of the motion cueing 

algorithm are under the threshold values of human sensation then classical and optimal 

motion cueing algorithm structures are going to be shown. 

 Vestibular System 

For human perception studies human motion perception system (vestibular system) 

constitutes the basis. Vestibular can be seen in Figure 3.1. Transfer functions between 

angular velocity obtained from output of the washout filters and angular velocity received 

from the inputs at each semi-circular canal are as follows: 
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Figure 3.1 Vestibular System representation 

)1)(1)(1(

)1(

)(

)(
)(

21

2

1

sss

ssG

s

s
sW

a

Lasc

i

i

si















             (3.1) 

𝜏1, 𝜏2, 𝜏𝑎 , 𝜏𝐿 are time constants and 𝐺𝑠𝑐 is the gain of the system. 

Transfer functions between translational acceleration obtained from output of the washout 

filters and translational acceleration received from the inputs at otoliths are as follows: 
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              (3.2) 

𝐾𝑜𝑡𝑜 is the gain and 1/𝜏𝐿 is 𝑎0 1/𝜏1 is 𝑏0 1/𝜏2 is 𝑏1. 

Index i represents rotational motions in Euler angles (roll – pitch - yaw). Related 

vestibular system parameters obtained from literature review and human motion 

perception thresholds are as shown in Table 3.1. 

Table 3.1 Human Motion System Parameters 

  Chen [30] Houck and Telban [8] 

  x y z x y z 

𝑎0 𝑠
−1  0,08 0,08 0,08 0,1 0,1 0,1 

𝑏0 𝑠
−1  0,18 0,18 0,18 0,2 0,2 0,2 

𝑏1 𝑠
−1  1,51 1,51 1,51 62,5 62,5 N/A 

𝐾𝑜𝑡𝑜 𝑠
−1  1,5 1,5 1,5 0,94 0,94 0,01 

 𝜶 𝜷 𝜸 𝜶 𝜷 𝜸 

𝜏1 𝑠  6,1 5,3 10,2 5,73 5,73 5,73 
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𝜏2 𝑠  0,1 0,1 0 0,01 0,01 0,01 

𝜏𝑎 𝑠  30 30 30 80 80 80 

𝜏𝑙 𝑠  0 0 0 0,06 0,06 0,06 

𝐺𝑠𝑐  1 1 1 28,65 28,65 28,65 

 

Table 3.2 Threshold values of human motion perception 

Human Motion Perception Thresholds [26] 

Roll 

(deg/s) 

Pitch 

(deg/s) 

Yaw 

(deg/s) 𝑎𝑥(m/s²) 𝑎𝑦(m/s²) 𝑎𝑧(m/s²) 

2 2 1,6 0,17 0,17 0,28 

 

Related signals are transmitted to the neural constructions through nerve fibers by the 

receptor cells of the semi-circular canals and otoliths. Otolith organ consists of two 

structures: Ultricle that senses horizontal motions and saccule that senses vertical 

motions. These structures can also be seen in Figure 3.1. 

 Classical Motion Cueing Algorithm 

Classical motion cueing algorithm constitutes the basis of motion cueing algorithms and 

includes 1st order and 2nd order high-pass washout filters that are used to bring the 

manipulator to its neutral position in its workspace under the threshold values of human 

sensation for all motions. Thus, vestibular system model is used to check the motion 

whether it is under the threshold value or not. Classical motion cueing algorithm structure 

is as shown in Figure 3.2. 
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Figure 3.2 Structure of classical motion cueing algorithm 

The channel which is responsible for simulating translational motion of the aircraft is the 

translational channel. Inputs of the translational channel are translational accelerations of 

the aircraft. Similarly angular channel is responsible for simulating rotational motions of 

the aircraft. 

Signals that are filtered are transmitted to the drivers of motors as position and angle 

values by taking the double integrals of translational acceleration inputs and by taking the 

single integral of angular velocities. 

During washout platform acceleration values are kept under the threshold values of 

human sensation in order not to feel the motion presence and provide system sufficient 

workspace. This combination creates a realistic flight feeling. 

1st order and 2nd order high pass filter and 1st order low pass filter representations are as 

follows: 
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
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 is damping factor and ω is cornering frequency of washout filters. 
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Although the classical motion cueing algorithm has a simple structure it has limitations 

due to having constant washout filter parameters. To overcome this problem optimal and 

adaptive washout filter designs can be performed. So washout filter parameters are going 

to be calculated for each sample time of the system. 

3.2.1 Tilt Coordination 

For the sake of sensing continuous translational accelerations, the platform tilts itself and 

uses gravity vector to create artificial motion sensation translationally which is called 

“Tilt Coordination”. Force effect caused by continuous acceleration of aircraft is also 

provided by Tilt Coordination. Tilt coordination is provided by applying 2nd order low-

pass filters for x- and y- axes in the algorithm. Tilt coordination effect is as shown is 

Figure … 

            

Figure 3.3 Tilt coordination effect 

Tilt coordination formulation is as follows: 

)arctan(
,

,
G

a yx

yx                  (3.6) 

yx, shows tilt angles and yxa , shows accelerations through x- and y- directions. G is the 

gravity. 

Tilt coordination is a low motion effect. Therefore before the calculation of tilt angles 

related accelerations should be passed through low pass filters. Thus aircraft inertia can 

be felt by the pilot. Several researches showed that on flight simulators tilt coordination 

effect is more effective than driving simulators [30]. 

Calibration process of classical washout filters is also important in motion cueing 

algorithm design. There are position saturation values through x-, y- and z- axes and angle 
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saturation values about x-, y- and z- axes of the manipulator according to its production 

catalog. If filter gains are higher than the saturation values that manipulator is capable of, 

there is possibility of the occurrence of mechanical failures. 

3.2.2 Calibration Process of Classical Washout Filters 

Calibration process of classical washout filters is also important in motion cueing 

algorithm design. There are position saturation values through x-, y- and z- axes and angle 

saturation values about x-, y- and z- axes of the manipulator according to its production 

catalog. If filter gains are higher than the saturation values that manipulator is capable of, 

there is possibility of the occurrence of mechanical failures. Parameters that will be 

calibrated are as shown in Table A.1. 

Calibration process includes following steps: 

I. Determination of Maximum Position and Angle Values According to Mechanical 

Ability of the Manipulator: Maximum position through x-, y- and z- axes and 

maximum angle values of 6 DOF parallel manipulator about these axes due to its 

mechanical ability are obtained from catalog values of the manipulator. These values 

form the saturation values of signals obtained from the output of the washout filter 

and scaled according to related unit conversion. Position limits for translational 

motions and angle limits for rotational motions are as shown in Table 3.3, Figure 3.4, 

Figure 3.5 and Figure 3.6. “Conversion” block in Simulink including related 

saturation values is as shown in Figure A.3 and interior structure of this block is as 

shown in Figure A.4. 

 

Figure 3.4 Motion limits for pitch motion 
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Figure 3.5 Motion limits for roll motion 

 

Figure 3.6 Motion limits for yaw motion 

Table 3.3 Translational motion limits of the platform 

Through 

x-axis 

+460.5 -460.5 mm 

Through 

y- axis 

+425.0 -605 mm 

Through 

z- axis 

+321.0 -359 mm 

 

II. Determination of Maximum Translational Accelerations and Angular Velocities 

Manipulator Can Do: Translational accelerations and angular velocities that achieve 

the manipulator to its saturations are determined by applying a square wave or a 

constant signal to manipulator as a reference input. These input signals are applied to 
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the manipulator to obtain maximum position and angle values according to reference 

axes that are shown in Figure 3.7. 

 

Figure 3.7 Representation of reference axes of the aircraft 

III. Creation of Scenarios for Coupled Motions: Position and angle values and the 

acceleration and angular velocity values provide these positions and angles for the 

coupled motions due to the mechanical abilities of the manipulator are determined. 

 

Figure 3.8 Results of workspace analysis of the manipulator 

IV. Determination of Mechanical Abilities of the Manipulator: During the flight, by 

comparing the acceleration and angular velocity values obtained from the aircraft with 

maximum acceleration and angular velocity values of the manipulator, the output of 

the washout filter is multiplied by related gain value. Otherwise the manipulator will 

try to make a motion that will lead to mechanical failure due to its insufficient ability. 

V. Determination of Calibration Method: According to obtained graphics, filter 

parameters (natural frequency (ω), damping ratio (ζ)) are obtained by using trial-and-

error method. 
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VI. Interpretation of datas obtained from the Aircraft: If the developed algorithm is 

an optimal algorithm that is controlled by using adaptive control method, because the 

washout filter parameters are adjusted in real time for each sampling time, there will 

be no need to use the trial-and-error method. The block in Simulink model in which 

scaling of the datas received from the aircraft can be seen in Figure A.1. 

VII. Adjustment of the Filters According to Manipulator Motions: Another issue is 

achievement of the manipulator to desired input motion at optimum level. Otherwise 

the mechanical ability of the manipulator will be restricted and this will delay the 

calibration of the developed algorithm. 

VIII. Adjustment of Filter Gain Values According to Flight Datas: If the reference input 

obtained as the flight data is received from a developed dynamic aircraft model, 

related datas must be brought to healthy and meaningful case before the calibration 

because the probability of occurrence that some motion may be in the opposite 

direction of the expected motion. This process is as shown in Simulink block that can 

be seen in Figure A.1. 

IX. Checking the Accuracy of Datas Received from the Aircraft: The accuracy of the 

received datas can be measured through literature. 

X. Calibration of Washout Filter Parameters: Calibration parameters of filters are as 

shown in Table A.1. Related filters are in the Simulink block that contains the Motion 

Cueing Algorithm placed just after the block that you can obtain the flight datas. 

Simulink block that contains the washout filters can be seen red in color in Figure 

A.2. Block diagram including the whole calibration process is as shown in Figure 3.9. 

 

Figure 3.9 Representation of block diagram of the calibration process 
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 Optimal Motion Cueing Algorithm 

The algorithm development with angular velocity input for the longitudinal (pitch/surge) 

mode is given below [8]. The input u is formulated as: 
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where   is angular velocity and xa is the translational acceleration with each term 

respectively is 
1u  and 

2u . 

The sensed rotational motion is related to 
1u  by the semi-circular model transfer function: 
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where 
1 , 

2 , a  and 
L  are the time constants of the semi-circular canals and SCCG  is 

the angular velocity threshold value. Equation (3.8) can be rewritten as: 
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where in observer canonical form, 
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The otolith model of the vestibular system can be defined in state space notation as: 
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where OTOx  are the otolith states, and 
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Semi-circular model and otolith model can be combined to form a single representation 

for the human vestibular model: 
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We can define the vestibular state error ase xxx   and the pilot sensation error  e , 

resulting in: 
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In order to constrain the simulator motion, additional terms are included in the state 

equations: 

sdddd uBxAx           (3.14) 

 Txxxd dtadtadtax  23
 and 

and is related to the simulator input Su by: 
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The aircraft input 
Au  consists of filtered white noise and can be expressed as: 

nA

nenn

xu

wBxAx




           

(3.15) 


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


nA , 










2

1




nB  

1  and 
2  are the first order filter break frequencies for each degree-of-freedom. 

The state equations given in Equations (3.13), (3.14) and (3.15) can be combined to form 

the desired system equation: 

  s

T

d

ne

DuCxxey

wBAxx




        (3.16) 

where y  is the desired output and  Tnde xxxx  represents the combined states. 

The combined system matrices A, B, C, D and H are then given by: 
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A cost function J is then defined as: 
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T dtRuuxRxQeeEJ      (3.17) 

where  E  represents the mathematical mean of statistical variable, Q  and definite 

matrices and R  is a positive definite matrix. 

The system equation and cost function can be transformed to the standard optimal control 

form by the following equations: 
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      (3.18) 

where 

TRBRAA 12

1

2

 , xRRuu T

s 12

1

2

 , 
TRRRRR 12

1

21211

 , 

GCCR T1 , GDCR T12 , GDDRR T2 ,  dRQdiagG ,  

The cost function of Equation (3.18) is minimized when: 

PxBRu T1

2

          (3.19) 

where P is the solution of the following algebraic Riccati equation: 

01

21   APPAPBPBRR TT
      (3.20) 

Substituting Equation (3.19) into Equation (3.18) and solving for su : 

  xRPBRu TT

s 12

1

2  
       (3.21) 
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and defining a matrix K, where Kxus  results in  TT RPBRK 12

1

2  
. 

K can be partitioned corresponding to the partition of x in Equation (3.16): 
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Since An ux  , the states corresponding to the nx  are removed: 
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and substituting Equation (3.22) into Equation (3.23) results in 
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Then, the following equations are obtained in the Laplace domain: 

  )()( susWsu As          (3.25) 
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 sW  is a matrix of the optimized open-loop transfer functions linking the simulator 

inputs su to the aircraft inputs Au . 

Continuous-time Bode diagrams and step input responses of the obtained filters are as 

follows: 
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Figure 3.10 Step response of W11 filter

 

Figure 3.11 Step response of W12 filter 
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Figure 3.12 Step response of W21 filter

 

Figure 3.13 Step response of W22 filter 

Following bode plots were obtained by using first-order-hold (foh) method and 

sampling time of 0.001. 
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Figure 3.14 Bode diagrams for W11 and W11d filters (d  discrete) 

 

Figure 3.15 Bode diagrams for W12 and W12d filters 
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Figure 3.16 Bode diagrams for W21 and W21d filters 

 

Figure 3.17 Bode diagrams for W22 and W22d filters 
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Figure 3.18 Continuous-time optimal motion cueing algorithm Simulink model 

 

Figure 3.19 Discrete-time optimal motion cueing algorithm Simulink model 
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Figure 3.20 Optimal washout filter solution procedure 

 System Integration 

3.4.1 Integration of 6 DOF Low Payload Motion Platform 

Flight simulator system platform construction was completed with Amega Inc.’s 

collaboration. Elements that platform has are as follows: 

 Platform motion system 

 Controller unit 

 IO data processing cards unit 

 Mechanical and software switching elements 

 Simulation control computer and motion control computer 

 Command control 

 Force sensor and IMU sensor 

General representation of the platform is as shown in Figure 3.21. 
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Figure 3.21 6 DOF low payload flight simulator system 

 Platform Motion System 

Platform is driven by high capacity 6 AC servo motors with ball screws. Motors and 

pistons are as shown in Figure 3.22. In order to provide connection between platform and 

both ground and top plate 2 shaft clutches for each piston were used. Stroke length for 

each piston is 570 mm. 

 

Figure 3.22 Motor and piston 
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 Motion Controller Units 

Platform motion commands are controlled by controller with drivers. Representation of 

controller group in the platform is as shown in Figure 3.23. 

 

Figure 3.23 Controller group 

In terms of their task, drivers and controllers are placed between motion control computer 

and drive system. During simulation motion information that is sent by the pilot with 

command control is transmitted to the aircraft model via controllers. Each driver drives 2 

different leg of the platform. In order to prevent any possibility of conflict different IP 

addresses are defined as shown in Table 3.4. 

Table 3.4 Defined IP addresses 

 IP Addresses 

Simulation Control 

Computer 127.0.0.1 

Controller 192.168.214.1 

Motion Control Computer 192.168.214.20 

 Mechanical and Software Switching Elements 

During motion in order to ensure that pistons are not taking off from their place 2 different 

switching methods are used as mechanical and software switching elements. Mechanical 

switching method is provided by switching elements that are placed on two endpoints of 

pistons as shown in Figure 3.24. Software switching elements are integrated into both 

Simulink model as saturation blocks and controller. 
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Figure 3.24 Mechanical switching elements 

 Computer Systems 

2 computer are used in the platform. Motion control computer and simulation control 

computer. 

 Command Control, Pedal and Screen Systems 

In order to provide a realistic flight, command control elements and pedal are as shown 

in Figure 3.25. 3 LCD TVs were used and combined with an angle of 120° to obtain 

image. 
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Figure 3.25 Command controls and pedals 

Specification of command control unit: 

 3D magnetic sensor 

 19 active buttons with 16 bit resolution in joystick 

 17 active buttons with 14 bit resolution in throttle 

 USB connection 

Specification of pedals: 

 Pedals have adjustable system shows resistance effect 

 Pedals have ability to move translationally and obtain yaw motion 

 For braking, pushing onto pedals in the vertical direction is necessary.  

 Force and Acceleration (IMU) Sensors 

In order to measure any acceleration value of the platform physically during flight, IMU 

sensor is integrated on the platform. Firstly IMU sensor was mounted to the head 

alignment in order to work on human perception as shown in Figure 3.26. Coordinates of 

central point of top plate and acceleration levels of human motion perception are 

measured by using the transfer functions of vestibular system via IMU sensor. 
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Figure 3.26 Acceleration (IMU) sensor 

Force sensor is placed under the pilot seat and external forces pilot exposed to are 

measured via this sensor. Sensor is shown in Figure 3.27.  

 

Figure 3.27 Force sensor 

 IO Data Processing Cards Compartment 

Siemens IO data processing cards were used to provide data exchange between force 

sensor, IMU sensor and EEG sensor with the system. Cards were mounted into a till 

placed over the back plate of screens and connection has been made ready. Cards are as 

shown in Figure 3.28. 
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Figure 3.28 IO data processing cards 

3.4.2 Frequency Responses of the Platform 

Frequency responses of the platform were measured in decibels by applying inputs at 

certain frequencies to the platform. During measurement, replacement of ±3° *sin(ωt) 

(mm) was applied to the system through translational directions and angular rotations by 

supplying the system with frequency change of 0.1 – 3.5 Hz interval. Maximum 

amplitude values obtained as a result of these measurements are as shown in Table 3.5. 

Results of system responses in decibel are shown in Table 3.6. 

Table 3.5 Frequency responses of the platform 

  

Frequencies – ω (Hz) 

0,1 0,2 0,3 0,4 0,5 1 1,5 2 2,5 3 3,5 

X (mm) 19,99 19,99 19,99 19,99 19,99 20 20,02 20,08 20,02 12,18 9,75 

Y (mm) 19,98 19,99 19,99 19,99 19,99 20 20,02 20,08 20,14 19,75 14,52 

Z (mm) 19,99 19,99 19,99 19,99 19,98 19,99 20,07 20,07 17,26 11,45 8,62 

Pitch (deg) 2,998 2,998 2,998 2,998 2,998 2,998 2,933 1,329 1,707 0,96 0,96 

Roll (deg) 2,998 2,998 2,998 2,998 2,998 2,999 2,982 1,823 1,103 0,751 0,896 

Yaw (deg) 2,998 2,998 2,998 2,998 2,998 2,999 3,003 2,74 1,783 1,18 1,553 
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Table 3.6 Frequency responses in decibel 

  

(DB) 

0,1 0,2 0,3 0,4 0,5 1 1,5 2 2,5 3 3,5 

x 

-

0,0043 -0,0043 -0,0043 -0,0043 

-

0,0043 0 0,0087 0,0347 0,0087 

-

4,3077 

-

6,2405 

y 

-

0,0087 -0,0043 -0,0043 -0,0043 

-

0,0043 0 0,0087 0,0347 0,0606 

-

0,1093 

-

2,7813 

z 

-

0,0043 -0,0043 -0,0043 -0,0043 

-

0,0087 

-

0,0043 0,0303 0,0303 

-

1,2798 

-

4,8445 

-

7,3105 

Pitch 

-

0,0058 -0,0058 -0,0058 -0,0058 

-

0,0058 

-

0,0058 

-

0,1962 

-

7,0719 

-

4,8978 -9,897 -9,897 

Roll 

-

0,0058 -0,0058 -0,0058 -0,0058 

-

0,0058 

-

0,0029 

-

0,0523 

-

4,3267 

-

8,6909 -12,03 

-

10,496 

Yaw 

-

0,0058 -0,0058 -0,0058 -0,0058 

-

0,0058 

-

0,0029 0,0087 

-

0,7874 

-

4,5194 

-

8,1048 -5,719 

According to JAR standards results are convenient.
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CHAPTER 4 

RESULTS AND DISCUSSION 

Previously, we implemented classical washout filter on a small scale desktop platform. 

After a significant optimization was applied, a full scale flight simulator mechanical 

structure has been constructed and classical washout filter was implemented. The system 

is on a 6x6 parallel manipulator and is driven by AC motors. The classical washout filters 

were implemented on Matlab – Simulink environment with Real-Time Windows Target. 

This algorithm has first and second order high pass filters for high frequency components 

and first order low pass filters for low frequency components of aircraft flight variables. 

Also, all software implementations are established on Matlab. Flight data are obtained 

from virtual flight software with 5 Hz sampling rate. In this section, validations of motion 

cueing algorithm for all motions, results that obtained from Boeing 777-300ER and 

Sikorsky flights are going to be shown.  

Results of Boeing 777-300ER are as follows: 

 

 

Figure 4.1 Platform motion during takeoff 
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Figure 4.2 Acceleration through x- axis, filtered x- acceleration and platform x- position 

 

Figure 4.3 Roll Motion about counter clockwise direction 

 

Figure 4.4 Roll Motion about clockwise direction 

 

Figure 4.5 Incoming and filtered Roll velocity of the aircraft 
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Figure 4.6 Performance of the platform for roll motion 

 

Figure 4.7 Pitch motion of the aircraft through negative pitch direction 

 

Figure 4.8 Pitch motion of the aircraft through positive pitch direction 

 

Figure 4.9 Pitch velocity, filtered pitch velocity and platform pitch angle 
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Results of Sikorsky type helicopter on the low payload full scale flight simulator system 

structure are as follows: 

 

Figure 4.10 Helicopter motion through x- axis and results 

 

Figure 4.11 Helicopter motion through y- axis and results 
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Figure 4.12 Helicopter motion through z- axis and results 
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Figure 4.13 Results for roll motion of the helicopter 
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Figure 4.14 Results for pitch motion of the helicopter 
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Figure 4.15 Results for yaw motion of the helicopter 

 

Figure 4.1 shows that during takeoff, aircraft performed a translational acceleration of 4 

m/s2 through x-axis. Thus the platform moved for the length of approximately 0.08 meter 

through +x direction. It also performed a rotational motion of 8° about y-axis because of 

the tilt effect. Figure 4.2 represents related results. 

Figure 4.3 shows the roll motion of the aircraft about x- axis and through counter-

clockwise direction at the angle of 5° and Figure 4.4 shows the roll motion of the aircraft 

about x- axis and through clockwise direction at the alpha angle of 7°. 
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Incoming roll velocity data from FlightGear and  filtered roll velocity can be seen in 

Figure 4.5. Platform alpha angle obtained by integrating filtered roll velocity twice can 

be seen in Figure 4.6. Washout condition can also be seen in these figures. 

Figure 4.7 and Figure 4.8 shows the pitch motion of the aircraft through negative and 

positive directions at the angles of approximately 13° through positive direction and 9° 

through negative direction as can be seen in Figure 4.9. 

Figure 4.10 shows the incoming translational acceleration data, filtered translational 

acceleration, related position of the platform and analytical position of the platform of 

Sikorsky type helicopter through x- axis.  

Similarly Figure 4.11 shows the incoming translational acceleration data, filtered 

translational acceleration, related position of the platform and analytical position of the 

platform of Sikorsky type helicopter through y- axis. 

Helicopter motion during takeoff and hover is as shown in Figure 4.12. Related incoming 

datas, filtered acceleration and positions can be seen in Figure. 

The results of the helicopter for roll motion are as shown in Figure 4.13. and similarly 

Figure 4.14 and Figure 4.15 represent the pitch and yaw motion of the helicopter about 

y- and z- axes respectively.
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CALIBRATION PROCESS OF CLASSICAL MOTION CUEING 

ALGORITHM 

Table A.1  Calibration parameters of washout filters 

Parameter Definition 

w0x Natural frequency of 1st order high-pass filter for x- axis (ω) 

Qx Natural frequency of 2st order high-pass filter for x- axis (ω) 

p Damping ratio of 2nd order high-pass filter for x-, y- and z- 

axes (ζ) 

w0y Natural frequency of 1st order high-pass filter for y- axis (ω) 

Qy Natural frequency of 2st order high-pass filter for y- axis (ω) 

w0z Natural frequency of 1st order high-pass filter for z- axis (ω) 

Qz Natural frequency of 2st order high-pass filter for z- axis (ω) 

wroll Natural frequency of 2st order high-pass filter for roll motion 

(ω) 

wpitch Natural frequency of 2st order high-pass filter for pitch 

motion (ω) 

wyaw Natural frequency of 2st order high-pass filter for yaw 

motion (ω) 

k Damping ratio for roll and pitch motion (ζ) 

m Damping ratio for yaw motion (ζ) 

wlx Natural frequency of 2st order high-pass filter for tilt 

coordination effect about x- axis (ω) 

wly Natural frequency of 2st order high-pass filter for tilt 

coordination effect about y- axis (ω) 
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Figure A.1 Simulink block in which received datas from aircraft are scaled 

 

Figure A.2 Representation of Simulink block containing washout filter 
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Figure A.3 Representation of “conversion” block including saturation values in 

Simulink 

 

 

Figure A.4 Interior structure of “conversion” block (saturation – red blocks) 
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APPENDIX – B 

FORWARD KINEMATIC M. FILE 

M. file belongs to forward kinematic analysis is as follows: 

function [iter,xDf,xD]= forwardKinematic(L,P,B,xDi) 

xD=xDi; 

Rp = 0.0923;  

Rb = 0.0932;  

err= 0.000001;  

ind=0;  

iter= 0; 

R=zeros(3,6); 

f=zeros(1,6); 

L1=0; 

J=zeros(6,6); 

%% 

 L=L/10000; 

 B=B/10000; 

 P=P/10000; 

while ind~=6 

    R11=cos(xD(4))*cos(xD(5)); 

    R12=cos(xD(4))*sin(xD(5))*sin(xD(6))-

sin(xD(4))*cos(xD(6)); 

    

R13=cos(xD(4))*sin(xD(5))*cos(xD(6))+sin(xD(4))*sin(xD(6)); 

    R21=sin(xD(4))*cos(xD(5)); 
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R22=sin(xD(4))*sin(xD(5))*sin(xD(6))+cos(xD(4))*cos(xD(6)); 

    R23=sin(xD(4))*sin(xD(5))*cos(xD(6))-

cos(xD(4))*sin(xD(6)); 

    R31=-sin(xD(5)); 

    R32=cos(xD(5))*sin(xD(6)); 

    R33=cos(xD(5))*cos(xD(6));     

    R=[R11 R12 R13; R21 R22 R23; R31 R32 R33];     

    for i=1:6 

 

        f(i)=xD(1)*xD(1)+ xD(2)*xD(2)+ 

xD(3)*xD(3)+Rp*Rp+Rb*Rb+2*(R(1,1)*P(i,1)+R(1,2)*P(i,2))*(xD

(1)-B(i,1))+ 2*(R(2,1)*P(i,1)+R(2,2)*P(i,2))*(xD(2)-

B(i,2))+ 2*(R(3,1)*P(i,1)+R(3,2)*P(i,2))*xD(3)-

2*(xD(1)*B(i,1)+xD(2)*B(i,2))-L(i)*L(i); 

         

        L1=sqrt(xD(1)*xD(1)+ 

xD(2)*xD(2)+xD(3)*xD(3)+Rp*Rp+Rb*Rb+2*(R(1,1)*P(i,1)+R(1,2)

*P(i,2))*(xD(1)-

B(i,1))+2*(R(2,1)*P(i,1)+R(2,2)*P(i,2))*(xD(2)-

B(i,2))+2*(R(3,1)*P(i,1)+R(3,2)*P(i,2))*xD(3)-

2*(xD(1)*B(i,1)+xD(2)*B(i,2))); 

         

       J(i,1)=[2*xD(1)+2*(R(1,1)*P(i,1)+R(1,2)*P(i,2))-

2*B(i,1)]*(1/(2*L1)); 

       J(i,2)=[2*xD(2)+2*(R(2,1)*P(i,1)+R(2,2)*P(i,2))-

2*B(i,2)]*(1/(2*L1)); 

       

J(i,3)=[2*xD(3)+2*(R(3,1)*P(i,1)+R(3,2)*P(i,2))]*(1/(2*L1))

; 

       J(i,4)=[2*(xD(1)-B(i,1))*(-

sin(xD(4))*cos(xD(5))*P(i,1)+(-

sin(xD(4))*sin(xD(5))*sin(xD(6))-

cos(xD(4))*cos(xD(6)))*P(i,2))+2*(xD(2)-

B(i,2))*(cos(xD(4))*cos(xD(5))*P(i,1)+(cos(xD(4))*sin(xD(5)

)*sin(xD(6))-sin(xD(4))*cos(xD(6)))*P(i,2))]*(1/(2*L1)); 

       J(i,5)=[2*(xD(1)-B(i,1))*(-

cos(xD(4))*sin(xD(5))*P(i,1)+cos(xD(4))*cos(xD(5))*sin(xD(6
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))*P(i,2))+2*(xD(2)-B(i,2))*(-

sin(xD(4))*sin(xD(5))*P(i,1)+sin(xD(4))*cos(xD(5))*sin(xD(6

))*P(i,2))+2*xD(3)*(-cos(xD(5))*P(i,1)-

sin(xD(5))*sin(xD(6))*P(i,2))]*(1/(2*L1)); 

       J(i,6)=[2*(xD(1)-

B(i,1))*(cos(xD(4))*sin(xD(5))*cos(xD(6))+sin(xD(4))*sin(xD

(6)))*P(i,2)+2*(xD(2)-

B(i,2))*(sin(xD(4))*sin(xD(5))*cos(xD(6))-

cos(xD(4))*sin(xD(6)))*P(i,2)+2*xD(3)*cos(xD(5))*cos(xD(6))

*P(i,2)]*(1/(2*L1)); 

    end    

    diffJ=inv(J); 

    xD(:)=xD(:)-diffJ*f(:);     

    for i=1:6 

        

f(i)=xD(1)*xD(1)+xD(2)*xD(2)+xD(3)*xD(3)+Rp*Rp+Rb*Rb+2*(R(1

,1)*P(i,1)+R(1,2)*P(i,2))*(xD(1)-

B(i,1))+2*(R(2,1)*P(i,1)+R(2,2)*P(i,2))*(xD(2)-

B(i,2))+2*(R(3,1)*P(i,1)+R(3,2)*P(i,2))*xD(3)-

2*(xD(1)*B(i,1)+xD(2)*B(i,2))-L(i)*L(i); 

    end 

    ind=0;    

    for k=1:6 

        if (abs(f(k))<err) 

            ind=ind+1; 

        end 

    end 

    iter=iter+1; 

    if iter>=200  

        break 

    end 

end 

xDf=[xD(1)*10000;xD(2)*10000;xD(3)*10000;xD(4)*(180/pi)*(-

1);xD(5)*(180/pi)*(-1);xD(6)*(180/pi)*(-1)]; 

end 
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APPENDIX – C 

LONGITUDINAL MODE OPTIMAL MOTION CUEING 

ALGORITHM DESIGN 

The MATLAB m. file is as as follows: 

% Longitudinal Mode 

Vestibular System Model 

tau_a = 80 

tau_1 = 5.73 

tau_2 = 0.005 

tau_l = 0.06 

G_scc = 28.6479 

g = 9.81 

Rsz = .559017 

gamma1 = 1 

gamma2 = pi 

samp = 0.001 

 

T0 = 1/(tau_a*tau_1*tau_2) 

T1 = (tau_a+tau_1+tau_2)/(tau_a*tau_1*tau_2) 

T2 = ((tau_1*tau_2)+tau_a*(tau_1+tau_2))/(tau_a*tau_1*tau_2) 

T3 = G_scc/tau_2 

T4 = G_scc*tau_l/tau_2 

 

A_scc = [-T2 1 0;-T1 0 1;-T0 0 0] 

B_scc = [T3-T2*T4 0;-T1*T4 0;-T0*T4 0] 

C_scc = [1 0 0] 

D_scc = [T4 0] 

 

A0 = 1/tau_l                               % 1/tau_1 

B0 = 1/tau_1                               % 1/tau_1 

B1 = 1/tau_2                               % 1/tau_2 

K_oto = 0.4 

K_oto_prime = K_oto*tau_1*tau_2/tau_l 

G_oto = 4.7059*B1 

 

a = B0 + B1 

b = B0*B1 

c = B0 + B1 - A0 

d = g + Rsz*B0*B1 
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e = g*A0 

f = 1 

h = A0 

 

A_oto = [0 1 0 0 0;-b -a 1 0 0;0 0 0 0 0;0 0 0 0 1;0 0 0 -b -a]    % 5x5 

B_oto = [c 0;d-a*c 0;e 0; 0 f;0 h-a*f]                             % 5*2 

C_oto = [1 0 0 1 0]                                                % 1x5 

D_oto = [-G_oto*K_oto_prime 0]                                     % 1x2 

 

 

A_ves = [A_scc zeros(3,5);zeros(5,3) A_oto];    % 8x8 

B_ves = [B_scc;B_oto];                          % 8x2 

C_ves = [C_scc zeros(1,5);zeros(1,3) C_oto];    % 2x8 

D_ves = [D_scc;D_oto];                          % 2x2 

 

Ad = [0 1 0 0;0 0 1 0;0 0 0 0;0 0 0 0]; 

Bd = [0 0;0 0;0 1;1 0]; 

 

An = [-gamma1 0;0 -gamma2]; 

Bn = [gamma1;gamma2]; 

 

A = [A_ves zeros(8,4) -B_ves;zeros(4,8) Ad zeros(4,2);zeros(2,8) zeros(2,4) An];    % 

14x14 

B = [B_ves;Bd;zeros(2,2)];                                                          % 

14x2 

C = [C_ves zeros(2,4) -D_ves;zeros(4,8) eye(4) zeros(4,2)];                         % 

6x14 

D = [D_ves;zeros(4,2)];                                                             % 

6x2 

H = [zeros(12,1);Bn];                                                               % 

14x1 

Optimal Controller Equations 

R = ones(2); 

Rd = [1 0 0 0;0 4 0 0;0 0 1 0;0 0 0 250]; 

Qe = [1 1;1 10]; 

G = [Qe, zeros(2,4);zeros(4,2) Rd];         % 6x6 

 

R1 = C'*G*C;                                % 14x14 

R12 = C'*G*D;                               % 14x2 

R2 = R + D'*G*D;                            % 2x2 

A_prime = A - (B*inv(R2)*R12');             % 14x14 

R1_prime = R1 - (R12*inv(R2)*R12');         % 14x14 

Computing Algebraic Riccati Equation 

L = B*inv(R2)*B'; 

 

n=size(A_prime,1); 

 

Z=[A_prime -L 

    -R1_prime -A_prime']; 
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[U1,S1]=schur(Z); 

[U,S]=ordschur(U1,S1,'lhp'); 

 

P=U(n+1:end,1:n)*U(1:n,1:n)^-1;                        % 14x14 

 

 

K = inv(R2)*(B'*P+R12');                               % 2x14 

 

K1 = [K(1,1) K(1,2) K(1,3) K(1,4) K(1,5) K(1,6) K(1,7) K(1,8) 

    K(2,1) K(2,2) K(2,3) K(2,4) K(2,5) K(2,6) K(2,7) K(2,8)];         % 2x8 

 

K2 = [K(1,9) K(1,10) K(1,11) K(1,12);K(2,9) K(2,10) K(2,11) K(2,12)]; % 2x4 

 

K3 = [K(1,13) K(1,14);K(2,13) K(2,14)];                 % 2x2 

 

A1 = [A_ves - B_ves*K1 -B_ves*K2;-Bd*K1 Ad - Bd*K2];    % 12x12 

B1 = [-B_ves*(eye(2) + K3);-Bd*K3];                     % 12x12 

C1 = [K1 K2];                                           % 2x12 

D1 = -K3;                                               % 2x2 

 

sysv = ss(A1, B1, C1, D1); 

 

 

[b1,a1] = ss2tf(A1, B1, C1, D1,1);                      % b1 2x13 a1 1x13 

 

W11 = tf(b1(1,:),a1); 

W21 = tf(b1(2,:),a1); 

 

[b2,a2] = ss2tf(A1, B1, C1, D1,2);                      % b2 2x13 a2 1x13 

 

W12 = tf(b2(1,:),a2); 

W22 = tf(b2(2,:),a2); 

 

[num11, den11] = tfdata(W11,'v'); 

[num12, den12] = tfdata(W12,'v'); 

[num21, den21] = tfdata(W21,'v'); 

[num22, den22] = tfdata(W22,'v'); 

 

W11d = c2d(ss(W11), samp, 'tustin'); 

W21d = c2d(ss(W21), samp, 'tustin'); 

W12d = c2d(ss(W12), samp, 'tustin'); 

W22d = c2d(ss(W22), samp, 'tustin'); 

 

 

[num11d, den11d] = tfdata(W11d,'v'); 

[num12d, den12d] = tfdata(W12d,'v'); 

[num21d, den21d] = tfdata(W21d,'v'); 

[num22d, den22d] = tfdata(W22d,'v'); 

 

 

nump = [T4 T3 0 0]; 

denp = [1 T2 T1 T0]; 

 

syys = tf(nump,denp); 

syysp = c2d(syys, samp, 'tustin'); 

 

[numdp, dendp] = tfdata(syysp); 
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numPF = cell2mat(numdp); 

denPF = cell2mat(dendp); 
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APPENDIX – D 

JOINT AVIATION REQUIREMENTS (JAR) STANDARDS 

 

Figure D.1 Typical test profile for 2 hours 
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D.1 Flight Simulator standards 
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D.2 Motion System standards 
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D.3 Visual System standards 
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